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Abstract

Designing wearable sensors for Preventative Health:

An exploration of material, form & function

The financial burden on global healthcare systems has reached unprecedented
levels and as a result, attention has been shifting from the traditional approach of
disease management and treatment towards prevention (Swan, 2012). Wearable
devices for Preventative Health have become a focus for innovation across
academia and industry, thus this thesis explores the design of wearable biochemical
and environmental sensors, which can provide users with an early warning,

detection and monitoring system that could integrate easily into their existing lives.

The research aims to generate new practical knowledge for the design and
development of wearable sensors and, motivated by the identification of compelling
design opportunities, merges three strands of enquiry. The research methodology
supports this investigation into material, form and function through the use of key
practice-based methods, which include Participatory Action Research (active
immersion and participation in a particular community and user workshops) and the

generation and evaluation of a diverse range of artefacts.

Based on the user-centred investigation of the use case for biochemical and
environmental sensing, the final collection of artefacts demonstrates a diverse range
of concepts, which present biodegradable and recyclable nonwoven material
substrates for the use in non-integrated sensors. These sensors can be skin-worn,
body-worn or clothing-attached for in-situ detection and monitoring of both internal

(from the wearer) and external (from the environment) stimuli.

The research proposes that in order to engage a broad section of the population in a
preventative lifestyle to significantly reduce the pressure on global healthcare
systems, wearable sensors need to be designed so they can appeal to as many
users as possible and integrate easily into their existing lifestyles, routines and
outfits. The thesis argues that this objective could be achieved through the design
and development of end-of-life considered and cost-effective substrate materials,
non-integrated wearable form factors and meticulous consideration of a divergent

range of user needs and preferences, during the early stages of design practice.
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Definitions of key terms

Closed-loop design - A design principle, which is based on the understanding that
all components used in the manufacture of a product can be reused,
remanufactured or recycled into new materials and products, or composted, at the
end of the product’s life, thus enabling the reduction and elimination of waste and

consequent burden on the environment.

Ecosystem - To enhance the user experience and make wearable sensors more
valuable and effective, they can be integrated within a wider support system. This
ecosystem can include other connected devices (such as the smartphone or other
sensing devices), data transmission, software applications, interfaces/ data display

and related services.

Electromagnetic radiation (EMR) - Energy, such as radio, TV, radar and
microwaves, heat and light, released during certain electromagnetic processes, is
referred to as electromagnetic radiation (EMR). Exposure to these emissions from
sources such as power lines, wireless transmitters, TVs, mobile phones and
microwaves is increasingly viewed as a threat to human health, although concrete

scientific research to evaluate such impacts is still scarce.

Participatory Action Research (PAR) - Participatory Action Research is a people-
centred, established form of experimental, qualitative research that incorporates
both participatory and action components, in order to plan, design, conduct, reflect
upon and evaluate a specific piece of research. PAR allows the researcher to
immerse themselves into a particular community in order to develop a deep
understanding for people and their practices, thus involving them in the creation of

solutions to particular questions or problems.

Preventative Health - In contrast to a traditional healthcare approach, which
involves disease management and treatment, preventative healthcare focuses on
the prevention of ill health and disease and further benefits from people taking an

active role in their own healthcare.

11



Quantified Self (QS) - A movement that is based on the activity of ‘self-
quantification’, which involves engagement in gathering, managing, analysing,
sharing and comparing personal data, in order to enhance personal criteria such as
health, wellbeing, performance, sleep and quality of life. These activities are also

described as self-tracking, self-sensing or life-logging.

QSer - A QSer is a person who participates in the activity of self-quantification

through the use of analogue or digital tools and devices.

Stimuli-responsive textiles - These types of textiles fall into the broad field of
‘smart textiles’ and as they are capable of responding to a variety of pre-determined
stimuli from the environment or the wearer, can be utilised to create wearable

sensors (see below).

User-centred design - A well-proven method in academic and commercial design
research, also referred to as human-centred design, which involves direct
connection with potential users to identify their needs, desires and preferences, in
order to gain a better understanding of the user to be able to design and develop

more suitable and effective consumer products and services.

Volatile organic compounds (VOCs) - VOCs are naturally occurring gases, which
are emitted by human bodies (i.e. through skin, breath and human body fluids), or
man-made or naturally occurring gases in the environment, some of which can be
harmful to human health (i.e. household cleaning products, paints and varnishes

and cosmetics).

Wearables - The term wearables is often used in place of Wearable Technology,
however, within the framework of this research ‘wearables’ is used to refer to any
items, such as clothing, accessories (including jewellery, watches, patches, tattoos
and plasters) and footwear that can be ‘worn’ (i.e. on the skin, on the body or
inserted/ attached to an item of clothing, accessory or footwear) by the user in
various locations on and near the body and include both technical and non-technical

items.
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Wearable sensors — In general, sensors are defined as devices that are capable of
detecting and measuring particular types of inputs (physical properties and
characteristics) of their environment, while consequently providing a responsive
output that can be converted into readable information. Wearable sensors refer to
clothing, accessories or footwear made with sensor-enabled textiles or materials; or
clothing, accessories or footwear enabled by integrated or attached electronic or
non-electronic sensing elements. These devices are able to sense and reactin a
pre-programmed manner to a wide range of stimuli, both from the wearer or the
environment, in order to provide a range of actionable feedback and can be

considered a sub-category of Wearable Technology.

Wearable Technology - Due to the extensive range of applications ranging from
portable electronics, such as smartphones and electronic accessories, such as belts,
watches and adhesive patches, to electronics integrated into or attached to clothing
or textiles, there are many interpretations of this term. Used in the context of this
research, Wearable Technology describes wearable items, such as clothing,
accessories or footwear, which are worn to provide the user with a specific

experience and are generally enabled by electronic elements and power.
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Chapter 1: Introduction

This practice-based PhD project was conducted on a full-time basis over three and
a half years, from 2011 to 2015. The research explores the design of wearable
sensors, which refer to clothing, accessories or footwear, made with sensor-enabled
textiles or materials; or clothing, accessories or footwear enabled by integrated or
attached electronic or non-electronic sensing elements and can sense, react or
adapt in a pre-programmed manner to a wide range of stimuli from the wearer or
their environment. Wearable sensors can be considered as a sub-category of
Wearable Technology, which, in the context of this research describes wearable
items, such as clothing, accessories and footwear, worn to provide the user with a

specific experience and are generally enabled by electronic elements and power.

