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Abstract

LOUGHBOROUGH UNIVERSITY
ABSTRACT

FACULTY OF SOCIAL SCIENCES AND HUMANITIES
DEPARTMENT OF DESIGN AND TECHNOLOGY

Ph.D.

IMPROVING FIT THROUGH THE INTEGRATION OF ANTHROPOMETRIC
DATA INTO A COMPUTER AIDED DESIGN AND MANUFACTURE BASED
DESIGN PROCESS

Gavin Leslie Williams

For all types of clothing and body worn technologies it is important to consider how
they integrate and interact with the complex shapes that form the unique profile of the
human body. This interaction determines the fit of these products and it is often
difficult to generate a fit that can simultaneously accommodate these complex shapes.
Achieving the correct fit is determined by a number of different factors that must be
combined appropriately to create the fit associated with a particular product. This is
particularly applicable to Personal Protective Equipment (PPE) to ensure it provides
protection while maintaining comfort, mobility and good interaction with the
surrounding environment. Integrating suitable anthropometric data into the design and
manufacture of this type of clothing plays a critical role in achieving a good fit. By
using various processes of Computer Aided Design (CAD) and Computer Aided
Manufacture (CAM), the detail contained within these data can be quickly and
accurately transferred into physical tools.

The aim of this study was to demonstrate and validate a method of enhancing
the fit of PPE handwear. This has been achieved through an action research strategy
using descriptive and practical research methods. The research tools primarily used
are case studies, used to demonstrate how manually collected 2D anthropometric data
can be used to generate computer models that represent these data in a 3D form. The
products of the case studies are tools that have been introduced into the design and
manufacture processes of commercial handwear manufacturing environments. The
tools have successfully been used to produce gloves using two different
manufacturing methods and been assessed to analyse their fit. An improvement in fit
for the gloves has been quantified through user trials to determine the level of
increased performance afforded to the wearer.

The conclusions drawn from the case studies demonstrate that the integration of
anthropometric data and CAD/CAM can greatly influence the fit of handwear and
improve the iterative processes of its design. However, the data alone does not
achieve this as the added integration of tacit knowledge related to glove design is
needed to ensure the correct properties are included to the meet the needs of the target
population. The methods developed in the case studies have the potential to be applied
to other products where fit and interaction with the human body are important design
considerations.

Keywords: Anthropometry; CAD; CAM; RP; handwear design and evaluation; Fit;
PPE; Design decision making.
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Chapter One Introduction

Chapter One:
Introduction

1.1 Background

For all types of clothing and body worn products it is important to consider how they
interact with the complex shapes that form the unique profile of the human body. This
interaction constitutes the fit of these products and it is often difficult to generate a fit that
can simultaneously accommodate these complex shapes. This is because the process for
determining fit relies on a variety of different factors. It must consider the materials and
manufacturing processes used, the size and shape of the target user, the environment in
which the product is to be used and, most significantly, the performance of the wearer
associated with the product and task. The combination of these factors that constitutes the
correct fit for one type of clothing or body worn product may not be required or may be
inappropriate for other types. For example, the appropriate fit for a child’s bicycle helmet
will be different to the fit required for a helmet worn by an infantry soldier. Therefore,
achieving the correct fit is determined by what fit is appropriate for that particular

product.

Achieving an appropriate fit is particularly applicable for high performance clothing. This
type of clothing aims to protect the wearer while simultaneously maintaining good
mobility and interaction with the surrounding environment. Such clothing and body worn
products are categorised as Personal Protective Equipment (PPE). They provide
protection for specific areas of the body and come in various forms including body
armour, handwear, footwear, helmets, face masks and eye protection. Each type is
designed to protect that area of the body to enable the wearer to perform a task or series
of tasks safely. The main difficulty concerning PPE is that it must offer the same level of

protection to various populations that need to carry out a diverse range of tasks.
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Attempting to accommodate the wide range of different users simultaneously can lead to
significant problems when wearing PPE. Its primary function is to ensure that the wearer
can operate with materials or in environments that would otherwise be harmful. However,
adverse effects experienced by users, such as impaired performance; discomfort; distress;
and restricted range of motion, often results in these products not being worn or worn
incorrectly (Akbar-Khanzadeh, 1995 and Reuter, 1998). This exposes the wearer to the
harmful elements against which they are intended to be protected. There is a requirement,
therefore, to ensure that PPE can provide the necessary protection whilst enabling the
wearer to complete their tasks satisfactory and efficiently. The fit of PPE plays a central
role in fulfilling this requirement, as incorrect fit is the main cause of the adverse effects

experienced (Akbar-Khanzadeh, 1995).

The type of PPE where fit is particularly significant is in protective handwear, as it is
primarily through our hands that we interact with our environment. Creating a good fit for
a glove means ensuring a secure interaction between the hand, the glove and the object
being handled. An inaccurate fit is caused by an excess of material around the hand which
leads to a failure of this interaction. This allows the glove to move independently from the
hand, impeding the wearer by not enabling them to use the appropriate grip pattern for the

task they wish to perform.

The types of environments where protection of the hands is needed ranges considerably.
Protection against conditions of extreme heat and extreme cold, chemical and biological
agents, abrasive materials and electrical discharge, is required to enable necessary tasks to
be carried out. This is reflected in the range of protective handwear that is available, as
each environment dictates specific requirements to provide the necessary level of
protection. For example, surgical latex gloves (figure 1.1) are very thin and made from a
single material (Sempermed, 2004). In contrast, the gloves a firefighter may wear (figure
1.2) are assembled from several layers to increase the level of protection and

manufactured from a composite of materials (Bennett Safetywear, 2006).

21



Chapter One Introduction
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Figure 1.1 — Surgical latex gloves Figure 1.2 — Fire-fighting gloves (Bennett
(Sempermed, 2004). Safetywear, 2006).

The fit for the different types of protective handwear will vary due to the different
materials and environments. For all types, however, the appropriate fit will allow the
wearer to perform the necessary tasks as efficiently as possible. This is achieved by
ensuring the hand is sufficiently protected without excessively impairing the performance
of the wearer. A loss in performance can be determined by comparing the ability to
complete the tasks bare handed, as this is the benchmark condition that the wearer is
accustomed to. In almost all situations where protective handwear is worn, the wearer
would complete the necessary tasks most efficiently with their bare hands, but the
environment does not allow this due to extreme conditions or hazardous materials.
Therefore, the aim for protective handwear must be to achieve a fit that provides adequate
protection while enabling the wearer to perform as close as possible to their bare handed
capabilities, especially for dexterous tasks such as keyboard typing and component

assembly.

This aim, however, is rarely achieved as the protection element of PPE handwear is often
more dominant than the characteristics for good fit. This results in a glove that will
provide the appropriate protection but does not afford the wearer optimum task
performance. Previous research into protective handwear for military applications has
revealed how task performance is impaired by incorrect fit, (McDonagh-Philp and
Torrens 2000; Torrens and Newman 2000; Weihrer and Tremblay-Lutter, 2000; Torrens
et al, 2001; and Scanlan et al, 2004). These studies have illustrated that not achieving the
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correct fit means protective handwear can considerably affect the natural capabilities of
the wearer to complete dexterous tasks, increasing the amount of time needed and
reducing hand strength. They also highlight the frustration felt by users concerning the
gloves they must wear to protect their hands. Numerous other studies have been
conducted to investigate the effect of protective handwear on different aspects of task
performance, (e.g. Batra, 1994; Bishu and Klute, 1995, Buhman, 2000; and Rock, 2001).
Various types of gloves are assessed in these studies, determining how properties of
material type, material thickness, fit, manufacturing processes and the environment affect
the ability of the wearer. The number of different studies conducted to investigate this
effect indicates that it is a problem for all forms of protective handwear and for all users.
These users are able to clearly define their needs. However, the current design and
manufacturing processes used for protective handwear do not integrate sufficient
characteristics to meet these requirements. This issue is a continuing problem, and to
some extent it has been accepted that wearing protective handwear will inevitably mean a
significant loss in task performance. However, methods of enhancing fit during the design
of this type of PPE will contribute towards improving the capabilities of the wearer,

reducing the problems and frustrations that currently exist.

1.2 The need for a new approach to handwear design

The basis for investigating methods of improving fit for protective handwear originates
from past experiences of conducting handwear assessments and collaborations with
handwear manufacturers. The assessments highlighted the difficulties that occur when
performing basic tasks while wearing protective gloves, (Torrens and Newman, 2000;
McDonagh-Philp and Torrens, 2000; Torrens et al, 2001). While the main objective of
these assessments was evaluating gloves for military personnel, the problems and issues
arising from them are related to all forms of PPE handwear. The fit of the gloves caused a
significant reduction in task performance, greatly increasing the time needed to complete
tests that were comparably simple when completed with bare hands. Therefore, one of the
main outcomes of these studies was to recommend a higher degree of fit for protective
handwear to afford the wearer an improved level of performance. This was reinforced by
the comments and feedback of the participants in these assessments, who had a desire and

a need for the equipment issued to them to be as effective as possible.
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The involvement with these assessments enabled the opportunity to observe the methods
and technologies employed by manufacturers of protective handwear. This gave an
insight into how the fit of a glove is determined and the many different factors that
influence its accuracy. Many of the methods used were predominately reliant on
traditional skills based on tacit knowledge gained through trial and error over many years
of experience. This means that the core methods of handwear manufacture have not
changed significantly since those developed in the 19™ Century which saw the
establishment of glove sizes and more precise cutting techniques (British Glove
Association, n.d." ). This is especially true for ‘cut and sew” manufactured gloves that use
2D patterns to create the constituent parts of the glove which are manually machine
stitched together. This remains the most popular process for manufacturing gloves with a
composite of materials, necessary for some types of protective handwear. While these
methods form an established industry, capable of producing gloves to a high quality
standard on a mass manufacturing scale, they fail to take advantage of current
technological advances. The lack of major change in this design process provides scope to
introduce new methods which can enhance the skills and knowledge in this industry.
Methods that involve time compression technologies such as computer aided design
(CAD), computer aided manufacture (CAM), rapid prototyping (RP) and rapid
manufacture (RM) would enable greater accuracy to be achieved and give more control
over quality assurance. Some glove manufacturing methods such as dip moulding and
automated machine knitted gloves have introduced computerised and automated
processes. However, many of the critical design decisions remain empirically driven,
using existing templates as a basis for new designs. Integrating new methods into existing
design processes would allow more detail to be incorporated into the size and shape of the
glove to improve fit. Integrations into the current manufacturing methods would enhance
the accuracy of these traditional skills, ensuring that this detail is sufficiently represented

in the glove and the benefits passed on to the wearer.

Incorporating more detail into the design of protective handwear is a significant step in
improving fit. A major component of this detail is the size and shape of the target user, as
this is a critical part in ensuring the correct fit is attained. Using dimensions and
proportions of the hand will create a glove that can better accommodate the different

areas and their range of motion. This type of data is known as anthropometric data and is
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widespread in the design of products that interact with the human body. It is a key
component for the design of seating, furniture, power tools, and other utilitarian objects.
The collection of anthropometric data is a common procedure to understand the size and
shape of a particular population. Surveys designed to collect anthropometric data often
have a number of different goals, one of which is to aid the design of clothing by
providing an enhanced fit. The use of anthropometric data in current design methods of
protective handwear is very limited, which is a factor in many of the problems that cause
poor fit and impaired performance. In addition there is no prescribed system of inspection
or quality control to determine if the anthropometric data that is included in the design

process is accurately integrated into the final glove.

Methods and tools of CAD assist designers to generate designs that incorporate the detail
and characteristics necessary that meet the intended specifications. By using CAM, RP
and RM these designs can be realised with speed and precision to adequately represent
the detail and characteristics within a physical prototype or product. Other areas of the
apparel industry have introduced these methods to improve and develop their design and
manufacture processes, (Gray, 1992; Istook, 2001; Volino and Magnenat-Thalmann,
2005). It has increased the speed and accuracy of creating new products, enabling more
complex designs to be created using different types of materials. Protective handwear,
however, has yet to adopt such methods to the same degree into its design and
manufacturing environment. It has, therefore, been unable to discover the potential

benefits that may result from the inclusion of these novel technologies.

1.3 Research aim and objectives

The experiences gained from assessing protective handwear and the observations made of
its design and manufacture, have highlighted the importance of fit and integrating
properties of good fit into the design process. Enhancing fit will afford an increase in task
performance for the wearer, reducing many of the problems that currently exist. The aim
of this research study was to demonstrate and validate a method of enhancing appropriate

fit for protective handwear.
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Based on this aim, it was hypothesised that using anthropometry resources with methods
of CAD/CAM, a tool or tools could be produced that would aid the design and

manufacture of protective handwear.

The tool(s) would contain appropriate anthropometric data and fit characteristics to
provide a greater level of detail for the designer than is currently available. This detail
would enable a more accurate fit to be incorporated into the gloves produced, thereby
improving the fit for the wearer. The tool(s) would also provide a feedback system to
evaluate the fit of a glove, verifying that the anthropometric data and fit characteristics

were correctly transferred.

The potential improvements made by the tool(s) would be measured in terms of reducing
cost and enhancing performance, both for the manufacturing processes and the gloves.
Improvements in the manufacturing processes would be evident if a decrease in the time
taken and an increase in the accuracy for manufacturing a new glove could be
demonstrated when using the tool(s). Improvements in the fit of the gloves produced
would be measured by comparing them against equivalent gloves that are currently

available using a series of tasks to assess the performance of the wearer.

Along with the research aim the following research objectives were set;

» To identify and explore the key issues surrounding the design and manufacturing

of apparel using anthropometric data and CAD/CAM; identifying gaps in current

knowledge and methodology relating specifically to handwear.

= To develop and validate suitable design methods to improve the fit of handwear.

* To implement the proposed method(s) and consider its effectiveness.

» To determine how the proposed method can be further developed and refined so

that it may be applied to other products in the field of body worn PPE.
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1.4 Thesis structure

The main part of this study is presented in the form of two case studies which used action
research to achieve the research objectives and fulfil the research questions. Case studies
were used to investigate and demonstrate a proposed design method of integrating
anthropometric data and CAD/CAM to design and manufacture handwear. The first case
study focuses on the design of 3D computer models generated from 2D anthropometric
data of a large scale anthropometry study. Collaboration with a handwear manufacturer
enabled these models to be developed into a gauge that could assist in the design of 2D

patterns of manually machined stitched gloves.

The second case study is a continuation from the first, using the methods and techniques
developed in the generation of the computer models to design a mould tool for the
manufacture of handwear using a dip moulding process. This manufacturing procedure
uses a tool shaped to the internal dimensions of the required part, in this case a glove. To
be able to use the computer models from the first case study as dip moulding tools, they
required development to incorporate the necessary properties that are contained within
current tools. The inclusion of this detail results in a model that is a combination of
current design knowledge in glove manufacture and hand anthropometric data, enabling

gloves to be produced with enhanced fit for the wearer.

These two examples of using anthropometric data and CAD/CAM show how the two
disciplines can be successfully used together in the design and manufacture of handwear.
They demonstrate processes for integrating anthropometric data into a CAD model and

CAM/RP methods to accurately reproduce those models into a physical 3D form.

Figure 1.3 illustrates the structure of the thesis, describing what is discussed within each
of the eight chapters. The details of the case study material are given in two chapters
within the thesis. This first chapter outlines the research aim and objectives of the study,
providing a background to the research and explaining the need for the PPE to have
enhanced fit for the wearer. A review of the current literature associated with the research
area was carried out and is presented in the second chapter. The review examined the
areas of anthropometry, glove design and evaluation, dexterity and coordination

evaluation, the use of CAD/CAM in clothing design and quality control methods. Using
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the review, gaps in the current knowledge were identified enabling a clear direction for

the research and highlighted where contribution to new knowledge may be achieved.

Chapter 3 outlines the approach used to design an appropriate research methodology to
fulfil the research objectives. There were several factors influencing the design of the
methodology, including the form of research used, the research purpose, strategy, method
and the research tools selected. The chapter gives a description of these factors and
explains how they formed the chosen methodology, providing justification for the

selections made.

Chapter 4 discusses the anthropometric data that have been used to generate the 3D
computer models in the case studies. The data plays an important role within both case
studies. The chapter describes how the anthropometric data were taken, the processing
procedures used, the generation of size ranges and the decisions made when introducing

elements of glove design.

Chapter 5 and 6 discuss the two case studies. Chapter 5 illustrates the first case study, the
design of size gauges for the evaluation of handwear during its manufacture; and Chapter
6 gives details of the second case study, the design of a mould tool for the manufacture of
handwear. Chapter 7 examines the accuracy of the two outcomes that have emerged from
these case studies. It discusses the methods used to validate the accuracy of both the size
gauge and the glove dip moulding tool, determining if the methods of CAM used were

appropriate and sufficiently accurate.

The final chapter presents the conclusions and future implications of the research. The
conclusions reflect on the how the research has fulfilled the original objectives. Following
on from this, further implications of the research were discussed to address how the
outcomes of the case studies may be used in the future and how they may be developed

for other similar applications.
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( Chapter 1: Introduction )

Outlining the research area and research objectives

Chapter 2: Literature Review
A review of previous related research to
identify research questions

( ChaFter 3: Research Methodology )
T es

he methodology used to investigate the research objectiv

Chapter 4: Generating a size range

from anthropometric data:
The development of the size range
used in the case study research

Chapter 5: Case Study One Chapter 6: Case Study Two
Developing a size gauge to Developing a mould tool to
design handwear with manufacture handwear with
improved fit improved fit

Chapter 7: Validating Accuracy
Determining the accuracy of the tools
developed in the case study research

Chapter 8: Conclusions
Detailing how each research question
has been fulfilled and a discussion
of future implications of the research

Figure 1.3 — Thesis structure
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Chapter Two:
Literature Review

2.1 Aim

One of the research objectives, outlined in Chapter 1.3, was to identify and explore
the key issues surrounding the design and manufacturing of clothing using
anthropometric data. To achieve this, a review of present and past literature on these
issues was undertaken. A literature review forms an important section of a research
study, the aim is to provide the background and justification for the research
undertaken, (Bruce, 1994). Bourner (1996) lists several reasons why a review must be

completed before embarking on a research project. The main reasons are listed below.

» To identify gaps in the literature.

= To avoid carrying out research that has already been conducted.

= To identify other groups working in the same/similar research fields.

* To identify influential works in the research field.

» To identify opposing views.

= To put the research into perspective.

= To identify information and ideas that may be relevant to the research
study.

= To identify methods that could be relevant to the research study.

From the list given by Bourner (1996), perhaps the most important reason to conduct
a literature review is to highlight and identify the gaps in knowledge that currently
exist with in the research area. Finding these gaps serves two main purposes; it firstly
supports the need for the PhD as the present research and literature does not contain

the research topics that aim to be investigated. Secondly, it facilitates the investigation
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to fill these gaps, ensuring that the work is original and contributing to new

knowledge within the research field.

2.2 Literature review strategy
To source the relevant literature for the review the following strategy was employed.
This involved four main stages,

= Defining the topics

* Identifying key words and phrases

= Identifying resources and literature searching

= QGenerating a literature database

2.2.1 Defining the topics

To ensure the literature review covered all the necessary aspects of the research study,
the subject area was divided into a series of topics that could be reviewed
individually. The following outlines these different topics, with a description and

reasons why it was reviewed.

Collecting and applying anthropometric data
This topic reviewed how anthropometric data is collected and used within a design
process. This was reviewed to understand the different applications of anthropometry

and how it is currently integrated into various disciplines.

Clothing design and manufacture
This topic provides a review of the methods and issues associated with the design and
manufacture of clothing, specifically reviewing the processes and skills used when

creating new clothing patterns.

Anthropometry in the design and evaluation of clothing

This topic expands on the first and specifically examines the use of anthropometry for
designing and evaluating clothing and body-worn products. This area was reviewed to
gain an understanding of the technologies and methods that have been developed and

issues that are arise from integrating this type of data into a design process.
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Computer aided design and manufacture in the clothing industry

CAD/CAM is used in a variety of applications within design and manufacture. This
topic explores the different methods and applications of CAD/CAM in the clothing
and textiles industry, determining the areas where its use has had the greatest impact

and where improvements can still be made.

The use of gauges in production engineering

The research aim was to improve the fit of protective handwear and uses case studies
to explore methods to accurately design and manufacture these types of gloves. This
topic reviews the ways in which gauges are used in production engineering to ensure

products are made to the correct size and within acceptable tolerances.

2.2.2 Key words and phrases
From the topics listed above a series of key words and phrases were generated to

search for useful and relevant information. A list of key words and phrases used is

given below.

