
1

A human-centred study exploring how garments and 
e-textiles, specifically nanofiber yarns and ‘bead’ 
textile structures, can mediate stroke recovery.



2

Funded by:



3

Sponsored by:

 

THESIS DECLARATION

 This thesis represents partial submission for the degree of Doctor of 
Philosophy at the Royal College of Art. I confirm that the work presented here is my 
own. Where information has been derived from other sources, I confirm that this has 
been indicated in the thesis.

During the period of registered study in which this thesis was prepared the author has 
not been registered for any other academic award or qualification. The material 
included in this thesis has not been submitted wholly or in part for any academic 
award or qualification other than that for which it is now submitted.

Signed: ......................................

  Laura J Salisbury

Date: .................07/03/2021..........

The Royal College of Art
Ph.D Thesis

2021



4



5

ABSTRACT



6

“I  do  have  a  life outside of        rehabilitation  you  know, 
  life  does  exist  outside   of        rehabilitation.” 
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 Stroke is often a sudden, life changing event from which the pursuit for 
‘normalcy’ and or regaining one’s ‘self’ in the context of ability, mood, and lifestyle 
associated behaviours can be challenging. Upper limb paresis presents a significant issue 
affecting approximately 87% of stroke survivors. Indeed, deficits in strength and motor 
control, ’ are ‘at the core of stroke-related disability’. Yet currently there exists no officially 
proven ‘treatment’ for upper limb impairment, nor any form of rehabilitation that has 
‘meaningful impact at the level of impairment’.

Only half of all stroke survivors with an initial plegic (paralysed) upper limb regain ‘some 
useful’ function after six months. Current treatments are often primitive and lack evidence 
supporting their clinical effectiveness, with exercise programmes being difficult to maintain 
and failing to accommodate lifestyle choices and behaviours of the individual. 
Furthermore, there exists variations in post-stroke experiences depending on the level of 
deficit, geographical location (for availability and access to treatments) and behavioural 
attitudes that impact the course of recovery.

One year post-stroke upper-limb deficits are closely linked to declining states of mental 
health, specifically anxiety. This, along with the need to continually persist with 
rehabilitation has a direct impact on recovery, diminishing quality of life as individuals are 
expected to become ‘athletes of their condition’.

Stroke incidence is set to increase by 123% over the next two decades. Where access to 
healthcare lags the improvement in nutrition in developing low-middle income countries 
and the costs of traditional stroke therapy are outside of the means of many individuals, 
mobile-based methods may be very important for these large populations. Further, current 
methods are not best suited for current and emerging lifestyles. This thesis addresses 
these two main areas through the lens of the garment. In doing so, the aim of this research 
is to therefore evaluate the potential for garments and e-textile to mediate stroke recovery.

By drawing upon the regular, ‘intimate’ correspondence the garment holds with the body, 
this PhD research re-considers the delivery and positioning of rehabilitation interventions 
relative to highly complex associations with ‘being’ and ‘becoming’; including identity and 
behavioural traits post-stroke. Rather than targeting time in therapy, this research presents 
a line of inquiry to enhance recovery at times between therapy, enhancing mobility, 
personal independence, and agency during activities of daily living across ‘public’ and 
‘private’ contexts. 

“I  do  have  a  life outside of        rehabilitation  you  know, 
  life  does  exist  outside   of        rehabilitation.” Anon. patient quote

Clinical observation
Follow up assessment 

28/01/2018
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With approximately 1.2 million incidences of 
‘first time strokes’ per year worldwide and this 
number set to rise by 123% over the next 20 
years, delivering appropriate and 
effective treatments that are intuitive, easy to 
use and complimentary to spontaneous use 
in lifestyles is a top priority. 



9

The PhD identifies that textile-based technologies have a compelling advantage in the 
frequency and manner in which the wearer engages with them that can influence the course 
of post-stroke recovery. Beyond this the research aims to understand the key elements of 
a garment that are expected, ‘familiar’, and desired, in order to utilise these qualities to 
improve uptake, compliance and integration of the intervention within contexts of everyday 
living. 

The capability of garments to influence mood, behaviour and personal identity is widely 
known and appreciated within the literature. Where, the use of a garment as a medical 
device or intervention is not new, the manner in which it is used and its position within care 
lacks critical review. In view of this, this thesis evaluates the use of garments as therapeutic 
interventions and identifies key opportunities and challenges for doing so. Findings from 
technical experiments, design practice and people-centred studies carried out in this 
thesis support this proposition, further advancing the body of knowledge in this area. A 
discussion of the garment as an intervention and findings from the experiments are 
included in three rapid, iterative, user experience case studies (Chapter four) and one 
major case study (Chapters five to nine).

Notably, the major case study takes a practice-based approach in investigating the key 
underlying mechanisms that contribute to upper limb functional recovery, with a focus on 
how the components embedded in the garment itself could help 
modify levels of reticulospinal and corticospinal input to improve functional recovery of the 
upper limb. Methods of using nanofiber yarns and a novel ‘bead’ component are 
developed within this research to target forearm flexors and extensors, forming the major 
case study exploring the use of garments as an interventional tool.

In summary, this thesis introduces a methodological framework that may be implemented 
within other wearable healthcare research and development projects, as well as a critique 
of the positioning of the garment as a therapeutic device to inform future material 
development directions. In doing so, this thesis has begun to pave the way for intersecting 
materials science, design and neurology in developing new  textile components with 
promising opportunities for future research in personalised and accessible healthcare. 
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Figure 8.23:  Specimen Si-18-2: a) peak process graph; b) plot of results detailing %wt of the core
yarn, alpha and beta fractions of PVDF
Figure 8.24:  Illustration indicating the positioning of wires connected from the oscilloscope to the 
yarn specimen
Figure 8.25:  Overview of set-up of yarn specimen in Instron Tensile tester [Point x: Indicating 
connection between PVDF coating and data logger wire; Point y: Indicating de-weighting technique] 
(Author’s archive)
Figure 8.26: Snapshot of data collection in progress (Author’s archive)
Table 8.27: A summary of parameters and observations in tested specimens
Figure 8.28: Output voltage produced by specimen Si-15
Figure 8.29: Output voltage produced by specimen So-6

CHAPTER 9.0
Figure 9.1: From fMRI to Body Scanning: The body as a research tool (Author’s archive)
Table 9.2: Final garment specification: A summary
Figure 9.3:  (Half) Toile 1: Long sleeved basic jumper (Author’s archive)
Figure 9.4: Toile 2: Integrated bra 1 (Author’s archive)
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Figure 9.5: (Half) Toile 3: Integrated bra 2 (Author’s archive)
Figure 9.6: (Half) Toile 2: Integrated bra 3 (Author’s archive)
Figure 9.7: Considering the placement of energy harvesting yarns in the garment: annotated body 
scan images 1 
Figure 9.8: Considering the placement of energy harvesting yarns in the garment: annotated body 
scan images 2 
Figure 9.9: Pattern 1: Energy harvesting panels
Figure 9.10: Pattern 1: Considering component positioning
Figure 9.11: Considering access to arm for regular hospital procedures [if the affected arm is needed] 
Figure 9.12: Demonstrating the pattern construction (Author’s archive)
Figure 9.13: Paneled t-shirt (Author’s archive)
Figure 9.14: Graphical representation of a paneled jumper (Salisbury n.d. [b])
Table 9.15: Key insights and considerations from the sampling of a basic jumper
Figure 9.16: Integrating conductive tracks at the neckline: placement in knit structure 
(Author’s archive)
Figure 9.17: Bead concept 1.0: Integrating conductive tracks: Inside of garment (Salisbury n.d. [b];
Author’s archive)
Figure 9.18: Scaling up samples: The sleeve (Author’s archive)
Table 9.19: Scaling up samples: Integrating conductive tracks (Author’s archive)
Table 9.20: Scaling up samples: The bodice (Author’s archive)
Figure 9.21: Detecting heat spots in cut and reconnected conductive yarn (Author’s archive)
Figure 9.22: Final pattern development: Step 1 (Salisbury n.d. [b])
Figure 9.23: Final pattern development: Step 2 (Salisbury n.d. [b])
Figure 9.24: A final pictoral summary of the garment hypothesis (Salisbury n.d. [b])
Figure 9.25: Representation of component placement and network of conductive tracks within an 
inside view of the garment (Salisbury n.d. [b])
Figure 9.26: Diagrammatic representation of the bead concept 1.0 (Salisbury n.d. [b])
Figure 9.27: Final prototype: Inside of the garment 
Figure 9.28: Final prototype: Outside of the garment 
Figure 9.29: Final prototype: Neckline close-up
Figure 9.30: Representation of bead placement within an inside view of the garment (Salisbury n.d. [b])
Figure 9.31: Diagrammatic representation of the bead concept 2.0 (Salisbury n.d. [b])
Figure 9.32: Final prototype
Figure 9.33: Diagrammatic representation of integrating voice coil into bead casing: a) piston fully 
enclosed; b) ‘Square’ piston tip; c) ‘Domed’ bead head extended view; d) ‘Domed’ bead head 
retracted view; e) Perspective shot: ‘Domed’ bead head integrated into section of sleeve (Salisbury 
n.d. [b])
Table 9.34: Analysis of power consumption versus the size of voice coils to meet the stimulation 
parameters
Table 9.35: Safety considerations for using piezo and voice coil bead prototypes on healthy volunteers
Figure 9.36: Flange with stitch holes for stitching Bead concept 3.0 to sleeve
Figure 9.37: Cross-section view of full bead render (Author’s archive)
Figure 9.38: Full bead visibility: protruding on the outside of the garment (Author’s archive)
Figure 9.39: Top: Half bead render (Author’s archive); Bottom: Half bead render with central ridge form 
factor (Salisbury n.d. [b]; Author’s archive) gure. 9.26  Top: Half bead render without cen
Figure 9.40: Iterations of 3D printed nylon bead prototype. Top: Multiple scales of bead/3D printed 
sample prior to attachement (a) 30 x 30mm; (b) 15 x 15mm Left: with spine and living hinge, Right: 
without spine with click-lock bottom; (c) Left to right: 15 x 15mm, 10 x 10mm, 7.5 x 7.5mm;
Bottom: (d) Stitching the bead to the sleeve; (e) Bead prototype attached to the garment 
(Salisbury n.d. [b]; Author’s archive)
Figure 9.41: Overview of the bead in context to the garment (Salisbury n.d. [b])

CONCLUSION
Table 10.1: An overview of the positioning of case studies one to four in perspective to the research
structure
Figure 10.2: Summary of next steps
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APPENDIX 2.8
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APPENDIX 3.0
APPENDIX 3.1
Table A3.11: Female participants
Table A3.12: Male participants

APPENDIX 3.2
Figure A3.21: NIHR UK stroke research workshop certificate

APPENDIX 3.3
Figure A3.31: Clinical observation contract (Part 1)
Figure A3.32: Clinical observation contract (Part 2)
Figure A3.33: Clinical observation contract (Part 3)
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VIDEO PLAYLIST
 Where QR codes have been included in the figures to provide 
access for the supportive videos, a playlist has also been created on vimeo as 
an alternative. The complete links are included below as reference. Please use 
password THESIS2021 to gain access.

Methodology:
 Figure. 0.2.9 ‘Under Development’: Visualising the body post stroke via body scan-
ning. A visual of early scan data
Body scan 1 link: https://vimeo.com/517769226
Body scan 2 link: https://vimeo.com/517769249

Chapter 4.0: Embedding rehabilitation into a garment
 Figure. 4.15 Sleeve toile connected to power supply prior to testing 
Link: https://vimeo.com/517769970
 Figure. 4.17 Dress demo: Changing sleeve shape to generate limb awareness
Link: https://vimeo.com/517769935
 Figure 4.24 Pemotex ribbon, conductive yarn and Lycra: Using electrical energy to 
induce shape changes and counteract gravitational forces
Link: https://vimeo.com/517770469
 Figure 4.25 Demonstrating thermal conduction via heat gun
Link: https://vimeo.com/517770109

Chapter 7.0: Manipulating textile softness
Figure. 7.15 Participant discussing sleeve length in response to Sample 31
Link: https://vimeo.com/517772437
 Figure 7.17 Participant response to Sample 32
Link: https://vimeo.com/517770179
 Figure 7.18 Close-up of surface structure with protruding PVDF stitches
Link: https://vimeo.com/517770400

Chapter 8.0: Yarn design, construction, experimentation and testing
 Figure. 8.20 Oscilloscope observations of Specimen Si16
Link: https://vimeo.com/517772237
 Figure 8.26 Nanofiber separation from the core yarn
Link: https://vimeo.com/517772366

Chapter 9.0: Exploring garment specifications
 Figure. 9.24 Full bead render - Link: https://vimeo.com/517769903
 Figure 9.26 Half bead render - Link: https://vimeo.com/517770061
 Figure 9.31 Final prototype: Inside of the garment 
Link: https://vimeo.com/517770007
 Figure 9.36 Final prototype - Link: https://vimeo.com/517770035

Appendix 2.2: A practice diary: Supplementary sample photos
 Figure A2.27 Lino weave. The development of movement: Part 1 - Gather
Link: https://vimeo.com/517772523
 Figure A2.28 Lino weave. The development of movement: Part 2 - Pleat
Link: https://vimeo.com/517770271

Appendix 2.6: Sample specification (Sample Series I)
 Table A2.61: Sample specification (Digitally knit samples from Sample Series I)
Link: https://vimeo.com/517770336
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Contextualising the research

 Upper limb paresis is a debilitating consequence of stroke and other 
neurological disorders, affecting approximately 87% of stroke survivors (Parker et al., 1986) 
and approximately 25% of surviving term infants (Inder and Volpe, 2018). Only half of all 
stroke survivors with an initial plegic (paralysed) upper limb regain ‘some useful’ function 
after six months (Kwakkel, 2003), with issues persisting after four years in around 50% of 
individuals (Broeks, 1999). 

Activities of daily living (ADLs), such as feeding oneself, dressing, washing and basic 
hygiene are largely dependent on arm function (Sveen, 1999). Engaging with ADLs can be 
difficult following upper limb paresis, impacting quality of life.

As a result of upper limb paresis the flexor muscles become increasingly active, in some 
cases, developing into spasticity (Zaaimi et al., 2012). In contrast, varying levels of 
weakness are experienced in the extensor muscles. This depression of strength, control 
and reflexes can lead to hyperreflexia, overactive or over responsive reflexes, and increased 
tone resulting in clear changes in limb posture and positioning (Figure 0.1). Consequently, 
a loss of finger extension can occur, negatively impacting the ability to grasp (Zaaimi et al., 
2012) and perform finer motor control. 

Deficits in strength and motor control, defined as ‘the ability to make coordinated, 
accurate, goal-directed movements (Krakauer, 2005), are ‘at the core of stroke-related 
disability’ (Krakauer and Cortes, 2018). The prevalence of weakness demonstrably has a 
profound impact on the physical identity of the individual. This can cause stigma and is 
hence disguised or hidden; leading to self-isolation and avoiding public spaces from 
time-to-time: “I just want someone to look at me, not always at my arm” (AA, 2018).

One year post-stroke, upper limb deficits are closely linked to declining states of mental 
health, specifically anxiety (Morris, 2013). Within the Cochrane systematic review of upper

0.1.1

Figure. 0.1.1 Left: Visualisation of changes in limb posture and positioning 
(Zaaimi et al., 2012); Right: Participant body scan (Author’s archive)
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limb rehabilitation (Pollock et al., 2014a), long-term upper limb deficits were reported to 
have an association with ‘poorer perception of health-related quality of life’ (Franceschini, 
2010) and subjective well-being (Wyller, 1997). Indeed, management strategies for anxiety 
are considered to improve health related quality of life and participation in rehabilitation 
activities (Morris, 2013). 

The restoration of extensor muscle use by improving strength is a common, important aim 
within rehabilitation (Zaaimi et al. 2012). Improving upper limb function in general is a core 
element needed to reduce disability and maximise patient outcomes (Pollock et al., 2014a). 
Currently there exists no officially proven ‘treatment’ for upper limb impairment (Stockley, 
2020), nor any form of rehabilitation that has ‘meaningful impact at the level of impairment’ 
(Krakauer and Cortes, 2018). It is not fully understood to what extent rehabilitation 
techniques contribute to recovery and how much of this is a result of spontaneous 
biological recovery (Charlton et al., 2003). Understanding of the core underlying 
mechanisms that are seen to contribute towards hand function and its restoration have 
been explored for decades (Muir and Lemon, 1983; Lawrence and Kuypers, 1968). 
However, along the way, research of motor learning, inter-hemispheric imbalance, and 
changes in cortical excitability, functional connectivity and reorganisation have shown little 
to no impact on recovery (Krakauer and Carmichael, 2017; Krakauer, 2018). More work is 
required to better understand the impact of the underlying mechanisms on upper limb and 
hand function, which Chapter five explores in more detail.  

However, with existing methods of rehabilitation failing to achieve the minimum guidelines 
of rehabilitative training required by around 240% (Wade, 2018) and input from a therapist 
considered rare beyond six months post stroke in the UK (Rodgers et al., 2015), there 
exists a real need to explore effective approaches that compliment current methods and 
boost gains to improve the outlook of stroke survivors. Beyond the UK, particularly within 
low-middle income countries (LMIC), large sections of the population lack access to health-
care and guidance on health-related nutrition, rendering them to high risk of developing 
type two diabetes and obesity; both well-established risk factors for stroke. Moreover, the 
costs of traditional stroke therapy are outside their means. “The impact of mobile-based 
methods, such as wearable healthcare, may be very important for these large populations” 
(Baker, 2020).

With approximately 1.2 million incidences of ‘first time strokes’ per year worldwide and this 
number set to rise by 123% over the next 20 years (Royal College of Physicians, 2016), 
delivering appropriate and effective treatments that are intuitive, easy to use and 
complimentary to spontaneous use within existing lifestyles is a top priority.