The research is driven by an initial review of various issues and challenges for the
design and development of textile-based Wearable Technology in general (Prahl,
2012, appendix A) and the findings of an extensive contextual and literature review
of wearable sensors and their construction, materials and applications, including
academic research and conceptual and commercial developments (chapter 2). The
issues, challenges and opportunities for the design of wearable sensors are too
expansive to be addressed in one project and in line with my personal interests and
professional design background as a textile, clothing and accessory designer and
the evaluation of the findings outlined in chapter 3, this research focuses on a
manageable set of gaps in knowledge and consequent opportunities for design

innovation (chapter 3).

These four key under-explored areas, which provided relevant, personally inspiring

and valuable focal points for the project, can be summarised as follows:

* Designing for Preventative Health - The financial burden on global
healthcare system, caused by the rapidly growing numbers in chronic
diseases and illnesses has reached unprecedented levels (United Nations,
2011; Halpin, Morales-Suarez-Varela and Martin-Moreno, 2010). In
response to this urgent challenge, attention has been shifting from the
traditional approach of disease management and treatment towards
prevention, which sees the user’s role changing from a passive to an active

one. Preventative healthcare has thus become a key focus for innovation
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and wearable devices could enable the user to engage in a ‘preventative
lifestyle’ (Kirstein et al., 2007), in order to contribute to the reduction and
prevention of ill health and disease in the future. This research therefore
investigates the design of wearable sensors, which could act as early
warning, detection and monitoring systems, based on biochemical and
environmental sensing, which was identified as an under-explored field
(chapter 3);

Designing for the product’s end-of-life - The lack of literature, research
activity and commercial development around the concept of designing
Wearable Technology with solutions for the product’s end-of-life in mind
(chapter 3) provides strong evidence that most stakeholders either do not
consider their developments a potential environmental threat at end-of-life,
or do not feel it is their responsibility to provide solutions to alleviate any
potential issues. As an important starting point and one aspect of
contributing to knowledge on how end-of-life thinking could be integrated into
the Wearable Technology design process (Kdhler, 2008; 2013), this
research examines the development of sensor material substrates which are
designed to be disposed of responsibly or remanufactured or recycled into

new products, when the user wants or needs to discard the product;

Designing non-integrated types of wearable sensors - Non-integrated
wearable sensors have recently emerged for sports, specialist and medical
applications, producing groundbreaking innovations such as skin-worn
patches, plasters and tattoos but have not yet been explored in any depth for
general lifestyle use (chapters 2 and 3). A non-integrated approach in a
general health and lifestyle context could provide promising alternatives to
seamlessly embedded sensing into garments and accessories, where
electronic and other functional elements are integrated permanently into the
product, thus potentially offering opportunities to produce devices that are
more affordable and easy to wear as part of an everyday lifestyle, as well as

providing suitable end-of-life management strategies (chapter 3);

Designing for a real user need - The Wearable Technology community is
often criticised for cashing in on fleeting trends by producing short-lived
gadgets, based on pushing new enabling technologies, materials and

applications without first exploring real user needs and preferences (chapter
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3). Inspired by the diverse choices of methods for user-centred design that
already exist (chapters 8 and 9), this project proposes to explore creative
approaches for the integration of a thorough user-needs investigation into
the early stages of the design process, so that the findings can inform and

inspire the subsequent design of the wearable sensor collections.

1.1 Research Motivation

My interest in this research project originated in a call for applicants for a Creative
Industry Knowledge Transfer Network Studentship (EPSRC) at London College of
Fashion, University of the Arts London, in early 2011. The research was described
to focus on the investigation of novel applications for health monitoring through
clothing, and to be carried out in collaboration with an industrial partner. With my
background in sportswear, clothing and conceptual textile design and a strong
interest in the connection of health and wellbeing with clothing and textiles, |
considered this the perfect opportunity to commit to an extensive creative
investigation of new applications for sensor-enabled textiles, which in 2011, were
already beginning to make an impact in the sportswear industry. Although the initial
research proposal evolved due to a change in industrial collaborator prior to
commencement, the opportunity to explore new textile-based applications for
sensor-enabled clothing and accessories remained, as the new collaborator was
keen to investigate alternative applications for their portfolio of stimuli-responsive

sensing technologies.

As a consumer | have experienced an aversion to many commercially available
Wearable Technology products, in particular those described as infotainment &
communication (chapter 2), while as a designer | felt a growing interest in how
Wearable Technology will affect the realm of sports, fitness, health and wellbeing in
the future. In the context of this research | consider my critical stance on Wearable
Technology an advantage, as | was able to be analytical without restraint, in order to
constructively highlight issues and challenges, while demonstrating future

opportunities for wearable sensor design in a positive manner.
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1.2 Format and role of practice

The research was further motivated by my desire to explore the role of practice in an
academic context, away from the constraints of my professional practice as a trend
forecaster and design consultant. My design background had a profound impact on
the way | utilised practice as part of this research, as | combined familiar research
methods from my professional practice, such as market research, visual research
and concept boards, design sketches and sampling, with more unfamiliar
techniques and procedures from the field of academic and industrial design
research, including literature and contextual reviews, charts and diagrams,
Participatory Action Research (an established form of experimental, qualitative
research that incorporates both participatory and action components, which includes
immersion into a particular community in order to develop a deep understanding for
people and their practices) and artefact creation and evaluation. These tools were
adapted and adopted to create a multi-method approach, which became the driver
of the research methodology (section 1.4 and chapter 4) and guided the project

through its various stages.

Furthermore, the creation and evaluation of artefacts played a significant role;
exploratory artefacts were produced and evaluated (chapters 5-9) and informed and
inspired the design of the collection of conceptual wearable sensors (chapter 10),
thus embedding knowledge produced during the earlier stages of the project into the
final collection of artefacts (Frayling, 1993; Scrivener, 2000). The research project
was originally intended to be practice-based, as the design practice (i.e. the creation
and evaluation of artefacts) was used as a method to answer my research questions
and contribute to professional practical knowledge within the realm of textile-based
wearable sensor design. However, the research outcomes go beyond practice-
based contributions (chapter 11), as they further provide practice-led insights and
transferable knowledge about practice (Candy, 2006), through the development, use
and evaluation of the experimental, multi-method research methodology (section 1.4

and chapter 4).
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1.3 Project aims & objectives

Although the broad aim of this research remained the same over the period of the
project, more specific objectives and research questions emerged along the
research journey (chapters 6,7 and 8). This process enabled me to develop a more
defined focus at key stages of the research, which facilitated the interrogation of
specific questions, so the findings produced at each stage could contribute to the

project’s complete body of new knowledge (chapter 11).