Anthropometric data

Anthropometry in design

Using anthropometry

Computer aided design

Computer aided
manufacture

Rapid Prototyping
3D body scanning

Applying anthropometry
Anthropometry in clothing
design

Anthropometry in
handwear design

CAD in clothing design

CAD in glove design

CAM in clothing design

CAM in glove design

CAD in pattern design

CAM in pattern design

Customised/Customized
gloves

Customised/Customized
handwear

Handwear design

Glove design

Glove performance

Handwear evaluation

Glove evaluation

Handwear fit

Glove fit

Clothing fit

PPE fit

PPE performance

Human fit

Customised/Customized
clothing
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Anthropometry in CAD Glove manufacture Tolerance/Tolerances/

Tolerancing
Anthropometry in CAM Clothing manufacture Virtual try-on
Anthropgmetry in rapid Handwear performance Made to measure clothing
prototyping

The words and phrases that are chosen to define a research topic can greatly influence
how much information is retrieved (Neville et al, 2002). This list, therefore, was a
detailed summary of the topics, to focus the search on the key concepts and locate the

necessary information.

When combining search terms a simplified version of the Boolean search method was
used, as not all search engines accept Boolean commands and the meanings can differ
between different search engines, especially within Internet search engines. This
simplified method used +, - , and “ ” instead of the AND, NOT, ANDNOT, OR
commands used in Boolean searches. Table 2.1 describes the meanings of the symbols
used. These symbols were used to narrow and expand the results obtained from the

key words and phrases.

Symbol Command
+ Must include term

- Must exclude term

1313

Must include phrase

Table 2.1 — Definition of symbols used in conjunction with key words and phrases

2.2.3 ldentifying sources and literature searching
The information relevant to the literature review was available in a number of
different formats. The sources which were used in this literature review are listed

below.
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=  Books » Electronic Databases

= Reference Materials » Government Publications
= Journals = Dissertations

= Conference Papers =  Theses

= Internet = Indexes/Abstracts Printed

= British Standards

Using these resources, the key words and phrases were used to search for the
necessary literature. The primary source for finding information was through the
Pilkington library at Loughborough University. Each keyword and phrase was entered
into the library search engine OPAC (Online Public Access Catalogue). The OPAC
search engines at local East Midlands Universities were also searched, with inter-
library loans used for references unavailable in the Pilkington library. Outside the
University libraries, Internet article search engines (e.g. Article 1 and Web of
Science) were used, again, entering the same key words and phrases to find relevant
references. Staff and academic librarians at the Pilkington library were consulted to

ensure these resources were used efficiently and effectively.

A substantial quantity of references that were collected have been used for MoD
sponsored research projects within the Department of Design and Technology. Many
of these references are relevant as this research was concerned with human body
extremities protection and evaluation, as well as anthropometry and applied
ergonomics. These references are collated within an Excel spreadsheet, and this
additional resource was searched using the key words and phrases to find the

significant references.

Internet searches have been conducted by entering the key words and phrases into
search engines and using the simplified search method described in 2.2.2. This is the
most up-to-date and current resource and was used to find researchers and research
groups that are investigating the same or similar research topics that may not have

formally published any recent investigations. These searches identified key authors
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and researchers and further Internet searches were performed with these names and
research groups using search engines such as Google Scholar (Google Scholar, 2007)
and the Web Citation Index (ISI Web of Knowledge, 2007) to find published material

and where they have been cited.

The Internet enabled a comprehensive search of journals and conference proceedings
as many of these publications are available online. The key words and phrases were
used within associated search engines of the publication websites, such as Science
Direct, Sage and the Taylor & Francis Group, to find and download journal and
conference papers. To keep updated with recently published journals that are
published online, the table of contents of relevant journals was delivered via e-mail
subscriptions. This gave quick and easy access to these journals, ensuring any new
publications could be integrated into the literature review. A list of the journals that

were subscribed to is given below.

= Applied Ergonomics

= CAD User

= Computer Aided Design

= Computer Aided Geometric Design

=  Computers & Graphics

= Computers & Industrial Engineering

= Design Studies

= Ergonomics

= International Journal of Clothing Science and Technology
= International Journal of Industrial Ergonomics
= Journal of Biomechanics

= Journal of Engineering Manufacture

= Journal of Quality Management

= Measurement

= Rapid Prototyping Journal

In addition to subscribing to e-mail alerts from these specific journals, the key words

and phrases were used to remain informed of other papers that were pertinent to the
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identified topics. The MIMAS (Manchester Information & Associated Services) Zetoc
resource provides access to the British Library's Electronic Table of Contents
database which covers journals and conference proceedings from 1993 to date. By
using the MIMAS Zetoc Alert Service, e-mail alerts were received when a journal or

conference paper was published which contained a key word or phrase in the title.

After the initial searches using the key words and phrases were complete, the
references collected were reviewed to gather relevant information within them and
categorise them into the relevant topic. These references were then used to gather
more key words and phrases that were used in the same search engines as previous
searches. By reviewing the reference list and bibliographies within these references it
was possible to collect more relevant information and identify researchers and
research groups working in the same or similar field. This cycle of collecting
references and using them to gather more reference material and key words, phrases
and areas of interest continued to ensure the review topic had been sufficiently

explored.

2.2.4 Literature database

After collecting the references it was necessary to organise them into their relevant
topics. This was done by compiling a database using EndNote®. This piece of
software enables the creation of an unlimited number of databases by entering
bibliographic data into a record which displays all the necessary fields for a given
type of reference. The references can be exported to Microsoft Word in a number of
different bibliographical or user defined styles, which means constructing reference
lists and bibliographies is very simple. Each reference has its topic area defined within
EndNote® that corresponded to a filing system where a hard copy was kept, enabling

easy access to all references when necessary.

2.3 Collecting and applying anthropometric data

Anthropometry, as described by Pheasant (2005), is the term given to the branch of
the human sciences that deals with body measurements, particularly with
measurements of body size, shape, strength, mobility and flexibility, and working

capacity. When designing products that interact with the human body, the size and
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shape of that body must be taken into account. This approach is a method used within
ergonomic design which focuses on the physical and mental characteristics of the user
on which to base the design of an object, system or environment. This user-centred
design method aims to achieve the best possible match between the product being
designed and the users, in the context of the task being performed (Pheasant, 2005).
Anthropometric data are the physical characteristics of the user and, therefore, are a
major aspect in matching the physical form and dimensions of the products or

workplace to those of its user.

The variety of different products and environments that interact with the human body
means the use of anthropometry as a resource in the design process is widespread.
One of the first industrial designers to see the importance and benefits of
anthropometric data was Henry Dreyfuss. Since opening his practicing office in New
York in 1929, Dreyfuss focussed on design problems relating to the human figure,
believing that machines which were adapted to people would be the most efficient,
(Dreyfuss, 1967). Dreyfuss is perhaps best known for the anthropological charts he
produced to represent the consumers for whom he and his associates designed. The
charts were compiled from detailed measurements and capabilities of the human body
to fill the gaps between human behaviour and machine design. Figure 2.1 shows the
level of detail that was contained in the charts for various percentiles of an adult male
from data collected by Dreyfuss and his colleagues. The two initial charts were of a
man and a woman, named by Dreyfuss as Joe and Josephine, and used as a reference
to determine the size, shape or position of a product or activity. The charts served as a
reminder to Dreyfuss and his colleagues that everything his office designed ‘is used
by people, and that people come in many sizes and have varying physical attributes’

(Dreyfuss, 1967, p24).
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Figure 2.1 — Anthropological charts developed by Henry Dreyfuss, (Dreyfuss, 1978).

This approach towards design that Dreyfuss adopted now sees anthropometric data
involved in determining how the human form interacts with a product or environment.
The apparel industry is heavily reliant on the use of anthropometric data to control the
fit of protective and fashion clothing. Work and living space design uses
anthropometry to specify issues of clearance, reach, and posture in determining how
people interact with the surroundings in which they live and work. Seating design
uses anthropometry to ensure a sitting posture is comfortable over a period of time
and appropriate for the relevant task or activity. Handles can be defined as any point
of an object that interacts with the hand, (Pheasant, 2005) therefore; anthropometric
data of the hand is an integral part of handle design to form the correct shape

necessary for the task it is required to do. Finally, anthropometric data plays a part in
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the health and safety characteristics of a product or environment, ensuring the design

is fully detailed to prevent injury or fatality.

Due to this significant role that anthropometry plays, it is necessary for the data to be
accurate, as any errors or inaccuracies within the measurements will be reflected in
the final product or environment designed using it. Collecting anthropometric data has
traditionally meant an operator using callipers, tape measures and scales to record a
person’s physical geometry, such as weight, stature, sitting height, arm circumference
or wrist breadth. The operator must be a trained individual having knowledge of
anatomy, especially locations, names and shapes of bones and muscles, as these are
the landmarks from which measurements are taken, (Roebuck, 1995). These

traditional methods are where inaccuracies can occur.

The human body has very few definitive edges and consists of rounded contours. This
makes identifying the landmarks needed for each measurement and controlling the
posture of the participant difficult. Consequently, achieving accurate data better than
Smm in most measurements is considered virtually impossible (Pheasant, 2005).
Human error is a factor with even the most experienced of operators and although
measures to minimize it can be introduced, it cannot be avoided (Kouchi et al, 1999).
There is always some variation between repetitions of measurements of any object,
(BS ISO 5725- Parts 2 and 6:1994). Pheasant (2005) lists four components of
measurement error within anthropometric data; error from the measuring equipment,
error from locating the landmark, error from standardising the posture of the subject
and error from the subject’s understanding of or response to instructions for adopting

the required posture.

Standard anthropometry methods (Lohman and Roche et al, 1988; BS EN ISO
7250:1998) have been developed in an attempt to overcome or minimize the problems
of inaccurate measuring tools, differences in technique used by operators, and
variations in body stance terminology. Another issue with the collection of
anthropometric data is the variability through natural biological fluctuations. This is
far less easy for the operator to control, for example, a body is never still and the body

mass can shift when measurements are being taken. The measurement procedure is
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intrusive, often causing subjects to stand unnaturally or change stance as fatigue
affects posture. Wampen (1864) observed that touching the shoulder with
measurement instruments could cause alternative contractions and relaxations in
adjoining muscles. Time of day is also an influencing factor (Ulijaszek, 1994);,
Montagu (1960) suggests that the subject should be measured in the morning because
of a decrease in stature towards the evening, which can typically vary this
measurement by approximately 15 mm (Pheasant, 2005). While Rutan (1977) noted

that waist circumference may vary by 51mm over a 24 hour period.

Being aware of these inaccuracies and errors allows for them to be accounted for after
an anthropometric survey has been conducted. Kouchi et al (1999) describes two
aspects to measurement error: the closeness of the measured value to the true value
(accuracy) and the closeness of two repeated measurements (precision). To determine
whether a series of anthropometric measurements can be considered accurate and
precise there are two estimates that can give information on the reliability and error of
the data, (Ulijaszek, 1994). These two estimates, the technical error of measurement
(TEM) and the coefficient of reliability (R), are in the form of equations which use
details from the anthropometric study. The values from these equations give
information on the magnitude of measurement error and precision of the observers
used. The TEM is obtained by carrying out a series of repeated measurements taken
independently of one another on the same subject, either by the same observer (intra-
observer) or by two or more observers (inter-observer) (Pederson and Gore, 1996;
Ulijaszek, 1994) with the units given in the same units as the variable measured. The
differences found are then entered into an appropriate equation. According to
Frisancho (1990) (see Ulijaszek, 1994, p.33), if the TEM for intra-observer and inter-
observer is close to a reference value in a series of repeated measurements then the

measurements can be considered accurate.

Although the TEM can be used to determine the accuracy of the measurements within
a specific anthropometric study, the values obtained using it may not apply outside the
age range of the population used to obtain them, (Ulijaszek, 1994). The coefficient of
reliability illustrates what proportion of the between-subject variance in a measured

population is free from measurement error (Ulijaszek, 1994). For example a

40



Chapter Two Literature Review

measurement with an R value of 0.9, indicates that 90% of the variance is due to
factors other than measurement error. Meuller and Martorell (1988) suggest measures
of R can be used to compare the relative reliability of different anthropometric
measurements and to estimate sample size requirements. Furthermore it can also be
used to determine the number of replicated measurements needed to obtain a reliable
measure (Himes, 1989). Many studies to assess the errors attributed to intra-observer
and inter-observer error (e.g. Gavan, 1950; Jamison and Zegura, 1974; Bennett and
Osborne, 1986; Gordon and Bradtmiller, 1992) have commented that while it is not
possible to completely eliminate these errors, they can be minimised by controlling

the variables which cause them.

It 1s common practice to carry out accuracy and precision studies of anthropometric
surveys in order to investigate the error magnitude and precision of the operators
(Marks et al, 1989; Forest et al, 1999; Smith and Norris, 2001; Robinette and Daanen,
2006). This enables the data published from such surveys to be used within
comparative studies as the measurements are analysed using consistent, universally
recognised methods of analysis. However, as Bennett and Osborne (1986) conclude
from their study, raw anthropometric data used in this way should be done with
considerable caution and investigators using it should be aware of the measurements

that are least reliable.

The errors and inaccuracies that result from using traditional methods of collecting
anthropometric data suggest that a more accurate alternative would be to remove the
operator as much as possible. These methods are primarily based around the use of
digital photographs and three-dimensional (3D) body scanning. Gazzuolo and
DeLong et al (1992) have developed a means of collecting anthropometric data by
taking a series of photographs to generate two-dimensional garment patterns. The
authors anticipated that by removing the need for a traditional operator, the
measurement procedure would become less intrusive and more efficient in terms of
time, effort and cost. However, while this technique eliminates some of the problems
that arise with manual techniques, it brings in new problems and issues. For instance
the accuracy of the data obtained is dependant on the resolution of the photographs

taken and the accuracy of the measurements continues to rely on the skill of the
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observer to locate the appropriate landmarks on the photographs. Gazzuolo and
DeLong et al (1992) conclude that using photographic methods cannot be used alone
to collect anthropometry as not all the necessary measurements can be taken. More
recent studies however (Hung et al, 2004; Meunier and Yin, ZOOOb) have shown that
using 2D images can produce comparable results to traditional measurement methods,
mainly due to the development of computer software to automatically extract the
required dimensions from the photographs. These systems offer a low cost, quick
method of measuring human size and are often used in the apparel industry for
determining appropriate garment fit. However, although these technologies have gone
some way to eliminate some of the accuracy issues with manually collected
anthropometry, others have arisen in terms of identifying landmarks, shape

quantifications and calibration issues.

A development of this approach is dual digital-photographic anthropometry (DDPA)
which has been developed primarily for the assessment of human total body volume,
body composition and circumference measurements (Mikat, 2002). While previous
studies (Mikat, 2000 and Mikat et al, 2000) have shown this technique to be reliable
and valid in estimating body shape and size, it is unable to provide an accurate
method for extracting linear anthropometric data and therefore, at present is not an

improved system over current manual collection techniques.

The most recent advances in collecting anthropometric data by non-intrusive means
are in 3D body scanning. This commonly involves the surfaces of the body being
scanned and generating a computer surface model. The necessary landmarks can be
identified and anthropometric measurements extracted automatically, see figure 2.2.
This technique is capable of extracting an infinite number of data points from the
surface model and can therefore collect vast amounts of measurements from a single

scan, (Simmons, 2003).
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Figure 2.2 — Landmarks identified on a body scan for automatic measurement extraction,
(Hamamatsu, 2003).

In terms of technology, commercial body scanners fall into three main categories;
light stripe, laser and linear array. Treleaven, (2003) provides a description of the
three different types and the commercial companies that are using the technology.
Light stripe scanners use light patterns projected on the body. The projected light
stripes are created via projectors, the subject’s body distorts the projected pattern and
these distortions are captured by cameras. The way the stripes curve over the subject
measures the three-dimensional shape. Systems that use this technology are The USA
Textile/Clothing Technology Corporation [TC]* (Textile clothing and technology
corporation, 2003), Telmat (Telmat Industries, 2000), 3Q (3Q, 2003)), Wicks &
Wilson (Wicks & Wilson, 2003) and The Loughborough Anthropometric Shadow
Scanner (LASS), (West, 1993).

Laser scanners use harmless, invisible laser beams to measure the body. The laser is
used as a light source and charged-couple device (CCD) technology, scans the field of
view detecting the displacement of the light by a body or surface. Commercial
scanners using this technology include Hamamatsu Photonics Bodylines (Hamamatsu,
2003), Cyberware (Cyberware Inc., 1999) and Tecmath (Techmath, 2001). Linear
array scanners are an emerging technology, largely still in the development stage.

They use millimetre wave camera technology that is able to scan through clothing.
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Pacific Northwest National Laboratory (Pacific Northwest National Laboratory,
2003), and QinetiQ (BBC News, 2001) are developing these types of scanners.

The use of 3D body scanning systems has been actively adopted by the apparel
industry, (Istook and Hwang, 2000; Simmons, 2003 and D’Apuzzo, 2007). The
technology is being utilised and researched in the development of;
= Automated custom fit (Xu et al, 2002; Wang et al, 2005)
» Scan measurement extraction and use (Pargas et al, 1997; Certain and
Stuetzle, 1999; Zhong and Xu, 2006)
= Fit prediction and analysis (Ashdown et al, 2004 and Loker et al, 2005)
» Virtual try-on simulations (Protopsaltou et al, 2002; Cordier et al, 2005; and
Yan and Rui., 2006)
= Custom pattern development (Fuhrmann, et al, 2003; Voellinger-Griffey and
Ashdown, 2006; Istook, 2006).

Each of these applications increases the involvement of consumers with clothing
design both for purchasing via the Internet and in a traditional retail store (Loker et al,
2004). Large-scale anthropometric surveys now use 3D body scanners to increase the
efficiency of anthropometry collection in terms of time, effort and cost with an aim to
provide more accurate and standardised size charts for clothing manufacturers. The
UK National Sizing Survey, (Size UK, 2003) was a survey of 11,000 subjects using a
three-dimensional whole body scanner to extract 130 body measurements. The
scanner used was from the USA Textile/Clothing Technology Corporation, who also
developed the software that was able to extract the large number of measurements.
The aim of the survey was to capture the size and shape of the UK population. By
offering this information to clothing retailers it enabled them to update and amend
their size charts and garment specifications. This would ensure their size charts
accommodate the size and shape of their target consumers, (Size UK, 2003). A similar
survey in the USA, Size USA, using the same scanner and scanner software, has also
been completed and surveyed over 10,000 subjects, (Size USA, 2003). The Civilian
American and European Surface Anthropometry Resource (CAESAR) project is an
anthropometric survey of the civilian adult population of NATO (Robinette et al,
2002), collecting data on 2,400 U.S. & Canadian and 2,000 European civilians. This
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survey used was the first to use 3D body scanning to measure all subjects and also

used the whole body scanner from Cyberware.

3D body scanning has been integrated into the development of performance clothing
where fit is an important part of its function. The U.S. military routinely use 3D body
scanning to issue uniforms and use anthropometric data to design and prototype better
fitting clothing and equipment. The U.S. Army Soldier and Biological Chemical
Command, Natick, Massachusetts, have a program of three-dimensional
anthropometric data acquisition and analysis, (U.S. Army Soldier and Biological
Chemical Command, 2001). This entails the scanning of a soldier’s body surface with
a laser-based digitizing system (Cyberware Inc., 1999), using the data collected to
derive models of the human form. The 3D models can then be used with commercial
CAD software to design and quickly prototype new clothing concepts. In addition,
The U.S. Army is developing computer-aided fit testing (CAFT) software that helps
evaluate how well clothing and equipment fits the human body before prototyping and
manufacture begins. It is doubtful, however, that this process can be applied to the
extremities. Whole body scanning only gathers data from 95% of the body, with areas
such as the feet and hands difficult to scan and capture the necessary detail for
anthropometric measurement. Figure 2.3 shows a processed scan of a female figure
using a Cyberware whole body 3D scanner. This illustrates the level of detail that 3D
body scanning can achieve; however, the detail captured of the hands and feet is very
limited. This consequently means that designing, prototyping and manufacturing
clothing and body-worn equipment for the extremities would not be currently possible

using these methods.
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Figure 2.3 — A sample scan of a female figure using Cyberware whole body 3D scanner.
(Sample model available from www.cyberware.com)

The scanning equipment that captures the shape of the body is the hardware
component of the data collection process. It is the software associated with the
scanners that generates the surface model of the human body and extrapolates the
anthropometric measurements. Therefore processing the captured data remains the
fundamental stage of gathering anthropometry and great care must be taken to ensure
that this is carried out as accurately and precisely as possible. A problem also exists
with the consistency between the various scanners currently available, (Simmons,
2003). The variations in methods used to capture the specific body measurements
means no standardised criteria can be communicated between the different scanning

technologies, limiting its full potential.