This presents an need and opportunity for re-thinking approaches to rehabiliation to 
support the increase in rehabilitation requirements. This requires an understanding of the 
behaviour and lifestyles of survivors post-stroke that lacks documentation in the literature 
(Drummond, 2020).
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Positioning the garment 

 The capability of garments to influence mood, behaviour and personal 
identity is widely known and appreciated (Simmel [1900], 1989; Goffman, 1959; Wilson, 
1985; Bourdieu, 1984; Bovone and Mora, 1997; Entwistle, 2000; Ruggerone, 2017; 
Finkelstein, 2007; Sampson, 2018). Therefore, the use of the garment as a research tool to 
unpack factors related to behaviour and lifestyle is attractive. 

The focus of this research is in exploring the current stroke landscape (research questions 
one, two and five listed below), current clothing needs to identify the current relationship 
between the garment and stroke survivor (research questions three and four) and thereafter 
the potential for using garments as next-generation therapeutic tools for influencing the 
rehabilitation and recovery of upper limb impairments (research questions six and seven). 
This will be explored throughout the thesis via three small and one large case study that 
aim to demonstrate how garments can provide an alternative manner, or platform for 
delivering treatment alongside everyday life.

Research question (i): What are the most significant challenges existing in current and near future post-stroke 
upper limb recovery?
Research question (ii): Why is there a need to intervene?
Research question (iii): What are the opportunities for using a textile/ garment-based intervention?
Research question (iv): What are the barriers for utilising a garment in the space of healthcare, 
specifically stroke rehabiliation?
Research question (v): What mechanisms contribute to upper limb function?
Research question (vi): How might a textile (component) manipulate the underlying neural pathways which 
dominate control of the hand and upper limb?
Research question (vii): How is the role of the wearer/ recipient of care positioned in accordance with the 
delivery of care and how do the material choices impact this?

The capability for garments to influence neurological responses, motor 
recovery and therefore, enhancing human ability is less known. The use of garments in 
medicine is not new (Moseley et al., 2007; Attard and Rithalia, 2010; 
Coghlan et al., 2019; Richards et al., 2020; Zhao et al., 2020); However, the manner in 
which they are used and their position within care lacks critical review. The emergence of 
‘wearable technology’ and ‘smart textiles’ provides an opportunity to reconsider the 
positioning and provision of healthcare; blurring the boundaries between the delivery of 
care and everyday life, specifically in ‘mobilising’ healthcare by replacing “plugged-in” 
machinery as “part of the digital health revolution” (Joyce, 2019). Where access to healthcare 
and traditional stroke therapy often relies on attending clinics or having the motivation and 
training to pursue self-guided therapy, mobile-based methods may be very important for 
large populations of stroke survivors experiencing upper limb deficits beyond discharge 
from hospital. 

0.1.2
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The contribution of this PhD is in demonstrating how garments can mediate the 
experience of stroke rehabilitation, exploring key opportunities and highlighting key 
challenges in doing so and providing a framework that draws together disciplines of stroke, 
material science, electrical enginnering, fashion and textiles with inclusive design in a 
manner that has not been achieved before. 

Key areas of exploration include: material choice, methods of integrating key 
materials/ components into the garment in manners that are deemed compatible with 
textile qualities and the type of intervention in line with medical and social needs.

The above are important because there exists a negotiation between needs of the garment, 
the needs of the ‘medical device’ functionality and the needs of the wearer. User
experience becomes central to guiding developments in areas related to comfort (Chapter 
seven), identity (Chapters two and three) and application to lifestyles, to name but a few. 
Such elements can be highly subjective and are based on experiental factors. This is 
supplemented by, and informs a range of technical calculations and experiments 
exploring the early feasiblity of realising the final concept presented in case study four 
(Chapters five to nine). 

Design research is increasingly contributing towards improving life via research into care 
(Rodgers, 2018), healthcare and quality of life via new experiences with wearable devices 
(Cutecircuit, 2019). The impact of working practically in this space is considered to 
contribute towards a furthering understanding of the complexities that influence recovery 
and life post-stroke, from an alternative perspective to the medical model¹. By working with 
a people-centred, design-led approach², rehabilitation needs and methods are considered 
and questioned. Rather than replicating what has gone before, the form of rehabilitation, 
including the origin of care is critically examined.

¹ The medical model of disability views disability “as an impairment that needs to be treated, cured, fixed 
or at least rehabilitated [...] a deviation from [the norm]” (Degener, 2016). It states, therefore, that exclusion 
results from the impairment.
In contrast, the social model of disability views disability “as a social construct through discrimination and 
oppression” (ibid).
² ‘People-centred design’ or ‘human-centred design’ is an approach that focuses on the individuals “‘users’, 
their needs and requirements [to enhance the effectiveness], efficiency, improve [...] well-being, ‘user’ 
satisfaction, accessibility and sustainability” (International Organization of Standardization, 2019).
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0.1.3
Thesis Structure and Formulation 
of the Research Questions

 The thesis begins by introducing the theoretical framework within Chapter 0.2.
Chapter one then positions the reader directly within the ‘stroke landscape’, providing a 
range of key diagrams that culminate details of the ‘care system’ from findings both within 
the literature and from anthropological study. 
Chapter two proceeds with justifying the position of the research by questioning the need 
to intervene. It places an emphasis on not just identifying a clinical need and running with 
it, but taking the time to consider the wider consequences of intervening in relation to how 
society responds to disability and, in particular modes of care for stroke. 
Chapter three positions the garment as the area of expertise that the researcher brings to 
the line of enquiry. It begins by focusing on the positioning garments as a research tool for 
investigating activities of daily living and lifestyles post-stroke in line with challenges drawn 
from Chapter two. Within the latter half, the chapter re-positions the garment as having 
notable opportunities for intervening as a ‘platform for care’ (pp. 107). It concludes by 
explicitly identifying the challenges and opportunities for using a garment as a therapeutic 
tool, drawing from findings within the Chapter but also from prior chapters
Chapter four builds on insights from Chapter three, to explore the positioning of the 
garment as a therapeutic intervention through the emergence of three case studies. The 
case studies explore the correspondence between transitions, boundaries and 
constructed hierarchies within stroke rehabilitation, examining the technical feasibility 
briefly, but emphasising the impact of choice of intervention on the wearer and compliance, 
or even willingness, to use. The iterative nature is emphasised in the chapter introduction 
(pp. 137) and the findings from each case study are summarised in the concluding section 
of the chapter (pp.160 - 161), The chapter concludes with suggestions for stepping back 
and investigating the underlying mechanisms that contribute to upper limb recovery in 
order to be better informed about suitably intervening.
Chapter five marks the start of the final and largest case study (four). The purpose of the 
chapter is to unpack the type of intervention and the benefits to health and upper limb 
recovery in more detail. It sets up expectations for reading about a stimulation protocol 
hypothesis, choice of materials to meet these parameters and theoretical calculations to 
support this.
Chapter six then proceeds to focus on one of these technologies, unpacking theories of 
piezoelectricity. It demonstrates the range of challenges for using said materials, requiring 
further investigations beyond the chapter. 
Chapter seven develops a range of focus groups to explore the qualities³ of a textile that 
contribute to wearability, specifically, textiles using piezoelectric materials. 

³ Specifically how to manipulate softness levels; A particular gap in the literature.
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The chapter places emphasis on the importance of comfort on a wearer’s compliance of 
wearing a garment (pp. 211) to clarify the need to investigate when working with 
e-textile and other components that intend on being integrated into the garment. The 
chapter addresses this through practical investigations, concluding with key findings that 
are both specific to the line of enquiry in the case study (knitting with PVDF yarns) but also 
with identifying techniques with handling yarn combinations, orientation and integration of 
components (Figure 7.25) in a manner that can be utilised beyond the case study.
Chapter eight then proceeds to conduct a range of experiments to unpack the 
performance of energy harvesting methods and the design of energy harvesting yarns to 
better understand the potential use of these materials within the intervention (pp. 255). The 
introduction of material characterisation techniques is particularly important here, 
demonstrating a further strand of enquiry that informs the researcher about the material 
and suitability to the intervention. The chapter concludes (pp. 292 - 293) by evaluating the 
performance of the yarn specimens and thoughts for improvement, but also the challenges 
for using this method in the intervention.
Finally, Chapter nine brings together areas investigated throughout the thesis to introduce 
an early garment specification. It also introduces (pp. 297) further key considerations for 
developing the ‘device’ including understanding how the wearer can control the device, 
identifying key risks and hazards associated with use and mis-use, as well as garment 
style, fit and positioning of components.

The research questions⁴ and objectives are displayed in Table 0.1.2 in reference to the 
chapters, demonstrating the structure of the thesis whilst Figure 0.1.3 positions these 
relative to corresponding methods that are introduced in the next chapter; the 
‘Methodology’.  

⁴ Findings from research questions one and two were used to construct research questions three to eight.
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Table 0.1.2: Research Questions and Objectives

⁵ There are a lack of studies documenting long-term life post-stroke in the literature and therefore there is 
a need to gather primary evidence (Stockley, 2019).
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Figure. 0.1.3  Positioning the research questions and corresponding methods
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0.1.4 Thesis Icons

 The following key icons have been integrated within the respective chapter title 
pages to indicate the content and disciplines involved. The aim is to guide readers, 
demonstrating how the disciplines enter the thesis and correspond to one another at 
different stages.

Figure. 0.1.4  Thesis Icons
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METHODOLOGY
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Epistemological and theoretical perspectives 
of the research

 The contextual framework of this thesis is based on a mixed methods approach, 
forging methods of participatory design (Sanders and Stappers, 2008), design 
anthropology (Gatt and Ingold, 2016), within theories of constructivist grounded theory 
(Glaser and Strauss, 1967; Glaser, 1978; Strauss and Corbin, 1998), action research 
(Lewin, 1946) and Interpretive Phenomenological Analysis (Larkin et al., 2006). This 
framework (Figure 0.2.1) is considered beneficial to support the overarching inclusive 
design approach which places the researcher at the centre of stakeholder experience. The 
purpose of this is to critically analyse stigma, familiarity and degrees of normalcy, 
specifically within wearable technology and the use of a garment as a ‘platform for care’ 
that influences states of health and wellbeing. 

Additionally, where material investigations require input from both user-centred and 
technical data to evaluate material choice, systematic approaches are included too 
(indicated as ‘Material Testing and Characterisation’ in Figure 0.2.1). Such systematic 
approaches seek to make early enquiries into the feasibility of using a particular 
component or material for intervening. This data is combined with data from user-centred 
studies. The aim of combining these sets of data is to position material evaluations from 
the user’s perspective within an everday context.

Since the thesis explores the opportunities and challenges for using garments as 
therapeutic devices, both technical and user-centred data hold pivotal points of 
information for evaluation. However, although technical calculations are included, the 
thesis retains a constructivist approach to material characterisation and testing. 
Experiments are guided by exploratory design methods rather than predictive values and 
extensive engineering requirements, which lay out of scope to explore rigorously. Albeit, 
Chapters five and nine include some data with indications for future work noted in Chapter 
ten.
 
A constructivist epistemology questions “invariant laws of nature, mere social hierarchies” 
(Jeffreys, 2017), placing an importance on accounts collected through anthropological 
studies of lived experiences and knowledge (from both users and researchers). Hence why 
the research moves between ‘participant-led’, ‘participation between’ and a 
‘researcher-led’ focus (Figure 0.2.1). 

An emphasis is placed on the voice of the participants from a ‘strategic essentialism’ 
perspective (Spivak, 1993). Underlying ideologies and social constructs may therefore 
raise ethical concerns; which were brought into conversation with the stakeholders 

0.2.1
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Chapters two and three). 

The nature of the ‘trans-disciplinary’ work requires typical approaches to be re-thought and sometimes merged. However, depending on the expertise of the researcher(s) involved and their epistemological 
values, the approach may sit more so in one particular field than another. Who or what guides this varies. This research is interested in unpacking what is important in ‘being’, ‘living’ and on some level, what 
it means to ‘be’. As such, the research takes a semantic focus to explore to what extent a quality of life can be shaped. Where this Chapter introduces the methodology, additional details are included in the 
relevant chapters.
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Figure. 0.2.1. The theoretical framework: An overview

Chapters two and three). 

The nature of the ‘trans-disciplinary’ work requires typical approaches to be re-thought and sometimes merged. However, depending on the expertise of the researcher(s) involved and their epistemological 
values, the approach may sit more so in one particular field than another. Who or what guides this varies. This research is interested in unpacking what is important in ‘being’, ‘living’ and on some level, what 
it means to ‘be’. As such, the research takes a semantic focus to explore to what extent a quality of life can be shaped. Where this Chapter introduces the methodology, additional details are included in the 
relevant chapters.
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 In the first instance, there exists a need to understand the lives of those who have 
had a stroke. Grounded theory appeals to this as a recognised method that seeks to 
construct theory about issues of importance in people’s lives (Glaser and Strauss, 1967; 
Glaser, 1978; Strauss and Corbin, 1998); whilst also being used extensively in research 
focused on care, health and wellbeing (Boychuk and Morgan, 2004; Mills et al., 2006). 

Grounded theory and design anthropology are brought together to articulate the dialogue 
between health, wellbeing and a sense of self post-stroke, with key stakeholders (Figure 
0.2.2). Rather than seeking to prove or disprove preconceived ideas, a focus is placed on 
understanding issues of importance to participants via a constructivist approach 
(Charmaz, 2007). The perspectives of these individuals are highly valued both in the 
construction of the research questions, as well as in the development of the subsequent 
findings. The research therefore moves between a ‘participant-led’ focus, ‘participation 
between’ (i.e. where the researcher(s) and participants work together) and a responsive 
‘researcher-led’ focus (Figure 0.2.1). 

Colour coding of the font has been used to clearly differentiate between the participant’s 
voice versus other key stakeholders throughout the thesis: Green indicates the stroke/
brain injury survivor themselves; blue indicates the voice of clinical staff (PTs, OTs, 
consultants) and stroke researchers; whereas dark blue indicates community support 
teams.

  

0.2.2 Introducing the methodology

Figure. 0.2.2 Key stakeholders engaged in the 
research: Core - stroke survivor; 

Periphery - support network (carer, clinician etc.)
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The iterative nature of the research resembles action research models, commonly used 
within research for social impact (Lewin, 1946: 35). Moving beyond conventional 
scientific research models, the researcher is placed, at times, ‘inside the action’ (Figure 
0.2.4). In the final stages of the research, a range of quantitative methods are sought in 
order to decipher the effectiveness of early samples. This is achieved via methods of 
material characterisation, including thermal analysis, and the construction of a test rig to 
determine the piezoelectric response of the samples. Chapter seven attempts to quantify 
degrees of softness by grading samples, enabling the researcher to position highly 
subjective experiences within contexts of sampling in the absence of the participants 
themselves.

Critically, for the research to have impact and be implemented in the real world it must be 
accessible, desirable and, in some cases, needed¹. To design into this, it is necessary to 
not only understand the context in which the work sits², but to understand thoughts, 
feelings and therefore motivations for future behaviours via Interpretive Phenomenological 
Analysis (IPA). 

¹ The focus is placed around the individual in a people-centred approach, rather than the disease itself.
² Unlike Derived Theory, the research is not entirely an interpretation of the stroke context, but a construction 
of real world experiences. The research is rather a depiction of collective lived experiences that are 
responded to by both the researcher and participants through reflective practice.

Figure. 0.2.3  Graphical representation of the correspondence between areas of enquiry
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 Where grounded theory is typically more concerned with understanding the 
parameters of the process/event itself, IPA was used to gain insight into what it was like for 
the individual (Larkin, Watts and Clifton, 2006), particularly in focus group settings, where 
the line of questioning was semi-structured. 

The focus group attempts to draw upon participant’s feelings associated with the samples 
and experiences whereby the participant responds to the researcher’s response (samples) 
to the insights gathered. Unlike narrative analysis (Murray, 2000), participants’ stories and 
life events enter conversation spontaneously, rather than in a linear fashion. Since the data 
is gathered over a sustained period of time, across varying locations (a mix of 
community and clinical settings paired with literature findings), data analysis occurs in 
parallel to data collection. Thematic analysis is used throughout the thesis to categorise 
findings and “make sense of the data, and tell the reader what it does or might mean” (Braun 
and Clarke, 2006: 94). 

 In the first instance, Design Anthropology (Gatt and Ingold, 2013; Ingold, 2018) is 
used to learn more about the stakeholders, from general conversations and simply ‘being 
with’ them in their lived environments. This persists throughout the research; requiring a 
reduced proportion in time as the research develops, but acting to consistently ‘ground’ 
the developments and enable cross-checking of the findings in the methods which follow. 

Figure. 0.2.4. Mapping the thesis on to the model of action research 
(Adapted from Lewin, 1946)

0.2.3 Data gathering and analysis

0.2.3.1 Data collection methods



53

0.2.3.1 Data collection methods

It was important to understand lived experiences as they exist, with as little disruption as 
possible. Clinical observations and volunteer³ positions provided insight into existing 
approaches to care within hospital and community contexts. Participatory design 
workshops were established within the community centre; an environment the participants 
often resided in, rather than in an alternative space, to minimise disruptions. Personal 
insights from ranges of key stakeholders are included via participatory design groups 
(Sanders, E. B. -N., 2002), exploring behavioural needs and lived experiences. This acts as 
a comparison to clinical recommendations, aligning human-centred needs contained 
within everyday life in the process. The ‘participants’ are seen as ‘experts’ in their own 
right, of their own ‘lived experiences’; offering collective insights to the design process, ex-
panding silos of ‘expertise’ originating solely from the designer(s)’/researcher(s)’ vision, to 
that of a collective. Peer discussions move conversations from being about the self to, that 
which is for the collective, in comparing the self to others and considering how experiences 
may hold similarities and differences.

It is undeniable that in being human, researchers are part of the research endeavour, 
bringing with them a range of values and knowledge resulting from their sense of being 
(Heidegger, 1926). This holds influence on research outcomes (Guba & Lincoln, 1989; 
Appleton, 1997; de Laine, 1997; Stratton, 1997). The value of this correspondence, 
entanglement and presence of the researcher (Table 0.2.5) is utilised to understand others 
and their lived experiences. 