As outlined in section 1.1, the initial starting point for the project was the
investigation of novel, textile-based applications for the field of health & wellbeing
and based on the outcomes of my research practice in the first year of the study,
this goal later evolved into the more specific objective to explore wearable
biochemical and environmental sensing, specifically in the context of designing for
the emerging field of Preventative Health (chapter 3). Furthermore, in line with my
research motivation and background, | chose to create an industry-facing collection
of artefacts, which could be utilised to inspire other researchers, designers and
myself to further build on the research in the future, rather than producing user-

facing and market-focused concepts and products as the output of the project.

Therefore, the main aim of this research project can be described as follows:

* To create an industry-facing collection of conceptual artefacts, which can
bring attention to some of the emerging issues, challenges and opportunities
around the design and manufacture of textile-based Wearable Technology in
general and wearable sensors in particular, while stimulating debate and
ideas for additional collaborative and cross-disciplinary research, design and

development of wearable sensing devices in the future.
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In order to enable the creation of these artefacts and contribute to new knowledge in
this chosen field, it was necessary to define a series of achievable objectives and

goals, which aimed to demonstrate the research outputs in four specific ways:

* The identification and documentation of key challenges, gaps in
knowledge and design opportunities for textile-based wearable
sensors - these identified opportunities form the starting point for this
research, however, they can also be accessed and utilised by other

researchers and designers to build their own work on in the future;

* The development and application of an experimental, practice-driven
research methodology - the methodology explores diverse aspects of the
design of wearable sensors including material, form and function, in order to
inform and inspire the design and development of the conceptual wearable
sensor collections and can further provide insights into the use of practice-

based, multi-method approaches for other researchers and designers;

* The design and development of a collection of conceptual artefacts -
these collections aim to demonstrate the complex challenges and
opportunities involved in designing textile-based Wearable Technology in
general and wearable sensors in particular and can be utilised as tools to
inspire discussion and new ideas for cross-disciplinary future research,
design and development of wearable sensors or other Wearable Technology
concepts and products in the future, while providing a potential model for

other design researchers to create their own artefacts;

* To evaluate the generated conceptual artefacts and experimental
research methodology - this evaluation includes the clear documentation
and communication of the outcomes and contributions to knowledge, so that
other researchers and designers can build on the findings or utilise elements

of the methodology in their own work.
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1.4 Research Methodology summary

In order to achieve the aims and objectives, extensive consideration was given to
devising an appropriate methodology (chapter 4), which could address the identified

gaps in knowledge and subsequent design opportunities.

>
o
'-g Wearable sensors review,
8 gaps in knowledge & design opportunities
g chapters 2 and 3
chapter 5
z FUNCTION
)
=
Z
h chapter 6 chapter 7 chapter 8
()]
chapter 9

1
o
wZ )
S L
w=
=) chapter 10

Fig 1.1: Research methodology stages, based on the first three stages of the Double Diamond model
(Design Council), Prahl (2015)

In summary, the key features of this methodology can be described as follows:

* The methodology thrived on the combination of multi-methods modified and
adopted both from my own professional design practice, including market
research and reports, visual boards, design sketches and samples and
academic and industrial design research tools including a literature and
contextual review, matrices, charts and diagrams, mind maps, PAR and user

workshops (chapter 4);



The methodology was driven by these practice-based methods, which
generated a wealth of qualitative data including various types of artefacts
(including inspiration and concept boards, swatches and samples). These
artefacts addressed the research questions and inspired further subsequent
research and design in a reflective and experiential cycle of action, analysis
and evaluation (chapter 4);

The research was carried out in three distinctive phases including discovery,
definition and development, based on the first three stages of the Design
Council’s Double Diamond model (chapter 4), which provided a clear
framework with particular goals and objectives at each stage (figure 1.1).
The discovery phase (chapters 2 and 3) comprised the literature and
contextual review and identification of gaps in knowledge and design
opportunities and provided the motivation behind the research. The definition
phase (chapters 5-9) benefitted from an initial exploratory stage and the
subsequent focus on a three-stranded investigation (material, form and
function) in order to provide boundaries and research focus into particular
key aspects of wearable sensor design and culminated in the application of
the research outcomes to date to formulate the design brief. The
development phase (chapter 10) comprised the design of the wearable
sensor collections in response to the design brief and produced five
collections of artefacts, which were analysed for their potential contribution to
new knowledge and will be disseminated for further evaluation within the

Wearable Technology community following the completion of the project.

1.5 Research questions and overall proposition

This research adopted an inductive approach and was therefore concerned with

developing theory through practice-based research, in order to offer propositions

based on the findings. This approach relied on the development and use of

exploratory research questions, which enabled me to narrow the scope of the

research, as well as making conceptual conclusions to develop an overall

proposition. These research questions addressed the identified gaps in knowledge

and subsequent design opportunities (chapter 3) in more detail, and emerged and

developed as part of the three-stranded research practice (chapters 6, 7 and 8). The

outcomes of this investigation informed the design brief (chapter 9) and inspired the
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subsequent design and development of the wearable sensor collections (chapter
10).