The accuracy of 3D body scanning compared to manual measuring techniques has
been subject to considerable debate (Daanen and Brunsman, 1998); nevertheless, the

advantages it has in terms of speed and efficiency means it will become increasingly
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popular and introduced into a greater variety of applications. The technology,
however, has limitations which affect all types of scanners and restricts the amount of
anthropometric measurements that can be collected. These limitations are primarily
caused by the inability to capture the entire surface of the body, which means some
areas cannot be used to collect data. The optimum position for scanning is a modified
anthropometric position, with the feet positioned 30 cm apart and arms abducted from
the body (Ashdown et al, 2004). This position maximises the amount of detail that
can be captured, however, some areas of the body remain shaded and, therefore,
obscured; e.g. the armpits, the crotch area and in between the fingers (Daanen and
Brunsman, 1998). Other areas are difficult to fully capture due to direction in which
the light/laser is projected onto the body. Almost all scanners project the light/laser
horizontally onto the surface; therefore areas that are parallel to this cannot be
accurately captured, i.e. under the chin, the top of the shoulders and the top of the
head, (Daanen and van de Water, 1998; Ashdown et al, 2004). The Cyberware and
Hamamatsu laser scanners overcome this problem by using cameras or mirrors
mounted above the projection system to capture these areas (Cyberware Inc., 1999

and Hamamatsu, 2003), however for other scanners this limitation persists.

In addition to the difficulties of capturing the whole body, other issues can affect the
quality of the detail captured during the body scanning process. The digitisation of
large surfaces necessary when using laser body scanners means it can take up to 30
seconds to scan the whole body (Istook and Hwang, 2001). It is difficult for the body
to stay completely immobile for this amount of time, due to uncontrolled movements
such as breathing or muscle contraction. This can lead to errors when capturing the
shape of the body and subsequently in the data extracted from it, (Jones and Rioux,
1997; D’Apuzzo, 2007). Hair, clothing and skin tone can cause similar problems by
absorbing and scattering the light/laser when projected onto the body. This prevents
the cameras from capturing a complete set of data points, eroding the quality of the

scanned object, (Jones and Rioux, 1997; Ashdown et al, 2004).
These limitations of body scanners mean that this technique is unable to extract all

forms of anthropometric data. The UK National Sizing Survey, for instance, needed to

take between eight and ten measurements manually (Treleaven, 2003), due to
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difficulties the scanning process had with hair and limitations of the scanner size
extraction software. Many of these measurements would be critical for the design of
clothing or body-worn equipment (e.g. height, weight, hand girth and hand length).
Although the hardware and software technology is advancing, it is difficult to see how
some of these measurements may be taken accurately using this process. As outlined
in the limitations above, issues due to shading and line of sight mean that current body
scanning technology cannot take detailed measurements of the extremities. This
means that it is difficult to design products that interact with the hands and feet using
3D computer models, as the detail needed cannot be captured using 3D body

scanning.

Attempts to scan the hand independently using a hand-held 3D scanner have been
able to capture the hand shape by scanning the dorsal and palmar areas separately
(Chang et al, 2007). This method uses a glass panel to support the subject’s hand and
reduce involuntary movement during the scanning process. Although errors due to the
refraction of the laser through the glass have been controlled, issues of deformation of
the palmar surface mean the natural form of the hand would not be captured correctly.
The glass support is needed because the average measuring time for each subject is 20
minutes, significantly longer than 3D body scanners. These issues mean that, at
present, this novel technique is unable to provide the same level of accuracy and
repeatability as 3D body scanners. However, it highlights some of the difficulties that

must be overcome to capture the complex shape of the hand surface.

Foot scanning techniques, that scan the foot individually, has lead to the development
of systems which allow the foot to be sized accurately for the manufacture of
customised footwear. The scanners vary in their design; some simply scan the plantar
(sole) area of the foot, using the data for sizing and to design customised inserts for
footwear such as orthotic supports. Scanners such as the one developed by Amfit,
digitise the plantar surface of the foot, which enables a 3D surface model to be
generated, (Amfit, 2003). This can then be manufactured using a CAD/CAM milling
fabrication system to produce the customised inserts for footwear. Other, more
complex foot scanners can scan the dorsal (upper) and plantar (sole) areas of the foot

simultaneously. This is done by placing the foot directly onto a scanner/camera to
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capture the detail of the plantar surface and using a series of scanners/cameras placed
above or perpendicular to the foot to collect data from various points around the
dorsal area, see figure 2.4. Manufactures such as Shoemaster (Shoemaster, 2003),
Digitoe (Digitoe, 1988) and those involved with the EUROShoE project (EuroShoe,
2003) use foot scanning to generate surface models of the foot that are used to
accurately size the foot and design custom made footwear. Studies have demonstrated
that these methods have the capabilities to manufacture shoe lasts for customised
(Leng and Du, 2005) and mass customised (Barnett et al, 2004) footwear. This can be
done by designing the two-dimensional patterns around the three-dimensional surface

model or by manufacturing a last through CAM and rapid prototyping.

Figure 2.4 — A foot being scanned using the INFOOT 3D foot scanner from Shoemaster
(Shoemaster, 2003).

Using scanned data of the foot in this way is successful because the scanner can
capture all the detail required. Detail such as the shape and size of each toe and the
gaps between them are not required, as it does not need to be accommodated in the
footwear. If more detailed, complex surface models were necessary, then data must be
collected from all areas of the foot, the ankle and lower leg. It is for these reasons why
scanning the hand for the manufacture of handwear is very difficult and currently not
possible. Although of similar anatomical form to the foot, the hand is much more

difficult to accommodate; as areas such as the fingers, thumb and finger crotches are
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complex in their configuration and interaction with one another. Capturing the
necessary anthropometric data from these areas is therefore fundamental for
generating a CAD model to manufacture handwear. The current body scanning
systems are not able to record this kind of precise detail and so other means may be
necessary to achieve the detailed CAD models required. The U.S Army Natick
Soldier Center in their program of three-dimensional anthropometric data acquisition
and analysis has attempted to scan hands but as yet have been unsuccessful in

generating a useable high definition surface.

An alternative approach to 3D body scanning is to use photographs to create 3D
computer models of objects for use in CAD environments. D-sculptor is a piece of
subtractive silhouette software which allows the generation of 3D computer models
from 2D digital photographs, (D Vision Works, n.d.). This software uses a number of
photographs from varying angles of the object to create a fully textured computer
model that can be exported for use in a variety of different CAD packages. This
technology is a quick and simple method of capturing the shape of an object to be
used and analysed within CAD software. It has been used to generate 3D models of
the human body parts (e.g. heads, hands and feet) and has the potential to be an
alternative to expensive 3D body scanners. At present, however, there are several
limitations which would need to be overcome for this to be a plausible application.
The main disadvantage is accuracy, as the models generated can have +/- Smm
tolerance from the original object. It is very labour intensive, as each photograph must
be manually processed which leads to large human error potential, it cannot
accommodate for undercuts or detect subtle surface detail. Other applications such as
Strata Foto 3D and iModeller use the same principle as D-Sculptor, but share the
same drawbacks. Due to the constraints of these types of software, they are unsuitable
for collecting anthropometric data, although this is not a function they were designed
to do. However, they do provide a useful tool for creating 3D representations of

objects within a CAD environment.

2.4 Clothing design and manufacture

Clothing manufacture is an assembly-orientated industry utilising a range of raw

materials, product types, production volumes, supply chains, retail markets and
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associated technologies (Tyler, 2000). Companies associated with this industry can
range from small family run businesses to large multinational corporations,
manufacturing an enormous variety of garment types (Cooklin, 2006). Clothing
design and manufacture is part of a much larger textiles industry. Jones (2002)
categorises this industry into four different sectors or levels. Figure 2.5 summarises

the four levels.

Level 1
Synthetic and natural fibre
manufacture

l

Level 2

Fabric Manufacture

l

Level 3

Clothing Design and Manufacture

l

Level 4

Distribution to final consumer
via retailer

Figure 2.5 — The different levels of the textiles industry, as described by Jones (2002).

Level 1 involves the production of raw materials to manufacture and distribute both
synthetic and natural fibres. This becomes the input into level 2, which uses these
fibres to produce various types of fabric. Clothing design and manufacture is the third
level within the textile industry, importing the fabric to create the various forms of
clothing and apparel. Finally, level 4 concerns the distribution of the completed

product to the consumer via a retailer.

In the UK, clothing and textiles has historically been an important and dominant
industry, establishing large scale domestic manufacturing operations, with peak levels
of employment of over 796 000 (Godley, 1996). However, the production of clothing
and associated levels of employment have been in decline for many years, (Jones and

Hayes, 2004) and since the mid-1990s there has been a dramatic collapse in both
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employment and manufacturing output within this sector (Jones, 2002). It is now a
much smaller manufacturing sector within the UK, employing 95 000 people (Jones,
2002) and accounting for only 3.3% of the total manufacturing output, (Office for
National Statistics, 2008).

Despite this decline in employment, clothing design and manufacture remains a very
labour intensive industry (Jones, 2002; Tyler, 2000). It has been relatively unaffected
by the automation and computer technology that has influenced the development of
many other manufacturing processes, such as in the automotive and construction
industries (Jones, 2002). Tyler (2000) describes several reasons why it continues to be
necessary for this human interaction within clothing production. It is predominantly
due to the nature of the raw materials that are available. There are a large variety of
different synthetic and natural fabrics and textiles used for clothing; each type varying
in thickness, surface finish, density and strength. Fabrics are limp and, in particular,
blend in all directions which means it is complicated and expensive to develop jigs
and automated equipment to perform assembly operations that can accommodate all
of these properties. They also vary in extensibility. This variation not only occurs
between different types of fabric, but also exists within the same fabric due to natural
grain and weave direction. This means that the join used to assembly the various
pieces of a garment must be able to withstand the various degrees of extensibility
associated with the different fabrics. This can be difficult, especially for extremely
curved joins such as those used to attach a sleeve onto a round armhole, as it
necessary to choose the correct type of join to ensure the garment is assembled

correctly and securely.

In addition to the characteristics of fabric, Tyler (2000) also describes the significance
of human interaction in garment assembly. The method of sewing pieces of fabric
together is the central process in clothing manufacture, dominating the output of a
clothing factory (Tyler, 2000). A stitch forms a flexible, universal joint that is
compatible with the flexibility, drape and handle of the associated fabrics. This
remains the only type of joint whose properties are equivalent to those of the fabric
and no satisfactory alternative to sewing has yet been developed. Sewing machines

provide a semi-automated method of accurately performing a series of stitches
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quickly, however the operator plays a vital role in assembling the garment; controlling
the size of the stitch, the tension of the sewing threads and the rate of stitch formation.
This determines the shape of the sewing line and subsequently the shape of the
finished garment. The skills of the operator are often learnt and developed through the
experiences and empirical knowledge of working with the different fabrics and
machinery. The heuristic nature of these methods means they are difficult to teach or
automate, and many operators develop their own individual techniques to produce the
correct size and shape for the garment. Some automation of the sewing process has
been achieved for simple garment assembly; however the difficulties with developing
machinery capable of dealing with the various properties of fabric means that
manually machine stitching clothing remains the most cost effective process to use

(Tyler, 2000).

The issues that Tyler (2000) describes relate specifically to the manufacture of
clothing, however, the design and development of clothing also requires a high degree
of human input. Clothing design traditionally involves creating 2D patterns compiled
from a number of different pieces that represent the different parts of a garment.
Different types of garments require different patterns, varying in complexity and
construction depending on the required specification. A pattern is a detailed technical
drawing, containing all the information necessary for assembling the garment to
ensure it is made to the correct size and shape, (Shoben and Ward, 1980). Figure 2.6
shows the two main pieces for a pair of ladies jeans. The solid outer line indicates the
size and shape of the pattern pieces and the dashed lines indicate where stitching is
required to join it to other pattern pieces during the assembly of the garment

(Campbell, 1980).
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Figure 2.6 — Front and back pattern pieces for a pair of ladies jeans (Campbell, 1980).

The job of a pattern designer involves transforming 3D designs or ideas into their 2D
constituent pieces which form the pattern (Fan et al, 2004). The design process entails
creating each piece individually; deciding how to accommodate the properties of the
fabric, the type and position of each join, the location of additional pieces (e.g.
pockets, collars, zips or buttons) and how all the pieces are connected to each other
(Shoben and Ward, 1980). It is also necessary for a pattern designer to be aware of the
developments in fashion and transformations of body size and shape to ensure these
changes are represented in the design of the pattern and the associated garment,

(Campbell, 1980).

Conventional pattern generation requires the pattern designer to collect the linear
(length and circumference) measurements of the body surface with a tape measure,
and then apply these measurements to draft the pattern based on a mathematical
foundation and approximation (Fan et al, 2004). This is a complex process, as the

shape of the human form consists of both convex and concave surfaces, and no two
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human bodies are identical. This means that it is not possible to fully determine the
shape of the human body from these types of dimensions and consequently, as
described by Whife (1965), (see Fan et al 2004, p196) using only these measurements
to generate a pattern will not create the perfect fit for a garment. Therefore, the skill of
a pattern designer is to use their observation and judgment of the shapes and contours
of the human body to create the correct size for a pattern, (Fan et al, 2004). This
approach is essentially an intuitive visual analysis of the body, using experience and
tacit knowledge to determine how the shape of the pattern will achieve a good fit

(Gazzuolo and Delong et al, 1992).

This preliminary process of ‘flattening out’ a 3D concept design into a series of 2D
pieces forms the basis of a new pattern. It is then necessary to determine that it will
produce a garment that will resemble the initial design. To achieve this, a sample
garment is made from the pattern and fitted to a model or stand to assess shape and fit,
making adjustments and alterations where necessary (Shoben and Ward, 1980). The
changes made to the sample garment are then incorporated into to the 2D pattern by
the pattern designer. This process can occur several times until the desired size and
shape of the garment has been achieved. Once a final shape to the pattern has been
decided it is known as the master pattern and usually represents a standard size
(Aldrich, 2004). This process means the pattern designer must work closely with a
sewing machine operator to ensure the sample garment is an accurate representation
of the initial pattern. It is essential therefore, that the pattern designer has extensive
knowledge of the techniques used by the sewing machinist to ensure the patterns that
are produced can be assembled efficiently and accurately. Equally, the sewing
machinist must understand the methods used by the pattern design to ensure the
alterations made to the sample garment can be transferred correctly to the 2D pattern
(Shoben and Ward, 1980). The iterative process of modifying the sample garment and
incorporating the changes into the pattern is again reliant on the experience and tacit
knowledge of the pattern designer. As Gazzuolo and Delong et al (1992) explain,
because the 3D garment plane differs from the 2D pattern plane, changes made to the
sample garment do not correspond directly to the shape of the pattern. Therefore, the
pattern designer must translate the changes made to the garment in order for them to

be represented in the pieces of the pattern. This can be an imprecise process, as
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indicated by the need for repeated trials and fittings of the garment by the pattern

designer and sewing machinist.

The final stage in creating a new pattern is to modify the initial pattern from the
standard size to produce a range of sizes; a process known as pattern grading
(Aldrich, 2004). The technique of pattern grading entails using a table of body
measurements to determine how much to change the dimensions of the pattern to
represent different sizes. This is one of the primary roles of the pattern designer as it
is the process of developing the initial master pattern into a series of patterns that
share the same style, proportions and fit as the sample garment (Bye et al, 2008). The
goal is to choose size groups in such a way that a limited number of sizes will provide
ready-to-wear clothing which fits most individuals in the target population (Fan et al,
2004). There are two main methods of pattern grading; the proportional method and
the traditional method. Proportional grading produces patterns that change
proportionally in circumference and length (Cooklin, 1990). However, problems with
fit can occur using this method, as people that have larger circumference
measurements are not necessarily taller (Cooklin, 1990). Traditional grading uses a
standardised set of relationships to determine the shape of the lines that form the
patterns (Bye and DeLong, 1994). Both of these methods use standard and variable
grade rules. Standard grades are the same for all sizes, while variable grades change

according to the difference in circumference between sizes (Bye et al, 2008).

Once all the sizes have been generated the pattern is laid onto the appropriate fabric to
cut the required number of pieces for each size. This process, known as lay planning,
attempts to layout the patterns on the fabric as economically as possible to ensure the
amount of material wasted is kept to a minimum. The fabric is then cut using the
pattern as a template. This can be done a layer at a time (single-ply), but to increase
the efficiency of the process, the fabric is often laid in layers (or plies) and cut

simultaneously (muti-ply) (Aldrich, 2004).
To generate the different sizes, the pattern designer will use a sizing system to specify

the proportions and intervals between each size. Sizing systems are based on a

selection of body dimensions from an anthropometric survey of the population for
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which the garment is designed (Ashdown, 1998). Many systems use traditional
specifications which have been established by a manufacturer over many years,
updated using modern anthropometric data. An example of this is in the sizing method
commonly used for gloves, which uses the circumference around the hand as the main
criterion. This method originated in the 19" Century when Xavier Jouvin developed a
system which used a specially designed measuring tape to measure the hand and
specify the glove size required (British Glove Association n.d.”). The system created
by Jouvin remains an acknowledged approach for glove sizing (BSEN 420:2003),

principally because it has been unaffected by metrication.

To standardise the generation of sizes between clothing manufacturers, many
countries adopt a series of standards to regulate the size designation of clothing and
the type of body measurements used to create sizing systems (Fan et al, 2004). In the
U.K. the British Standards Institution has published a set of standards to define body
dimensions for different types of garments and provide procedures for measuring the
body applicable to garment design (British Standards Institution, 2001, 2002, 2004).
They also provide standardise terminology, definitions, dimensions and tolerances,
and selection of sizes for mass-produced clothes. Sizing standards are based on
national sizing surveys, such as those conducted in the U.K. (Size U.K., 2003) and the
U.S.A. (Size U.S.A, 2003). As discussed in the previous section of this chapter, these
types of survey aim to collect accurate data of body size, shape and volume and relay
it back to clothing industry in a format that can be directly applied to garment design,
(Fan et al, 2004). As body shape changes over time, it is necessary to continually
update sizing systems and standards to reflect these changes and avoid problems of
poor fit, (Fan et al, 2004). Since sizing practises can vary between countries, the
International Organisation for Standardisation (ISO) formed an international standard,
ISO 8559: 1989, to standardise garment construction and anthropometric surveys
throughout the world. This is now the international standard used for all types of size
surveys and garment construction (ISO, 1989). In addition, a similar standard,
ISO/TR 10652: 1991, was introduced to standardise sizing systems for all garments

made for infants, girls, boys, men and women (ISO, 1991).
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The recommendations specified within sizing standards recognise that body shapes
can differ significantly, not only from country to country but also within countries. It
would not be feasible to construct a set of sizing standards that can be universally
applied. The standards are therefore, in a format that is open and flexible, to cater for
this variability and enable them to be internationally applicable (Fan et al, 2004).
However, the standardisation of sizing systems has been debated for some time and
the acceptance of such standards is not prevalent among all clothing manufacturers
(Fan et al, 2004). This is because some manufacturers prefer to change measurements
quickly to suit consumer needs without the having to reference to rigid standards.
Manufacturers often prefer to define their own sizing systems and conduct consumer
anthropometric surveys so they can meet the needs of their specific target population
(Fan et al, 2004). This means sizes can differ between manufacturers, causing some
confusion and dissatisfaction for consumers when trying to find clothes that fit
properly (Ashdown, 1998; Cotton Incorporated, 1998; Locker et al, 2004; Fan et al,
2004).

Throughout the pattern design process it is clear that the pattern designer frequently
relies upon experience and tacit knowledge to successfully create the correct size and
shape of the 2D pattern pieces. The designer must have thorough knowledge of fabric
properties, assembly methods and body shape to ensure the pattern accommodates
these variables appropriately and can manufacture the garment to the correct
specification (Shoben and Ward, 1980; Aldrich, 2004). Many of the decisions made
by the pattern designer are based on rule of thumb principles about how the shape and
proportions of the human body relate to the 2D surface of a garment pattern. By
definition, ‘rule-of-thumb’ is a rough or practical approach, based on experience
rather than theory (Collins English Dictionary and Thesaurus, 2001), this means it is
difficult to externalise the many skills and methods used, as some are often unique to
an individual designer. This heuristic methodology creates problems when trying to
introduce automation and computerisation into this process; similar to those which
affect the attempts at automating the sewing processes for clothing manufacture.
However, advances in CAD software have seen an increase in specific tools to design,
modify and grade patterns, aiming to make the process more accessible to less skilled,

inexperienced pattern designers. More complex tools allow the visualisation and
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simulation of garments in a 3D virtual environment to analyse different types of fabric
and evaluate fit using different body shapes and sizes. The various systems being
developed and promoted for pattern design and clothing evaluation are described and

assessed in the following sections of this chapter.