More was learnt about the participants through raw, unstructured moments and 
conversations, contributing to building a level of trust in order to draw out further insights 
that may not have otherwise been disclosed. Anthropological findings enabled the 
researcher to intuitively analyse latter findings in line with the participant personalities and 
behaviour. However, in the later stages of the research, where participants were asked to 
make robust judgements on the focus of the research and the qualities of the samples, this 
level of relationship was considered unhelpful in so much as it would likely bias responses. 
A distance was maintained between participants and the focus of the research⁴ to 
mitigate this (Chapter seven). Independent researchers were brought in to conduct the 
focus groups. Steps were also taken to engage new participants at later stages to refresh 
perspectives, reducing participant bias.

³ For ethical reasons, no data was collected or documented as a volunteer, but used to simply inform and 
build up a body of knowledge that could be utilisied when responding to the insights.
⁴ So that participants could not associate the work with the researcher.
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  Table 0.2.5: Role of the researcher and duration of research stages

 Within participatory methods the garment is used as a theoretical tool for gathering 
further insights into body behaviour, image and identity post stroke. The primary purpose 
is to understand the nature of the correspondence between the wearer, garment, textile 
structure, society and, more specifically body behaviour post stroke and resulting needs 
for recovery (Figure 0.2.2).

The use of garments, toiles and textile samples fits broadly into the area of discursive 
design (Tharp and Tharp, n.d) and critical design (Dunne, 1999). The use of garments 
presently and previously worn by participants along with garments never worn or imagined 
to be worn “encourage users’ reflections upon, or [engage] with, a particular discourse” (Tharp 
and Tharp, n.d). Whilst the development of toiles and textile samples provide a response to 
existing, experienced approaches to post-stroke care, demonstrating an alternative 
manner in which care may be deployed. In doing so, “preconceptions and expectations [are 
challenged] provoking new ways of thinking about the object [the garment and post-stroke 
care], its use [or delivery], and the surrounding environment” (Dunne, 1999).

Participatory workshops (Sanders, 2002; Sanders and Stappers, 2008) transition from 
learning about participants’ lived experiences to ‘working with’ participants to design 
alternative futures. Rather than ‘designing for’, participants take an active role in the 
research process; known as co-design (Sanders and Stappers, 2008). 

  

0.2.3.2 The development of participatory approaches
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The element of co-learning as a primary aspect of action research (Gilmore et al., 1986: 
161) moves from defining needs and desires into the development of considered 
responses and actions in the form of design practice. The garment is a key tool, as a 
design probe (Chapter three). Interaction between the garment and participants occurred 
in four ways:
 i) Handling and experiencing samples; 
 ii) Creating samples;
 iii) Through the act of dressing and wearer tests (Figure 0.2.6); 
 iv) Documenting responses and critique either via annotations (Figure 0.2.7), 
sketches or verbally; within group sessions or on a one-to-one basis.

Some individuals experience communication difficulties as a result of stroke (e.g. 
aphasia), limiting their engagement. Rather than excluding these individuals from 
participating, which is contrary to the values held by the research’s inclusive approach, 
alternative methods⁵ and additional support⁶ was provided to include them. Activities were 
designed so that participation was not dependent on a particular medium. 

⁵Participants were provided with appropriate tools for sketching, writing, typing and prototyping in addition 
to vocalising feedback.
⁶ Support workers and carers were included to support participants with communication issues, e.g. helping 
to explain topics and support participants expressing their opinions in activities. 
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Figure. 0.2.6 Experiencing the garment as design probe: wearer tests (Author’s archive)
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Figure. 0.2.7 The garment as a design probe: A participant annotating their response 
(Author’s archive) 
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  Upon establishing the hypothesis (Chapters five and six), a range of quantitative 
methods (material characterisation and focus group enquiries) were employed to 
analyse early experiments. Chapters seven to nine detail methods utilised, whilst Figure 
0.2.8 demonstrates the relationship of participatory design to other methods, with pilot 
clinical trials considered as future work (Figure 10.3).

 

Figure. 0.2.8 Graphical representation of the correspondence 
between methods of development and analysis 
(Salisbury, Ozden-Yenigun and McGinley, n.d.)



59

Before proceeding with Chapter one, a consideration is made towards the risks and 
difficulties in conducting the research:
1- Ensuring there is rigour and reducing bias in data gathered
Where necessary, independent data collection methods and personnel are brought in. Data 
is combined from a variety of sources and comparative therapies. Consultations with key 
experts identified through the literature (Baker, 2020), at key conferences (Stockley, 2020) 
and informal discussions with stroke consultants (Ward et al., 2018), OTs and PTs (ULP:d, 
2018; ULP:p, 2018) during clinical observation and within the community, provided the 
opportunity to cross-check data gathered in line with current and emerging research and 
practice. 
2- Enabling participation and support for recruitment of participant groups
Participatory methods are adapted in order to work closely with support workers, friends 
and families of those who do not typically participate in support groups and/ or 
rehabilitation. Partnerships with stroke and brain injury charities supports the recruitment 
of participants.
3- Developing and testing samples
Since there exists no suitable equipment within the RCA to complete sample development 
of the nanofibers, the research partnered with Alrai at Istanbul Technical University so that 
the samples could be realised. This was supported by a grant from Research England via 
the MedTech SuperConnector [Grant number: CCF07-3270] enabling the purchase of key 
equipment.
Body scanning (Figure 0.2.9) was used to visualise upper limb post-stroke ranges of 
movement. A grant from the Design Research Society made it possible to pursue this. Only 
one participant was scanned since this study was not aiming to quantify or produce vast 
data, rather to utilise the body scan to support the communication of the research via 
diagrammatic methods. Later on in the research the body scan was converted into a 
bespoke mannequin (Chapter nine), supporting development of the fit and positioning of 
the garment and bead respectively. 
Further access to equipment was required to conduct analysis on yarn specimens 
produced in Chapter eight. Funding from the Henry Royce Institute’s Equipment Access 
Scheme [Grant number: EP/R00661X/1] enabled testing to be carried out.

0.2.4Strategy for mitigating risk and 
handling difficult studies
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Figure. 0.2.9 ‘Under Development’: Visualising the body post stroke via body scanning
A visual of early scan data and QR codes displaying clips of two upper limb positions.

(Author’s archive)
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1.0
CHAPTER

Positioning the reader: 
Establishing the need of 

the research
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A critique of current practice

 The purpose of this chapter is to establish an understanding of the context with-
in which the research sits. As stated in Chapter 0.2, the first phase of the research aims to 
better understand the research space via ongoing anthropological enquiry (Table 0.2.5) and 
literature review.
In this thesis a focus is placed on stroke which remains the central theme to each case 
study exploring how rehabilitation may be integrated into garments and textiles (see case 
studies one to three in Chapter four and case study four in Chapters five to nine).
Therefore the aim of this chapter is to contextualise current approaches to treating upper 
limb hemiparesis within the wider system of stroke care. Information is collated from: 
 i) A 25-month anthropological case study conducted with key stakeholders (Figure 
B2 in methodology) in local London community boroughs¹; 
 ii) Clinical observations of Professor Nick Ward and team’s specialist Upper Limb 
Programme² ³; 
 iii) Consultations with additional stroke specialists: Professor Stuart Baker, Dr 
Rachel Stockley and Dr Alex Luff; 
 iv) Information gathered from attending UCL Partners Seminars; 
 v) Key stroke workshops including the NIHR UK Stroke Research Workshop 
(approved by the Royal College of Physicians) at Cambridge University in 2018¹. 
Additionally, stakeholder feedback and correspondence with stroke specialists provides an 
understanding of lived experiences beyond reported impacts from stroke literature.

The data was analysed for issues pertaining to upper limb rehabilitation from the 
perspective of key stakeholders, taking into account social and cultural factors that may 
come to influence the course of recovery; which become detailed further within Chapters 
two and three. 

Consent forms⁴ were used to document consent given by participants and responses were 
coded via thematic analysis (Braun and Clarke, 2006) to group and filter vast amounts of 
data. The data collected was thematically categorised within the following overarching 

¹ Anonymised tables of supplementary participant data, certificates of involvement and approval for clinical 
observations are located in Appendices 3.1, 3.2 and 3.3 respectively.
² Headway East London [spans 11 east London boroughs] and The Stroke Project [part of Shoreditch Trust].
³ The hospital for Neurology and Neurosurgery at Queen Square, London.
⁴ See Appendix 3.4

1.1

1.1.1 Approach
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themes: ‘Immediate Care’⁵ (Section 1.2), ‘Early Rehabilitation’⁶ (Section 1.3) and ‘Post 
Discharge’⁷ (Section 1.4).

Key diagrams (Figures 1.1, 1.5 and 1.8) have been constructed to summarise the patient 
pathway; developed in consultation with stroke survivors, clinicians and supplemented by
data from Cochrane, SSNAP and Royal College of Physicians reports, all dated within the 
last five years.

It should be noted that there exists several limitations in the analysis of current methods: 
 i. Variations in the availability of resources which differs across geographical 
locations, even from borough to borough within community services.
 ii. Clinical practice uses certain methods which are based on clinical knowledge and 
experience held by the therapist. Whilst reporting guidelines like the ‘TIDieR’ (Template for 
Intervention Description and Replication) checklist (Hoffmann et al., 2014) are increasingly 
used by studies which provide more detailed descriptions of treatments in trials, the 
evaluation of rehabilitation in stroke is seen to use poor reporting procedures. General 
terms, e.g. ‘standard therapy’ (Lohse et al., 2018) can include any number of combinations 
of approaches which fail to be rigorously defined within the literature (Stockley et al., 2019). 
This makes it difficult “to determine how well research evidence is being translated into routine 
practice and informs therapy provision” (ibid), as well as identifying and comparing existing 
and newly proposed methods. 
 iii. Wide ranges of comorbidities and disabilities resulting from stroke further 
complicate the ability to compare methods, since approaches of care are individualised. 
 iv. Variations in assessment types, measures used by therapists, and outcome tools 
used to classify arm function can make it more difficult to comparatively analyse studies 
(Persson et al., 2012; Stinear et al., 2017). It is often unclear whether a test is chosen based 
on cost, knowledge of being able to perform that test, or of relying on a test that they have 
always done. In the majority of cases tests are not conducted on reliability or validity, 
presenting major issues during data interpretation (ibid; Drummond, 2020). 
 v. In some cases (e.g. Lang et al., 2016; Rodgers et al., 2019), outcome measures 
may be incorrectly used: for example where negative symptom interventions use positive 
symptom outcome measures (Krakauer, 2018). 
 vi. There exists a need for more longitudinal research since, in some studies, there 
can be a reliance on data which is no longer applicable to current systems, length of 
hospital stay, methods of care and demography, to name a few (Drummond, 2020). 
 vii. There are limited datasets and an understanding of ‘life after stroke’ (Drummond, 
2020) or activities performed outside of therapy sessions (Stockley et al., 2019). The 
majority of data exists within the first six to twelve months post-stroke (Drummond, 2020). 
Research observations mainly include the intensity, number of repetitions and time given 
to training within therapy sessions (De Wit et al., 2005; Bernhardt et al., 2008; Lang et al., 
2009; Kimberley et al., 2010; Sjohom et al., 2014; Serrada et al., 2016). 
 viii. Finally, there is a limited focus on the negative symptoms in human trials. Animal 
models often focus on the negative symptoms⁸, whereas there exists an emphasis on the 
positive symptoms⁸ in humans (Krakauer, 2018).

1.1.2 Limitations and key considerations of the literature
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⁵ Care provided up until the delivery of rehabilitation within hospital
⁶ Hospital rehabilitative care and care received in rehab centres upon immediate admission from Acute Care 
Unit (ACU) and Hyper Acute Care Unit (HACU).
⁷ At home and community rehabilitation, specialist rehabilitation centres attended after returning home, along 
with the process of discharge.
⁸ See Glossary
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1.2 Immediate Care

Figure. 1.1 A diagram summarising data collected within 
the immediate phase of the stroke pathway
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 “Improvements in acute medical care mean that more people are surviving than ever 
before, but may need significant rehabilitation to restore function” (Stockley et al., 2019). 
However, methods such as thrombolysis have contributed to preventing greater levels of 
disability. Although, the percentage of individuals who receive this is relatively low (Figure 
1.1); with issues often relating to transportation/distance from specialised centres with 
thrombolysis and thrombectomy set ups (ULP:d, 2018) and the availability of trained staff. 
“Navigating the catheter can cause serious complications if not done correctly. Extending the 
catheter forward can cause a dissection and tear off parts of the vessel causing further 
blockage and more extensive brain damage” (CO, 2019). To boost access the integrated 
stroke delivery network has established plans to expand thrombectomy centres to have full 
geographical coverage and streamlined imaging within 72 hours, with thrombolysis having 
streamlined pathways with 24/7 coverage by 2024.

However, individuals may struggle to spot the signs of stroke in time to access immediate 
treatment and help if they are alone when the stroke occurs: “I was alone when I had my 
stroke. No one knew and I was left on the floor for days until they found me” (FF, 2019). In 
response to this campaigns (e.g. FAST) help generate awareness, albeit not 
comprehensively enough in some cases (Bietzk et al., 2012; Robinson et al., 2013). 

Once admitted to an ACU or HACU, the approach to care tends to be “mostly passive” 
(CO, 2019), emphasising prevention of secondary co-impairments such as contractures, 
pressure ulcers and deconditioning (Brandstater and Shutter, 2002). A focus is placed on 
methods to prevent further strokes. Preventative methods also exist prior to this stage of 
need for those in particularly vulnerable categories; e.g. the administration of 
anticoagulation treatment to sufferers of Atrial Fibrillation (AF) have been successfully 
reported in recent years (UCL Partners, 2020). Future plans aim to deliver a “seven day 
service including therapy” with improved primary and secondary prevention, AF detection 
and blood pressure (BP) management (ibid).

There remains key issues in regards to the acute care set-up which hold significant impacts 
on recovery. Whilst it is suggested that ‘most patients’ should spend the majority of their 
inpatient stay on either an ACU or rehabilitation stroke unit, observational studies mapping 
patient isolation in hospitals following a stroke conducted in 2005 (De Wit et al.) and again 
in May 2017 (Chouliara et al.), found that patients spend around a third of their day 
sleeping and lying with no activity. A trainee consultant suggests there are limits in what 
can be achieved in the ward: “The wards aren’t set up well for rehabilitation. There’s often a 
separate room for that, however, this can be difficult to access, particularly for those with more 
severe mobility deficits” (CO, 2019). 

Regular mobilisation of the upper limb is required to avoid joint contracture (Zaaimi et al., 
2012). Current guidelines advise early mobilisation (RCP, 2016a), which typically refers to 
providing support for getting up and out of bed. For patients who require little to no 

1.2.1 Initial support

1.2.2 Early mobilisation
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1.2.1 Initial support assistance this is expected to occur within 24 hours of onset. For patients who are 
medically stable but have difficulty moving without assistance, short daily mobilisations 
(sitting out of bed, standing or walking) with trained staff and access to appropriate 
equipment should begin between 24 and 48 hours of admission. Intermittent pneumatic 
compression within 3 days of admission to hospital should be offered to immobile patients 
for the prevention of deep vein thrombosis, with continuous treatment until the patient is 
mobile or discharged (RCP, 2016a).

The 2016 stroke audit (RCP, 2016a) also calls for investment in resources within particular 
areas of the acute pathway to deliver better outcomes in the long-term; indicating the 
benefit of focusing earlier in the patient pathway to reduce overall demand of long-term 
social care (ibid). In cases where participating in rehabilitation is not possible, support for 
maintaining movement in the limb should be offered (ibid). However, implementing 
rehabilitation at this point is often restricted by the set-up of the acute care environment: 
“Acute wards are focused on getting people out of hospital so the value of mobility is 
considered to a greater extent” (ULP:d, 2018). 

There also exists global debates as to when rehabilitation should begin. Australian 
guidelines recommend that rehabilitation should start at the earliest possible point in time, 
ideally on the first day following a stroke; based on the World Health Organisation 
International Classification of Functioning, Disability and Health model (WHO, 2021). An 
update of these guidelines states that: “starting intensive out-of-bed activities within 24 hours 
of stroke onset is not recommended” (Bernhardt et al., 2015); rather suggesting “frequent, 
short sessions of out-of-bed activity” for those with mild to moderate stroke. The optimal 
timing within the 48-hour post-stroke time period is however, unclear (Bernhardt et al., 
2015).

Questions surround the presence of a hyper-plastic state; which allows for greater amounts 
of spontaneous recovery and responsiveness to therapy strategies, including the use of 
appropriate interventions to facilitate the pre-existing architecture which remains (i.e. the 
use of intact neural pathways). Krakauer suggests that this “window of opportunity” is very 
short (although recovery is still possible in the chronic stages: Ward et al., 2019); lasting 
approximately four weeks from the infliction of infarct (Figure 1.2).