Research questions
Material investigation:

* The ‘material’ investigation (chapter 6) explored the design of new types of
end-of-life considered material substrates and asked the question whether a
closed-loop approach (a design principle that works on the understanding
that all components used in the manufacture of a product should be reused,
remanufactured or recycled into new products, or composted, in order to
eliminate waste and environmental burden at the end of a product’s life) to

material substrate design can inspire new concepts for wearable sensors

Form investigation:
* The form’ investigation (chapter 7) focused on the design of non-integrated
form factors and asked the question whether design in response to stimuli
location can inspire new types, shapes and styles for in-situ wearable

sensors in the context of Preventative Health

Function investigation:

* The ’function’ investigation (chapter 8) examined the use case for early
warning, detection & monitoring devices and systems based on biochemical
and environmental sensing and while this investigation did not have one
specific research question to focus on, explored different aspects and
enquiries in regard to the functionality of a wearable early warning system,

all of which involved the user in their exploration

As a potential solution to the reduction of the burden on global healthcare systems,
wearable early warning, detection, and monitoring devices and systems, based on
the capability to sense biochemical and environmental stimuli, could contribute
significantly to the improvement of the user’s health and wellbeing. Biochemical
stimuli include internal volatile organic compounds (VOCs), which are naturally
occurring gases emitted from human bodies. Environmental stimuli include external
VOCs, which are naturally occurring or man-made gases and can be present in
products such as cleaning products and paint, as well as potentially health-

threatening levels of electromagnetic radiation (EMR), energy released from
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electronic devices such as radios, TVs, microwaves and mobile phones, present in

the wearer’'s ambient environment.

In order for these types of devices to be efficient as part of a preventative approach
to healthcare, they need to be available to and adopted by a significant number of

users. The overall proposition of this research therefore asserts that:

* Wearable sensors should be designed to integrate easily into the user’s
existing lifestyle, routines and outfits, in order to engage a broad section of

the global population in a preventative lifestyle

Combining the outcomes of the material, form and function investigations, the
conceptual artefact collections aim to demonstrate how wearable sensors could be
designed to easily integrate into users’ existing lifestyles, routines and oultfits, while
responding to widely differing user preferences and needs and addressing the

urgency for end-of-life considered and cost-effective material innovation.

1.6 Scope and limitations

An extensive review of contributions to knowledge, limitations of the research
project and proposals for future research is offered in chapter 11, however this
section briefly describes the scope and limitations of the project in order to clearly

communicate the general framework for the research.

Particularly during the first 12 months of the project, one of the more challenging
aspects of this research was the definition of the scope of the research territory and

specific enquiry, as | encountered various hurdles and contextual developments:

* A vast research territory: Familiarising myself with the continually and fast
evolving domain of textile-based Wearable Technology with the specific

focus on wearable sensors;
* Technology changes: The rapidly growing ubiquity of smartphones

impacted strongly on the progressive direction of Wearable Technology

applications during the research period, as the smartphone changed from
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being considered a potential threat to the innovation and adoption of new
products (Lukowicz, 2012), to an enabler (Lukowicz, 2012; Burr, 2012) and

useful interface for Wearable Technology (chapter 2);

* Emergence of the Internet of Things (loT): The mainstream adoption of
the concept of I0oT, which refers to networks of interconnected objects,
humans and buildings through the use of embedded electronics, software
and sensors, contributed to a significant surge of research activity in sensor-
enabled textiles, clothing, accessories and other wearable or mobile devices
during the research period, while further exposing potential risks on data

security and privacy.

Although the scoping process took much longer than anticipated, the extensive
contextual & literature review (chapter 2) and overview of issues with Wearable
Technology design (appendix A) were necessary tools to enable a clear perspective
of the key challenges, which in line with my research interests were converted into
promising design opportunities (chapter 3). By utilising this method of analysis, and
clearly establishing which aspects of practice to focus on (material, form and
function), | was able to create a distinct starting point from which the research was
able to continue to narrow and focus its scope. While academic and industrial
research in the specialised domain of wearable sensors is rapidly expanding, this
research aims to produce authentic practical insights into the design of wearable
sensors through the combination and investigation of three different but
interconnected key areas; the design for a real user need in the context of
Preventative Health (function), the design of non-integrated types of wearable
sensors (form) and the design of end-of-life considered sensor substrates (material).
In addition to these practice-based outcomes, the project further offers scope to
contribute practice-led outcomes, based on the use of multiple and experiential
methods, which can be shared with other designers and researchers in the future in

a variety of ways (chapter 11).

This project was initially motivated by the opportunity to carry out academic

research in collaboration with an industrial partner, thus bringing together methods
from professional and academic design research and practice, in order to produce
outcomes that have relevance both in academic and industrial contexts. However,

although the research began, and continued for the first two years as an industrial
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collaboration project, the scope and nature of the research was impacted by the
unforeseen termination of the collaborative relationship in the third year, when the
project was still in its definition phase. As a result, the opportunity to work with a
commercially existing sensing technology to produce, test and evaluate proof-of-
concept prototypes to complete the conceptual artefact collections was lost. The
project therefore followed a more speculative path and expanded the exploration of
the user-need perspective, while the design practice was informed by generic,
rather than specific enabling technologies. As a positive consequence, the wearable
sensor concepts are not dependent on any particular sensing technologies in this
fast-moving field and could therefore be applicable in a broader context. However,
the collections are firmly based on the understanding that, as the contextual and
literature review demonstrated through the presentation of a wealth of existing and
emerging technologies and applications (chapter 2), it is highly likely that a range of

suitable enabling technologies will be available in the near future.

Although this change could be considered a limitation of the research, in practice it
meant that | was able to concentrate on other important elements, which included
the in-depth focus on wearable material substrate and form factor design and a
design-driven exploration of functional and user need aspects. Furthermore the
research project increased its emphasis on research methodology and context,

rather than producing concrete and potentially market-focused outcomes.

1.7 Thesis overview

Introduction

Chapter 1 introduces the research by providing a brief overview of the research
context, background and identified gaps in knowledge, before describing the
motivation for the research, which is driven by the pivotal role of design practice.
The chapter also outlines the broad and overall aim of the research, while providing
an overview of the key objectives to support and enable this aim. Furthermore the
chapter gives a short summary of the research methodology, research questions
and overall proposition, before discussing the scope and limitations of the research

and presenting a summary of the thesis structure.
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Contextual & literature review

Chapter 2 provides an extensive overview of the literature, academic research and
conceptual and commercial developments relevant to the research; this includes a
review of the construction of electronic sensors and textiles, sensing applications for
the field of Wearable Technology and emerging printable material substrates, as

well as non-electronic sensors from the fashion, sportswear and diagnostics sectors.

Developing the project scope: Discovery stage

Based on the insights of the contextual & literature review (chapter 2) and the
document ‘Wearable Technology: Issues and challenges across the lifecycle stages’
(Prahl, 2012, appendix A), chapter 3 identifies gaps in knowledge and demonstrates
resultant design opportunities for the design of wearable sensors, which are the

main drivers behind the project.