2.5 Anthropometry in the design and evaluation of clothing

The use of anthropometry in the design and evaluation of clothing and body-worn
products allows these types to be produced to meet the needs of a specific population.
How the anthropometry is gathered and applied will directly influence the end product

and so the techniques and systems used must be as accurate as possible.

A system has been developed by Defence Research and Development Canada,
(Meunier and Yin, 2001), which enables the sizing of military personnel to be
computerised. The Intelligent Clothing and Equipment Sizing System (ICESS) aims
to be a low-cost automated system that has the capability of accurately measuring and
sizing individuals, enabling the distribution of clothing and equipment for the
Canadian Forces to be more cost effective. Using two digital cameras to take
photographs from the front and profile of the subject, 27 landmarks are identified on
the body, listed below.

. Top of head — 2 landmarks (front and side);
. Neck — 4 landmarks;

. Acromion — 2 landmarks;

. Chest — 4 landmarks;

. Waist — 4 landmarks;

. Hip — 4 landmarks;

. Crotch — 1 landmark;

. Thighs — 4 landmarks;

. Wrists — 2 landmarks.
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These landmarks are then used to extract 36 dimensions, taking two types of
measurements, direct and indirect. Direct measurements are linear dimensions,

(lengths breadths depths etc.) and are taken from a single view. Indirect measurements
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are circumferences and are derived or extrapolated from direct measurements. A full
list of the dimensions extracted is given in table 2.2. The hands and feet of the subject
are measured separately using a flatbed scanner, as the required detail to be measured
cannot be seen using the digital cameras. The ICESS software calculates the clothing
size of the subject immediately after all the anthropometric measurements are made.
This can then be used to issue the subject with the correct uniform and body
equipment. This approach has been adopted in the USA and is routinely used for

issuing military uniforms (Treleaven, 2003).

Dimension Dimension

1. Stature 19. Waist breadth, natural

2. Neck breadth, natural 20. Waist depth, natural

3. Neck depth, natural 21. Waist circumference, natural
4. Neck height, natural 22. Waist breadth, trousers

5. Neck circumference, natural 23. Waist breadth, trousers

6. Neck breadth at base 24. Waist circumference, trousers
7. Neck depth at base 25. Waist height, back

8. Neck height at base from back 26. Waist height, front

9. Neck circumference at base 27. Waist angle

10. Acromial height, left 28. Hip breadth

11. Acromial height, right 29. Hip depth

12. Biacromial breadth 30. Hip circumference

13. Sleeve length, left 31. Crotch height

14. Sleeve length, right 32. Thigh breadth

15. Chest breadth 33. Thigh depth

16. Chest depth 34. Thigh circumference

17. Chest circumference 35. Strap length (for backpack)
18. Chest circumference below breast 36. Back length (for backpack)

Table 2.2 — List of measurements taken by the ICESS, (Meunier and Yin, 2001).

Testing the system (Meunier, 2000%) entailed using 186 military participants who
were measured using the ICESS and issued with the uniform it suggested. The
uniforms were then analysed by clothing experts assessing fit and recommending
changes where required. The results showed a success rate between 70% and 100%
depending on the particular clothing item and sizing rules that accompany it. The

accuracy and precision of the system (Meunier and Yin, 1999) was determined by
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using a database of 349 subjects (95 females and 254 males) who were also measured
using manual techniques and through repeated measurements of a plastic mannequin

and a human.

This system is used as a tool for correctly issuing clothing and equipment to military
personnel, it could however be used as a design tool to manufacture customised
clothing and equipment. There is a large amount of anthropometric data gathered and
it is possible to use this data to generate pattern designs. This may not be possible for
the extremities. The data collected is only used to determine the size needed for a
glove or boot, it is insufficient to design and manufacture a customised piece of
handwear or footwear. It would be difficult to collect the necessary anthropometric
data using the current method that the ICESS describes as the hands and feet are
recorded in a two-dimensional format only measuring lengths and breadths. In order
to manufacture a piece of handwear or footwear the hands and feet must be recorded
in three dimensions to include all surfaces and measure circumferences, depths and
datum points. This is especially true of the foot, where the design of a shoe or boot
must take into account the ankle and lower leg as accommodating these areas is

crucial for comfort and support.

To design a piece of handwear or footwear, it is therefore necessary to obtain detailed
measurements of the hand or foot that can represent it three dimensionally. Earlier
work at Defence Research and Development Canada (Hidson, 1991°) describes a
procedure for generating a CAD model of the hand using anthropometric data. This
procedure is an example of generating a three-dimensional form of anthropometric
data for the design of gloves and addresses many of the issues that arise when
integrating anthropometry into a CAD model. A total of fifty dimensions were used to
generate the CAD model and it is noted that while a small number of dimensions are
suitable for fitting gloves, a much larger number are required to adequately design
them. It is not only the number of dimensions that is important; the type of
measurement is critical also. A consideration of the requirements of the CAD program
must be made prior to collecting the measurements. This is to ensure that the operator

can input the data accurately and easily in the correct format that the CAD package
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recognises. For example establishing a datum point, in this case the lower right corner

of the model (figure 2.7), where all dimensions can be referenced.

Datum point

Figure 2.7 — The datum point used by Hidson (1991°) to reference all dimensions

The generation of the CAD model used dimensions taken from one subject and not
from processed data of an anthropometric data survey. The construction process
entailed two main stages. Firstly, the anthropometric dimensions were used to specify
the extremities of the model in all directions from the datum point in the lower right
hand corner, creating a 2D outline of the hand shape, figure 2.7. This outline was
then was used to create 3D geometry which formed the CAD model. This was
completed in two stages; initially the fingers and thumb were created (figure 2.8)

followed by the palm (figure 2.9).
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Figure 2.8 — The 3D surfaces representing the Figure 2.9 — The surfaces representing the
fingers and thumb generated by Hidson (1991°) palm generated by Hidson (1991°)

The surfaces for the fingers were then joined to the surfaces for the palm to create the

complete hand model (figure 2.10).

Figure 2.10 — The completed hand model generated by Hidson (1991°).

The exact generation of the CAD model is unclear, as a detailed description of how
the surfaces were created is not specified. The intended use of the CAD model was as
a basis for creating a mould tool which could be used to manufacture gloves. Using
computer numerical controlled (CNC) machining, the shape of the model was
recreated into a 3D form. This was then introduced into a manufacturing process to

produce gloves which could be tested for manual dexterity and comfort.

This research was conducted in 1991 and advances in CAD packages and rapid
prototyping technologies would overcome many of the problems that existed at that
time. However, some of the issues still remain. For example, how the anthropometric

data is collected and what CAD package is to be used to generate the CAD model
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must still be considered prior to collecting the data. This enables the generation of the
CAD model to be accurate and precise. Various types of research into using
anthropometry to design body-worn equipment have been published by Defence
Research and Development Canada. Hidson alone has published several reports
involving CAD/CAM and anthropometry, (Hidson, 1982; Hidson, 1984; Hidson,
1991% Hidson 1991b; Hidson, 1992), however much of this research is dated and it
has been difficult to obtain recent publications in this area due to its commercial and

military confidentiality.

The generation of a CAD or surface model of a body or body part is only an initial
stage of the design process of a body-worn product. The model must be used in some
way. In most cases a physical representation of the model is produced in order to
manufacture a product. Hidson (1991°) used his CAD model of the hand to design a
glove by CNC machining the model; however other methods are being developed.
Wang et al (2002) have devised a method of virtual human modelling from
photographs. The process involves taking two photographs of the subject (a front
view and a profile view) and generating a surface model using the outline of the body
shape. One of the proposed applications for this is the rapid prototyping of
mannequins of the surface model which can be used to produce custom made
mannequin models for the garment industry. Manufacturing physical models of the
CAD/surface model could have significant advantages when designing clothing or
body-worn products. They can be used to manufacture such products by being in the
form of a mould tool or three-dimensional pattern. Because the mannequin would be
an exact replica (within a known tolerance) of the CAD/surface model the product
should fit the individual to a high degree. In addition to being a manufacturing aid, a
mannequin could be used as an evaluation tool. Many items of clothing and body-
worn products are manufactured on a large scale and accuracy can sometimes vary
from batch to batch. Having a physical mannequin of what the product should fit
into/onto can act as a quality assurance tool within an industrial context. Similarly if
more than one manufacturer is producing the same item, discrepancies may occur
between them. Introducing a physical shape that all manufacturers are working to will

eliminate this inconsistency, therefore producing a more accurate product.
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Clothing and body-worn products may also be designed virtually within the CAD
system. Wang et al (2002) describe this as a possible application of the virtual human
modelling from photographs. The ability to ‘fit’ the clothing or body-worn product to
the individual within a virtual model has its obvious advantages. Patterns could be
designed directly onto the CAD/surface model. Kim and Kang (2002) have also
investigated this process determining that a two-dimensional pattern can be generated
from a three-dimensional scanned surface. McCartney and Hinds (1992) take a
slightly different approach and create garment patterns by offsetting surfaces from a

three-dimensional digitised surface.

One commercial company using this approach for garment generation and assessing
fit of clothing and body-worn products is My Virtual Model Inc. Their website,
www.mvm.com, allows the user to build a virtual model of themselves by answering
a series of questions about height, weight and body shape. Figure 2.11 shows the

interface used to generate a male virtual model.

Persondlize - | DressUp | Send | Help | SignCut
E M"f Mﬂdei To change the scenery, select vertical tab.
]
o s
?_i_ 1. My Model's Name |[Enter name =
g 2. My Face
a | = ! - .
@
I | - 4§
o | 4 ‘ 1L* |
- L || — =
3. My Body Shape T
= 4. Measurement System () Imperial () Metric
@
&. My Weight 190 pounds
g 7. My Build Muscular ¥ =
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o
= Save Later Save

B My Virtual Model Inc., 2007 Privacy Policy Tems of Service Contact Us

Figure 2.11 — The My Virtual Model interface used to generate a virtual model of the user,
(My virtual model inc., 2001).
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This model can then be used to try on clothes in a virtual changing room to give a
computer generated impression of what they may look like to take ‘the guesswork out
of buying clothes’ on the Internet (My Virtual Model Inc., 2001). Although the
generation of the model is simplistic, and therefore the fitting procedure is likely to be
imprecise, the technology it is based on is similar to that of the Intelligent Clothing
and Equipment Sizing System. This could possibly be a commercial outcome of this

system as both originate from Canada.

The main drawback with both the use of mannequins and virtual 3D models is that the
products designed using them are only as accurate as the CAD model, which is
usually generated by either 3D scanned data or anthropometric measurements. This
then reinforces the need for the information and the procedures used to build the CAD
model must be as accurate as possible, or at least to a standard that is necessary for the

end product.

2.6 Computer aided design and manufacture in the clothing industry

As with most manufacturing industries, the clothing and textile industry has benefited
greatly from the introduction of CAD/CAM. The use of computers within the textiles
industry has developed since the early 1980s (Price et al, 1999). Computers and CAD
provide the ability to provide a consistently high quality output in a relatively short
time allowing retailers to minimise their stock and maximise their profits, (Gray,
1992). It increases the speed and accuracy of developing new textile designs, reducing
the lead times needed to produce new products (Bye and LaBat, 1994). The early
CAD systems introduced in to the textile industry were able to condense the design
process that once took weeks or months to complete into less than 24 hours, (Price et

al, 1999).

The area where CAD has perhaps been most beneficial within the design and
manufacture of clothing is in pattern design. CAD tools have been developed to aid
the designer in all stages of this process, (Gray, 1992). Every pattern a company has
designed can be stored electronically, providing an instant reference library. Each
pattern can be modified quickly and accurately, making the grading process much

easier and efficient. Measurements of patterns can be made more accurately than
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manual methods, meaning measurements for each size can be checked and any
mistakes or inaccuracies rectified or changed. Lay-planning software can then
calculate the most efficient layout of the patterns within the confines of the cloth, the
limitations placed on the pieces by the type of cut being used (knife, laser or high-
powered water jet) and the restrictions imposed by the pattern of the material. The
patterns for each size can be cut directly using a computer controlled sample-cutting
machine. There are many types of commercial software and hardware available to aid
all stages of the design process. FashionCAD provides an innovative approach to
designing, grading, detailing and lay-planning patterns, see figure 2.12 (FashionCAD,
1998). This software aims to provide a means of generating customised patterns easily
and quickly without the need of an experienced professional pattern designer. It can
automatically create complex curves within clothing patterns to facilitate the grading
of different sizes. This enables a range of sizes to be accurately generated based on a

single customised pattern.
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Figure 2.12 — The lay-planning software from FashionCAD to efficiently layout patterns on a
cloth, (Fashion CAD, 1998).
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Similar systems have been developed by Lectra to provide the software and hardware
for designing and grading patterns, and equipment to cut patterns in single and multi-

ply formats, (Lectra, 2000). PAD System is another commercial company that offer
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these tools. It has developed software for three specific areas; master pattern design,
efficient nesting of pattern components and batch plotting of patterns over a computer
network, (PAD System, 2004). All these systems aim to give the manufacturer the
means for efficient pattern design, improved productivity, a reduction in production

costs, and to promote creativity across a wide spectrum of apparel applications.

The use of CAD/CAM has seen a phase of digital change in the textile and clothing
industry, embracing the increase in research of 3D simulation technology, (Taylor et
al, 2003). As has previously been discussed, it is possible to design clothing around a
3D CAD model that has been generated from body-scanned data. The ability to design
clothing around the end user in a completely virtual environment will inevitably
shorten lead times and be more efficient than traditional methods. It enables the
garment to be evaluated and modified to achieve the correct fit before any material is
cut so the iterative cycle of fitting sample garments to a model or mannequin can be
greatly reduced or eliminated. The consumer end of this technology is seen on the My
Virtual Model website which gives the opportunity for customers to view the clothes
on a similar body as their own. Consumer evaluation of this technology has shown
that the ability to use virtual try on tools and buy customised clothing is a popular
development in the clothing retail market, (Fralix 2001 and Loker et al, 2004). The
consumer increasingly demands more direct input into the options that are available to
them, and wants retailers to cater for their needs. The use of 3D body scanning and
3D clothing simulation will significantly affect the way clothing is bought,
particularly via the Internet, with a predicted 20-30% of all products sold to have

some element of customisation within them, (Fralix, 2001).

When used in a commercial environment, 3D modelling and clothing simulation has
enabled design tools such as Modaris 3D fit software from Lectra to be developed.
This enables apparel companies to reduce development costs and accelerate
production cycles by reducing the number of physical prototypes required. The
Modaris 3D fit software combines 2D patterns, fabric information and 3D virtual
models to enable simulation and validation of styles, fabrics motifs and colour ranges
(Lectra, 2000). These types of commercially available tools exist in a number of

different packages from various software developers such as OptiTex, (OptiTex,
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2004) see figure 2.13, Gerber Technologies (Gerber Technology, 2004) and Assyst-
Bullmer, (Assyst-Bullmer, 2004), however, they all use similar methods of 3D
visualisation and cloth simulation. The MiralLab research group (MiraLab, 2006) at
the University of Geneva has conducted extensive research in this area. It is
continuing to develop methods that enable the design of clothing to be improved by
allowing the designer to quickly assess issues of fitting and draping without the need
to produce physical prototypes. Previous work has addressed the needs for accurate
garment prototyping (Volino and Magnenat-Thalmann, 2005), garment simulation for
the apparel industry (Volino et al, 2005); and online applications that facilitate

garment design, pattern derivation and sizing (Cordier et al, 2005).
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Figure 2.13 — OptiTex software to generate 3D simulations of clothing from 2D patterns,
(OptiTex, 2004).

These virtual environments provide an opportunity for a design to be assessed on-
screen quickly without the need to produce the garment to evaluate how it will look
and react to movement. However, the accuracy and realism of the fabric model is
paramount (Hardaker and Fozzard, 1998). These simulation methods have been
adapted from tools initially developed for modelling, rendering and animating in the

gaming and animation industry, (Taylor et al, 2003). This means the emphasis of
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these systems is on the communication of completed clothing designs and not
necessarily the design process of these products. McCartney and Hinds et al, (2000)
highlighted the areas where CAD packages for apparel design are yet to be fully
developed and currently limit companies to truly adopt a computer integrated

approach to design and manufacture. The main areas are as follows;

*» The inability to provide the designer with a 3D specification of a fully
rendered, realistic complete garment.

= The inability to utilise the 3D model to extract all necessary information for
the creation of accurate 2D patterns.

= The limited capability to accurately simulate garment characteristics,
incorporating all seams and textile mechanical properties during wear.

* The lack of compatibility with current CAD/CAM systems.

The use of CAD/CAM for apparel design is an emerging technology and many of
these arcas for development identified by McCartney and Hinds et al (2000) are being
addressed and overcome (Anderson, 2005). For example, 2D pattern generation from
3D computer models is a dominant focus for the apparel industry with many
companies integrating this feature into their 3D visualisation software. Also, as these
software tools develop and hardware capabilities increase, the ability to generate more
complex 3D models with greater detail will enable more accurate representations of

clothing and its characteristics to be created (Choi and Ko, 2005).

At present, however, problems with these techniques of clothing design and
manufacture centre on the accuracy of the information put into the 3D CAD model. If
the product is designed using inaccurate data and there are significant tolerances
during manufacture, the garments produced using it will not fit the individual that
they are designed for. If the designer is aware of these inaccuracies and tolerances
then it is possible to take them into account during the design and manufacturing
process. Therefore, in practice the clothing/pattern designer uses CAD/CAM as a tool
to assist their work, rather than it being used to completely automate the process. This
means that design decisions and the ‘rule-of-thumb’ aspect in the design process must

have a major influence on the outcome of the product. Therefore incorporating these
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types of factors into a CAD model or an automated manufacturing process would be
extremely difficult as they are typically specific to an individual designer. However,
any system that is used to design, evaluate or manufacture clothing or body worn
products must allow for specific design decision making to be integrated at relevant

stages.

2.7 The use of gauges in production engineering

The degree of accuracy necessary for a part will vary according to its function,
(Parsons, 1970). Products or parts manufactured for use within an aircraft engine are
required to be made to a higher degree of accuracy than those for agriculture
machinery. However, whatever the function of the product, it must be made to the
correct dimensions specified during its design. The variability in any manufacturing
process means that the same product or part is never made to the exact same size. A
manufacturing tolerance is applied which ensures they are dimensionally correct even
though the size may vary, (Parsons, 1970). Monitoring and controlling tolerances
allows products and parts to be produced accurately which is important when they are
required to fit within another product or larger assembly. It is therefore necessary to
check and verify that the part is to the desired size and shape. This can be done by
measuring the dimensions of each part in an assembled product; however, this process
would waste a considerable amount of time in the manufacturing process, (Parsons,
1970). It is not always necessary to know the dimensions of a part; simply that it is the
correct size and shape. To establish this, gauges are used which determine whether the
part is within the accepted tolerance specified during its design. Gauging, therefore,
differs from measurement, since it merely determines the dimensional accuracy of a

part, without reference to its actual size.

There are a number of different types of gauges and strategies for using them. Since
they are used to check the dimensional accuracy of a part they have a necessity to be
accurate and reliable themselves. The simplest type of gauge, as described by
Meadows (1998), are GO, NO-GO gauges. These gauges are an integral part of a
quality control process, used as a measuring tool to test the size and shape of a
product (Meadows, 1998; BS EN 3650:1999). A conventional test would inspect the

product using predetermined, acceptable tolerances, giving a pass (Go) or fail (NoGo)
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result. There is, however, often more to a part being functional than just its size.
Functional gauges check geometric characteristics, such as perpendicularity, position

of features and patterns of features, such as holes, slots and shafts.

The limitations of this type of gauge is that they only provide information on whether
the part fits into an assembly or not and gives little or no indication about the accuracy
of a part or where any inaccuracies are located. This information is often considered
vital to improve a manufacturing procedure by monitoring the deviations from the
dimensions specified in the design. It is therefore necessary to introduce methods of
inspection that augment the information provided by the gauge. These methods
include dial indicators and electronic probes that check the part at various stages to

monitor its size and shape ensuring it remains within the acceptable tolerance.