Current rehabilitation so far is not seen to be able to influence the extension of recovery 
residing from this ‘window’ (Krakauer, 2018), although significant studies (Biernaskie et al., 
2004; Zeiler et al., 2016) report the benefit of implementing rehabilitation at early stages. In 
identifying a postischemic sensitive period, a correlation between increased levels of 
recovery and earlier re-training was demonstrated. Figure 1.3 (Biernaskie et al., 2004) 
shows that, by initiating training at just five days post-stroke (point a on the graph on the 
right of Figure 1.3), in direct comparison to initiating enriched rehabilitation at fourteen 
or even thirty days post-stroke (point b), a correlation to improved recovery is observed 
(points aa and bb on the left graph, respectively). Zeiler et al. (2016), was able to reinforce 
these findings by inducing a second stroke, reviewing findings in the same ‘body’ (Figure 
1.4). They reported that after training was initiated eight days post-stroke; point w on 
Figure 1.4), recovery was seen to reach around 37% (point x). Yet when training was 
initiated just 48 hours⁹ post a second induced stroke (point y) in the same rodents, 
recovery could be seen to reach approximately 50% (point z on Figure 1.4). 
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Figure. 1.2 The spontaneous recovery of motor control of the upper limb (Krakauer, 2018)
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There exists many barriers to participating in rehabilitation, particularly at such an early 
stage. Individuals report struggling in coming to terms with having had a stroke and 
understanding the consequences of it: “At first I didn’t know what was happening, who I was, 
anything. You need someone who’s been through that to help talk to you” (EE, 2018). This 
has a direct impact on recovery (Jensch, 2017) by making it difficult to involve individuals 
within rehabilitation at early stages when these feelings may be initially heightened. “Some 
people just shut down. There was a gentleman in a bed near to me who looked into having his 
arm removed because it was like an anchor to him” (FF, 2019). Approximately a third of stroke 
survivors are reported to have some sort of emotional problem, yet there is little 
focus placed on asking people how they are feeling (Jensch, 2017). Jensch goes on to say 
that individuals often report a sense of strong emotion linked to their stroke; be that fear, 
powerlessness, and/or loneliness. This likely influences early participation.

Yet, considerations for early intense rehabilitation [specifically concerning electrical 
stimulation methods (Humm et al., 1999)] are met with objection for fear of exacerbating 
lesion volume resulting in declining behavioural outcomes⁹ (Krakauer and Carmichael, 
2017; Cortes and Krakauer, 2018). Current data still suggests that increases in neuronal 
activity or behavioural activity for between three to five days post-stroke can lead to 
increased damage (Clarkson et al., 2010; Clarkson et al., 2011). It remains unclear 
whether the use of alternative stimuli within this period would contribute to the same 
effects, although it is considered that due to the level of neuronal activity generated by 
such approaches, that it likely will.

⁹ Adverse effects were observed following an electrolytic lesion and immobilisation of the unaffected limb to 
promote intense use of the affected limb in rodent studies (Kozlowski et al., 1996; Humm et al., 1998). Effects 
of increased infarct volume were not observed following the infliction of ischemic lesions of a middle cerebral 
artery occlusion whereas declining behavioural performances were (Bland et al., 2001).
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Figure. 1.3 Benefits of implementing rehabilitation 
at early stages of recovery 
(Adapted from Biernaskie et al., 2004)

Left: 
“Staircase reaching test. The mean number of pellets 
eaten from the staircase below the impaired limb is 
shown [...] ER5* animals were able to retrieve more 
pellets than socially housed animals [and] showed a 
strong trend for improvement relative to ER30 animals 
(p = 0.07). ER5, n = 8; ER14, n = 7; ER30, n = 7; 
social housing, n = 6; controls, n = 9” (ibid). 

Middle: 
“Dendritic branching in the undamaged motor cortex 
[...] ER5 elevated the number of higher-order 
branches relative to all other groups [...] early 
rehabilitation enhanced the dendritic branch 
number relative to delayed ER” (ibid).

Right:
“Total dendritic length per cell in ER5, ER14, and 
ER30 animals was increased relative to controls; 
however, there was no change in length resulting from 
the ischemic insult” (ibid).

*ER5 - Enriched Rehabilitation, initiated 5 days post 
stroke (ER14 refers to initiation 14 days post stroke)
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Figure. 1.4 Demonstration of a postischemic 
sensitive period 

(Adapted from Zeiler et al., 2016)

Left:
“Schematic of experimental timeline. Initial CFA 

stroke at t1; Second stroke which occurred in either 
the medial premotor area (AGm) or in the visual 

cortex (occipital lobe) at t3; day of sacrifice at t3” 
(ibid).

Right: 
“Mice were trained to perform the skilled 
prehension task [...] (t1) after which they 

underwent photocoagulation-induced stroke [...] 
After a 7 day post-stroke delay (t2), the mice were 

then retrained for 19 days. A second 
photocoagulation-induced stroke was then 

induced” (ibid).
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1.3 Early Rehabilitation

Figure. 1.5 A diagram summarising data collected within 
the early rehabilitation period of the stroke pathway
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 After rehabilitation has been established, there exists a number of challenges in 
supporting functional upper limb recovery post stroke, specifically, issues of maintaining 
levels of repeated exercise (Stockley et al., 2019; Ward, 2005), limited resources for doing 
so, and a focus on retraining quality movements for functional recovery (Krakauer and 
Carmichael, 2017). Where current RCP guidelines¹¹ (Intensity of therapy, section 2.11.1A) 
state; “[undertaking] at least 45 minutes of each appropriate therapy every day, at a 
frequency that enables them to meet their rehabilitation goals, and for as long as they 
are willing and capable of participating and showing measurable benefit from treatment” 
(RCP 2016b), current approaches are failing to meet this target by a reported 240% 
(Wade et al., 2017). 
With one-to-one clinician-led rehabilitation limited to six weeks post stroke, individuals 
are reporting feeling abandoned and unsure what to do (Ward et al., 2019).

The approach to rehabilitation can also yield differing results. In general, there exists two 
distinct categories of upper limb stroke rehabilitation; firstly, functional recovery or 
‘retraining natural movement’ and secondly, compensation or ‘coping mechanisms’. 

“Functional recovery is associated with returning brain activation patterns back to 
‘normal’” (Ward, 2005). Following focal injury, functionally relevant adaptive changes are 
seen to take place in the brain (ibid). “Although clearly brain activation patterns will not 
normalise in all patients” (Ward, 2003a; 2003b). It has been observed that such changes 
are possible in the chronic stages post stroke (Ward, 2005) meaning retraining is possible 
even many years post stroke. 
To regain functional recovery, it is fundamental to focus on the quality of movements 
performed (Krakauer, 2018; Krakauer and Cortes, 2018) which takes time. Using 
techniques centred around the Neurodevelopmental treatment (NDT), the ‘Bobath 
Approach’ (Figure 1.6), underpinned by the work of Bernstein (1967), is a conceptual 
framework which focuses on retraining quality movements. A focus is placed on ‘how’ a 
task is completed; emphasising continuous correspondence between the self, action and 
context (Shumway-Cook et al., 2016). This differs from ‘Task Specific Training’ [including 

¹¹ The guidelines have their own limitations. Drummond (2020) suggests that, whilst a guide is useful to inform 
individuals, this can be misleading causing survivors and therapists as well, to use this as a ‘tick box’ exercise; 
i.e. stopping after reaching 45 minutes. Suggestions have been raised to review this since benefits of longer 
durations of therapy have been seen to show increased benefits to recovery:
Kumar et al. (2019) reported that patients who received 75 minutes more (than two hours total), were 14% less 
likely to be readmitted to hospital for support with physiotherapy in the future. “Findings also highlight that the 
current reported provision of upper limb therapy is markedly less than what is likely to be effective” (Stockley, 
2019).

1.3.1 Overview

1.3.2 Distinction between functional recovery and compensatory 

1.3.2.1 Functional recovery

 After rehabilitation has been established (Figure 1.5), there exists a number of 
challenges in supporting functional upper limb recovery post stroke, specifically, issues of 
maintaining levels of repeated exercise (Ward, 2005; Stockley et al., 2019), limited 
resources for doing so, and a focus on retraining quality movements for functional 
recovery (Krakauer and Carmichael, 2017). Where current RCP guidelines¹⁰ (Intensity of 
therapy, section 2.11.1A) state; “[undertaking] at least 45 minutes of each appropriate 
therapy every day, at a frequency that enables them to meet their rehabilitation goals, and for 
as long as they are willing and capable of participating and showing measurable benefit from 
treatment” (RCP 2016b), current approaches are failing to meet this target by a 
reported 240% (Wade et al., 2017). With one-to-one clinician-led rehabilitation limited to 
six weeks post stroke, individuals are reporting feeling abandoned and unsure what to do 
(Ward et al., 2019).

The approach to rehabilitation can also yield differing results. In general, there exists two 
distinct categories of upper limb stroke rehabilitation; firstly, functional recovery or 
‘retraining natural movement’ and secondly, compensation or ‘coping mechanisms’. 

“Functional recovery is associated with returning brain activation patterns back to ‘normal’” 
(Ward, 2005). Following focal injury, functionally relevant adaptive changes are seen to 
take place in the brain (ibid). “Although clearly brain activation patterns will not normalise in all 
patients” (Ward, 2003a; 2003b). It has been observed that such changes are possible in the 
chronic stages post stroke (Ward, 2005) meaning retraining is possible even many years 
post stroke. 
To regain functional recovery, it is fundamental to focus on the quality of movements 
performed (Krakauer, 2018; Krakauer and Cortes, 2018) which takes time. Using 
techniques centred around the Neurodevelopmental treatment (NDT), the ‘Bobath 
Approach’ (Figure 1.6), underpinned by the work of Bernstein (1967), is a conceptual 
framework which focuses on retraining quality movements. A focus is placed on ‘how’ a 
task is completed; emphasising continuous correspondence between the self, action and 
context (Shumway-Cook et al., 2016). This differs from ‘Task Specific Training’ [including 
compensatory techniques], where task completion is prioritised. It is believed that “the use 
of structured task practice alone does not significantly improve motor function” (Winstein et 
al., 2016). Rather than being a series of rehabilitation techniques and interventions (for

¹⁰ The guidelines have their own limitations. Drummond (2020) suggests that, whilst a guide is useful to in-
form individuals, this can be misleading causing survivors and therapists as well, to use this as a ‘tick box’ 
exercise; i.e. stopping after reaching 45 minutes. Suggestions have been raised to review this since benefits 
of longer durations of therapy have been seen to show increased benefits to recovery:
Kumar et al. (2019) reported that patients who received 75 minutes more (than two hours total), were 14% 
less likely to be readmitted to hospital for support with physiotherapy in the future. “Findings also highlight 
that the current reported provision of upper limb therapy is markedly less than what is likely to be effective” 
(Stockley, 2019).

1.3.1 Overview

1.3.2 Distinction between functional recovery and compensatory strategies

1.3.2.1 Functional recovery
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example FES, body weight support treadmill training or CIMT), complex movement 
challenges are addressed via an “individualised intervention plan” (Cott et al., 2011).

Figure. 1.6 The Bobath model of clinical practice. (Michielsen et al., 2017)
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 In contrast, compensatory techniques often do not take into consideration ‘how’ the 
task is achieved; a cup may be picked up by not fully extending the arm, instead moving 
the trunk of the body closer, compensating for lack of limb extension. Emphasis is often 
placed on task success (ibid) within a repetitive task-oriented approach (French et al., 
2016) for both therapeutic methods and clinical investigations (Winstein et al., 2014).

By using other muscles in the body to achieve the same task outcome, this results in 
reduced use of the affected muscles which may accrue further disability as a result of 
persistent non-use. The use of such compensatory techniques of ‘coping’ then becomes 
the automatic manner of doing things (Murata et al., 2008). 

Murata et al. (2008) demonstrate that there often appears to be a dip in success rate when 
pursuing functional recovery, before the return of precision grip finally emerges (ibid). This 
can be misunderstood and off-putting for both the stroke survivor and, in some cases, the 
therapist, requiring time, dedication and understanding in order to push past this point. 
Whereas, with compensatory techniques there often exists a consistent incline of 
improvement, which can be misunderstood as signs of improvement, going on to limit 
long-term recovery.

Noticable gains offer hope to individuals to continue pursuing training: “I remember laying 
in bed and I saw my fingers move. This was really motivational to me” (FF, 2019). Particular 
methods of training can also help this: for example, the use of FES eliciting movement: 
“showed it was possible that a connection could be made” (ibid). 

Clinicians suggest that, often, due to a lack of time available with patients (Stockley, 2020), 
a focus is placed on teaching individuals coping mechanisms, particularly in those most 
debilitated and who need the greatest support¹¹. Attempts are made to restore function 
in stage four or higher, with consensus opinion stating that severely impaired upper limb 
treatment (less than stage four) should focus on compensatory strategies (Stockley et al., 
2019). The ability to recover is still considered dependent on the extent of damage; 50% of 
those with severe hemiparesis are deemed the ‘Non-Recoverers’ since they do not meet 
proportional recovery ‘standards’ (Stockley, 2019).

Table 1.7 summarises data captured from hospital staff reporting approaches to 
rehabilitation across the UK according to differing levels of deficit¹². A significant decrease 
is observed in additional unsupervised therapy from moderate to severe deficits with a 
greater emphasis placed on ‘coping with the deficit’ for severe cases. In contrast, milder 
deficits are seen to place a greater focus on task-based, structured exercise programmes 
in attempt to regain lost function. In some cases (~31%) additional therapy was given three 
times a week by rehabilitation assistants (Stockley et al., 2019). Whilst 29% reported that 
a carer or family and friends provided therapy every day for the survivor. The study also 
highlighted that the duration of upper limb training varied depending on where the patient 
was based; e.g. experiencing 21 minutes in the HASU/ ASU, 26 minutes in a ‘general 
rehabilitation’ department and 21 minutes with a therapist within the ‘community’, three 
times per week. All of which fall under the recommended 45 minute guideline per day.

1.3.2.2 Compensatory techniques
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Table 1.7: Approaches to rehabilitation: Data from a UK-wide survey 
(Adapted from Stockley et al., 2019)

 Variations in approaches to rehabilitation can be attributed to factors including: 
complexities in health conditions, pre-stroke health status, comorbidities and age-related 
factors often act as a barrier for participation in rehabilitation, especially in the early stages: 
“The baseline for deeming individuals ‘fit’ for rehabilitation [in hospital] is so high, and perhaps 
over cautious” (CO, 2019). Depending on the level of deficit, individuals may be unable 
to engage with some interventional tools (ULP:d, 2018). Additionally, not all methods of 
training are suited to particular behavioural needs: “The OT gives you practical things to do 
like washing up. That made me angry and frustrated because it feels demeaning. I don’t want 
to be given a washing up bowl and sponge. That’s not even how I do washing anyway” (FF, 
2019).

¹¹ There exists less consistency in treatments reported for people with severe upper limb deficits (Stockley 
et al., 2019).
¹² Self-reporting presents issues of bias.

1.3.3 Barriers to rehabilitation
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Intervention set-up times can present a barrier; if set-up becomes too long or difficult to 
set up, this reduces time that the physiotherapist has with the patient (Stockley, 2019). As 
such, the physiotherapist reverts to “what they know best: hands on exercise and 
assessment” (ibid).
Within current systems, the type of therapy delivered is beginning to change from a ‘hands 
on’ approach to providing advice in order to accommodate mental health needs (low mood 
and depression) which can pose a major barrier to recovery (Drummond, 2020). An 
observation by Ruth Parry over 15 years ago suggested that when ‘we’ chat (i.e. the 
therapist), ‘we’ tend to stop treating and offering ‘physical support’ (ibid). It may be 
considered useful to understand alternative methods for delivering mental health support, 
perhaps even from the perspective of stroke survivors who volunteer their time on the ward 
to support others.

Further issues pertain to a lack of focus on upper limb rehabilitation: “a greater focus is often 
placed on the lower limbs during rehabilitation” (Leff, 2018). It is suggested that this might be 
to avoid wheelchair use, a motivation to walk, along with a desire to leave hospital (ULP: 
d, 2018). However, “there’s often a regret from patients that there isn’t a focus placed on the 
upper limb” (ULP: d, 2018) since this is seen to influence quality of life, particularly, quality 
of independent living for which the upper limbs are required to perform key ADLs.
In the US there “is a general opinion that there is greater emphasis on the lower limbs due 
to the belief that you need both legs but you can ‘cope’ with one arm” (Krakauer, 2018). 
Consequently, where approximately two-thirds of survivors regain the ability to walk 
independently post stroke, less than half regain basic upper limb functions after a year 
(Broeks et al., 1999; Chen et al., 2015). Individuals suggest approaches could be rethought: 
“They should be trying to incorporate the arm with the body. Walking with the arm, swinging it, 
because you lose that” (FF, 2019). It is the small things that increase the difference between 
body behaviours and identities including such small gestures that naturally occur within 
everyday movements.

What is particularly apparent in the literature is that those who experienced milder strokes 
were likely to be younger, male, have fewer complications, receive thrombolysis and more 
intense therapy (McGlinchey et al., 2018). Individuals with fewer deficits and ‘barriers’, 
including pain, are also more likely to engage in rehabilitation. Efforts are required to 
consider how therapy might be delivered to those with significant barriers to both support 
the reduction of deficits experienced and further ones accrued as a result of non-use.
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1.4 Post Discharge

Figure. 1.8 A diagram summarising data collected within the post discharge period of the stroke pathway
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 Whilst the length of hospital stays fall, intensities of in-patient rehabilitation 
resources are failing to be replicated in the community resulting in patients receiving less 
rehabilitation (Rudd, 2017). Community support groups, specialist exercise programmes 
and clinics offer additional but varying support for individuals. In the case of community 
support groups, this can be in the form of social stimulus by getting individuals out of the 
house, sharing stories and providing peer support. Case workers can additionally help 
out with wider issues pertaining to disability support, appointments and referrals to 
specialists, as well as day to day requirements including housing. Specialist clinics such 
as the Upper Limb Programme at Queen Square provide intense rehabilitation training 
and support; introducing techniques as well as helping individuals to manage their own 
recovery plan.

Early supported discharge (ESD) is now provided In most areas services, supporting 
people to leave hospital earlier. However, there are often insufficient community stroke 
specialist services to support those with severe disability in their transfer from hospital to 
home. (RCP, 2016b).  

Delivering rehabilitation to ‘adequate‘ levels beyond the hospital is limited. In the UK, it 
was reported that over half of stroke survivors consider available rehabilitation services 
as suboptimal (McKevitt, et al. 2010) and feel abandoned by the system post discharge: 
“You get six weeks help then you’re on your own after that.” (RR, 2018); “Therapists leave 
it up to the family to help but they can’t be with you all the time. It’s difficult for families to 
know how to help” (EE, 2018).  