Research Methodology

Chapter 4 presents the practice-driven framework that underpins the research
methodology and relies on the combination of experiential and practice-based
methods adapted and adopted from professional design practice and academic and
industrial design research to generate diverse qualitative data at various stages of
the research journey. It further describes the data evaluation techniques utilised,
before outlining the process and stages of the ongoing design practice, which uses
a specifically devised three-stranded investigation model, employing key methods
such as Participatory Action Research and artefact creation and evaluation.
Furthermore, this chapter provides reflection and evaluation of the various methods

used, as well as the overall research methodology.

Design practice: Definition stage

Chapter 5 describes and documents the first steps taken into exploratory design
practice, which provided some early research findings, as well as contributing to the
definition of the conceptual framework for the subsequent stages of design practice.
Following on from the exploratory stage, chapters 6, 7 and 8 describe the individual
research journeys as part of the three-stranded enquiry, which focus on the
investigation of ‘Material’, ‘Form’ and ‘Function’. Chapter 9 conveys the process of
consolidation and evaluation from the outcomes of the three-stranded investigation,
which blend together to inform the design brief, which is further based on the
profiling of five speculative user types and serves as the catalyst for the design of

the final artefact collection.
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Design practice: Development stage

Chapter 10 first presents the final artefacts (wearable sensor collections), before
reflecting on the design process and resultant research findings in the context of
existing and emerging developments, with the aim of contributing to new knowledge

on the design of wearable sensors for Preventative Health.

Conclusion

Chapter 11 presents the conclusions of the research project as a whole, which
include outcomes regarding context, practice and practice methodology. These
findings are evaluated in order to communicate how they can contribute to
knowledge and propose how other researchers and designers could build upon
them. This chapter also suggests opportunities for further work and considers how

the limitations of the research may be overcome in the future.

Bibliography and appendices

The thesis is supported by an extensive bibliography, which lists the various sources,
resources and references (publications, Internet reports and articles, conference
presentations and lectures, additional primary sources and Internet resources,
conferences and events attended and image sources) utilised to contribute to the
research. Further reference documents (Wearable Technology: Issues and
challenges across the lifecycle stages report and two questionnaires utilised for the
workshops) and a digital storage device containing additional visual documentation
of the user concepts (chapter 9) and wearable sensor collections (chapter 10) are

available as appendices.
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Chapter 2: Investigating wearable sensors

The broad starting point for this research was to explore and develop stimuli-
responsive textiles, which could provide sensory functionality to the user in
response to pre-determined stimuli, and therefore be utilised to design and create
wearable sensors. In general, sensory functionality can be described as the ability to
transmit information in response to stimuli, while sensory textiles in particular are
widely accepted to describe electronically conductive fabrics, which can act as
switches and sensors (Swallow and Thompson, 2001) and subject to the particular

enabling technology utilised, these textiles can respond to a variety of stimuli.

Stimuli-responsive textiles fall into the broad field of ‘smart textiles’. Although a
multitude of terms and understandings exist in this field, one of the most widely
quoted definitions of smart textiles is that by academic researcher, educator and
author Xiao-Ming Tao, who is known for her research work on smart materials,
including nanotechnology and photonic and electronic fibres and fabrics. This
definition states that smart materials and structures can sense and react to
environmental condition or stimuli, which can be from mechanical, thermal, chemical,
electrical, magnetic or other sources (Tao, 2001, p. 3). The field of smart textiles is
vast and continuously evolving and is the result of collaborative research between
the domains of nanotechnology, microelectronics, information technology and textile
technology (Ossevoort, 2013), which comprises a multitude of technologies such as
photo and thermal sensitive materials, fibre-optics, conductive polymers, shape
memory materials, intelligent coatings and membranes, chemical responsive
polymers, mechanical responsive materials, micro-encapsulation and micro and

nano materials (Tao, 2001, p. 4).

However, this research project focuses only on smart textiles and materials that
could be utilised to create wearable sensors, which are able to sense and react in a
pre-programmed manner to a range of pre-determined stimuli from the wearer or the
environment. In general, sensors are defined as devices that are capable of
detecting and measuring particular types of inputs (physical properties and
characteristics) of their surrounding environment, while consequently providing a
responsive output that can be converted into readable information. In the context of
this research, wearable sensors denote clothing, accessories or footwear that can

be worn on or near the body, in order to sense and react to stimuli from the wearer
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or the wearer’s environment to provide a range of actionable feedback. Furthermore,
this project differentiates between electronic wearable sensors and non-electronic
wearable sensors. Electronically-enabled wearable sensors can be described as a
sub-category of Wearable Technology, encompassing clothing, accessories or
footwear made from electronic, sensor-enabled textiles and materials, or clothing,
accessories or footwear made with integrated or attached sensing elements, while
non-electronic wearable sensors include clothing and accessories which can

provide simple visual feedback, such as colour and pattern change in order to

visualise a response to selected stimuli (section 2.2).

Although these two types of sensors are enabled through different technologies,
they have several attributes in common; a) they utilise material substrates that have
been equipped with stimuli-specific sensory functionality during the manufacturing
process (i.e. construction or surface treatment), b) they are wearable on or near the
body or portable/ hand-held with potential to be made wearable in the future and c)
they provide a warning, detection or monitoring mechanism to inform the user/
wearer about their health status or the state of the environment they are in.
Nonetheless, they are distinguished through their level of activity and response,
which concerns the complexity of feedback and user interaction. While
electronically-enabled sensing devices (section 2.1.) can offer the user a wide range
of options on visual, tactile (i.e. vibrate) or other feedback, data collection and
management and user control and interaction (often through integration into a wider
ecosystem, which can include other connected devices, data transmission, software
applications, interfaces/ data display and related services), non-electronic sensing
devices can only provide the user with basic visual feedback and the feedback
remains more or less the same (section 2.2). User interaction for these types of
sensors is far more limited, as there are no interfaces for the user to engage with.
However, some of these simpler types of wearable sensors can physically collect
samples from the wearer or environment, which brings alternative opportunities to
in-situ/ on-body data analysis, as collected samples can be analysed and evaluated

away from the wearer’s body.