The use of gauges and the monitoring of tolerances and part size are used extensively
in precise engineering for the manufacture of precision parts that fit into complex
assemblies that require a high degree of accuracy. It may not, therefore, seem
applicable when designing and manufacturing clothing and body worn products as
these items do not require such a degree of accuracy. For most types of clothing this
may be true; however, for PPE and items that are worn in environments which require
specific needs, fit and the interaction with the body is crucial. One of the objectives of
this study was to develop and validate a method to improve the fit of handwear. A
method or tool introduced into the manufacturing process would be a type of gauge
used to monitor and control any deviations of the product from the original design. In
addition, it would also be used as a tool for quality control; accepting or rejecting
parts that were or were not manufactured to the necessary standard. The format of
these gauges would greatly depend on the type of clothing or body worn product that
is being manufactured and the required accuracy it must adhere to. The accuracy of
the gauges themselves must be monitored so that they do not incorrectly accept or

reject products.
The accuracy of the gauges, and the subsequent product(s) produced, is dependant on

how accurate the end product must be. If the design of the product does not require it

to be to a high degree of accuracy then there is no requirement for the manufacturing
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process to be either. The manufacturing process, therefore, only needs to be as
accurate as the end product dictates. This then determines the efficiency and cost
effectiveness of the product by ensuring that the amount of time, effort and capital is
kept at the optimum amount. This issue of efficacy means a compromise must be
reached between the accuracy of the end product and the cost effectiveness of its

manufacturing process in order for an efficient product to be produced.

2.8 Conclusions

From the literature reviewed it is clear that anthropometry is increasingly being used
in the design and manufacture of clothing. The desire to provide the best possible fit
for the consumer means new and innovative body measurement techniques and
clothing simulation tools are being developed. The integration of CAD/CAM into
clothing design and manufacture attempts to improve these processes by making them
more flexible, more accurate and more efficient. The main input of anthropometry is
through 3D body scanning. This process provides an easy and efficient means of
collecting data and is preferred to more traditional methods because it removes the
operator from the measuring process and therefore reduces the influence of human
error. The data are collected by generating a computer surface model of the body
which the necessary dimensions can be extrapolated from. By generating this model
the 3D body scanning process also accurately captures the shape of the body as well
as its size. Capturing the shape and size allows the design and manufacture of
customised clothing and body-worn products which aim to fit the person precisely as
it has been constructed from their individual body shape. In practice however, this
process not simple and straightforward. A piece of clothing does not merely need to
fit to the contours of the body; other factors must also be incorporated. This means
that the product must still be designed and, therefore, design decision-making has an

important influence on the whole process.

The inclusion of CAD/CAM into the design and manufacture of clothing has seen an
increase in the development of software tools to aid and enhance this process. These
tools aim to offer an improved ability to generate, grade and detail clothing patterns
with greater accuracy and efficiency by eliminating errors incurred when using

conventional methods. In addition, they aim to reduce the time needed to produce a
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piece of clothing by speeding up the pattern design process and automating many of
the methods used in a manual process. Ultimately, these types of software claim to
provide the ability to create customised patterns without the need for the expertise and
experience of a professional pattern designer (FashionCAD, 1998; Lectra, 2000, PAD
System, 2004). However, while such software products clearly provide new and
innovative ways of generating patterns, it is a very ambitious claim to be able to
replace the role the professional pattern designer plays in clothing design. Creating
the appropriate fit is determined by the type of materials used an understanding of
how they are correctly assembled, especially for clothing that requires a high degree
of fit such as PPE. The skills required to accurately generate the correct size and
shape of a pattern that accommodates the necessary material and manufacturing
properties cannot easily be incorporated into a software program. These skills rely on
rule of thumb principles and empirical knowledge gained through the experience of
working with the various types of materials and manufacturing techniques. Computer
systems do not have the experience or background knowledge to accomplish the
processes of pattern design and alteration. In practice, therefore, these software
programs are an addition to the many tools a pattern designer must use to create a

pattern, rather than the creation of a completely new automated process.

Another area where CAD has influenced the design and evaluation of clothing is in
the development of virtual try-on technology and clothing simulation systems. These
products provide a visual aid to the appearance of clothing within a 3D computer
environment. Products like Modaris 3D Fit developed by Lectra (Lectra, 2000) and
AccuMark V-Stitcher from Gerber Technology (Gerber technology, 2004) enable
clothing designers and consumers to view a piece of clothing in simulated
environment on a 3D human form. They attempt to replicate the fit and behaviour of
clothes allowing the assessment of different styles and variations prior to
manufacturing physical samples. However, the limitations currently affecting these
products mean they are unable to be fully adopted as practical tools for clothing
designers and manufacturers, (McCartney and Hinds et al, 2000). This is due to much
of this technology being adapted from the computer graphics and gaming industry,
which considers efficiency, stability and visual realism of clothing more important

than accurately recreating realistic properties (Choi and Ko, 2005). This means that
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these tools cannot be relied on to determine an accurate fit or used to make critical
design decisions on clothing assembly. At present, the primary role they have in
clothing design is in the presentation of concept ideas, providing improved static and
animated visualisations of clothing in 3D, without the need to produce physical

prototypes.

3D body scanning has a major role to play in the development of clothing design and
evaluation. It has ability to accurately capture the size and shape of the human body.
However, this technology has limited capabilities in capturing detailed representations
of the extremities. It is effective at collecting anthropometric data and body shape of
the head, torso, arms and legs, as these are relatively simple shapes compared with the
hands and feet. This means that the design of products worn on the extremities cannot
be done using the techniques used for the rest of the body. Other means of generating
accurate CAD and surface models of the extremities must be found in order for
accurate products to be manufactured for them. Foot scanning has begun to be
developed and introduce customised footwear and footwear inserts, but detailed
model generation which includes details of the toes and ankle does not exist. Similarly
CAD models of the hand that have the necessary detail and accuracy to manufacture
handwear are not available. It is in the extremities, however, where the increase in
accuracy will be most beneficial as it is with these areas that the human body most
commonly interacts with the environment surrounding it. It appears that the clothing
and products worn around the body can be manufactured to a greater accuracy than

those on the extremities, where an accurate fit is more beneficial.

The most accurate method of collecting anthropometric data of the extremities
remains the manual techniques that are used in the majority of anthropometry surveys.
The 3D body scanning and clothing simulation methods that are currently adopted for
improving the fit of apparel do not utilise the vast amount of anthropometric data that
currently exists from these surveys. It is apparent therefore, that a method of using
CAD/CAM to design and manufacture apparel can be developed to exploit this
resource, working in parallel with other similar methods to produce clothing with
enhanced fit for all areas of the body. The ability to utilise data from a variety of

different anthropometric surveys will enable customised fit to be available for a range
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of different populations. However, it is important to ensure the data contained within
a survey can provide enough measurements to create a product with the correct size

and shape that meets the needs of the specified population.

Consideration must also be given to the optimum amount of data, as this would
contribute towards the efficacy of the design and manufacturing process. The more
information that is used to generate a CAD model the more accurate it should be and
so increase the accuracy of the products designed using it. The accuracy of the CAD
model only needs to be as accurate as the end product dictates. Deciding how much
data to use is crucial to the efficacy of the manufacturing process. Using extensive
amounts of data that generates a highly detailed and accurate CAD model will be
inefficient in terms of time and cost if the end product does not require or will not
benefit from this accuracy. Compromising between cost effectiveness, functional
effectiveness and accuracy will aim to produce an optimised design and

manufacturing process that generates an effective product.

2.9 Summary

In summary, the literature review fulfilled the research objective of identifying and
exploring the key issues surrounding the design and manufacturing of apparel using
anthropometric data and CAD/CAM. It identified the gaps in current knowledge and

methodology relating specifically to handwear.

The review found that anthropometry is a common resource in the design and
manufacture of apparel. It is used to achieve the correct fit for various types of
clothing and a range of different users. This is largely due to the development in the
hardware and software capabilities of 3D scanning and 3D computer modelling that
can accurately measure and represent the human body. The use of CAD, CAM and
RP methods ensure that the fit generated using anthropometric data can be

appropriately recreated in the end product and therefore, afforded to the wearer.
These methods are not used to the same extent in handwear design. This consequently

means that these products do not currently benefit from the same developments in

creating a more accurate fit for the wearer. This is mainly because of the inability of
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3D body scanning to capture sufficient detail of the extremities which has limited the
capabilities of CAD modelling to generate and simulate new designs. The use of CAD
modelling to design and manufacture handwear would need to integrate manually

collected 2D anthropometric data to sufficiently represent the hand as a 3D model.
The outcomes of the literature review raised the following research questions.

a) The literature review identified gaps in current knowledge and methodology of
designing and manufacturing handwear. What are the appropriate research
methodologies to fill these gaps and achieve the research aim?

b) Is it feasible to modify current methods of apparel design and manufacture to
create a novel design tool for the design and manufacture of handwear that

improves the quality of fit?

c) If so, what would be the efficacy of the tool in terms of cost effectiveness and

functional effectiveness?

d) What improvement can be achieved in the quality of handwear fit and

subsequent task performance?

e) Is the method for generating the tool appropriate for designing and

manufacturing other products that interact with the human body?

The following chapters discuss the points raised in these questions to determine if

what was proposed could be achieved.
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Chapter Three:
Research Methodology

To fulfil the research objectives outlined in Chapter 1.3 and answer the research
questions identified from the literature review, it was necessary to design a suitable
research methodology. There were different elements influencing the structure of the
methodology, these included;

= The form of research being carried out

= The research purpose

= The research strategy

* The research method

= The research tools selected
The following chapter gives a description and review of these elements to ensure the
chosen methodology was appropriate and able to achieve the research aim. It goes on
to explain how each element formed this methodology and provides justification for

the selections made.

3.1 Forms of research

There are different ways in which behaviour or events can be viewed and understood.
Research can be classed in two forms to reflect these various standpoints (Allison et
al, 1996). The two forms of research are positivism and phenomenalism, and defining
the research type influences the strategies and methodologies chosen within a research

study.

Positivistic research is principally based on positive facts and observable phenomena,
(Allison et al, 1996). This style of research attempts to produce descriptive laws from
consistencies or patterns in properties or behaviour. These laws can then be applied on

a sample set of data to predict events or effects on much larger sets. This is achieved
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by relying on certain assumptions, or postulates, of the uniformity of the collected
data, table 3.1. Positivistic research frequently uses measurable evidence and

therefore, can be described as quantitative.

The postulate of natural Kinds.
This assumes that all instances in classes and categories of phenomena exhibit

the same properties

The postulate of consistency.
This assumes that phenomena remain the same or change very little or slowly

over time.

The postulate of determinism.
This assumes that there is an orderliness and regularity in nature and,

therefore, there is a consistency in terms of cause and effect.

Table 3.1 — The three postulates on which positivism is based (Allison et al, 1996)

Phenomenological research does not accept these postulates, relying instead on the
view that every phenomenon is unique and this is its most important quality. It is
principally concerned with the description and classification of phenomena using
observation as a means to examine a situation to reveal the nature of the problems
(Allison et al, 1996). The outcomes of these observations result in descriptions which

are expressed as narrative, mainly in qualitative terms.

3.2 Research purpose

There are many reasons why one may decide to carry out a piece of research, (Birley
and Moreland, 1998); however, the objective is to increase knowledge or contribute
new knowledge to a particular research field. Robson (1993) classifies the reasons
into three categories, illustrating that a research strategy has the purpose to explore,
describe or explain a particular event or situation. These three purposes are detailed in
table 3.2. It is possible for a particular study to be related to more than one purpose
and this may change as the study progresses, however, one purpose will often remain

dominant throughout, (Robson, 1993).
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Exploratory | = To find out what is happening.

= To seek new insights.

= To ask questions.

= To assess phenomena in a new light.

= Usually, but not necessarily, qualitative.

Descriptive = To portray an accurate profile of persons, events or situations.

= Requires extensive previous knowledge of the situation etc. to
be researched or described, so that you know appropriate
aspects on which to gather information.

= May be qualitative and/or quantitative.

Explanatory | = Secks an explanation of a situation or problem, usually in the
form of casual relationships.

= May be qualitative and/or quantitative.

Table 3.2 — Classification of the purposes for an enquiry (Robson, 1993)

3.3 Research strategy and method

Establishing the reason or purpose for research is the initial step in the design of the
study, a strategy and methodology must be applied to collect and analyse the
appropriate data. Research, as described by Allison et al (1996), is a ‘systematic
enquiry which is reported in a form which allows the research methods and the
outcomes to be accessible to others (Allison et al., 1996, p4). Therefore, the strategy
and methodologies chosen are an important and essential issue regarding the planning
and perceived route for which the research must take. In a broader meaning, a strategy
can be described as a particular long term plan to achieve a goal or success; and a
method as a way of proceeding or doing something. Therefore, in terms of a research
study, the strategy is the aim or goal that is required and the method is the chosen

route or objective to which this goal is achieved.

Identifying the correct purpose of the research enables an appropriate research
strategy and method to be selected, as certain types are more appropriate than others.
Archer (2004) recommends three approaches for a research strategy; the humanities

tradition of research, the science tradition of research and action research. Within each
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of these strategies there are a number of different methods that can be adopted to
collect the appropriate data. Allison et al (1996) list seven different types of research

methods;

= Scientific Research

= Philosophical research

= Historical Research

= Descriptive Research

= Experimental Research

* Phenomenological Research

= Practical Research

Some of these research methods are more suited to certain strategies than others,
while some can be applied to two or all three. Table 3.3 illustrates which of the
different research methods described by Allison et al (1996) are associated with the
three strategic approaches proposed by Archer (2004). The association of research
methodology and strategy is determined by the tools and outcomes that each method
uses to collect data and analyse the results. Table 3.4 is a comparison the seven
research methods, listing a description of each method, the tools associated with it, the

outcomes generated and the validation techniques.

It is common for most research studies to adopt one method as a main form of the
strategy. However, it is invariably necessary to draw upon other methods as essential
parts of the study, as it is unlikely that only a single method can be used to fulfil the
requirements of the research goals, (Allison et al, 1996). A research study which has
multiple methods as its strategy is commonly termed triangulation and enables data
from different sources to be used to corroborate, elaborate or illuminate the research
study, (Rossman and Wilson, 1985). When only using a single method, an unknown
part or aspect of the results is attributable to the method used in obtaining them,
(Robson, 1993). Using triangulation and employing a variety of methods the problem
being investigated can be explored from different perspectives to verify the results

obtained or explain any discrepancies found.
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Strategy Research Method

Philosophical Research

Historical Research

Humanities Approach
Practical Research

Phenomenological Research

Scientific Research

Descriptive Research

Scientific Approach
Practical Research

Experimental Research

Practical Research

_ Descriptive Research
Action Research Approach

Scientific Research

Experimental Research

Table 3.3 — Research strategies and research methods
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3.4 Chosen research methodology

The aim of this research study was to develop, demonstrate and validate a method of
enhancing appropriate fit for protective handwear. The purpose of the research was to
describe this process and portray an accurate profile of what is occurring by the
collection of evidence and empirical data, see table 3.2. The type of research
questions asked in a study can have a strong influence on selecting the research
strategy, (Robson, 1993). The questions formed after conducting the literature review
primarily queried the feasibility of producing a design tool to improve the quality of
fit in protective handwear. An appropriate way to investigate this query was to create
a product or artefact that could be tested to generate communicable knowledge
(Archer, 2004). Therefore, an action research approach to the research strategy was
adopted. Table 3.3 identifies four research methods that are associated with an action
research strategy; practical research, descriptive research, scientific research and
experimental research. As the purpose of this study was descriptive in nature, a
descriptive research method was chosen. This was to accurately describe the process
of designing and validating a design tool that could be used to design and manufacture
protective handwear with improved fit. Consequently, a practical research method
was also employed as the design tool would need to be physically constructed and

constitute the main evidence of the research process.

There are many research tools associated with the two research methods chosen, table
3.4. The main research tool selected for this study was case studies. Case studies
would be able to provide a primary source of information to analyse the methods of
integrating anthropometry and CAD/CAM used to design the tools for improving the
fit of protective handwear. This research was positivistic in nature as it aimed to
create a design process for these tools and demonstrate a theory based on empirical
investigations of glove manufacture and assessment. By assuming the three
postulates, shown in table 3.1, the results provided by the case studies maybe
considered indicative of a larger population and not solely of the participants tested in

the user trials.

84



Chapter Three Research Methodology

A summary of the chosen research methodology is given in table 3.5.

Research Form
Positivistic

Research Purpose
Descriptive

Research Strategy
Action Research Approach

Research Method
Descriptive Research / Practical Research

Research Tool
Case Study

Table 3.5 — Summary of the chosen research methodology

The use of case studies as the primary research tool was considered a reliable and
relevant research tool. Case studies are a useful tool for the exploration of new or
emerging processes or behaviours, and play an important role in generating
hypotheses and building theory (Cassell and Symon, 2004). As the purpose of the
research was descriptive, case studies offered an in-depth analysis of particular events
or activities that can identify and predict relationships in and between variables,
(Allison, et al., 1996). Gomm et al (2000, p6) argue that the use of case studies can
“investigate processes in the ‘real world’ rather than in artificially created settings and
therefore have advantages over other research methods such as experiments or

surveys.”. Birley and Moreland have a similar opinion.

“The aim of any case study is to describe and understand the phenomenon
‘in depth’ and ‘in the round’ (completeness). In this function case studies
do serve a useful purpose, since many important issues can be overlooked

in a more superficial study such as a survey.” (1998, p36).

Two case studies were designed to investigate and validate methods of improving the
fit for protective handwear. Both case studies used anthropometric resources and
CAD/CAM methods to design tools that aimed to assist and improve conventional

handwear manufacturing processes. It was necessary to introduce these tools into a
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current manufacturing environment which required them to be as close to a fully
developed product as possible. This meant that a complete design process was used
within each case study; from conceptual design development to prototype production
and evaluation. This enabled analysis to be made of all the relevant methods involved,
as well as the issues pertaining to their interaction and influences over one another.
By using case studies it was possible to compare a number of different approaches to
the problem in sufficient detail to be able to draw out conclusions that could be

applied to lessons which have general applicability (Moore, 1983).

Within each case study there was a range of different data collection methods used.

Yin (1994) describes six sources of information, or evidence.

=  Documentation

= Archival Records

* Interviews

= Direct observations

= Participant Observations

= Physical Artefacts

Many other sources are available including films, photographs and videotapes;
projective techniques and psychological testing; proxemics; kinesics; and life histories
(Marshall and Rossman, 1995). Yin (1994) emphasises that none of these single
sources of evidence have complete advantage over the others and that a good case
study will utilise as many sources as possible. Therefore, both case studies use a
combination of all of these sources identified by Yin (1994) as well as dexterity
testing, photographs and videotapes. Other research tools applicable to descriptive and
practical research methods were also used to complement the data provided by the
case studies. Interviews with, and observations of, professionals in the field of
handwear manufacture and design were utilised to gain an understanding of existing
expert knowledge. To assess each case study, user trials and practical assessments
were used to collect quantitative data on the effectiveness of the design tools created.

These data were then examined using statistical analysis to compare the different
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variables involved and determine if results were significant and not occurring by

chance.

The use of multiple methods and research tools collected both quantitative and
qualitative data. This can be used in a complementary way to enhance the
interpretability of the data, (Robson, 1993). Primarily, the data collected were
quantitative, in the form of the results from the user trials. The qualitative data
(interviews, consultation and videotape etc.) were used to verify and support the
findings from the analysis of the user trials, as well as understand any discrepancies

that could not be determined from the user trial data alone.

Within both case studies there were two main issues that, if not appropriately
managed, could have had significant influences on the validity and quality of the
outcomes. Firstly, the close collaboration with handwear manufacturers meant that the
outcomes were heavily reliant on their participation. As this study was a research
project and not for commercial gain, it could not dictate when and how the
manufacturers participated. The organisation of interviews; evaluation processes; and
glove production was crucial. It meant that each of these elements needed to be
coordinated carefully to coincide, as close as possible, with the availability of the
necessary resource the manufacturers were offering. This ensured the case study could

progress without loss of momentum.