To place this into context, before it was known that the brain has neuroplastic ability to 
re-learn lost abilities following stroke, clinicians would wait until a six week period had 
passed before assessing the individual for remaining cognitive function (Taub et al., 
2006). It was believed that, at this stage, the body would have recovered to 
approximately 90% of its ‘new ability’. This was discovered to be incorrect (ibid). Yet 
still “the general rule is that patients remain for 6 weeks in community care rehabilitation 
services post discharge. This is based purely on pragmatic studies, what the funding can 
afford and not on any medical evidence” (ULP: d, 2018)¹⁴. 

Kings (2017), suggests that it becomes a case of “not what happens when we [PTs/ OTs] 
are there, but what happens when we are not there”. Non-use impacts training 
programmes, which have to make up for declining movement and increasing stiffness 
that can happen over short periods of time: “My arm feels tight on a regular basis. To the 
same amount each day, mainly at breakfast, but it does loosen throughout the day as I 
use it” (HJ, 2018). Attending to this requires a change in lifestyle habits which can be diffi-
cult, affecting motivation and pursuit of recovery.
Issues arise when approaches to on-going care do not fit into the lifestyle and 
behavioural needs of the individual. The need to persistently train can be unfamiliar to 
many who have not exercised to such levels of intensity pre-stroke. Furthermore, the time 

¹⁴ Therapy continues beyond six weeks for those who do not have any family (DD, 2018)

1.4.1 Overview

 
Whilst the length of hospital stays fall, intensities of in-patient rehabilitation 
resources are failing to be replicated in the community resulting in patients receiving less 
rehabilitation (Rudd, 2017). Community support groups, specialist exercise programmes 
and clinics offer additional but varying support for individuals (Figure 1.8). In the case of 
community support groups, this can be in the form of social stimulus by getting individuals 
out of the house, sharing stories and providing peer support. Case workers can 
additionally help out with wider issues pertaining to disability support, appointments and 
referrals to specialists, as well as day to day requirements including housing. Specialist 
clinics such as the Upper Limb Programme at Queen Square provide intense rehabilitation 
training and support; introducing techniques as well as helping individuals to manage their 
own recovery plan.

Early supported discharge (ESD) is now provided In most areas services, supporting 
people to leave hospital earlier. However, there are often insufficient community stroke 
specialist services to support those with severe disability in their transfer from hospital to 
home.’ (RCP, 2016b).  

Delivering rehabilitation to ‘adequate‘ levels beyond the hospital is limited. In the UK, it 
was reported that over half of stroke survivors consider available rehabilitation services as 
suboptimal (McKevitt, et al. 2010) and feel abandoned by the system post discharge: “You 
get six weeks help then you’re on your own after that.” (RR, 2018); “Therapists leave it up to 
the family to help but they can’t be with you all the time. It’s difficult for families to know how 
to help” (EE, 2018).  

To place this into context, before it was known that the brain has neuroplastic ability to 
re-learn lost abilities following stroke, clinicians would wait until a six week period had 
passed before assessing the individual for remaining cognitive function (Taub et al., 2006). 
It was believed that, at this stage, the body would have recovered to approximately 90% 
of its ‘new ability’. This was discovered to be incorrect (ibid). Yet still “the general rule is that 
patients remain for 6 weeks in community care rehabilitation services post discharge. This is 
based purely on pragmatic studies, what the funding can afford, and not on any medical 
evidence” (ULP: d, 2018)¹³.

Kings (2017), suggests that it becomes a case of “not what happens when we [PTs/ OTs] 
are there, but what happens when we are not there”. Non-use impacts training programmes, 
which have to make up for declining movement and increasing stiffness that can happen 
over short periods of time: “My arm feels tight on a regular basis. To the same amount each 
day, mainly at breakfast, but it does loosen throughout the day as I use it” (HJ, 2018). 
Attending to this requires a change in lifestyle habits which can be difficult, affecting 
motivation and pursuit of recovery. Issues arise when approaches to on-going care do not 
fit into the lifestyle and behavioural needs of the individual. The need to persistently train 
can be unfamiliar to many who have not exercised to such levels of intensity pre-stroke. 
Furthermore, the time taken to participate in rehabilitation detracts from rebuilding one’s 
life (DD, 2018). 

1.4.1 Overview
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However, “[there exists an] importance of getting back to life and that in itself is rehabilitation” 
(ULP: d, 2018), so transitioning from 1:1 support to independent methods of recovery and 
use of the limb is an important step. 

Alternative methods may be considered to help boost gains and help to increase the 
intensity, frequency and duration of rehabilitation in the absence of a therapist: “I’ve used 
Saeboflex™ at home for around 30 minutes per day which has helped with my hand 
extensions. The swelling of my arm has reduced since I’ve been using it more [and promoting 
better blood flow]” (WW, 2018). However, similarly to therapist-led rehabilitation, set-up can 
also limit use: “I have to move the electrode pads to adjust and get in the right place but once 
it’s on it’s ok” (WW). Limitations depend on gains achieved: “[Saeboflex™] takes a long time 
to put on but the effort is worth it” (AA, 2018). In other cases, this can lead to device 
abandonment: “I got a body suit to help with my ataxia but it’s so tight that I can’t even dress 
into it [with help]. Even the larger size. So it’s useless” (HH, 2018); or alternative options where 
limitations are unavoidable¹⁴.

With the exception of some devices that work with therapists (e.g Tyromotion™), to this 
day, robotics, VR and the use of support staff have not had significant enough uptake to 
replace core staff (Drummond, 2020). A therapist provides more than just upper limb 
training (Rodgers et al., 2019); including a level of social contact and communication, 
identifying other issues, taking a more holistic and intuitive approach to care that a 
non-human device may not. The value of ‘hands on’ therapy should not be 
underestimated. There exists a high dependency upon training with a specialist: “There is 
no belief of any good being done for recovery outside of the clinic” (UCL: d, 2018); resulting 
in a long waiting list for community physiotherapy (AB, 2018).

The design of intelligent interventions and services that take this into consideration is 
therefore an important part of securing improved health and wellbeing outcomes. However, 
the rise of disability studies has led to the re-questioning of approaches to ‘treat’ 
disabilities. It becomes important to question whether the research should pursue 
improving lived experiences and well-being via the treatment of post-stroke upper limb 
deficits or to design improved environmental living conditions.

¹³ Therapy continues beyond six weeks for those who do not have any family (DD, 2018)
¹⁴ E.g. implantable stimulation devices that may be used to avoid skin irritations pertaining from electrode 
pad adhesives (FG, 2018)

1.4.2 Approaches to self-directed rehabilitation
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Chapter 2.0 Overview

 Although rehabilitation needs and early thoughts for intervening have been 
highlighted in Chapter one, the underlying reasons behind the pursuit of rehabilitation and, 
in some instances, pursuit of a ‘normal’, ‘familiar’ or an ‘ideal’ sense of self requires cri-
tique. The chapter therefore looks to justify the positioning of the research in looking to 
intervene, considering the consequences of doing so on one’s identity and ‘sense of self’ 
to which garments can hold influence over.

By combining constructivist epistemology with strategic essentialism (Spivak, 1993) this 
Chapter draws upon the development of assumptions used to shape society; “invariant 
laws of nature, mere social hierarchies and normal over abnormal” (Jeffreys, 2017), including 
aspects of disability law and eugenics, to question why we feel that, as society, we need to 
intervene. What leads us to view disability as something that requires ‘treating’ (see 
Degener, 2016) to regain a more “wholesome sense of self” (Jeffreys, 2017)? What causes 
us to view disability as less than? 

An importance is placed on accounts collected through anthropological studies of 
individual experience mediated by the garment. Placing the voice of the participants 
directly within the text illustrates the conversation beyond where the author and scholars 
from the literature ‘speak for’ them (Spivak, 1988). The aim is not to provide extensive 
debates about what ‘being’, ‘care’ or ‘disability’ is, since these can be found elsewhere in 
the texts referenced, but rather provide an insight into the drivers which shape approaches 
to post-stroke care and behaviours that influence the methods, outcome and choice of 
recovery.

 

The theories which have come to dominate thinking and shape the way we live throughout 
history have also contributed to the exclusion of certain groups of people. The construction 
of the term ‘normal’ is widely considered to be a pivotal moment that has come to re-shape 
the way we think about disability and pursuit of a sense of self that is ‘other’; within 
medicine, fashion and categories beyond these. 

The term ‘normal’ entered the English language around 1840, meaning of “constituting, 
conforming to, not deviating or different from, the common type or standard, regular, 
usual” (Davis, 2006). It originated as a result of developments in statistics, a branch of 
knowledge created with the intention of collecting data about the state (Porter, 1986: 18, 
24), to inform the development of the state, via increasing observation (Foucault, 1975). 

2.1

2.2Perceptions of disability
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Interpretations of the term have influenced the way individuals are treated socially, 
politically and economically; those defined by law (The Equality Act, 2010).
The term ‘average man’ was used prior to this in 1835 by Quetelet; again from statistics, 
the term combined moral and physical averages (Porter, 1986: 53) of human attributes 
which are seen to contribute towards this sense of ‘normalcy’. This was pivotal to the 
contributions of a socially constructed ‘norm’ of self and of groups of people ‘les classes 
moyens’ (or middle class); a class most celebrated for ‘moderation and middleness’ 
(Porter, 1986: 101). This class held desirable traits including the association of good health 
(Defoe, 1975); not overeating like the upper class, neither malnourished like the lower class. 
Health, in particular good health, became a depiction of a ‘norm’ and a desirable way of 
life: “health is wealth and a sound mind in a sound body is the most priceless of human 
possessions” (Kevles, 1985: 62).

Today, where high sugar levels and processed foods are more readily available to the lower 
classes at a lower cost than healthier alternatives in most cases, higher levels of depravity 
and complex psychological webs related to advertising and the food industry are 
associated to the accumulation of diseases such as diabetes and stroke (Wisman and 
Capehart, 2010; Baker, 2020). As groups migrate and it becomes easier to experience 
foods from other parts of the world which was not possible 50 years ago, as such, 
changes in diet has impacted health (Popkin et al., 2001; Baker, 2020). When paired with 
limited growth within the health and educational sectors reducing lack of awareness, 
incidences of severe stroke are rising within more deprived areas of society (RCP, 2016a). 
This is not necessarily out of choice of the individuals but due to bad planning of the 
structure of living (low economic growth, limited income and green spaces, paired with 
high availability of low-cost fast-food shops, for example). Furthermore, reduced access to 
higher levels of care (e.g. being able to pay and benefit from private physiotherapy, or tools 
to help recovery) places a reliance on free accessible services within the community and 
NHS, where often, demand outstrips supply (Stockley, 2019).

Historically, the disabled ‘body’ (defined by bodily attributes) became grouped with people 
who were considered ‘unfit’ and ‘undesirable’; with criminals, those of mental 
incompetence, low intelligence and the poor. This was the ‘defective class’ (a pre-WWI 
attitude) under the theory of eugenics (Davis, 2006). The inflection of representations of 
socially constructed disability identities in line with such ‘unhealthy’ and ‘other’ 
characteristics throughout literature, have also played a key part in this; documenting 
ideological shifts in representations of the self and others (Korotkova, 2017). Examples 
appear in distinctive texts such as Shakespeare’s Richard III, Homer’s Polyphemus and 
Victor Hugo’s Quasimodo (ibid, 2017) to name but a few. 

These binary notions of thinking of difference as a result of ‘power’ lead to “dualistic 
oppositions such as science vs. subjectivity, masculine vs. feminine” as well as the abled vs. 
disabled (Minh-ha, 1988). “Many of us still hold on to the concept of difference not as a tool of 
creativity to question multiple forms of repression and dominance, but as a tool of segregation, 
to exert power on the basis of racial and sexual essences” [including those also related to 
disability] (ibid).

Within medicine, the term ‘normal’ has been used extensively as a method of efficiently 
describing and distinguishing between matters originating from the self in ‘ordinary 
circumstances’ and matters which are ‘abnormal’; posing a threat to the finite balance of 
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systems that sustain life (Foucault, 1973). However, this sense of being ‘other’, less than 
‘the average man’, even less than ‘fully human and therefore, are not fully eligible for the 
opportunities which are available to other people as a matter of right’ (Dart, 2002) still 
exists: “Some people look at me and say that I’m disabled and so I can’t do anything. They 
think I’m useless” (TT, 2018). 

Patterns of disability can be seen within Industrialist societies, who have created new forms 
of disability via the accumulation of “workplace impairments, chronic lung disease, repetitive 
stress disorders” (Davidson, 2006) and more; all of which dominate the lower classes. In 
response to this and consequential unemployment rates, health and 
rehabilitation services have become developed, re-shaped and “exported to developing 
countries” (Holden and Beresford, 2002), where more than 80% of the world’s population 
of persons with a disability live (Davis, 1995: 8; Charlton, 2000: 7; World report on disability, 
2011). In these cases, the impairment is seen as needing to be ‘fixed’ or ‘treated’.  

However, changes in the way disability is thought of, has led academics to consider the 
opposite; where society is a limiting factor denying the individual inclusion, not the 
disability. It is society which fails to accommodate groups of individuals (Pullin, 2017) that 
requires changing, not the individual and their impairment  (Shakespeare, 2000; Johnston, 
2003). Current readers in disability focus heavily on social models rather than medical 
models (Garland-Thomson, 1997). The social model originates from the 1970s ‘Union of 
the Physically Impaired Against Segregation’ (UPIAS) who outlined the ’Fundamental 
Principles of Disability’ (Oliver, 1996), defining differences between impairment¹ and 
disability¹. It has influenced the perception of disability (Traustadottir, 2009). 

Notably, this binary notion of high income economies (HIE) leading the way with framing 
the social model is changing. Models of inclusive design aree seen to facilitate this, 
becoming adopted in LMIC and acknowledging that such populations should hold control 
in determining their own future (Zililo Phiri et al., 2016). Yet there still exists a disparity 
between social models of those more integrated, or involved with disability, and the rest 
of society: “in our present collective cultural consciousness, the disabled body is imagined 
not as the universal consequence of living an embodied life but rather as an alien condition” 
(Korotkova, 2017). Corrective methods, as far back as the 1850s, were seen in medicine 
as progress (Flaubert, 1965: 125). When considering the future of stroke rehabilitation, it 
becomes important to understand what it means for the individual to either pursue ‘normal’ 
movement patterns versus ‘accepting’ the way in which their body has transformed (WX, 
2019). To understand this further the term ‘care’ will be unpacked to analyse approaches 
to post-stroke care and pursuit of ‘recovery’.

The phenomenon of care¹ is defined by Heidegger as a being in the world with concerns; 
or cautious dealings with the ready to hand, be that others or things (Heidegger, 1926).
Heidegger defines this ‘concern’ as a ‘character of being’ and of being Dasein² as one of  

¹ ‘Care’ may be specified based on context; e.g., ‘healthcare’, ‘social care’, ‘home care’ or ‘self-care’, all of 
which can, broadly speaking, include varying levels of ‘treatment’, ‘prevention’ and ‘cure’ as demonstrated 
in Chapter one.
² See Glossary

2.3Notions of ‘care’ and ‘recovery’: 
between, with and about others



94

‘solicitude’ (ibid: 157), to care or hold concern for someone or something epitomises an 
element of what it means to be human. The notion ‘to care’ exists as a result of either 
‘being with’ and/or ‘being without’ someone or something³.  

It can be transactional to replace a shortcoming of another, given by a ‘care provider’ to the 
‘recipient of care’, stepping in and replacing self-care (ibid). Depending on circumstance 
and attitudes towards care, this may be deemed ‘necessary’, ‘required’ or even 
‘requested’⁴; as well as both paid and unpaid, which can impact the type, quality, duration 
and access to care (Rodgers et al., 2014).

The care system can provide a level of ‘human’ contact and support that changes lives. 
However, the approach to care can impact the recipient’s sense of self-worth⁵: 

 

When choice is removed individuals report feelings of anger: “You aren’t yourself in hospital. 
You can’t say yes or no. They help you to dress. When your brain comes back then you can 
say yes or no. It’s a big thing that hurts you when people decide everything for you. Feelings of 
anger build up inside” (DD, 2019).

This can have a direct impact on the public-facing self (explored further in Chapter three) 
but also impacts relationships: “My ex-husband used to have to dress me. It was 
embarrassing and I felt ashamed that I had to have someone do that for me. It changed our 
relationship so much that, well, we aren’t together anymore” (KK, 2018). When the carer is a 
friend or family member, caring can come at a “great cost [...] many [of whom] are forced to 
give up work to care [whilst also becoming faced with] considerable additional costs” (Rodgers 
et al., 2014). This can include a carer’s neglect for their own self-care.

Disability undoubtedly impacts relationships following brain injury. The effect on both the 
spouse, relative or friend, and the stroke survivor remains underexplored (Kreutzer et al., 
2007; Arango et al., 2008). In some instances, individuals use compensatory strategies to 
avoid depending on another: “I prefer to dress myself. So I do everything with my left side
(unaffected) and I cope” (BC, 2018).

³ “Being for, against, or without one another, passing one another by, not “mattering” to one another - these 
are possible ways of solicitude” (Heidegger, 1926: 158).
⁴ “Leaps in and dominates” (ibid: 159).
⁵ Just as “solicitude is guided by considerateness and forbearance” (ibid: 159), the level of consideration, 
or empathy (Mercer and Reynolds, 2002), for the other in the act of care can vary greatly, even reaching ex-
tremes of “inconsiderateness” (ibid), impacting the experience of care.

“The biggest thing that hurts is when 
people decide everything for you. 

I already felt useless but now even my 
personal choice was taken away. 