By investigating beyond the scope of electronically-enabled wearable sensors, this
research aims to highlight opportunities for the design of wearable sensors, which
could address a broader range of user needs and preferences in terms of cost,
availability, wearability (achieved through considered design of materials and form

factor) and functionality. Furthermore, although this project is concerned with the
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design of wearable sensors utilising textiles and wearable materials (chapter 6), this
review also looks at some examples of hardware, such as wristbands and jewellery,
as the growing interest and use of these types of items provides insights into user

needs and preferences in regard to wearing sensors.

2.1 Electronic wearable sensors

Degrees of sensor integration

With a view to electronic wearable sensors, it is important to investigate the various
degrees of integration. There are many ways to characterise degrees of integration
and studying Kirstein et al. (2007), Catrysse, Pirotte and Puers (2007), Seymour
(2008) and Moehring (2012) has been particularly helpful in defining my own
classification for this project. Building and expanding on a systematic review of
literature and academic and industrial examples of various types of electronic
wearable sensors, this research identifies three types of electronic wearable
sensors (fig. 2.1), in order to provide a more diverse scope for innovation. These
sensors are defined by how sensory functionality is delivered to the wearer and

comprise:
¢ Textiles as the sensor carrier

* Clothing as the sensor carrier

* The body or skin as the sensor carrier

TEXTILES as the carrier CLOTHING as the carrier BODY or SKIN as the carrier

« Attached electronics/ sensors « Attached electronics/ sensors « Body-worn electronics/ sensors
« Embedded electronics/ sensors » Integrated electronics/ sensors « Skin-worn electronics/ sensors

Fig 2.1: Three types of electronic wearable sensors, Prahl (2015)
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Textiles as the sensor carrier:

This approach utilises the textile as the carrier for sensory functionality and this can
be achieved in two ways: a) electronics and/ or sensing elements are attached
permanently to the surface of the textile or b) the textile itself becomes the sensor,
as electronic sensing functionality has been embedded directly into the material
during textile manufacture (section 2.1.1). Academic and professional researchers
Catrysse, Pirotte and Puers (2007), refer to these two types as ‘embedded
electronics’, textiles with built-in existing electronic components, and ‘textronics’ and
“fibertronics’, where electronic components are either manufactured by textile
production techniques, or where electronics are integrated directly into the yarns.
Yarn-embedded electronics have recently attracted much interest, as researchers
from Nottingham Trent University’s Advanced Textiles Research Group led by Tilak
Dias, have received around £1.2 million in funding to develop fibre electronics,

including sensors, LEDs and micro-controllers (Nottingham Trent University, 2015).

Much of the ongoing research and development into wearable sensors has been
focusing on this type of seamless integration to create textile sensors and academic
researchers and educators at Georgia Institute of Technology in Atlanta, Park and
Jayaraman (2001) described this approach as the ‘skilful blending’ of computing
elements with the textile, further considering the smooth integration of the diverse
elements required, such as the interconnect architecture, hardware and system
software, within the fabric infrastructure. As part of my classification, in both cases
the textile is equipped with sensory functionality during the yarn or textile
manufacturing process, before it is made into a garment or accessory and the
integration of electronic elements is permanent, although in theory, where
electronics have been attached to the surface of the textile, they could be taken off,

if they have been designed and manufactured with disassembly in mind.

Clothing as the sensor carrier:

This approach utilises clothing as the carrier for sensory functionality and this can
be achieved in two ways: a) electronics and/ or sensing elements can be attached to
or integrated into specific items of clothing during or after garment manufacture or b)
electronics and/ or sensing elements can be attached to various items of clothing
after garment manufacture by the user. US based Wearable Technology designer,
researcher and academic Seymour (2008) differentiates between the technology
being physically embedded or attached into clothing or clothing simply being a

container for the technology and the key difference in my classification is that one
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approach is garment-specific and semi-permanent and therefore not easily reusable
with any other items of clothing, unless great effort is made to extract the sensing

elements from the original garment, while the other approach provides easy options
to remove and reuse existing sensing elements with a range of other items (section

2.1.2).

Body or skin as the sensor carrier:

Body-worn wearable sensors include accessories that are specifically designed for
the purpose of sensing (i.e. they have no other function such as keeping any
particular body-parts warm or clothed) or accessories that are being worn for
functional or aesthetic reasons (such as ear buds or jewellery) and have an
additional capacity to provide sensory functionality. Wearable computing researcher
and colleagues, Kirstein et al. (2007) considered electronic accessories, such as
watches and belts, one of the first steps to wearability and although this research
does not aim to design any hardware, the emergence and success of items such as
watches, wristbands and various types of other activity trackers, are relevant to the
investigation, as they provide important insights into changing user needs and
preferences. Skin-worn wearable sensors include adhesive patches, plasters and
tattoos and have recently emerged in the healthcare & medical arena, where in-situ
sensing for disease detection, monitoring and management plays an important role,
although researchers and developers are also beginning to explore applications for

these types of sensors in the sports & fitness arena.

Textile-attached and embedded, clothing-integrated and attached, and body and
skin-worn sensors have been utilised across a variety of commercial products,
research projects and conceptual developments and the functional requirements of
a product are likely to dictate the more suitable type of sensor; i.e. in wearable
health systems and most sensor-enabled textiles for physiological sensing or
monitoring, it is generally essential to provide large-area skin contact for accurate
measuring, in which case softness and comfort are a key requirement likely to
benefit from the use of textile embedded sensors, while sensors functioning as
switches in order to operate a device (i.e. integrated remote control buttons)
generally only need a small contact area to function and thus make the use of

attached sensors viable.
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2.1.1 Wearable sensors: Textiles as the sensor carrier

Electronic stimuli-responsive textiles can be considered a particular type of smart
textile, which is referred to as electronic or e-textile. These conductive textiles can
change their electrical properties as a result of responding to a wide range of
internal and external stimuli and can therefore be used as sensing textiles or
sensors. The advantages of utilising textiles as sensors are that, depending on their
method of integration, they can be flexible, soft, comfortable, wearable, washable
and easy to use. Generally, textiles have a low electric conductivity but conductive
components can be added and integrated during the manufacturing process.
Therefore conductive textiles can be created in two ways, either by utilising specific
construction methods to integrate conductive and electronic elements during the
textile manufacturing process, such as knitting, weaving and felting or other
nonwoven processes, or through surface treatment of the finished textile substrate,

which includes printing, coating, lamination, embroidery and appliqué.