The second area of concern regarded the need to be aware of the researcher
influencing the events and processes within the case study. As Moore (1983, p47)
points out, some thought to ‘the degree of neutrality’ must be given during a case
study to give a fair and balanced outcome. This was pertinent to both case studies,
especially during the information gathering and evaluation phases. Some affect is
unavoidable as the research process itself can distort events, i.e. the Hawthorne effect,
(Roethlisberger 1939; Mayo 1933). Care was taken to be impartial during interviews
and testing procedures with handwear manufacturers and to ensure user trials were
conducted fairly, without bias. This gave balanced results that were an accurate

evaluation of the processes that the case studies were designed to analyse.
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3.5 Summary

In summary, the research methodology was designed to fulfil the research objectives
and answer the research questions. The methodology was influenced by five different
elements; the form of research, the research purpose, the strategy, the method and the

tools selected.

= The form of research was positivistic in nature as it aimed to create a design
process for a tool to improve the fit of protective handwear. This process was
used to demonstrate a theory based on empirical investigations of glove
manufacture and assessment. By assuming the three postulates of positivistic
research, table 3.1, the data collected could be considered indicative of a larger
population and not solely of the participants tested.

= The purpose of the study was to describe the process of designing a tool(s) for
improving the fit of protective handwear.

= The research strategy used an action research approach. This was influenced
by the research questions that emerged from the literature review which
examined the possibility of a novel design tool for improving the fit of
protective handwear. To investigate this query, physical products were
produced for evaluation and assessment.

= Descriptive and practical research methods were used to create the products
required to achieve the aim of the study and describe the processes used to
produce them.

= The primary research tool used was case studies. The case studies were able to
demonstrate how to fully design and prototype tools that could design and
manufacture handwear. Other tools were used in conjunction with the case
studies to assess the effectiveness of the tools and determine if the handwear

had an improved fit for the wearer.

Using this research method, the following chapters discuss how the research aim was
achieved by creating and validating two different design tools that were able to
produce handwear with an improved fit. The methodology used enabled the tools to
be fully developed and evaluated, as well as demonstrate how the gloves produced

afforded an improved fit for the wearer.
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Chapter Four:
Generating a size range from anthropometric data

4.1 Introduction

The introductory chapter highlighted the need for a new approach to the design of
protective handwear and how anthropometric data was an important resource in
achieving the correct fit. The case studies demonstrate how methods of integrating
anthropometric data and CAD/CAM can create tools for the design and manufacture
of handwear with an improved fit. This chapter gives a background to the
anthropometric data used in the case studies, explaining the processes used to create a
size range which enabled the 3D computer models to be generated. It discusses the
necessary developments and modifications made to the original data, required to
successfully build these models to the correct specification. The anthropometric data
is a fundamental part of these models and chiefly influences their size, shape and
construction. The size range that represents the data is a series of six sizes which

contain various dimensions of the hand.

The anthropometric data collection and processing detailed in this chapter was part of
a separate research project, the Hand Data Deployment Project (HDDP), involving the
Department of Design and Technology at Loughborough University and The Defence
Logistics Organisation (DLO). The main objective of this project was to use the size
range as a basis for designing the shape of a new standard issue protective glove for
the British Armed Forces. This study uses the size range in a different approach,
integrating it into a design process to generate a tool for the design and manufacture
of handwear with improved fit. This approach uses the data as a generic resource
meaning that the tools created can be developed to represent anthropometric data from

other populations as well as the original military population.
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4.2 Data collection and processing

The anthropometric data were collected during a survey of military personnel
completed by QinetiQ (formerly the Defence Evaluation and research Agency,
DERA) on behalf of the DLO. The survey collected data from 1500 personnel, 275
female and 1225 male, from several different areas of the body. The data collected for
the hand was passed onto the Department of Design and Technology at
Loughborough University for analysis and processing as part of the HDDP (Torrens,
2001 and Torrens et al, 2001). Part of the processing stage entailed dividing the data
set into a series of groups to define different sizes for the sample population. This size
range was used as a basis for designing the size and shape of a new standard issue
glove for the British Armed Forces. This process was carried out by Mrs. Jane
Robertson, a consultant ergonomist from Open Ergonomics Limited and Mr George
Torrens, lecturer in the Department of Design and Technology. This enabled the data

to determine how the new glove would accommodate the intended population.

Before being able to generate the size range, the anthropometric data required
reviewing and validating to remove erroneous and irregular data points that would
skew the boundaries of each size. The data were separated according to gender and
Microsoft Excel was used to create a database and rank each dimension, as well as
calculate descriptive statistics such as means and standard deviations (SD).
Correlation tables were generated to clarify the relationship between the different
dimensions. Data points that were four standard deviations from the mean were
inspected and accepted or deleted. This decision was based on the likelihood of the
data point being appropriate to the associated data set. For example, a subject with a
long palm length and long middle finger length would also be expected to have a long
hand length. This is because the hand length dimension is the also a combination of
middle finger length and palm length. Similarly, a small hand breadth is associated
with a small hand circumference, as these two measurements are taken from the same
area of the hand, the metacarpophalangeal (MCP) joints. Figure 4.1 illustrates these

two examples.
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Figure 4.1 — Examples of how some dimensions are associated with one another

If the data points inspected did not conform to these conventional criteria they were
removed from the database and attributed to measurement error or a deformity of the
hand. Figure 4.2 identifies the digits and digit crotches of the hand. This classification
is used throughout the thesis to identify the fingers and thumb instead of using the
common descriptive terms, i.e. thumb, index finger, middle finger, ring finger and

little finger.
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Figure 4.2 — Digits and digit crotches of the hand

The inspection process allowed the creation of percentiles from which the size range
was based. The data for male 2™ and 98" percentiles were used to create the main
sizes within the range. The data were evenly split into five sections to create five
sizes. The 2™ percentile female data were used to create the smallest size, generating
six sizes in total. The data were then checked to ensure that larger female hands would
be accommodated within the male size range. The transformation from percentiles to
glove sizes was not a basic conversion of the percentiles into a specific size;
characteristics of glove design were also integrated. By means of a user panel,
consisting of experienced experts in each relevant discipline and discussions with
military personnel, individual dimensions were identified to be more critical than
others in improving the fit of a glove (Noro and Imanda, 1991; Krueger and Casey,
2000, McDonagh-Philp and Torrens, 2000; Torrens and Newman, 2000). These
dimensions were hand length, digit 2 length and digit 3 length. Clearly there are more
dimensions necessary to create the fit of a glove, however, these three dimensions
were found to be crucial (Bradley 1969°; Bishu and Klute, 1995; Torrens and
Williams, et al., 2001).
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The use of these dimensions for glove sizing differs from typical glove sizing
methods that use the hand circumference (figure 4.3 and table 4.2), measured around
the MCP joints, as the primary criterion to determine the size of a glove. While this
provides a straightforward and effective sizing method, length and width dimensions
play a more important role in maintaining finger dexterity. Any inaccuracies within
circumference dimensions are less influential in providing an accurate fit and will not
result in the same impairment of dexterity. Therefore, prioritising the three
dimensions identified and creating an accurate glove fit in these areas ensures
complex tasks such as wusing keyboards, manipulating small objects and
donning/doffing of clothing, have the least performance reduction due to wearing a

glove (Torrens and Williams et al, 2001).

The correlations of the identified critical dimensions are given in table 4.1 and show
strong correlations ranging from 0.89 to 0.73 indicating close relationships between
them. Also listed in the table are the correlations between these dimensions and hand
circumference. These correlations are not as strong, particularly between digit 2
length and digit 3 length (0.64 and 0.66 respectively) but indicate there are
relationships between these lengths and the circumference of the hand and therefore

with the common standard method of glove sizing.

Correlation Hand Length | Digit 2 Length | Digit 3 Length Circ:'n??e(:’ence
Hand Length 1.00

Digit 2 Length 0.79 1.00

Digit 3 Length 0.83 0.89 1.00

Hand

) 0.71 0.64 0.66 1.00
Circumference

Table 4.1 — Correlations of critical dimensions

A key objective when generating the size data was to ensure the handwear created
from it contained accurate fit at the tips of the digits. Accurate fit in this area is
achieved by ensuring there is no excess material, i.e. the fabric of the glove, around
the fingers and thumb. An excess of material occurs when the glove reaches the

crotch of the digit before the tip, creating a gap between the end of the digit and the
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glove. Previous user trials (Bishu and Klute, 1995; Torrens and Newman, 2000;
Torrens and Williams et al, 2001) have demonstrated that excess material in this area
of a glove can significantly affect the performance of the wearer. To overcome this,
the size data was manipulated to shorten digit length and extending digit crotch
heights. In the DERA anthropometric survey, digit crotch height was measured from
the distal wrist crease to the nearest point on the skinfold of the relevant crotch, see
figure 4.2 and Appendix . Therefore, by using larger percentiles of digit crotch height
and smaller percentiles for digit length within each size the desired effect was

achieved.

The outcome of this modification to the size data increased the probability that gloves
made to this specification would come into contact with the tips of the digits prior to
reaching the digit crotch, thus eliminating the occurrence of excess material in this
area. A subsequent consequence of this modification was that any gap occurring at the
tips of the digits was transferred to the crotches causing potential restrictions when
attempting to span the hand. However, through user trials and practical assessments
(McDonagh-Philp and Torrens, 2000; Torrens and Newman, 2000) it was found that
this was less important than enhancing finger dexterity and so a restricted hand span

was compromised to ensure good dexterity at the digit tips.

Using these design considerations and the large amount of anthropometric data, (2™
percentile female to 98" percentile male) the size data aimed to accommodate a wide
range of the population measured in the original survey. Each size was made up of a
series of dimensions that determine the size, shape and positions of anatomical
reference points on the hand. A full list of the dimensions contained within the size
data is listed below in table 4.2. Figure 4.3 gives a key to the dimensions and
Appendix I lists a full description of how each measurements was taken and the

relevant location points used.
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Key Description

1 Hand Breadth

2 (4off) DIP Joint Breadth - Digit 2, 3, 4, 5

3 (4off) PIP Joint Breadth - Digit 2, 3, 4, 5

4 Hand Circumference
5 Wrist Breadth

6 Hand Length

7 Palm Length

8 (4off) Digit Length - Digit 2, 3,4, 5

9 (4off) Digit Crotch Height - Crotch 1, 2, 3, 4

10 (4off) | PIP Joint Circumference - Digit 2, 3, 4, 5

11 (4off) | DIP Joint Circumference - Digit 2, 3,4, 5

12 Tip of Digit 2 to Thumb Crotch
13 Digit 1 Length

14 Wrist Circumference

15 Wrist Depth

16 Hand Depth at MCP Joints

17 Hand Depth at Thenar Pad

18 Digit 1 Joint Breadth

19 Digit 1 Joint Circumference

Table 4.2 — Hand anthropometric dimensions used to generate CAD models
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Figure 4.3 — Key to anthropometric hand dimensions used in size data
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4.3 Modification of the size data

Table 4.2 and figure 4.3 show the full range of dimensions used to compile the size
data. This was modified from the initial size generation process to include extra
dimensions that would better define specific areas of the hand and facilitate the design
of handwear. Within the same discussions used to determine the critical dimensions of
the size data, it was also concluded that the dimensions taken in the initial survey did
not fully represent the hand. Additional dimensions were needed to improve the level
of detail in some areas of the hand and produce a more precise size range. An
additional objective of the Hand Data Deployment Project was to create a computer
model using the size data, similar to that developed for the first case study, Chapter 4.
The deficit of specific dimensions was also highlighted during the development of this
initial 3D model and it became apparent throughout the early stages that there were
insufficient data to create a suitably accurate representation of the hand. The main
area of the hand requiring additional detail was the depth of the palm. The original
anthropometric survey only used hand circumference to represent the depth of the
hand. The palm is a significant area of the hand and there are many dimensions that
form the complex curvature and shape; it was not feasible to collect all the data to
fully detail this region, however, more dimensions were necessary to adequately

represent the various features that comprise the structure of the palm.

The problems identified with the original data meant that new dimensions needed to
be added to the size range. These dimensions were the depth at the knuckles and the
depth at the thenar pad (the fleshy area of the palm located at the base of the thumb),
dimensions 16 and 17, table 4.2 and figure 4.3. This gave a more accurate
representation of the palm, increasing the level of detail present in the size range.
Additionally, wrist breadth and wrist depth were also taken (dimensions 5 and 15) as
only wrist circumference was measured in the DERA survey. This enhanced the detail
of the wrist and also aided the CAD modelling process as using lengths and breadths
rather than circumferences enabled a more accurate 3D representation to be generated.
The need for these extra dimensions led to a small anthropometric survey being
conducted to collect the additional data required. The survey used undergraduate
students from the Department of Design and Technology at Loughborough University

and military personnel and included some measurements from the original DERA
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survey as well as the new dimensions. The measurements taken in this additional

anthropometric survey are listed in table 4.3.

Key Description

1 Hand Breadth
5 Wrist Breadth
6 Hand Length
Digit 2 PIP Joint Breadth
10 Digit 3 PIP Joint Breadth
Digit 2 DIP Joint Breadth
! Digit 3 DIP Joint Breadth
14 Wrist Circumference
15 Wrist Depth
16 Hand Depth at MCP Joints (Knuckles)
17 Hand Depth at Thenar Pad

Table 4.3 — Measurements taken in additional anthropometric survey

The survey measured 143 students (34 female, 109 male) and 16 military personnel
(all male). Due to this additional survey being part of the HDDP, there was no
influence on the number of subjects or the selection methodology. The selection
process was based on the number of students and military personnel that were
available to the researchers involved in the HDDP. The data from the repeated
dimensions collected in the survey (table 4.3) were compared to the original data to
determine the correlation between the two different sets of data. The comparisons
showed that the student population and military population were similar in size; with
nominal differences between the two sets of data. This meant the additional
dimensions could be incorporated into the original size range. A limitation of the
additional survey was that there were an insufficient number of subjects to specify o
and 98" percentiles for both male and female samples. This meant that the depth
specifications for the full size range were estimated, not calculated as for the other

dimensions. However, this enabled a revised size range to be generated which
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included the new depth dimensions of the palm and the length and breadth dimensions
of the wrist. The new dimensions for the wrist did not replace the circumference
measurement and this remained in the size range as it was an important dimension
that defined the wrist shape. Including the additional dimensions gave a more
complete representation of the hand, detailing the contours and depths of the palm to a
greater extent than was initially carried out in the DERA survey. This provided
greater accuracy for designing the size range with an aim to create a shape and size of
a new glove to afford an enhanced fit for the wearer. It also allowed the CAD model
generated to contain more features of the hand and improve the level of detail within

this 3D representation of the size data.

In the following case study research, the data from the size range generated as part of
the HDDP are used as the primary resource for the development of the tools aimed at
manufacturing, designing and evaluating different types of handwear. The size data,
therefore, is a fundamental element of the structure for these tools and the CAD
models from which they are derived. The validation of the data is limited due to the
main portion being collected and recorded from an independent anthropometric
survey, with certain details remaining confidential. The reliability and precision of the
data cannot be verified. However, some indication to these properties can be taken
from a full validation of the data from the student population conducted by Edwards
(2007). As the student population and military population were comparable, this
validation was used to indicate the level of precision achieved and highlight any
measurements that consistently contained any error. The validation study carried out
by Edwards (2007) assessed precision using the technical error of measurement
(TEM) and reliability using the coefficient of reliability (R). It found that none of the
measurements used in the size data had any significant errors in terms of precision or

reliability.

The sources of data, primarily from military personnel, were initially used in the
HDDP with intentions for improving handwear for military use. This, however, does
not suggest that the design methods developed during the case study research would
be exclusively for, or associated with the HDDP, nor that they would be specific to

military applications.

99



Chapter Five Case Study One

Chapter Five:
Case Study One — Development of a size gauge to design
handwear with improved fit

5.1 Case study objectives

The following chapter discusses the first case study. This case study was designed to
demonstrate how the integration of anthropometric data with methods of CAD/CAM
can generate a tool that would improve the fit of handwear. The outcome of this
integration is a series of gauges that designers can use to assess the size of a
completed glove pattern during the conceptual stage of the design process. This
refines the iterative stages of this process by reducing the amount of time and cost
needed to complete it; ensuring the final glove is more accurate. To demonstrate this,
the gauges were introduced into a commercial manufacturing process to produce a
new glove. This addressed the research question;

b) Is it feasible to modify current methods of apparel design and manufacture to
create a novel design tool for the design and manufacture of handwear that
improves the quality of fit?

By designing suitable assessments to evaluate the gauges and the gloves produced
using them, two other research questions were addressed;

c) What would be the efficacy of the tool in terms of cost effectiveness and
functional effectiveness?

d) What improvement in the quality of handwear fit and subsequent task

performance can be achieved?

To fulfil the points raised in these questions the objectives for this case study were as
follows;
* To represent 2D hand anthropometric data in a 3D format by generating 3D

computer models.
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= To develop these computer models into a tool that assesses size during the
design and evaluation of handwear.

* To accurately produce a tool from these computer models using methods of
RP and CAM.

= To use the tool in a commercial handwear manufacturing process for the
design and evaluation of a new glove.

» To evaluate the gloves manufactured through user trials to assess their fit and

determine any improvement.

The methods used in this case study and some preliminary results found in the user
trials have been published in an engineering journal (Williams et al, 2004") and
presented at an international conference, (Torrens and Williams, 2003). This provided

feedback and discussion of the issues involved.

5.2 Introduction

This first case study focused on improving the fit of handwear manufactured using 2D
patterns, manually machine stitched together to form the 3D glove, see figures 5.35
and 5.42. These types of gloves are commonly used for a wide range of applications,
from sportswear to PPE, and remain the most effective technique to manufacture
handwear from natural materials, such as leather, and those produced from a
composite of materials, such as leather, cotton, rubber and polyester. Important
factors that need to be considered during the design of these types of gloves relate to
the seam type, size and position; and the properties of the material used. All of these
factors influence the design of a pattern and must be considered at an early stage to
ensure the glove produced is to the correct size. The tool developed in this case study
was an aid in the cut and sew glove manufacturing process, primarily used during the
pattern design stage. It gave the pattern designer a 3D reference of the glove size,
enabling a quick, accurate assessment to be made during the creation of the 2D

patterns.

The case study contained three main stages. The initial stage was to generate
computer models using the dimensions within the size range to create a 3D
representation of the anthropometric data. Part of the CAD modelling process was to
develop a method that enabled the computer models to be modified easily and
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precisely to allow the different sizes in the size range to be generated accurately. The
next stage was to develop a process that would recreate the computer models as
physical manikins so they could be integrated into a manufacturing environment and
used as a size gauge. It was necessary to select suitable methods of CAM and RP that
were capable of producing an accurate replica of the CAD models. The final stage of
the case study was the evaluation phase. This was in two parts; the first evaluated the
use of a size gauge when integrated into a pattern design process to produce a new
glove. The second phase entailed assessing these gloves, using a battery of tests to

analyse their fit.

5.3 CAD model generation

The first stage of this case study was to generate 3D computer models using 2D
anthropometric data. Using the processed size data generated from the anthropometric
survey, discussed in Chapter 4, geometric shapes were created that represented the
different elements of the hand. The data also enabled the shapes be assembled
together to create the hand form. CAD models were generated for each of the six sizes
in the range. An initial model was generated from dimensions of the size three data;
this was used as a basis to generate the subsequent models of the other five sizes after

the modelling processes and techniques had been proven.

The dimensions within each of the sizes relate to different parts of the hand, see table
4.2 and figure 4.3. These dimensions were used to draw 2D splines and construction
lines to generate the 3D solid model. The fingers (digits 2-5) are represented as
cylinders with variable cross-sections. The cylinders were formed by firstly drawing
four 2D circles to create a skeleton structure, figure 5.1. Each circle is equivalent to
each joint within the finger, therefore, the first circle relates to the MCP joint breadth
(knuckle joint); the second circle relates to the PIP joint breadth; the third and forth
relating to the DIP joint breadth, figure 5.1. The diameter of each circle was
determined by the breadth dimension of the respective joint, consequently a DIP joint
breadth of 18mm corresponds to a diameter of 18mm for the associated circle. The
distance between the first circle and the fourth circle is equivalent to the length of the
finger being generated. All the circles are aligned along the same point on a vertical
axis on their circumferences and not by their centres. This creates a straight edge to
one side (the back) of the cylinder and a taper to the other (the front), which reflects
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the natural shape of a finger. The circles are then used as a framework to build solid
geometry and complete the cylinder, figure 5.2. The final step was to apply a radius at
the top of the cylinder which gave it the necessary curvature to represent the shape of

the fingertip, figure 5.3

/'
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Figure 5.1 — Three circles Figure 5.2 — Circles used to

representing the structure of a finger generate 3D geometry

Figure 5.3 — Radius applied to represent curvature of fingertip

The thumb (digit 1) was constructed using a similar method. Again, a series of circles
were drawn to represent the joint breadths related to the thumb, figure 5.4. The two

dimensions used to draw the series of circles were digit 1 joint breadth and the depth
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at thenar pad. The joint breadth dimension was used to create the shape of the thumb
and the depth at thenar pad dimension was used to construct the joint where the thumb
joins the palm. The distance between the circles was determined by the digit 1 length
dimension. The circles were use to create 3D geometry with a radius applied to the
top of the cylinder to represent the curvature of the thumb tip, figure 5.5.