I felt even worse” 
(DD, 2018).
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Where care may be defined as a “provision of what is necessary for the health, welfare, 
maintenance, or protection of someone or something” (Rodgers et al., 2017: 1) care can also 
be damaging, degrading, and become heavily influenced by the underlying ideologies that 
have come to portray disability and need, in manners which have been discussed. Care 
can be enforced, literally, or lead individuals to think they need care and therefore demand 
it. Without it, individuals can feel useless, underserved, frustrated and ‘not cared for’. As a 
result, care, including self-care can be ‘more problem than cure’ (Rodgers et al., 2017: 1) 
causing further problems and dominating life: “I do have a life outside of rehabilitation you 
know, life does exist outside of rehabilitation” (WW, 2018). 
In contrast, there exists a type of solitude which does not leap in for the other as a  
‘provision’, replacing him/her, but leaps ahead of him/her (Heidegger, 1926: 158). In this 
way care is seen to empower the other to give it back to him/her, not detracting from life, 
but rather supplementing it, enhancing and enriching it; even to, in some cases, simply 
‘let be’.

‘Empowerment’ in this respect can be considered on different levels:
 i) By training the individual to care for themself ⁶
 ii) By stepping back to allow space for self-care⁷ to take place
 iii) or in reconsidering the means by which to be ‘independent’. Contrary to ‘doing 
things for yourself’ (French and Swain, 2013), it is rather a method of being in control of, 
having choice and removing/reducing the barriers which self-care can present: 
“…independence is not necessarily about what you can do for yourself, but rather about what 
others can do for you, in ways that you want it done” (Ryan and Holman, 1998: 19). 
Empowerment takes the form of reinforcing a presence, a purpose and identity of being; 
placing the needs of the individual at the heart of training, within a holistic manner to 
consider not only the task at hand but the factors surrounding this⁸.
 iv) Or alternatively, by re-focusing on the construction of society and its re-shaping 
rather than the disability itself to enable a quality of life to be lived within a more ‘inclusive’ 
society.

As has been established in Section 2.3, the pursuit of recovery and care can be isolating, 
excluding and degrading. Anthropological study shows that attitudes and behaviours 
towards post-stroke care vary depending on the individual. These are depicted in three 
overarching categories; ‘total dependency’; ‘rejection of care’; and ‘rethinking recovery’ 
(Table 2.1), occurring at different points in time, in any order, amount and extent. 

⁶ If knowledge required to care is not already known by the individual.
⁷ Either be caring for oneself (self-dependence), or having a correspondence with a tool or equipment that 
enables self-care (requiring a level of correspondence; not necessarily ‘passive’ in linearity of care, which 
would refer to care being administered and taking over the role of the self).
⁸ Including the implications of pursuing both movement (in line with functional recovery - factors rising from 
not doing so - i.e. further declines in health), and the emotional implications of recovery (emerging within 
stroke rehabilitation strategies but limited by the amount of time available - taking over training time and so 
often a priority is considered as to which one to focus on).

2.4Reflections on post stroke disability 
and approaches to ‘care’
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 Table 2.1: A summary of participant behaviours towards post stroke recovery
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⁹ A familiarity in methods can be useful (Crowe et al., 2018).
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 The way we have come to view disability can affect approaches to treatment and 
recovery. The language used, ‘otherness’ and ‘misfit’ or a lesser self, influences the pursuit 
of a more ‘normal’ and ‘whole’ self. The language used ‘obscures’ (Heidegger, 1947: 14) 
and deforms’ (ibid: 12) “what it is to come of be[-ing]” (ibid: 14), attaching misunderstood, 
misaligned meaning that can reduce the self to its bodily component parts. 

Treatment of what is seen to be a deficit can be a devastating realisation of the lack of 
consideration for the ‘self’ as a whole. A focus solely on the ‘pathogenic principles’ of the 
‘impairment’ results in wider consequences that exclude, impacting a quality of life where 
cultural rules control who the individual behind the disability is and what their life should 
be like (Garland-Thomson, 1997: 6). Research conducted by Dr Lindsey Oberman on the 
documentary ‘Can you rebuild my brain?’ (2018), focuses on ‘unlock[ing] empathy’ (ibid) in 
a gentleman with Autism via TMS (Transcranial magnetic stimulation). As a result of 
treatment ‘success’, the gentleman explains how he hates his new self; describing Autism 
as being his ‘comfort blanket protecting him from the world’. This ‘difference’ or ‘alterity’ 
arising from thoughts created from ‘homogeneous societies’ (Ingold, 2018) was not an 
issue that needed solving, but a benefit; a diversity that should have been celebrated. 
‘Otherness’ defined by Ingold (2018) as being a constant differentiation between selves is 
further suggested by Gilbert Simondon and Gil de Leuress as an ever emergent form within 
the matrix of relations within which we are immersed (ibid). Changing this changes the self. 

Individuals should be able to live with a deficit/a defining feature of the self, since non-use 
or absence of a limb can be present from birth or as a result of a life event (broken arm or 
infection leading to amputation). When evaluating wider ongoing consequences of non-
use of the upper limb, persistent non-use associated with some compensatory techniques 
causes further deterioration of health, in manners which can be painful and life threatening, 
(e.g. stiffness, swelling, pain, reduced circulation, muscle shortening, shoulder subluxation 
and increased limb weight which can make movement more difficult):  “Distortion can occur 
if you don’t use your arm. It also becomes more difficult to use” (XY, 2017), 

It becomes important to discern when and how to intervene. Although the social model is 
important within care to provide a contextual understanding of an individual (Bose, 2017) 
an understanding of the impairment via the medical model is imperative if the underlying 
mechanisms that contribute towards further decline are to be attended to. Therefore, 
addressing both the social and medical, or rather, biological models, i.e. the bio-social 
model, accepting that there is a biological need (requiring ‘medical’ intervention) but which 
still works with and within the social model (Thomas and Milligan, 2018).

2.5 Chapter 2.0 Summary
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The pursuit of recovery is greatly reliant on the individual behaviour expressed post-stroke. 
Prevailing social stigmas that have come to define disability are evident within participant 
responses and influence the manner in which the self is viewed post-stroke, but also the 
way recovery is pursued. 

Key challenges emerge from this chapter concerning the use of garments as therapeutic 
interventions. 
Firstly, it becomes particularly important to consider how the presence of the intervention 
in the garment changes the way the garment may be perceived. Questions that need to be 
explored further towards understanding how the garment is viewed by survivors 
post-stroke first, and how has this perception changed, if at all? Investigations may then 
focus on other types of existing ‘wearable aids’ and ‘devices’ that are currently used in 
stroke to better understand users’ experiences towards them. 

Secondly, the level to which the intervention may highlight or conceal the disability requires 
thought when moving forward with developments. The research should not only consider 
what is preffered by users, but also the wider consequences of pursuing that choice on 
wider conversations around disability. Although it is out of scope to explore this depth, it 
is an important point that should not be neglected for the influence of developments can 
have, as we have seen in this chapter, significant impacts on the way people live their lives, 
both those who are considered ‘disabled’ and those not.

To investigate these points further, Chapter three will embark on using the garment as a 
research tool to explore post-stroke identity, perceptions and behaviours of existing 
wearable interventions and aids.
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3.0
CHAPTER

Positioning the garment as 
a [research tool and] 

platform for care.
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Positioning the thinking

 “Dress is a basic fact of social life” (Entwistle, 2000: 323). It is a behaviour that 
can provide significant amounts of information about the wearer, the context the wearer 
exists in, and their correspondences to and with others. Garments are positioned as 
“records of lived, [expected and imagined] experience” (Sampson, 2018: 342). Within this 
part of the research they are presented as a research tool, a design probe for evaluating the 
post-stroke self; not solely in regards to the identity or character of self, providing critical 
information about the wearer’s behaviour within wider concepts of lifestyles that can 
influence approaches to recovery, but also in regards to ability and perception of ability 
from wider social constructs. 

The chapter will begin by defining the garment, its qualities and associations with the self, 
before presenting key findings from a long-term anthropological study with stakeholders  
investigating post-stroke identity, perceptions and behaviours of existing wearable inter-
ventions and aids. The chapter will conclude by re-positioning the garment as a promising 
tool for recovery and ‘platform for care’.

For centuries garments have been imbued with social meaning and functional attributes, 
in multiple entangled manners; beyond adornment where the body is seen as a ‘passive 
surface inscribed by various forms’, as social signifiers (Bourdieu, 1984; Wilson, 1985; 
Skeggs, 1997; Crane, 2000), organisational methods for the development of modern 
society (Simmel [1900], 1989). In addition to associations for ‘social performances’ 
influencing behaviour (Goffman, 1959; Finkelstein, 1991, 1996, 1998, 2007; Bovone and 
Mora, 1997), the garment also extends bodily functions and attributes (e.g. acting as an 
additional layer to trap and regulate body temperature), further still holding the capacity to 
‘attach’ or ‘equip’ the self with further functions; e.g., the ability to monitor body vitals and 
connect to external ‘appliances’ (Van Langenhove et al., 2007). In recent years, the rise of 
‘smart’ textile technology (first defined in Japan in 1989) has seen the garment hold greater 
possibilities (‘passively’ sensing, ‘actively’ reacting and/or adapting as a result [Zhang and 
Tao, 2001]), albeit not yet within mainstream fashion.

3.1

3.2Case study:
The garment as a research tool

3.2.1 Defining the garment
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The term ‘garment’, derived from the Old French word garnement meaning ‘equipment’ or 
from garnir  meaning to ‘equip’ (Oxford English Dictionary, 2019). Where Heidegger makes 
reference to the garment as ‘equipment’, he suggests that the garment is a ‘sign’ or 
‘symbol’ by which we come to recognise and associate meaning towards and of others 
(Heidegger, 1926: 79; 107); i.e. depending on further interconnected factors such as 
context, the garment is representative of human and non-human meaning. In the literature, 
the ‘body’ is seen to gain meaning via cultural influences (Mauss, 1973; Foucault, 1977, 
1986), but in doing so, reduce ‘the self’ to ‘puppet-like actors’ (Entwistle, 2000). In 
contrast, Merleau- Ponty (1976, 1981) suggests that the body becomes a part of, and is 
seen to ‘embody’ society from a phenomenological perspective. In terms of 
contextualisation and appropriation, it is evident that those who are not subversive and 
instead adhere to the ‘social codes’¹ (Entwistle, 2000), reduce the risk of ridicule, stigma 
and exclusion. For social codes have determined, through the construction of the ‘norm’ 
(Chapter two), which body image and ‘sense of self’ is appropriate in which context, and 
which are excluded. In cases where this is not possible (i.e. due to health-related reasons) 
stigma may be unavoidable.

The use of garments as research tools is not new. Ranges of studies have used the 
garment as a research tool previously, e.g. Sampson’s PhD thesis (2016), Ivanova’s PhD 
thesis (2015), Earley’s ‘Shirt Stories’ (2019), Storey’s Catalytic Clothing (Storey and Ryan, 
2011), Skinship (Solomon, 2020) and Ballie’s PhD thesis (2014) to name a few.
Throughout this case study alone, the garment demonstrated several applications as a 
research tool/ probe² (Figure 3.1):

1)  Exploring the sense of self/ personal identity pre- and post-stroke 
Garments that were once worn, but not any longer as a result of stroke/ brain injury, explore 
the self that is either pursued in recovery, grieved for, abandoned or reimagined. The 
garment recalls key life events leading to discussions about preferred sense of self and 
future identity.
Associations are often, if not always, primarily associated with the wearer. Then to ‘others’ 
who have worn a similar garment, with whom the garment was worn in the presence of or 
the individual who may have gifted the garment (Strathern, 1988; Gatt and Ingold, 2013); 
retaining memories through reflections, stains, smells and wears and tears it contains as a 
result (Sorkin, 2000). Within the space of wearable medical ‘devices’ there may also exist 
an association with the care provider and/ or bodily ‘disease’/‘injury’.

2)  Understanding post stroke ability: demonstrated through the dialogue and 
contact between the self and garment during dress
A platform for discussing day-to-day scenarios and functional aspects of the act of 
dressing. Focusing on garments worn by participants during the sessions provided 
opportunities to demonstrate and share experiences/ challenges about dressing/wearing a 
garment in person (Figure 3.2);

¹ Or semiotics, i.e. visual or behavioural symbols of representation as it is understood within a culture/ sub-
culture.
² All sessions were voice recorded with consent gained prior to the start of the session.
Consent forms were used to formally record consent; updating these after every six sessions.

3.2.2 Positioning the garment as a design probe
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3)  As an ‘adaptive’ probe that can be cut up, remade and amended; providing the 
opportunity for participants to consider alternative futures
By making, constructing and sampling garments through participatory methods, 
participants were given the opportunity to take greater control of determining possibilities 
of the garment construction, textile composition and visual identity. With the aid of the 
researcher participants were able to direct changes to be made to a garment to suit their 
personal needs and preference, or to partake in the making of an entirely new garment to 
suit (Figure 3.1). The toiles produced during these sessions were subsequently tried on, 
cut up, manipulated and/or remade demonstrating the qualities of the garment that are 
preferred which would later inform the development of a garment specification (Chapters 
seven and nine).
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Figure. 3.1 Photo compilation: The garment as a design probe and participatory 
design tool (Headway, 2018; 2019; Author’s archive)



107

Figure. 3.1 Photo compilation: The garment as a design probe and participatory 
design tool (Headway, 2018; 2019; Author’s archive)
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Responses were categorised by thematic analysis (Braun and Clarke, 2006) and revisited 
in a re-cap at the beginning of the next group session. This enabled participants to reflect 
on and discuss each other’s responses, whilst ensuring interpretation of findings were true 
and not misconstrued or taken out of context; reducing researcher bias.
Findings from the case study were categorised into the following themes:
 1. Personal image pre and post stroke: ‘Recreating oneself’
 2. Changes in the way the self is treated by both friends/family and the general 
public: ’Garment: body behaviour³ during wear’
 3. Dressing abilities; ’Garment: body behaviour in dressing’
 4. Garments as medical devices and issues with rehabilitation/ post-stroke care; 

³ The manner in which garment: body dialogue has been discussed in fashion theory has varied (Appendix 
1.1). This research takes a relationalism standpoint, which is seen to influence the nature of thought behind 
material interactions with post-stroke recovery (Chapters five to nine) in the construction of bead concepts 
1.0 to 3.0 later on in the thesis.

3.2.3 Case Study Findings 

Figure. 3.2 Knowledge exchange through the act of wearing: fit sessions and 
dressing demonstrations (Headway, 2018; 2019; Author’s archive).
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 Theme 1 - ‘Recreating oneself’
Discussions explored expressions of ‘lost identity’, reflections on who one used to be, 
frustrations regaining their ‘pre-stroke self’ and ‘sacrifices’ made in order to live 
comfortably:

Garments stand as a reminder of previous ability; through changes of body behaviour, 
some garments can no longer be worn: 

Although fashion has, in recent years, attempted to break many of the barriers which limit 
the acceptance of garments worn in particular contexts and by particular people, in 
particular ways, e.g., swimwear brand Chromat (Vogue, 2020) challenging Victoria’s 
Secret’s perception of ‘ideal’, the socially constructed contextualisation of garments still 
dominates thinking: 

3.2.3.1 Key insights

“As you grow up through life you form an identity 
through your clothing, [...] through everything you do 

and it becomes part of your personality.
When you first become disabled you’re very bound by 

clothes that fit comfortably, that fit over splints, that 
you can actually get over your arm. So you lose a bit of 
your identity through your clothing but you lose a bit of 

your identity 
because your body has changed and your perception 
of self is something ‘other’ than what you are used to” 

(WX, 2019).

“I felt really uncomfortable [going outside] 
because I can’t wear that top, 
put my earrings in, 
can’t put my makeup on” 

(HH, 2019).
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“A [stroke survivor] who I had known for a long time came 
in and said:
‘I am so sick of having to wear shell suit trousers all the 
time’
And I’d never really thought about the ramifications of [...] 
what that might mean to one’s sense of self [...], 
that having to wear certain clothing because you only had 
use of one hand to pull it on meant that you were limited in 
what you could say about the world, how you wanted 
people to view you. And it suddenly dawned on me that 
this was a really significant problem” 

(SW, 2019).

Changes in behaviour and movements are seen to impact the way garments behave on the 
body; fitting differently and limiting what can be worn: “The numbness [and lack of 
movement] in my right side meant that my strap or sleeve falls off my shoulder. It doesn’t hold 
onto the body as well and I have to keep adjusting it” (JJ, 2019). “What you have to realise is 
that the body doesn’t move or sit in the same way anymore and so your clothes don’t hang on 
your body like they should” (HH, 2018). 

Post-stroke, the level of ability and degree of ‘choice’ one has to control correspondences 
to a certain, expected degree can be limited. Social constructs which lay parameters for 
what garments should be worn in which context and why, do not account for the limitations 
of accessing garments with ‘disabilities’. For example, of not being able to wear heels due 
to issues with balance and fears of falling over (HH, 2018), or the inability to move one’s 
body through the spaces within the garment due to movement deficits.
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Table 3.3: Theme 2 - ‘Garment: body behaviour during wear’

‘Photographic data’ was collected over 18 months from participant observations to 
demonstrate ranges of styles, reinforcing insights gathered (Figure 3.4).
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Figure 3.4 Categorising observations of post-stroke garments and identity (Author’s archive)
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 What became evident from Theme two was a complexity of thoughts that influenced the ability to dress. This exists both in the act of wearing and dressing. Findings demonstrated in Table 3.5 that 
interactions with the garment have wide ranging impacts.

Table 3.5: Theme 3 - ‘Garment: body behaviour in the act of dressing’
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 What became evident from Theme two was a complexity of thoughts that influenced the ability to dress. This exists both in the act of wearing and dressing. Findings demonstrated in Table 3.5 that 
interactions with the garment have wide ranging impacts.