Integration and construction methods utilise conductive yarns and threads and fibres,
which can be separated into two categories; intrinsically conductive fibres including
pure metals such as stainless steel, titanium, aluminium, nickel, copper and carbon
and conductive polymer fibres, or specially treated fibres, which are generally a
composite of metals and non-conductive materials and can be produced by blending
or coating fibres with metals and metal substances to achieve conductivity. Within
the textile infrastructure, conductive fibres, yarns and threads allow electricity to flow
to and from the various components, thus enabling and creating what is often
referred to as a smart textile network. Senior researcher at Fraunhofer Institute
Germany, Torsten Linz (2007), commented on the lack of quality and suitability of
conductive threads for the purpose of energy and data transmission, as these were
originally developed for anti-static and anti-bacterial purposes, and their
conductance, processability, signal transmission capability and reliability need to be
improved to ensure textile and material innovation in this field. However, some of
the examples presented, highlight promising development opportunities around
textile-based wearable sensors, which are created through construction and surface

treatment.
Construction

Knitted fabrics are well suited to next-to-skin applications in clothing, which are

utilised to achieve the desired sensory functionality and comfort of the textile and
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garment. Knitting techniques can include plain knitting, circular knitting, warp knitting
or crocheting with conductive yarns (Catrysse, Pirotte and Puers, 2007). Based on a
series of experiments with knitting technology concepts, Hong Kong based
academic researchers Li et al. (2009), stated that the traditional technology of
knitting has exciting potential for new sensor-enabled clothing, as it is able to utilise

various types of knitting to enhance function.
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Fig. 2.2: Knitted electrically active structure, NTU Fig. 2.3: Aeolia Cello stretch sensor

Academic research examples include work at Nottingham Trent University, which
presents the exploration of electrically active knitted structures (fig. 2.2) through the
use of computerised flat-bed knitting technologies to create seamless knitting and
the encapsulation of electronic activity into fibres and yarns directly (Dias, 2013).
Further evidence of the innovative use of knitted materials for textile-based
functionality was demonstrated with the academic/ artist collaboration ‘Aeolia’, which
was funded by New Media Scotland and explored the use of commercially available
stretch sensors through the creation of a collection of garments (Kettley, 2013). The
image (fig. 2.3) shows Aeolia Cello, which was made from knitted stretch sensors in

combination with conductive yarn to create a wearable musical instrument.
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Fig. 2.4: Numetrex knitted sensor close-up Fig. 2.5: Pressure sensitive ‘Smart Sock’ prototype

The Numetrex sports bra >'", utilises textile electrodes that are knitted directly into
the front of the bra (fig. 2.4) to maintain contact with the wearer’s skin to sense the
heart’s electrical pulse during exercise, while a similar example, the ‘Smart Sock’
(fig. 2.5), developed by functional textile company Alphafitin Germany in 2011, is a
pressure sensory sock made of sensory filaments, which can measure surface
pressure on three-dimensional variable surfaces, without the need to insert any

industrial sensors, as the filament itself measures the pressure.

i 1% B N4 (oo gt Toed ‘.‘
-,

P T | TP e [ T
A vy 1" "
G A S
[ 'y,

"
iy

Conductive thread

Temperature sensor IC  E-stripes  Contact

Fig. 2.6: Woven temperature sensor ETH Zurich

Electrically conductive woven textiles can be manufactured through construction or
coating; for construction methods, conductive threads are woven in combination
with non-conductive threads to provide an electrical circuit while staying soft and
flexible. The limitations of using weaving methods to produce electrically conductive

textiles were highlighted by Ghosh, Dhawan and Muth (2006), academic
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researchers from NC State University, Raleigh, who pointed out that conductive
threads have to be placed in specific locations in the warp direction to function, thus
potentially restricting aesthetic and creative possibilities. Therefore it is necessary
for designers to consider the restrictions of integrating traditional electronic

components by weaving with regard to comfort and restriction of movement.

In 2010, scientists from the Wearable Computing Lab at ETH Zurich developed
intelligent textiles that have electronic components such as temperature sensors
and conductive filaments woven into them by integrating microchips and other
microelectronic elements directly into the textile architecture (fig. 2.6). This
technology enables mass-production on conventional machinery and provides
washability at 30 degrees, due to the electronic fibres being encapsulated (ETH,

2010). Another woven example is the ‘Stress vest’ *'*

, which was developed as part
of the ConText project and has sensors directly woven into the fabric. The sensors
can register the electrical excitation of the muscles and thin conducting metallic

fibres pass the signals to an electronic analysis system, in order to sense and

determine the level of physical stress.

Fig. 2. 7: Needle felted touch sensor Fig. 2.8: Needle felted motion sensor

Most commercially available conductive nonwoven materials are produced through
coatings and plating, however, on a more experimental level, several research and
design projects explore the creation of nonwoven conductive textiles through

integrating conductive yarns and fibres through the process of felting. A touch

sensor (fig. 2.7), presented by online resource www.adafruit.com, was created
through the process of needle felting, which integrated conductive felt touch buttons
suitable for use with a capacitive touch sensing circuit, while the FELT-ME glove

and hand warmer (fig. 2.8) is made with merino wool and steel fibres to form
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pressure sensor pads that control embroidered LEDs to light up in different intervals
and speeds, resulting in an interactive glove that responds to the wearer’s grip (Lim,
no date). Electronic textile designer Lynne Bruning, who needle-elts wool roving and
conductive thread to craft her own electronic textile sensors, switches and wearable
computing fabrics to provide a greater variety of aesthetic and tactile choices,
highlighted that conductivity depends on how densely the material is felted and it is
important to work with a multimeter while felting, in order to test resistance and
electrical standards, while making sure the fabric meets aesthetic requirements

(Bruning, no date).