Digit 1
Joint Breadth

Digit 1
Length
Depth at
Thenar Pad
¥ ~
Figure 5.4 — Framework structure for thumb Figure 5.5 — Completed thumb 3D
construction. geometry.

The same method was used to create the palm of the hand. The dimensions used to
create the palm were as follows:

* Hand breadth

* Palm length

* Depth at MCP joints

*  Wrist breadth

= Wrist depth
Figure 5.6 illustrates the framework structure used to build the palm. It consisted of an
ellipse to represent the wrist and two rectangles to represent the main section of the
palm. The major axis of the ellipse was specified using the wrist breadth dimension
and the minor axis using the wrist depth dimension. The size of the rectangles was
created using hand breadth and the depth at MCP joints dimensions. Above the ellipse

the first of the two rectangles was positioned using the crotch height 1 dimension. The
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second rectangle was used to create the top of the palm and was positioned using the
crotch height 1 dimension, minus the palm length dimension. The ellipse was
positioned centrally to the rectangles as there were no dimensions within the size data

to specify the location of the wrist relative to the palm.

Depth at
MCP Joints

Hand Breadth

\

\..\
Crotch Height 1

Palm Length -

Palm Lengh
\

Wrist Breadth /
Wrist Depth

Figure 5.6 — Framework structure used to construct the shape of the palm

The two rectangles were then used to generate the upper section of the palm, with the

first rectangle and ellipse used to generate the lower section, figure 5.7.
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Figure 5.7 — The 3D geometry of the palm created by the framework structure.

To define the shape of the digit crotches, the crotch height dimensions were used to
create the required profile along the top edge of the palm, figure 5.8. Sections were
removed from top of surface to create the heights needed to represent crotch heights

2,3 and 4.
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Figure 5.8 — Crotch height dimensions used to define the profile of the digit crotches.

Other dimensions within the size data were then used to determine the position of

each element relative to one another and generate the full model. The dimensions for
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crotch height and hand breadth were used to position all four fingers. Using the wrist
as a datum point, each finger was positioned relative to the wrist using the
corresponding digit crotch length. Digits 2 and 3 positioned using the dimension
crotch height 2, digit 4 positioned using crotch height 3 and digit 5 using crotch height
4. Hand breadth was used to ensure there was an equal distance between each finger,
distributing them evenly across the width of the palm, figure 5.8 and 5.9. The thumb

was positioned using the crotch height 1 dimension, figure 5.9.

Crotch Height 1

A

Figure 5.9 — Digit crotch heights and hand length used to locate digits.

Previous attempts of using hand anthropometry to build CAD models have concluded
that the collection and processing of the anthropometric data is one of the most
important factors when integrating it into the CAD model (Hidson, 1991° and Hidson,
1992). The initial CAD model generated during the HDDP, (Torrens, 2001) described
in Chapter 4, lacked sufficient accuracy and required additional dimensions which
lead to the supplementary anthropometry survey to collect the necessary data. The
same conclusion was found when generating this CAD model, as it immediately

became apparent during the initial stages of the modelling process that there were
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insufficient dimensions in the original size data to adequately represent the hand.
Considering the previous experiences of Hidson (1991%, 1991°) and the HDDP
(Torrens, 2001), the revised size data was used to generate this CAD model to ensure
that a sufficient level of detail was achieved and the model could be developed into a
conceivable tool for handwear design. As described in Chapter 4.3, the amount of data
needed to be collected to fully represent the palm was not possible due to the complex
curvature and shape of the palmar surface. In addition integrating this level of detail
into the CAD model would over complicate the modelling process, increasing the
difficulty and time for modifying and resizing the constituent parts. The extra
dimensions added to the size data were sufficient to significantly improve the
representation of the palm enabling the features of the knuckles and the thenar pad to

be represented and create a smother transition between the palm and the digits.

The size data had a total of 37 dimensions within each size; however, some of these
represented the same part of the hand. For example, there were three dimensions to
specify the size of the wrist; wrist circumference, wrist breadth and wrist depth, see
table 4.2, figure 4.3. When generating the framework structure only length, breadth
and depth data were used as the primary source for the size of the relevant feature and
in the assembly of all the 3D solid geometry. This benefited the CAD model
generation in two ways, by enabling the framework structure to be constructed with
greater accuracy and efficiency; and also simplifying the resizing process of the CAD
model to create representations of all six sizes. The framework consists of circles,
ellipses and rectangles. To draw these shapes accurately within the CAD software
diameters, radii, lengths and breadths were needed as the input criteria.
Circumferences remained an important part of the modelling process, but were only
used to verify the solid geometry created by the framework was to the correct size and
shape. Using length and breadth dimensions also facilitated the resizing process for
generating the CAD models for the other sizes. By ensuring the dimensions that
determine the size and shape of the framework could easily be updated and modified
it enabled subsequent CAD models to be generated accurately and efficiently by

eliminating the need to continually construct new structures for each model.

The initial construction if the CAD model had two limitations which lead to further

modifications being introduced. The intended approach to using the CAD model was
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to reproduce it as a 3D manikin and integrate this into the design and evaluation
processes of handwear. This was not feasible with the initial shape. During a fit
assessment it would be necessary to don and doff a glove or other piece of handwear
onto the size gauge. Currently, this would not be possible because of two
characteristics within the CAD model; the static, opposable position of the thumb and

insufficient space between the fingers, figure 5.10.

Figure 5.10 — Insufficient space between the fingers and the position of the thumb restricts
ability to don a glove.

The distance between the thumb and the digit 2 (determined by the size data) means it
would be difficult and cumbersome for even a highly flexible glove to be donned. The
thumb cannot be manoeuvred into the glove because of its fixed position, and
therefore it would not be possible to don the glove in a conventional fashion. The
limited space between the fingers (highlighted in figure 5.10) occurs because the total
of the MCP depths is greater than hand breadth. Therefore, because the fingers are
assembled parallel to the palm and are constrained to fit within the width of the palm,
there is an insufficient gap between each finger to accommodate any material
thickness. The base of each finger overlaps one another at the crotch areas, resulting

in a lack of space for a glove to fit within the crotch of the manikin.
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These two limitations of the CAD model would clearly cause significant problems
when integrating it into handwear design and evaluation processes. To resolve these
issues, it was necessary to develop the model further, before any 3D reproductions
were generated. Firstly, a gap between the fingers was needed at the point where they
join the palm. Spreading the fingers or spanning the hand would not resolve the issue
as this would cause problems when donning and doffing, similar to those associated
with the thumb position. To generate the gap required, the framework structure was
re-modelled to reduce the width of each finger, while maintaining the necessary
dimensional accuracy. The MCP and PIP joints of the finger were reduced to the size
of the relevant DIP joint, figures 5.11 and 5.12. Applying the reduction to only the
sides of the fingers ensured the MCP breadths and PIP breadths continued to be
represented in the CAD model.

PIP Breadth

DIP Breadth MCP Depth

Figure 5.11 — Original finger shape Figure 5.12 — Revised finger shape

When this revised shape was applied to each finger the result increased the distance
between the fingers, creating space to accommodate the material thickness of a glove,

figure 5.13.
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Figure 5.13 — Revised finger shape gives sufficient room at crotches

The second modification required was to resolve the problem caused by the fixed
thumb position. A critical property of the manikin created from the CAD model is the
ability for it to easily don and doff a glove. Failure to have this property would
significantly inhibit the ability for it to be used for the design and evaluation of
handwear. Several options were considered. Changing the position of the thumb to the
side of the palm would give similar problems and not accurately represent the thumb
crotch. Developing a thumb that could be manoeuvred into the glove was a plausible
feature of a design tool of this type; however, the components and mechanisms
necessary would be difficult to integrate into the CAD model and may be
cumbersome to operate. What was required was a simple process to enable a glove to

be assessed quickly and accurately.

The solution chosen was to separate the initial CAD model into two models and
assess the thumb area of the glove independently from the rest of the hand. This
would consequently mean a glove would need to be donned onto two separate
manikins to make a full assessment. One of the models had the thumb removed, and

could assess the fingers, thenar pad, palm and wrist. The other model had only the
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thumb, index finger and part of the palm which enabled assessment of the thumb
detail. The index finger on this model gave a reference point during an assessment, as
without it, the thumb could be located in the glove but would be unable to determine
the correct orientation. The separated models can be seen in figure 5.14 and in more
detail in Appendix II. Although this solution to the donning and doffing problem
required the same glove to be donned and doffed twice to be fully assessed, it enables

all areas of the glove to be evaluated easily and accurately.

Figure 5.14 — The main CAD model split into two separate models

The final part to be added to the models was the forearm. There were no dimensions
within the size data to specify this aspect of the CAD model; therefore, a simple
extrusion from the wrist was added to represent this feature. The ellipse which formed
the wrist was extruded down to a distance of 150mm and at a draft angle of three
degrees to create a tapered elliptical cylinder attached to the bottom of the hand.
Figure 5.15 shows the final configuration of the CAD models with the all the parts

assembled.
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Figure 5.15 — The final configuration of the CAD models.

The unusual shape of the CAD model is a consequence of the composite nature of the
size data. The aim of generating the CAD model was not to create a realistic hand
shape, but to accurately represent the size data in a 3D form. Each size within the size
range incorporates the maximum dimensions required to enable the largest individual
within a defined hand size group to fit the handwear, whilst enabling the smallest in
the defined size group to be accommodated. Therefore, due to this and the design
considerations and modifications made during the generation of the size range, e.g.
the shortening digits and extending digit crotch heights shape (Chapter 4.2), the shape
size and proportions of the CAD model is unlike an orthodox hand.

Once the correct size and configuration of the CAD model representing size three data
had been determined, the next stage in the modelling process was to generate CAD
models for the remaining five sizes. Each size within the range was created
individually and not proportionally, this meant that each of the CAD models must also

be created individually and could not be scaled up or down from the first model. The
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two models needed for each size were generated independently and not created by
splitting one full model into two separate ones, meaning it was necessary to generate
two CAD models for each size. Therefore, as there were six sizes, a total of twelve
CAD models would be required for all six sizes. To generate ten additional CAD
models using the same modelling techniques as used for the first two would have been
time consuming and susceptible to the introduction of dimensional errors within the
model. A critical property of the CAD models was that they should be generated to
the same level of accuracy. This led to a different modelling strategy being applied to

ensure that each model could be created accurately and efficiently.

The strategy was derived from the basis that although the human hand varies in size
and shape from person to person, the basic arrangement and proportions remain the
same. Subsequently, while the sizes of the geometric shapes that constructed the
models could not be scaled between sizes, it was possible to standardise their
assembly and relevant position to one another. Parameters were derived from the
initial model that would be the same for each model in the size range. For example,
the distance between each finger was calculated by subtracting the width of the palm
from the total width of the fingers, divided by three. This formula could be used for
each of the models with four fingers, as there was no data within the size range that
governed this gap. It therefore, needed to be determined from other dimensions upon
which it was dependant. Furthermore, specific constraints within the model were also
the same for each size. For instance, the palm was always joined to the forearm; the
fingers were always joined to the palm; and the radius at the top of a digit was always

determined by the DIP breadth.

Using these parameters and constraints that were present in all the models, a basic
outline of where each component should be assembled and how it is constrained,
relative to other components, could be generated. Integrating these constraints and
formulae into the initial CAD model allowed the subsequent models for other sizes to
be generated by changing the necessary dimensions within the skeleton framework to
the relevant dimensions within the size data. This process, however, remained
cumbersome and likely to incur errors due to the number of values needing to be
changed and confusion over which value generated which part of the model.

Therefore, to further facilitate the modelling process and as an alternative to directly
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changing the values on the CAD model, a database linked to the model was created to
enable the values to be entered into a spreadsheet which would automatically create
the required geometric shape. The database contained all the dimensions from the size
range necessary for generating the model. Changing the value in the database changed
the corresponding dimension within the framework structure. For example, changing
the value of the hand breadth in the database modified the width of the rectangle that
is used to form the palm on the 3D model. By adding the constraints and formulae
into the database the configuration and assembly of the parts could also be controlled
when modifying the values. For example changing the palm width also changed the
gaps between the fingers. This is because of a constraint within the model that
specifies digits two and five are constantly attached to the edges of the palm and the
formula using the value of the palm width to dictate the size of the gap between the
fingers. This ensures that the fingers always remain evenly spread across the width of
the palm and the gap between them is equal. A complete list of the parameters and a

description of which area of the CAD model it relates to is given in table 5.1.
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Parameter Description Value

Name

WB Wrist Breadth Value from size data
WD Wrist Depth Value from size data
FAL Forearm Length Value from size data
FADA Forecarm Draft Angle 3 degrees

KD Knuckle Depth Value from size data
HB Hand Breadth Value from size data
PL Palm Length Value from size data
LPSL Lower Palm Length CHI1

UPSL Upper Palm Length PL — CHI1

DIB Digit 1 Joint Breadth Value from size data
D2PB Digit 2 PIP Joint Breadth | Value from size data
D2DB Digit 2 DIP Joint Breadth | Value from size data
D3PB Digit 3 PIP Joint Breadth | Value from size data
D3DB Digit 3 DIP Joint Breadth | Value from size data
D4PB Digit 4 PIP Joint Breadth | Value from size data
D4DB Digit 4 DIP Joint Breadth | Value from size data
D5B Digit 5 PIP Joint Breadth | Value from size data
D5DB Digit 5 DIP Joint Breadth | Value from size data
DG Gap Between Digits 2-5 | (HB — (D2PB+D3PB+D4PB+D5PB)) / 3
CHI1 Crotch Height 1 Value from size data
CH2 Crotch Height 2 Value from size data
CH3 Crotch Height 3 Value from size data
CH4 Crotch Height 4 Value from size data
MCP Depth at MCP Value from size data
DTP Depth at Thenar Pad Value from size data
DIL Digit 1 Length Value from size data
D2L Digit 2 Length Value from size data
D3L Digit 3 Length Value from size data
D4L Digit 4 Length Value from size data
DS5L Digit 5 Length Value from size data
DTC Digit 2 to Thumb Crotch | Value from size data
DITR Digit 1 Tip Radius DI1B

D2TR Digit 2 Tip Radius D2DB

D3TR Digit 3 Tip Radius D3DB

D4TR Digit 4 Tip Radius D4DB

D5STR Digit 5 Tip Radius D5DB

DC2 Digit Crotch 2 PL — CH2

D3C Digit Crotch 3 PL — CH3

D4C Digit Crotch 4 PL — CH4

Table 5.1 — Parameters within the CAD model database

Figure 5.16 shows the modelling environment when generating the CAD models. The
database containing all the relevant data can be viewed together with the 3D model

alongside it. Each dimension, constraint and formula is clearly labelled to ensure the
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correct values are changed when generating or modifying a model. By using this
method, the modelling process was significantly simplified. It was no longer
necessary to modify the 3D model directly as all the modifications could be made to
the database. This produced a process that was considerably quicker and more
accurate than creating each model individually. It was not necessary to create both a
left and a right model for each size as the size range only contained data of one hand.
The CAD models were of the left hand, and the 3D manikins made from them would
therefore also be left handed. To produce a right handed manikin, the left hand CAD

models could be mirrored in the CAD software. No values required modifying as the

same dimensions were used for both left and right handed models.
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Figure 5.16 — CAD modelling environment showing 3D model with database containing
dimensions, constraints and formulae.

With the development of a functional modelling process and technique, the remaining
ten models were generated to produce a complete set and represent each size in the
range, figure 5.17. Each model set (the hand model and the thumb and finger model)
were numbered one to six, corresponding to the size it represented. This completed

the first stage of this Case Study and demonstrated the steps necessary to build a 3D
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computer model from 2D anthropometric data. The next stage was to convert this
model from a digital 3D representation of the data to a physical 3D representation so

that they can be used within a handwear manufacturing environment.

Ih Ui

Size 1 Size 2 Size 3
Size 4 Size 5 Size 6

Figure 5.17 — Full set of CAD models
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5.4 Reproducing the CAD models as 3D manikins

To integrate the CAD models into the processes of design and evaluation for
handwear, it was necessary to reproduce them as 3D manikins. There are a variety of
Computer Aided Manufacturing (CAM) and Rapid Prototyping (RP) methods and
technologies that can be employed to reproduce a computer model as a physical 3D
object. When deciding which combination of these methods and technologies were
appropriate for this case study, the most important consideration was to replicate the
CAD models as accurately as possible. The development of the modelling process for
generating the models focussed on ensuring that the size data were accurately
represented. It was necessary, therefore, to choose suitable methods that would sustain
this degree of accuracy and ensure the data were correctly reproduced in each model.
The choice of which methods to use was limited to what was accessible during the
development of the CAD models and manikins. There are many different types of RP
technologies capable of recreating CAD models to a very high degree of accuracy.
However, not all of these methods were available to the extent that enabled
experimentation and investigation to determine which combinations were appropriate

to produce the number of parts needed for a full set of manikins.

The approach taken to produce of the manikins was to create moulds of each model
into which a resistant material could be cast. The configuration of both the hand
model and the finger and thumb model meant there was a simple, consistent split line
with only two moulds for each model needing to be produced. Initially, the method to
produce the moulds was to generate additional CAD models from the models of the
size data. Tools within the CAD software were used to create the parts needed by
‘cutting’ the impression from a solid block representing the mould. This block was
then divided into two pieces along the chosen split line to create the top and bottom
halves. Figure 5.18 shows the CAD models of the moulds for a hand model generated
in this way. The split line divided the moulds along a profile that ensured no
undercuts were present. Two location holes were also created in diagonally opposite

corners in order to align the two halves correctly.
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Figure 5.18 — CAD model of mould for CNC routing

To recreate the CAD models of the moulds as physical moulds suitable for casting, a
CNC (Computer Numerically Controlled) router was used to machine the shape from
a solid block. As with the early stages of the CAD model generation process, only one
size of size gauge was created initially to ensure that the processes used were suitable.
Once a process had been established and developed, the remaining sizes could then be
produced. A size three hand model was used for the preliminary stages of the manikin
production. CAM software was used to create machine code necessary to control the
CNC router. The code is generated from the profile of each mould and controls the X
Y and Z position of the router tool as well as the linear and rotational speed. Figure
5.19 shows the top mould of a size three hand being produced on the CNC router. The
two halves of the mould were created independently, with two separate CAD models
and two different machine codes. Therefore, details such as the split line and location
holes needed to be precise to ensure that the two halves were aligned correctly. The
CNC router was unable to create all the features of the mould CAD model due to the
type of the tool that was used. The 6mm ball nose cutter that machined the shape of
the mould could not create the sharp edges on the inside which represented the edge
of the palm. As a result a small 3mm radius was created along this edge and

subsequently on the finished manikin.
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Figure 5.19 — Modelboard mould created on CNC router

Figure 5.20 shows the two halves of the CNC machined mould ready for the casting
process. The material chosen for the moulds was a polyurethane modelboard. This
material is commonly used for this type of prototyping application because it has a
relatively rigid structure but can be machined quickly and easily to give a rapid

production cycle.

Figure 5.20 — Size 3 hand mould

121



Chapter Five Case Study One

The casting process was the final stage in producing a 3D representation of the CAD
model. It was a relatively straight forward process, but needed to be performed
cautiously to ensure the finished cast was as accurate as possible. The process entailed
aligning the two halves of the mould together and pouring in an epoxy resin into the
cavity. Once cured the resin formed the shape of the finished manikin and could be
removed from the mould. The casting material selected was a polyurethane epoxy
tooling resin, EPO 4030 manufactured by Axson. This material has good heat,
abrasive and shock resistance properties which produced a dense, durable
representation of the CAD model that would be a robust tool when integrated into the

design and evaluation environment for handwear.

This was a successful method of recreating the CAD model as a 3D manikin and
capable of producing an accurate representation. However, examination of the
manikins after completing several cycles of the full process revealed that there were
inherent problems within each stage of this approach. Firstly, adding to the CAD
model generation process increased the time needed to generate the models for each
size and increased the possibility of errors and inaccuracies occurring. Adding four
CAD models for each size tripled the amount necessary for a full set to represent the
size range. A total of 36 models were now required, six for each size. Although
generating the additional models was a simple process and primarily performed by the
CAD software, user input was required and each model for the mould needed to be
created individually as no automated procedures could be applied. A more efficient
option would be to use the original models directly as a process had been developed

to ensure they were to the correct size and sufficient accuracy.