Table 3.5: Theme 3 - ‘Garment: body behaviour in the act of dressing’
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The thinking that surrounds conversations with participants regarding garment specification takes the position of using pattern adaptation (Hernandez, 2000) and the creation of ‘specialised’ ranges of 
clothing to “camouflage the unconventional” (Radvan, 2013) and differently abled. Using ‘discrete’ fastenings to appear ‘normal’. For example, the Hilfiger line (Tommy Hilfiger, 2020) aims to “make getting 
dressed easier and allow both children and adults with disabilities to have independence and feel great about themselves”, suggesting that this otherwise isn’t the case (Tommy Hilfiger, 2019). This is not to say 
that it is not inclusive to provide the ability for everyone to access the same fashions, but that, to be truly inclusive, the lines should not be separated from the mainstream and the language used to market 
should be carefully considered to avoid stigma. 
However, Inclusive Design is defined as “design which is usable by as many people as reasonably possible to the greatest extent possible without the need for special adaptation or specialized design” (British 
Standards Institution, 2005). Therefore, it can be argued that adaptive wear is not entirely ‘Inclusive’. A case may be made that those who are disabled should not need to conform with fashions made, in the 
first instance, for the ‘abled’. Or in fact, that fashion should in the first instance consider diversity in use. Conformity via concealing the presence of disability is notably a common theme within this area of the 
fashion industry (Hernandez, 2000; Chowdhary, 2002; Carroll, 2009). 

Figure. 3.6 Dressing demonstration (Author’s archive)
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The thinking that surrounds conversations with participants regarding garment specification takes the position of using pattern adaptation (Hernandez, 2000) and the creation of ‘specialised’ ranges of 
clothing to “camouflage the unconventional” (Radvan, 2013) and differently abled. Using ‘discrete’ fastenings to appear ‘normal’. For example, the Hilfiger line (Tommy Hilfiger, 2020) aims to “make getting 
dressed easier and allow both children and adults with disabilities to have independence and feel great about themselves”, suggesting that this otherwise isn’t the case (Tommy Hilfiger, 2019). This is not to say 
that it is not inclusive to provide the ability for everyone to access the same fashions, but that, to be truly inclusive, the lines should not be separated from the mainstream and the language used to market 
should be carefully considered to avoid stigma. 
However, Inclusive Design is defined as “design which is usable by as many people as reasonably possible to the greatest extent possible without the need for special adaptation or specialized design” (British 
Standards Institution, 2005). Therefore, it can be argued that adaptive wear is not entirely ‘Inclusive’. A case may be made that those who are disabled should not need to conform with fashions made, in the 
first instance, for the ‘abled’. Or in fact, that fashion should in the first instance consider diversity in use. Conformity via concealing the presence of disability is notably a common theme within this area of the 
fashion industry (Hernandez, 2000; Chowdhary, 2002; Carroll, 2009). 

Figure. 3.7 Participant sample: Rethinking fastenings and garment adaptations 
(Headway, 2018; 2019; Author’s archive)
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Figure 3.12 Oedema glove (given to researcher from a participant; Author’s archive)

Figure. 3.11 Oedema sleeve (participant photo from Author’s archive)
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The nature of the material choice, colour and visual aesthetics of medical aids was 
significant in the case study:

Participant (ST): 
“My shoulder [is injured]. I have a sling. [...] You can either slide it on or open it with the velcro, 
but the velcro is a pain in the neck. So I’ve [prepared the velcro and] got it how I want it.

Acupuncture helps but I wear this to bring it in. [...] but I don’t like wearing it here [support 
group] because people go “ooh what’s that you got” and I’m like ugh [do I have to answer 
those questions].”

After further conversations around this, the participant (ST) was asked by the support worker 
(SW) how he would feel if changes were made to the aid:

Support Worker (SW): “What if that could look ‘normal’ or ‘fashionable’?”

(ST): “What you’re saying right now [is making me] really want to cry”

(SW): “So it’s that important to you?”

(ST): “Yeah because inside I’m hurt, I’m hurt inside places that nobody knows. I don’t want 
to show it. It’s not that I’m frightened of it, it’s just that constant ‘ooh’ [sympathy]. I’ve had four 
years of it, I don’t want it anymore. I’m in that thought that I’m not right and I don’t want to think 
about that”

A detachment from ‘treatment’ or concealing an ‘aid’ or device is preferred in order for 
individuals to avoid attracting further stigma or conversations of their ‘otherness’. “When 
people see you wearing the aid on a regular basis, it becomes part of you, how they see you” 
(AA, 2019). They become known or recognisable by their health status made more visible 
and distinguishable by the wearable device. There is often a failing to acknowledge the 
“person within the body” (WW, 2018) instead focusing on the disability, dislocating the 
person from their ‘disease’. Signs of stigma continue to be used to highlight bodily signs of 
physical disorders, attracting attention, a novel stimuli (in this case the wearable) to which 
a natural curiosity is drawn towards, and is highly regulated by society (Garland-Thomson, 
2009).

Looking or appearing different is resisted in attempts to conceal or draw attention away 
from the affected area(s) or appear ‘normal’. This is evident in the visual form of the 
wearable and even, for example, in the expectations of a garment: “I like the look of buttons 
because it’s adding a familiar look. It would be boring if it didn’t have that. To me it’s like 
decoration because I don’t use them. It’s just a case of a garment looking right” (KK, 2018). 

Thoughts from Pullin’s manifesto (2017) exploring material aesthetics are particularly useful 
here. For example, the ‘skin tone’ colour of oedema aids attempts to emulate the natural 
colour properties of the limb. However, such attempts to emulate the ‘hyperreal’ often fail 
to distract, instead appearing more ‘alien’ as the ‘human’ qualities of the limb fail to be 
successfully captured in a non-human form.
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Contrary to this, approaches towards the construction of the purposely artificial and 
eye-catching, highlighting the disability rather than attempting to conceal, takes a 
‘shameless’ stance, fueled by the social model (Davis, 2006; Garland-Thomson, 2005; 
Oliver, 1996). The prosthesis or aid is overtly non-human and, depending on material 
composition, may also deliver advances and extensions of human ability. Within the case 
study, participants discussed the need to generate awareness and highlight their 
disability by expressing this through t-shirt designs (Figures 3.8). Positive messages were 
central to this.

Figure. 3.9 Knowledge exchange through the making process: T-shirt exercise (Headway, 2018; 2019).

Contrary to this, approaches towards the construction of the purposely artificial and 
eye-catching, highlighting the disability rather than attempting to conceal, takes a 
‘shameless’ stance, fueled by the social model (Oliver, 1996; Garland-Thomson, 2005; 
Davis, 2006). The prosthesis or aid is overtly non-human and, depending on material 
composition, may also deliver advances and extensions of human ability. Within the case 
study, participants discussed the need to generate awareness and highlight their disability 
by expressing this through t-shirt designs (Figures 3.13). Positive messages were central 
to this:
“People either don’t acknowledge you or they treat you differently. People need to understand 
what it is like and how the other person feels. I’ve used a slogan to express who I am and I’ve 
put some softer materials on it to encourage people to hug you. You can really miss the social 
contact when you’re disabled” (AA, 2018) 

Figure. 3.13 Knowledge exchange through the making process: Photo compilation 
of T-shirt exercise (Headway, 2018; 2019; Author’s archive).
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In reaction to this polarisation of ‘hyper real’ and ‘artificially unfamiliar’, Pullin advocates for 
a ‘nuanced alternative’, a ‘Super Normal’ integrating disability into the everyday 
suggesting “that disability [should be seen as] part of the fabric of everyday life” (2017: 1). 
Disability designed wearable objects are considered “artificial yet familiar; self assured yet 
understated; unapologetic yet unremarkable” (ibid). This “Super Normal”, proposed by 
Fukasawa ([2006], 2007) aims to design ‘things’ that embody and epitomise ‘ordinariness’, 
using ‘everyday materials’, e.g. wood and leather (Figure 3.14). The material choice is key 
in challenging “a crude common conception of design: [...] something added, distinct, 
noticeable” (Pullin, 2017: 3) instead fitting “into our everyday lives, to become an 
unremarkable part of the whole” (ibid). 

Advances in smart materials are providing opportunities to intervene within the area of 
wearable medical devices and aids. From the commercially available ‘Soundshirt’ (Figure 
3.15), demonstrating the potential for wearable technology to influence quality of life; to 
the speculative ‘Power Suit’ (Figures 3.16 and 3.17; The Future Starts Here, 2018) present

Figure. 3.14 ‘Super Normal’ materials for prosthesis: ‘Hands of X’. (Pullin et al., 2019)
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present active research exploring the use of garments in health and wellbeing. ‘E-textiles’ 
in particular display ranges of functions including, but not limited to, signal processing 
(Carey et al., 2017; Marculescu et al., 2003), communication (Post and Orth, 1997; Singh 
et al., 2016; Grabham et al., 2018), sensing and actuating (Hughes-Riley and Dias, 2018; 
Katragadda and Xu, 2008; Michael and Howard, 2017).
The ‘familiar’ notion of the garment is considered useful, engrained within the everyday. A 
tool that, as has been demonstrated, can be stigmatising, concealing or ‘ordinary’. 

Figure. 3.11 The Soundshirt. (Cutecircuit, 2019)

active research exploring the use of garments in health and wellbeing. ‘E-textiles’ in 
particular display ranges of functions including, but not limited to, signal processing 
(Marculescu et al., 2003; Carey et al., 2017), communication (Post and Orth, 1997; Singh et 
al., 2016; Grabham et al., 2018), sensing and actuating (Katragadda and Xu, 2008; Michael 
and Howard, 2017; Hughes-Riley and Dias, 2018).

Figure. 3.15 The Soundshirt. (Cutecircuit, 2019)
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The ‘familiar’ notion of the garment is considered useful, engrained within the everyday. A 
tool that, as has been demonstrated, can be stigmatising, concealing or ‘ordinary’. 
However, issues concerning the suitability of material behaviour and properties to the 
‘wearable context’, ‘user-friendliness’ (Yang et al., 2018), ethical concerns and privacy 
issues (particularly concerning monitoring and data collection methods) continue to be 
persistent barriers to adoption within the wearable technology sector (Catrysse et al., 
2007). In addition, the complexity of cultural, behavioural and health-related characteristics 
involved in the act of ‘wearing’, in the most part, fail to be addressed.

Early examples of ‘embedded electronics’ (Catrysse et al. 2007) such as the ICD+ suit from 
Philips and Levi’s (Aarts and Marzano, 2003) and the ‘ Lifeshirt’ from Vivometrics 
(Wilhelm et al., 2002) required either the removal of sensors or were not washable. 
Significant advances have been made since this time for both the washability and 
flexibility of components. The development of conductive yarns enabling the formation 
of textile sensors and electrodes (Yang et al., 2018) have influenced new applications of 
electrocardiography [ECG] (Catrysse, 2004; Pirotte et al., 2005), electroencephalography 
[EEG] (Wei et al., 2017) and electromyography [EMG] (Belbasis et al., 2015) monitoring into 
wearable textile formats. 

Advances can take numerous decades to become available for commercial use. 
Conducting polymers, for example, were first discovered in 1862 (Dinh, 1998) when 
Letheby “attained a partly conductive material” via the oxidation of aniline in a sulfuric acid 
solution (Ala and Fan, 2009: 51). Issues with processability, “insolubility, an infusible and 
brittle nature, and the lack of air stability [...] prevented the integration of these conductive 
materials into new application areas” (ibid: 51-52) including textiles. 

Figure. 3.16 The Power Suit: Prototype (Fuseproject, 2019)
Left: Back; Right: Full body view
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Yet ‘wearables’ are used in numerous current approaches within stroke rehabilitation (Figure 3.8 to 3.10), both commercially (Saebo, 2020) and in research environments (Yang et al., 2018). However, 
it is considered that their impact is not fully realised. Findings from this Chapter present a need to consider the ‘everyday’, supporting care beyond ‘confined environments’ in order to have greater 
impact. It is hypothesised that increases in frequency, duration of contact and desire to interact with rehabilitation methods could be achieved by utilising garment properties including: 

 1) The close fitting, intimate contact the garment has with the wearer (Van Langenhove et al., 2007);
 2) The duration of contact the garment may have as a routinely worn ‘device’, increasing levels of engagement; 
 3) The ‘mobile’ nature of the garment in which it is able to transgress time and space
 4)  The appeal of the garment which can be tailored to context, mood, desire and need; 
 5) The manner in which the garment is a universally and intuitively understood ‘tool’ by key stakeholders⁴.

Figure. 3.17 The Power Suit: Summary of function (Fuseproject, 2019)
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Yet ‘wearables’ are used in numerous current approaches within stroke rehabilitation (Figure 3.8 to 3.10), both commercially (Saebo, 2020) and in research environments (Yang et al., 2018). However, 
it is considered that their impact is not fully realised. Findings from this Chapter present a need to consider the ‘everyday’, supporting care beyond ‘confined environments’ in order to have greater 
impact. It is hypothesised that increases in frequency, duration of contact and desire to interact with rehabilitation methods could be achieved by utilising garment properties including: 

 1) The close fitting, intimate contact the garment has with the wearer (Van Langenhove et al., 2007);
 2) The duration of contact the garment may have as a routinely worn ‘device’, increasing levels of engagement; 
 3) The ‘mobile’ nature of the garment in which it is able to transgress time and space
 4)  The appeal of the garment which can be tailored to context, mood, desire and need; 
 5) The manner in which the garment is a universally and intuitively understood ‘tool’ by key stakeholders⁴.

⁴ Given that the garment is already used within occupational therapy in the retraining of dressing as an ADL, 
the use of the garment as a tool in the rehabilitation system of care may be somewhat easily integrated into 
existing systems/ patient pathways (Stockley, 2019).



128

After revealing issues about identity and behaviour post stroke through utilising the 
garment as a design probe, this chapter introduces the link between using garments as a 
therapeutic tool for stroke rehabilitation. Taking into consideration findings from prior 
chapters, it is considered that the garment has the potential to become an enabler and 
mediator of the following factors in stroke recovery:
1. Improving dose via qualities of the garment such as the level of contact a garment 
holds with the body throughout the day and its ability to transgress time and space;
2. Improving adherence/ compliance to a treatment. The level of integration into daily 
routine and lifestyle choices is considered important to reduce levels of disruption when 
trying to rebuild life (HH, 2019). Additionally, the perception of the treatment by the self 
and others in a manner that minimises attention towards the ‘disability’/ treatment process 
outside of clinical environments. This depends on the manner in which the treatment is 
integrated into the garment.
3. The above points are then considered to impact quality of life and level of 
independence.

However, this chapter has also demonstrated that there exists many challenges in 
positioning a garment in this way:
The level to which garments are perceived as social signifiers (Bourdieu, 1984; Wilson, 
1985; Skeggs, 1997; Crane, 2000) causes challenges when integrating a new functionality, 
particularly around disability. As Chapter two has demonstrated, the disabled body has 
long been concealed and excluded from ‘the norm’. This chapter has demonstrated how, 
in drawing attention towards a disability by the presence of a wearable aid, this sense of 
‘otherness’ can be exasperated and causes others to direct questions towards the 
individual that can trigger negative memories and associations of the injury. This acts as a 
reminder to the individual of an ‘otherness’ and deficit (ST and AA pp.125).
However, drawing upon other aspects of identity rather than the disability can counter this 
to some extent. This approach can still be problematic; in turning attention away from the 
disability, this could further conceal disability from society, fueling issues of 
misrepresentation and the hiding away of ‘otherness’. It requires careful consideration for 
how components and additional functions are integrated into the garment that stay true to 
the individual, without causing distress (see Chapters four to seven).

Findings from studies in this chapter have also demonstrated that personal identity and 
the social self can be a factor affected by stroke. The manner in which people perceive and 
treat you (AA, pp. 126). The inability to wear the same clothes as before the stroke, 
removing choice of self-expression (HH, pp.113).
There are many factors attributed towards capabilities and the capacity to dress 
post-stroke, which has a direct impact on what individuals can wear. Factors include 
fatigue, limiting the degree of engagement in dressing and other activities leading 
individuals to choose garments that are easy to dress in with minimal energy (GG, 2019).
Garments that hold a degree of stretch are considered “good to move in and dress in”

3.2.4 Chapter summary: Identifying key challenges and opportunites for 
using the garment as an interventional/ therapeutic tool
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(YZ, 2019). But “tighter” stretch garments that have a high level of elastic recovery can 
prove difficult, requiring higher effort to push the body through the garment (ibid).

Other challenges regarding limited garment choice also exists in the act of wearing the 
garment and keeping it positioned suitably on the body. A lack of movement or change in 
posture (e.g. dropped shoulder) can result in straps falling off (JJ, 2019) or, depending on 
the textile (e.g. silk), the garment can slip around and off the body. Garments that require 
constant adjustments, and/or adjustment in areas difficult to reach, can be inaccessible.

All of these factors limit the garment specification that the intervention is integrated into, 
and therefore can result in a stereotypical garment that looks like a purposely-made 
disability garment which individuals do not desire to wear. 
Further work needs to be done to explore how we can retain a diversity in garment styles 
and textile structures to be able to create garment-based therapeutic ‘devices’ that 
individuals want to wear and therefore comply with the treatment embedded within the 
garment itself. Having said this, the presence of the intervention and indeed the type of 
intervention present in the garment can limit this compliance. Chapter four will introduce 
three small case studies exploring this topic area. Each case study will explore methods of 
integrating three types of rehabilitation; firstly, the existing method of constraint induced 
movement therapy (CIMT); secondly, using textile properties to navigate movement via 
haptic responses; and thirdly, re-thinking e-textile properties for the application to 
de-weighting the limb (a particular barrier for engaging voluntary movements and therefore 
engaging in training). 
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Chapter 4.0 Overview

 This chapter evaluates the positioning of the garment as a therapeutic inter-
vention for stroke, specifically evaluating how the type of intervention and presence of an 
intervention can limit use of a wearable therapeutic device. Since the impact of an inter-
vention is influenced by the type of intervention and impact on recovery, the chapter will 
outline this in three small case studies. Commentary on user experience is used to assess 
the limitations of each concept. 

Insights from Chapters one, two and three are reflected upon throughout the sampling 
process, in which the garment moves from being a research tool for eliciting conversations 
around the body to being explored as a tool for intervening. Correspondence between 
transitions, boundaries and constructed hierarchies within the space where the garment 
merges roles with medical devices are brought forward.