Surface treatment

Further to sensor integration through construction methods, sensing and electronic
elements can be added to the finished textile through printing, plating, spraying,
lamination or impregnating during the finishing process. Conductive paints and inks,
including carbon, copper and silver can be used to paint or print circuits and various
types of sensors onto a variety of fabrics, although care needs to be taken on
stretchable fabric in order to avoiding cracking of the print to ensure conductivity.
The current interest and increasing activity in the development of printing techniques
for electronically conductive and sensing textiles appears to be driven by two key
factors; printing techniques potentially offer cheaper and simpler manufacture than
conventional techniques, while the need to design flexible, bendable textile
electronics systems able to conform around bodies without interfering with comfort
or movement, is also pushing innovation in this field. Conductive inks and pastes
include silver, carbon, copper or polymer and are suitable for a variety of printing or
other application techniques. Screen-printing is often used to apply inks and pastes
to fabric substrates, as other techniques such as painting and spraying are also
being explored to find the most suitable application methods for the various fabric

substrates available.
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Fig. 2.9: Printed chemical sensors Fig. 2.10: Electrode sensors printed on neoprene

Chemical sensors are predicted to have a significant impact on personal health and
wellbeing in the future, and printing offers promising opportunities in this field.
During work funded by the U.S. Office of Naval Research, engineers at the
University of California, San Diego Jacobs School of Engineering, established that
due to the tight contact and exposure to the skin, chemical sensors printed directly
on elastic underwear waistbands (fig. 2.9), can accurately detect changes in the
wearer’'s body chemistry, while retaining their sensing abilities even after engineers
stretched, folded and pulled the chemical-sensing printable electrodes #'®. Another
research project at the same university investigated the printing of electrochemical
sensors directly on neoprene wetsuit material (fig. 2.10) and proved that this
approach produced extremely flexible circuits that can be pulled and pushed and

are suitable for in-situ use in seawater (Jacobs School of Engineering, 2011).

The National Physical Laboratory in the UK developed a technique, which could
allow lightweight conductivity to be printed directly onto complete garments. This
technique involves chemically bonding a conductive silver layer, which fully
encapsulates fibres and has good adhesion and excellent conductivity and can be
easily printed onto many different types of fabrics (National Physical Laboratory,
2013). In a similar vein, Swedish academic researchers at the University of Boras,
Rehnby, Gustafsson and Skrifvars (2008), discussed the use of conductive polymer
coatings, which can be applied directly to the surface of the textile, to provide the

necessary qualities for smart wearable textile applications.
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Fig 2.11: Stitched stroke sensor Fig. 2.12: Embroidered sensor

In addition to printed and coated technologies, sensors can also utilise conductive
embroidery by itself or in combination with other conductive textile materials. The
stroke sensor (fig. 2.11) by Hannah Perner-Wilson from design collective

www.kobakant.at, is made with silver-plated nylon conductive threads stitched into a

neoprene substrate, working with a technique similar to hooked rug stitching. When
stroked, the threads make contact with a piece of conductive fabric attached on the
reverse in order to function like a contact switch. Academic researchers from KU
Leuven in Belgium, Taelman et al. (2007) describe an embroidered stress sensor
(fig. 2.12), which utilised a multi-layer embroidery process to build a contactless
EMG sensor with the same thread that is used for interconnection with the electronic

network.

Electronic sensing networks

Electronic wearable sensors sense and gather data from the wearer or the
environment and are capable of relaying the information to a processing unit
through an electronic network. In order to enable a textile-embedded/ attached
wearable electronic system or network, it is necessary to create electrical circuits,
which integrate and interconnect the various electrical components (i.e. sensors,
actuators and power supply), so that the sensing element is able to electronically
communicate the gathered data to a processing unit. This means that, subject to the
addressed user need and technology used, the textile can react to provide the
wearer with immediate response (i.e. visual signal) and/ or the data can be
communicated to the processing unit for analysis by a selection of connected

devices, such as computers, tablets and smartphones.
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These enabling circuits and interconnections can be manufactured by way of
embroidery, printing and lamination. Employing embroidery to create conductive
tracks and interconnections has functional advantages, as it is soft, flexible, tactile,
durable and washable and can be used on most textile substrates. Academic
researchers at MIT Media Laboratory, Post et al. (2000), described electronic
embroidery or e-broidery as the embroidery of a conductive structure to a ground
structure, whereby the embroidered circuits and patterns can be applied through
manually or machine controlled sewing and stitching techniques. Ghosh, Dhawan
and Muth (2006) further identified that one of the advantages of embroidery is the
relative freedom in regards to the direction and shape of the threads. However,
yarns and threads for e-broidery must be chosen carefully for their suitability, as
they need to be flexible and strong to avoid breakages during sewing, wear and

maintenance, and conductive enough to function and perform within a textile circuit.

Fig. 2.13: Embroidered connections for sensor fe:edb-c Fig. 2.14: Embroidered connections
One example of embroidered circuits and networks is the conceptual Climate Dress
designed by Danish design company Diffus, which was presented at the Bright
Green Expo in Copenhagen in 2009 to highlight environmental issues through an
aesthetic display of environmental data. The dress utilised hundreds of CO2
responsive LEDs, which were enabled by a Lilypad Arduino microprocessor and a
carbon dioxide detector and connected into a wearable sensing system with
decorative conductive embroidery (fig. 2.13), which was developed by Forster
Rohner AG %'°, a Swiss family run embroidery specialist with over 100 years of
embroidery experience in the fashion industry. Conductive embroidery was also
employed in a research project carried out at Fraunhofer Institute Germany, which

explored the design of a t-shirt (fig. 2.14) capable of measuring EKG signals from
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the wearer. The researchers described the EKG shirt as the first application to
investigate an interconnection technology based on embroidery of conductive yarn
(Linz, Gourmelon and Langereis, 2006), and the system comprised an EKG module
on a flexible substrate, snap fasteners for a removable battery and embroidered
electrodes and conductors. Other academic research into the use of electronic
embroidery includes Georgia Tech’s Textile Interface Swatchbook, and this project
is aimed at fashion designers in order to demonstrate the versatility of electronic

textiles and to inspire their use for a broader audience (Zeagler, 2012).

With regard to printed circuits and interconnections, silver, carbon, copper or
polymer based conductive inks and pastes can be suitable for a variety of printing or
other application techniques including screen-printing and other techniques such as
painting and spraying. Although printed electronics and circuits are mostly chosen
for the production of paper-based and highly flexible and soft film or foil-based
substrates as seen in the packaging industry, there are some examples of printed
circuits and interconnections on more conventional textile substrates. However, to
date printing circuits and interconnections on fabrics remains problematic due to
textile surfaces, stretching, washing and wear and tear and following rigorous
testing, researchers at the National Textile Center, USA, have raised concerns
about printed inks degrading through cracking and peeling and losing conductivity
after twenty-five