The CNC machining stage had two main disadvantages. Firstly, the machining
process did not create a smooth, even surface on the moulds which subsequently gave
a poor surface finish to the manikin. Small ridges created by the tool paths of the
router remained on the surface of the moulds which created grooves on the surface of
the finished cast. To obtain the surface finish required the ridges needed to be
removed manually on each individual mould which increased the time needed for
their completion. This manual process was vulnerable to introducing errors into the
mould, as there was limited control over how much material was removed and the

areas from which it was removed. The CNC machining also had issues with accuracy
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and repeatability. It was difficult to ensure that both moulds were correctly aligned, as
the pre-determined location holes did not always correspond to one another on each
half of the mould. This led to a ridge forming along the split line of the finished cast
where one half of the mould had overlapped the other. This again could be resolved
with hand finishing, but was open to similar problems occurring when hand finishing

the moulds.

The most significant drawback of this initial method of recreating the CAD models
occurred during the de-moulding process. Once the polyurethane resin had cured it
was extremely rigid and because the moulds were of similar rigidity, problems
occurred when attempting to remove the finished cast. Although there were no
undercuts present in the mould and the appropriate release agent was used during the
casting process, de-moulding the manikin was difficult and cumbersome. The moulds
and the manikins were often damaged during de-moulding stage because of the
difficulties experienced, which meant repairing the moulds and manikin after each
cast. To overcome this problem it would be necessary to incorporate draft angles
along the vertical edges of the mould to allow the resin cast to be removed easily.
However, this was not an option as it would be necessary to change the shape of the
moulds which would mean they would no longer accurately represent the dimensions

within the size data.

The problems with this approach meant that although it was capable of producing a
3D representation of the CAD model, in practice it was not a repeatable, accurate
process. It was unable to produce a batch number of manikins to the same degree of
accuracy and therefore a revised method needed to be developed. Professional mould
tool manufacturers may have been able to produce the moulds and manikins to the
required standard. However, this option was not explored due to the inevitable
increase in time and cost associated with adopting this approach. The problems of
producing the moulds in-house were largely due to the choice of material used. The
concept of using moulds to create reproductions of the same size manikin remained
feasible as it was the most effective method to produce the manikins in a suitably
resistant material. This meant that a new material and a different method of creating

the moulds needed to be specified.
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The optimum material for the moulds was a flexible semi-rigid material that is
resistant to the polyurethane resin used in the casting of the manikins. Silicon rubber
provides these properties as it is an extremely flexible material that can be easily
removed from the resin once it has cured. Silicon, however, cannot be machined in
the same way as was used for the polyurethane modelboard which led to an
alternative method of creating the moulds. As opposed to generating extra CAD
models, the original models were used directly with RP technology employed to
replicate 3D versions of each size. A 3D Systems InVision™ 3D printer (3D Systems,
2003), was used to produce an acrylic photopolymer resin part. This gave a quick,
accurate 3D representation of the CAD model with a smooth, uniform surface finish.
As with the initial approach, a size three hand model was used initially to determine if
this method was suitable. The 3D printer takes the information required directly from
the 3D CAD model with minimal input from the user. It can quickly produce an
accurate part that, unlike the CNC router method, requires very little post-processing.
Some minor hand finishing was required to remove support structures formed during
the creation of the part and further improve the quality of the surface finish by
removing any imperfections that may be present. Figure 5.21 shows the RP part of a

size three hand CAD model.
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Figure 5.21 — RP model of size 3 hand model

The maximum model size that the 3D printer could create was smaller than the overall
length of the CAD model. This meant the RP part was created in two pieces, joined
just below the wrist. The accuracy of the 3D printer meant that once the two pieces
were attached there was no indication of a join and so would not be visible on any
subsequent manikins. The part was then used to create the silicone moulds. Silicon
rubber is a two-part mix that is a highly viscous liquid which, similarly to the
polyurethane resin, is poured into a mould and left to cure. It was therefore, necessary
to enclose the RP part in a container into which the silicon could be poured and form
the shape of the mould. Once the silicon had cured the container was separated to
reveal the RP part encased in silicon. To remove the RP part and create the two halves
of the mould, the silicone was cut in two along the same split line used in the CNC

router method. Figure 5.22 shows the two halves of the silicon tool, with the outline
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of the cavity highlighted in yellow. The cavity created is an exact replica of the RP
part as the silicon captures every detail and has very low shrinkage properties, 0.08%.
The silicon tool could be used to cast the polyurethane resin immediately after the RP
part had been removed, it was not necessary to carry out any hand finishing or post-

processing of the moulds.

Figure 5.22 — Silicon mould created from RP model

The casting process followed a similar procedure to the one developed for CNC
machined moulds. The two halves of the silicon mould were securely aligned together
and the resin poured into the cavity. An accurate and secure alignment was attainable
because the mould was originally one piece of silicon. When separating the mould
into two pieces an undulating profile was created on the outer edge of the split line,

which meant the two halves firmly interlocked with each other and could only be
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positioned in the correct orientation. This ensured that the problems of misalignment
and inconsistent split lines on the resin cast, experienced when using the CNC
machined moulds, were avoided and a more accurate, precise manikin could be
produced. The problems with the de-moulding process were also eliminated when
using this method. Once cured, the resin could be easily and quickly removed from
the silicon without causing damage to the cast or the mould tool. This enhanced the
repeatability of this process as, although flexible and elastic, the mould was durable
and capable of producing a batch number of manikins to the same level of accuracy
before the curing process of the resin begins to degrade the silicon. This is typically
between 16 and 20 casts depending on the amount of resin used, as larger sizes
require more resin. Figure 5.23 shows a finished resin cast of a manikin from the
silicon mould tool. Due to the accuracy and design of the split line and the detail
captured from the RP part, there was very little hand finishing required after it was
removed from the silicon tool. The surface finish did not require any further
processing; the only necessary finishing was to remove small pieces of resin that had

leaked along the split line of the mould which could be easily removed by hand.
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Figure 5.23 — Resin cast from silicon tool

This method of creating a 3D representation of the CAD model proved successful and
overcame the problems and limitations experienced when using the initial approach of
the CNC machined tools. The quality and precision of the manikin was significantly
improved, producing a sufficiently accurate replica of the CAD model. The RP
technology used produced a part with a high quality surface finish that was accurately
captured in the silicon mould tool and so could be recreated in the resin casts.
However, the primary function of the method developed to recreate the CAD models
was to maintain the dimensional accuracy throughout the various stages. It was
essential that the anthropometric data used in the generation of each CAD model was
accurately represented in the manikin to enable it to play an influential role in the
design and evaluation of handwear. A procedure to verify the accuracy and
repeatability of this method was developed and is described in Chapter 7. This
procedure entailed comparing the resin gauge with the original CAD model. It was

able to determine that the mean difference in size between the CAD model and the
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finished resin gauge was -0.375mm. The negative value calculated means the former
is smaller than the CAD model but the value indicates there are very minor

differences in size and shape.

The RP and silicon tool method was used to produce a set of all six sizes with the
same processes used for both the hand model and the finger and thumb model. An RP
part of each CAD model for each size was produced and silicon moulds created from
these parts. An addition to the casting process was to insert a metal ‘skeleton’ inside
the mould before pouring the resin. The shape of the skeleton replicates the shape of
the cavity within the silicon mould. The size was smaller to ensure the metal structure
would fit in the mould and not protrude from the manikin after the casting process.
The outer edge of the skeleton was 3mm smaller than the edge of the mould cavity to
create a border between the skeleton and the mould. Holes were also drilled into the
surface of the skeleton to enable the resin to flow around it evenly and reduce of air
pockets occurring during the curing process which would weaken the finished
manikin. The skeleton was hand made from 18-gauge sheet steel and brazed to a

1.5mm thick mild steel, hollow rectangular bar, figure 5.24.
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Holes drilled to allow resin
to flow around evenly.

Skeleton brazed onto a
hollow rectangular bar.

Figure 5.24 — The skeleton positioned inside the silicon mould before casting.

The skeleton was placed inside the silicon mould and the two halves aligned together.
During the casting process the skeleton was suspended in the mould using a clamp
and visually checked to ensure it was located correctly, figure 5.25. The resin was

then poured into the mould and allowed to cure.

Skeleton suspended in a
silicon mould.

Resin poured into the silicon
mould.

Figure 5.25 — The skeleton held in place during the casting process
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The skeleton gave added rigidity to the manikins and enabled them to be mounted on

a frame, figure 5.26.

Figure 5.26 — A size 3 right- handed size gauge (manikin)

The next stage of the case study was to introduce the manikins into a handwear
manufacturing environment and integrate it into the design and evaluation processes
of glove manufacture. It was envisaged that the manikins would be used as part of a
quality control process, used as to asses the size of a glove. The manikin would act as
a Go-NoGo gauge used by operators of sewing machines during the manufacture of a
glove to identify areas of incorrect fit. The gauge would determine if a glove was to
the correct size but would also give feedback to the operator on the accuracy of the
size and, if necessary, indicate where adjustments were needed. Highlighting where
these errors occur allows necessary modifications to be made when manufacturing
subsequent gloves, minimising and controlling the tolerances involved and
maintaining a consistent level of accuracy. However, the function of the manikin was
changed following discussions with handwear manufacturers who expressed concerns
with this initial application. There was some capacity for the manikins to be used

within a quality control system but at a point after the manufacturing stage, evaluating

131



Chapter Five Case Study One

a sample of gloves from a batch quantity. This would be able to highlight any
discrepancies in the manufacturing process and help to maintain the consistent level

of accuracy.

The issues raised by handwear manufacturers related to the how the manikin could be
integrated into the assembly process of a glove. It was felt that they would obstruct
current methods used; adding an unfamiliar procedure to the process and increase the
time taken to fully assemble a glove which would impact on production cycles. It was
also apparent that the operators of the sewing machines had the expertise and ability
to produce the gloves with sufficient accuracy and to an acceptable quality.
Suggestions made by handwear manufacturers indicated that the manikins would be
more influential during the pattern designing process for manually machined stitched
gloves. It is at this stage in the manufacture of this type of glove that errors and
inconsistencies can occur. It was also felt that this was the appropriate point in the
manufacturing process where errors should be eliminated, identifying them at early
stages in the process rather than during latter stages when it would be more difficult

and expensive to implement any necessary changes.

This was the first opportunity to discuss the use of the manikins with a handwear
manufacturer and gain an insight into the thoughts and opinions they had on
introducing it into glove production. It was necessary to use their knowledge and
experience to develop the manikins into a feasible tool. The discussions included the
shape and configuration of the CAD models to determine if any modifications were
needed to these features of the manikins. The manufacturers felt that this aspect was
practical and did not require any modification to be integrated into the manufacturing
process. The discussions, therefore, concluded that the manikins would operate as a
size gauge, used to assist the pattern designer during the generation of new glove
patterns. Integrating the size gauges (manikins) into this process at this stage also
integrates the anthropometric data as a 3D tool, allowing it to have a direct influence

on the design of handwear.

5.5 Size gauge testing and evaluation

The evaluation process for this case study was in two phases. Having determined how
the size gauges were to be integrated into a handwear manufacturing environment, it
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was necessary to use a gauge to design and manufacture gloves and assess these
gloves for fit and user performance. This enabled a comparison to be made of how
anthropometric data could be used in a design process and determining the influence
it had on the final product produced. The first phase entailed collaboration with a
handwear manufacturer, Bennett Safetywear Limited (BSL). This company has
extensive experience in the design and manufacture of handwear, establishing itself as
a European market leader in the manufacture of safety gloves and other forms of PPE
for a wide variety of applications (Bennett, 2006). A size gauge was used by a pattern
designer from BSL to generate a new glove pattern. The pattern designer was able to
refer to the gauge during the generation of the new design, making necessary
alterations at each stage in the iterative process. For comparison, the pattern designer
generated a second pattern without using the gauge, only being able to refer to the 2D
dimensions in the size data to determine the size and shape of the pattern. After the
pattern generation process had been completed, a pair of gloves was manufactured

from each pattern to assess differences, in size, shape, fit and user performance.

Assessing the gloves produced in phase one formed the second phase of the
evaluation process. A trial was conducted to compare the gloves manufactured from
the two patterns and collect quantitative and qualitative data. The trial consisted of a
battery of tests, compiled to analyse users wearing the gloves, evaluating properties of
finger dexterity, haptic feedback and hand strength; in addition to measuring
perceptions of fit and perceived difficulty to complete a given task. The results of the
trial indicate the effect and influence the size gauge has on the design of the gloves.
Improvements in performance and perceptions of the glove manufactured using the
gauge can be attributed to its introduction during the design and generation of the
associated pattern. This demonstrates the concept that anthropometric data and
CAD/CAM can be introduced into the design handwear and their integration can
enhance the accuracy of this process, conveyed to the user in an improved

performance.

5.6 Evaluation phase 1: Pattern design and glove manufacture
5.6.1 Aim and objectives
The aim of this evaluation was to introduce the size gauge into the design process of a

new glove pattern. An assessment was developed to observe and record the activities
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of a skilled pattern designer interacting with the size gauge to establish how it may be
used to improve the current design process for glove patterns. By analysing the
outcomes of this assessment the objective was to determine the influence the size
gauge had on the methods used by the pattern designer and any improvements gained

in size and shape of the patterns produced.

5.6.2 The Gunn pattern

The assessment entailed a pattern designer from BSL generating a new size of glove
pattern using conventional methods and with the introduction of the size gauge. The
type of pattern chosen was a basic Gunn pattern, figure 5.27. This is one of the
principle patterns used in current glove manufacture (British Glove Association,
n.d.”), primarily used for protective handwear rather than fashion or sporting

applications.

Palm Dorsal
Figure 5.27 — Gunn Pattern

The Gunn pattern consists of four main pieces; however, additional elements can be
included depending on the intended use of the glove. For example, reinforcement
patches can be added to the palm or digits to increase the abrasive properties of those
areas. Figure 5.28 shows the outline of the four main pieces which are colour coded to

indicate how they are stitched together to from a fully assembled glove. The two
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principal pieces are the back and palm. The seamless back piece of the pattern forms
the entire dorsal area containing the detail for the back of the glove and the back of
each finger. The palm piece forms the palm, the front of digits two and five and
contains the seam for attaching the thumb. The two remaining pieces form the front of
digits three and four and the thumb. A cuff piece is also added once the glove is
assembled; however this varies depending on the type of glove being manufactured

and was not included in the evaluation phase.

135



Chapter Five Case Study One

Back Palm

Thumb Fingers

Assembled Glove

Figure 5.28 — Gunn pattern pieces. Colour coded to indicate their assembly.

5.6.3 Pattern generation process

The assessment was developed through collaboration with BSL, who were given a
size gauge to be used in their pattern design process of a cut and sewn glove. The ‘cut
and sew’ manufacturing process uses a 2D pattern to cut out the necessary

components of the glove from the appropriate material to the correct size and shape
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using pattern knives and a hydraulic cutting press. The glove is then constructed by
manually machine stitching these components together inside out so that the seams

are on the inside.

The process for designing this type of glove pattern is a traditional technique, relying
on the experience and empirical knowledge of the designer to produce the accuracy
required. It often entails applying rule of thumb methods to create each piece of the
pattern correctly in order to generate the required properties of the glove. The patterns
and designs generated by BSL have been developed over many years through a trial
and error iterative process that encompasses intuitive design skills of the material
properties, seam type and assembly methods. This means that although many of the
patterns used in this method of glove manufacture are standardised across
manufacturers, subtle differences exist between them because it is such a creative
skill. For these reasons, the following description of generating a new pattern
describes the generic procedures only; no specific details of the pattern design process
are revealed. This prevents infringing confidentiality and publicising details of the

design process that has been developed by BSL.

Any new pattern is generated by firstly selecting an existing pattern that closely
matches the desired shape of the new pattern, figure 5.29. With this as a basis, the
designer decides which dimensions require modification and by how much, referring
to the required specification for reference, figure 5.30. At this early stage the
allowances for the material and seams are considered and taken into account when
deciding the level of modification required for each dimension, as these have an
influence on the amount of adjustment necessary. Material properties were not a
significant issue for this design as the gloves made using the pattern were produced
from a cotton twill, which is inelastic and therefore does not stretch or distort. This
type of material was chosen because it simplifies the pattern generation process and
the glove would not stretch once donned onto the hand or size gauge. This makes it
easier to judge whether the glove is to the correct size and shape as the material does

not stretch over the hand or gauge to give a false indication of fit.
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Figure 5.30 — Existing designs modified to generate correctly sized pattern pieces

After deciding on the modifications needed to change the existing pattern to suit the
required specification, each piece is drafted out onto cardboard to apply the
modifications and create the appropriate shape and size, figure 5.31. This stage is the
creative part of the generation process. The main issues of material properties, seam
position and fit of the glove are all resolved at this stage and is where the experience
and knowledge of the designer is utilised most. The designer adjusts lengths, breadths
and the profile of each piece to accommodate for the allowances required. After it has
been sufficiently modified, each piece then needs to be cut out manually as the
individual metal cutting knives are not produced until the size of pattern has been

finalised, figure 5.32.
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Figure 5.31 — Modifying pattern dimensions

Figure 5.32 — Pattern pieces cut manually

The next stages begin to produce the initial glove. The cardboard pattern is used as a
template to mark out each piece onto the material that the glove is to be made from, in
this case the cotton twill, figure 5.33. The pieces are then cut out ready to be sewn
together, figure 5.34. This procedure would typically be done using cutting knives and
a hydraulic cutting press. This eliminates the need to mark out the shape on the
material and ensures each piece is duplicated to the correct size. As this was a new

pattern and there are no cutting knives, the pieces must again be cut by hand.
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Figure 5.33 — Pattern pieces used for marking out on material

Figure 5.34 — Glove pieces manually cut from material

The glove pieces are then given to a seamstress to be stitched together and create an
initial glove from the preliminary pattern, figure 5.35. This stage in the process forms
the 3D glove, therefore the seamstress, plays an influential role in the decisions made
in the assembly. Discussions between the seamstress and pattern designer determine
how each piece should be stitched together to ensure the glove is correctly assembled
and forms the required shape. The initial glove produced is then assessed to determine
if it is to the correct size, shape and fit. This assessment identifies areas where
modifications are required which the designer then applies to the relevant piece or
pieces of the pattern. A new glove is then made with the modified pieces, which is

again assessed. This cycle of stitching the pieces together and revising the pattern can
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occur several times until the seamstress and pattern designer are satisfied the glove is
correct. Once the glove has been confirmed to be correct, a final pattern is generated
which can be used to manufacture a set of cutting pattern knives to mass produce the
gloves. The pattern for this type of glove is the same for both left and right hands. To
create the opposite hand, the pattern can simply be reversed. The pattern knives have
cutting blades on the top and bottom edges so that one set can be used to produce both

left and right handed gloves.

Figure 5.35 — Seamstress stitching glove pieces together to form glove

5.6.4 Method

The assessment required the pattern designer from BSL to generate two Gunn glove
patterns for producing a glove using the cut and sew manufacturing process. The first
pattern was generated using dimensions from the size data and the second pattern was
generated with the addition of the size gauge. A size 4 size gauge and the
corresponding set of dimensions were used. To confine the assessment to the two-day
timescale allocated by BSL, a number of variables were controlled to ensure all the
necessary stages could be completed appropriately. The choice of a Gunn pattern with
no additional protective elements meant that only four pieces needed to be designed
for each of the two patterns. The cotton twill material chosen for the gloves was
inelastic and had a uniform consistency, which simplified the procedure for
dimensioning the pieces of the pattern. It enabled the pattern designer to specify each
piece to the dimensions to the size four data, requiring no modifications to

accommodate for material stretch or distortion.
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The gloves produced from the patterns were manufactured by hand as it was not
possible to produce pattern knives due to only three pairs being created from each
pattern. Pattern knives are only practical for mass produced gloves, and this small
number did not warrant the high financial and time commitments necessary for their
manufacture. The hand made approach was more suited to this assessment as it
enabled the gloves to be manufactured immediately after the finished pattern had been
finalised, allowing all five pairs of gloves to be completed within the limited time

frame.

Before beginning the assessment, the pattern designer was introduced to the testing
process by the experimenter to clearly explain the procedures and how the exercise
was to be performed. A document of consent was signed by both parties (BSL and
Loughborough University), ac