Technical considerations for fulfilling the concept are included to a degree. However, since 
the studies are not taken forward, in-depth analysis was not included. Instead user expe-
rience is considered more influential at this stage of evaluation since learnings from user 
behaviour can determine compliance of use within further developments. Compliance of 
use and indeed, continued use is a core part of recovery, as demonstrated in Chapter one.  

Iterations of alternative functions and types of rehabilitation that are embedded within the 
garment are investigated. This Chapter will explore the garment “within ‘active’ and ‘pas-
sive’ states in rehabilitation (active whereby the individual is consciously engaged, and passive 
when rehabilitation occurs alongside life)” (Salisbury et al., 2019).

A focus is initially placed on sampling textile structures¹, combining multiple yarn behav-
iours to realise three small case studies, each developing from the latter; 
 1) ‘CIMT’ (integrating Constraint Induced Movement Therapy, by way of ‘forcing’ 
use of the affected limb);
 2) ‘Navigating movement’ (using the changing fit of the garment to navigate and 
guide movement); 
 3) ‘De-weighting the limb’ (manipulating the fit of the textile to reduce the weight of 
the limb). 
The following chapter provides a summary of the key insights from Salisbury et al., 2019; 
a paper which discusses the use of the garment as a research tool and medical device, 
presented at the Design Museum and published in the proceedings.

¹ Some sample investigations are supplemented by a range of videos. To view, scan the QR codes in each 
figure. Supplementary data can be found in Appendices 2.1 and 2.2.

4.1
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Constraint Induced Movement Therapy (CIMT) is widely used within stroke 
rehabilitation and has substantial evidence of efficacy for individuals with long-term stroke
disabilities. CIMT was chosen due to the evidence base² which surrounds this method 
available with the Cochrane Library (Pollock et al. 2015), but also as a method which 
identifies the need for use of the limb and an active self. 

The method purposely restricts the use of the unaffected limb in order to ‘force’ the use of 
the affected limb within “intense functionally oriented task practice” (Wolf et al., 2006: 2096) 
to encourage the use of the paretic upper extremity in everyday life (Taub et al., 1993).

 Circular knitting was used to construct small samples (Figure 4.2) to compare the 
degree of flexibility and levels of comfort as a result of yarn content. Additional samples 
were tested combining Pemotex with wool and nylon monofilaments (Figure A2.21³) using 
a lino weave, later creating a toile (Figures A2.22 and A2.23³).

² Although neurodevelopmental techniques (Bobath, 1978) “have been shown to be efficacious in control 
studies” (Wolf et al. 2006: 2096), the integration of repetative training into methods with task-oriented ap-
proach holds evidency of efficacy among individuals “who retain some ability to actively extend the fingers 
and wrist of their paretic upper extremity” (Barreca et al., 2003; Duncan et al., 2005; Wolf et al., 2006).
³ Appendix 2.2

4.2.2 Method

The unaffected limb is typically 
restricted (including, in some 
cases, the trunk) by means of 
‘casting’ it into a splint or 
anchoring it down to a table with a 
weighted mitt (Figure 4.1), to 
prevent its use. The equipment is 
used to further disable the body in 
order to enable recovery. Sample 
investigations consider how a 
garment may inflict similar levels of 
restrictions to body movements in 
order to provide the same therapy 
in a public facing context.

Figure. 4.1 Example of CIMT tool: ‘Mit’. 
(Kwakkel et al., 2015)

Case Study I: Embedding CIMT 
into a garment4.2

4.2.1 Justifying the use of CIMT
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4.2.2 Method

Jacquard weave was used to construct a twill with Pemotex and cotton (Figures A2.24 and 
A2.25³), replicating the spacing used in the lino weave. The spacing was chosen so that the 
changes in textile behaviour (shrinking) were visible.

Twill was chosen versus circular knitting since it delivered reduced stretch and therefore 
increased restriction, particularly suitable for the intended application. Small samples were 
scaled up into a jacket (Figure 4.3) within the concept film (Wearing Your Recovery 3.0, 
2018). Whilst “the jacket’s visual composition was created purposely for the film to 
exaggerate the change in behaviour of the textile, as well as giving a nod towards the 
flamboyant personality of [the participant] and their pre-stroke career” (Salisbury et al., 2019).

Figure. 4.2 Yarn combinations. Left to right: Pemotex with 
elastane (2:1 ratio), Pemotex with polypropylene (1:1 ratio) pure 

Pemotex. (Author’s archive)
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 The sleeve’s circumference was manipulated in size and stretch in order to restrict 
movement by using yarn (Pemotex⁴) that holds the capacity to shrink in response to heat 
stimuli (Figure 4.3). After applying heat the sleeve stiffens increasing the ‘hold’ of the 
garment onto the unaffected limb, restricting movement; “inflicting a behaviour upon the 
body - rather than working with it, it works against it” (Salisbury et al., 2019). Some 
discomfort was felt through the tightening of the sleeve (FF, 2019) but this can be controlled 
“either at source, through the controlled emittance and distribution of heat or by altering the 
textile composition” (Salisbury et al., 2019).

The level of stiffness was important to control in order to retain levels of ‘comfort’ in wear. 
Adding wool or cotton softens the overall rigidity of the textile post shrinking. Whilst adding 
elastane (Figure 4.2: Left) introduces stretch which is ‘toughened’ by the use of Pemotex, 
allowing for some ‘ease’ to a typically stiffened, solid textile as in the case of pure 
Pemotex (Figure 4.2: Right) which appears to have an almost non-woven quality post 
shrinking. Where the addition of elastane to the textile may not completely restrict 
movement, movement requires higher levels of strength and energy to move the limb 
therefore generating a level of restriction that is still effective but also comfortable (FF, 
2019) and possesses qualities of textile behaviour that is ‘familiar’ in the context of 
everyday garments, unlike that of pure Pemotex.

Changes in textile behaviour, as a result of shrinking, impacts garment aesthetic (Figure 
4.3); visualising textile functionality and highlighting a difference to other garments. 

Forcing the use of the limb via CIMT does not mean that the movement executed is one 
that is completely devoid of other compensatory strategies, such as moving the trunk of 
the body to compensate for lack of limb extension. The function of restricting use of the 
unaffected limb may also be disruptive during everyday use. More often, individuals 
report not knowing how to use the limb, requiring guidance for performing movements 
(HH, 2018) which was of greater concern to participants. A level of guidance or navigation 
for executing movement may be more valuable in the absence of a physician, in the 
context of self-care.

⁴ Shape memory polymers (SMPs) may be used instead of Pemotex, to utilise the benefit of tightening and 
loosening hold, making use of SMPs reversible qualities. Due to cost limitations, Pemotex was used for the 
purposes of this early study. See Appendix 2.1 for a list of yarn specifications.

4.2.3 Limitations and considerations of Case Study I
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Figure. 4.3 Stills displaying the translation of the embodiment 
into a jacket: A concept film.  (Wearing Your Recovery 3.0, 2018)



138

 Building on the previous sample findings, the following concept asks how we might 
use the garment to navigate movement away from compensation, towards ‘quality’ 
movements? In particular, how might the shape and change in behaviour of the textile, 
from a flexible, free-flowing form to a more rigid, less flexible form, provoke or disrupt 
a particular movement, by drawing attention towards the ‘error’ made by the individual. 
Would that enable them to recognise and ‘correct’ or attempt to correct such movement? 
How does this affect the experience of the garment and the mood of the individual?

Earlier findings demonstrated that there exists a need for individuals to be more informed 
about their recovery process: “I need to know when I’m overdoing it” (BC, 2018). But more 
so for executing ‘quality’ movements in the absence of a physiotherapist and avoiding 
injury (HH, 2018):

 Participant (HH): 
 “How do I know how I’m doing when I’m on my own doing exercises by 
myself? When I’m not with my physiotherapist it’s really difficult to know if I’m 
doing something [a movement] correctly.

In my mind I think I’ve not done much so I end up doing more and overdoing it 
and tiring myself out. It would be great to have a reminder to know if you’re doing 
it [movement] right and to know when to stop.”

Support worker (SW): “Or to remind you that you haven’t done any today?”

 (HH): “Or it tells you to go slower and stop to resist overdoing it. And to tell 
you how to do something.

But you would want the ‘notification’ to be felt so that you know but no one else 
does and so that you can know instantly [whilst doing the movement] instead of 
having to look at your phone or whatever.”

Therapeutic garments and approaches to integrating wearable technology for the purpose 
of adjusting posture (Figure 4.4) or in supporting individuals to “relearn how to use the body” 
post-stroke (Jessica Smarsch, 2020) have been explored before (Figure 4.5). The 
Connextyle sensor shirt utilises existing electronics and textile components, including 
laminated sensors (Figure 4.6), to monitor body movements and provide feedback to guide
exercises. There is a lack of consideration for the housing of components in plastic

4.3.1 Contextualising Case Study II

4.3 Case Study II: 
Navigating movement
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Figure. 4.4 FysioPal: pictoral demonstration of impact. 
Left: without vest; Right: with vest (Pauline van Dongen, 2020).

Figure. 4.5 A close-up of power source on 
‘Connextyle’ garment (Jessica Smarsch, 2020).
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casings (Figure 4.5), which could be easily incorporated into garment components 
which already exhibit rigid behaviours (e.g. buttons) and have a purpose beyond 
housing the components. Although Smarsch considers the social impact of body 
image, the cut and style of the garments may be seen as being less suited to the needs 
of stroke survivors (explored in this thesis within Chapters three and nine). The 
connection between the garment and software limits the scope of the concept for 
freeing the body beyond the confines of ‘therapy sessions’; since the wearer is required 
to engage with the programme. The diagram below (featuring Figures 4.7 to 4.10) 
summarises further examples of approaches for self-administered/ ‘at-home’ care, all 
of which display similar limitations in the engagement by utilising gamified software 
programmes.



141

The following sample investigations in this chapter therefore explore an alternative 
approach; via haptic responses, similarly to Figure 4.4, but rather, delivered via the 
manipulation of textile behaviour.
 

Figure. 4.6 Obtained sample. Conductive transfers 
(Wearable Technology Show: Conductive transfers, 2019; Author’s archive).
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 Changes to levels of stiffness and softness of the textile explore the controlled 
changes of the garment shape and form so as to influence the shape of the limb (Figure 
4.11 and Figure A2.26⁵). Pemotex and Polypropylene (heat shrink yarns) were used 
interchangeably, in order to see if participants responded differently to each⁶. 
Since it was not possible to integrate the heat shrink yarn into existing textiles within these 
early enquiries, a new (lino weave) textile and ribbon⁷ was created (Figure 4.12) and applied 
via applique onto base fabrics (Figures A2.27 to A2.29⁵). The ribbon/ textile was then 
topstitched onto textile substrates (Figures 4.13 and 4.14) to observe the physical changes 
to the textile’s appearance; later implementing an embroidery technique (Figure 4.15 to 
4.17).

4.3.2 Method

Eurecat, Barcelona: JULY 2018

SAMPLE 0.003
MONOFILAMENTWarp: Weft: POLYPROPYLENE

Figure. 4.11 Manipulating the shape of the textile: Study observations
(Author’s archive)



143

⁵ Appendix 2.2.
⁶ Polypropylene was observed to exhibit significantly less rigidity and a greater level of softness in its pure 
form, in direct contrast to pure Pemotex (Figure 4.2).
⁷ At a ratio of 6:24, Pemotex: cotton.

Figure. 4.13 Pemotex ribbon on bioplastic: Connecting to power source
(Author’s archive)

Figure. 4.12 Creating Pemotex:cotton ribbon.
(Author’s archive)
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Eurecat, Barcelona: JULY 2018

SAMPLE 0.011
COTTON/ 
PEMOTEX

COPPER/ SILVERRibbon:

Textile: BIO PLASTIC

Yarn:

Figure. 4.14 Pemotex ribbon on bioplastic: Sample following the application of thermal stimuli 
(Author’s archive)
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Eurecat, Barcelona: JULY 2018

SAMPLE 0.011
COTTON/ 
PEMOTEX

COPPER/ SILVERRibbon:

Textile: BIO PLASTIC

Yarn:

Figure. 4.14 Pemotex ribbon on bioplastic: Sample following the application of thermal stimuli 
(Author’s archive)
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Figure. 4.15 Sleeve toile connected to power supply prior to testing. 
Scan the QR code to observe the toile when power is supplied.

(Author’s archive)
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Figure. 4.17 Dress demo: Changing 
sleeve shape to generate limb 

awareness: 
After thermal stimuli has been applied. 

(Author’s archive)

Figure. 4.16 Dress demo: Changing 
sleeve shape to generate upper-limb 

awareness: 
Prior to the application of thermal stimuli 

(Author’s archive)
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 The intuitive use of the textile provides an opportunity to work in line with everyday 
activities, informing body behaviours ‘on-the-go’ in the absence of a therapist. The 
textile embodies the ‘hands-on’ approach used by therapists (Stockley, 2020) guiding and 
moving the limb. The textile behaviours, however, could be more closely aligned to body 
behaviour (KK, 2019); i.e. by programming the response to muscle movements via EMG 
recordings. The degree of shrink could be controlled by the amount of Pemotex used and 
the garment aesthetic could be manipulated by the placement of the Pemotex; e.g. 
gathering or pleating (Figures A2.27 and A2.28, Appendix 2.2) adds interest and a ‘fashion 
focus’ within a ‘medical device/ aid’ function.

However, this does not account for the additional qualities which a ‘hands on’ approach 
with a physiotherapist contributes (see Chapter two). Additionally, further work is required 
to understand the parameters required to haptically navigate the limb. Since the concept 
was not pursued, these developments were not undertaken.

 Although an individual may be informed by their movements, there exists numerous 
barriers towards the execution of voluntary movements. Participants noted that the limb 
accumulates excess weight: “no matter how hard I try to move my arm it’s just too heavy” 
(AA, 2019). 

Persisting non-use and muscle weakness makes supporting the weight of the limb during 
the execution of movement difficult. Supporting the weight of the arm is seen to reduce 
intrusion by flexor synergy, allowing greater ease of use by reducing reticulospinal input 
and enabling residual corticospinal expression (Schambra et al., 2019). Simply put, the 
more you control the weight at the shoulder point, the individual is seen to perform 
voluntary movements more easily, specifically around the elbow, but also with finger 
extension (Krakauer, 2018).

Current methods use haptic robots in lab and clinic based therapies; e.g., SMARTS II 
(Krakauer, 2018; Clinicaltrials, 2018) and for at home use, the SaeboMAS mini (Figures 
4.18 to 4.23). However, accessing large pieces of equipment for a limited amount of time 
in clinics can limit impact. With at-home devices, limitations exist in being confined to use 
at a table top where the device can be clamped.

Approaches using exoskeletons in ‘mobile contexts’, are unpopular with participants who 
suggested that they would be reluctant to wear this since it would likely attract unwanted 
attention. Concept III considers the use of garments, as a familiar form (KL, 2019), for use 
in everyday scenarios.

4.3.3 Limitations and Considerations to Case Study II

4.4 Case Study III: 
De-weighting the limb

4.4.1 Contextualising Case Study III
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Case Study III: 
De-weighting the limb
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 Building on the methods used in Section 4.3, the Pemotex ribbon was utilised along with a conductive yarn (Figure 4.24; Figures A2.211 and A2.212, Appendix 2.2) to control the impact and placement 
of the shape change. Further samples were constructed that integrated circuitry into the textile (Figure 4.25; Figures A2.213 to A2.220, Appendix 2.2). The circuitry, created using conductive yarn, was 
integrated into a cotton twill (Figure 4.26) with Pemotex and cotton yarns in a manner that is indistinguishable from the other yarns.

A hairdryer was used to indicate the presence of a heat source within the concept film (Wearing Your Recovery 3.0, 2018). 

4.4.2 Method
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 Building on the methods used in Section 4.3, the Pemotex ribbon was utilised along with a conductive yarn (Figure 4.24; Figures A2.211 and A2.212, Appendix 2.2) to control the impact and placement 
of the shape change. Further samples were constructed that integrated circuitry into the textile (Figure 4.25; Figures A2.213 to A2.220, Appendix 2.2). The circuitry, created using conductive yarn, was 
integrated into a cotton twill (Figure 4.26) with Pemotex and cotton yarns in a manner that is indistinguishable from the other yarns.

A hairdryer was used to indicate the presence of a heat source within the concept film (Wearing Your Recovery 3.0, 2018). 

Figure. 4.24 Pemotex ribbon, conductive yarn and Lycra®: Using electrical 
energy to induce shape changes and counteract gravitational forces.

(Author’s archive)
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 There exists several limitations of this concept:
 1) The levels of heat stimuli required to influence a change in the textile was too 
high for everyday use (within the range of 60 to 140℃). To be used effectively, this and 
also the use of electrical energy as the source to deliver the heat stimuli, along with the 
time required for the textile to respond (between two to eight seconds, depending on the 
temperature) requires refinement and risk assessment.
 2) As we have seen in Chapter three, body temperature post stroke can be 
affected by injury (Tower, 1940) or medication. For some, a heated garment could have 
added benefits, whereas others with heighted body temperatures can be excluded from 
using the ‘device’. 
 3) Connections between the inox yarns (Figure 4.17; Figures A2.213 to A2.220, 
Appendix 2.2) generated ‘heat spots’ in the textile (Figure 9.21). This may be overcome 
by using a continuous yarn, either via embroidery or knit techniques.
 4) Increasing the number of rows of ribbon influenced the elevation of the textile 
from the table (Figure 4.16). However, increasing the Pemotex content would impact the 
handle of the textile

Although the samples presented do not account for body weight, they provide early 
ideation which requires much development. It may seem possible to create ‘new’ 
muscles and ‘new selves’ if we refer to the work by Ray Baughman’s study (Haines et al., 
2014; Mirfakhrai et al., 2007) which uses a ‘simple technique’ of twisting and coiling 
high-strength polymer fishing line and sewing thread to create polymer muscles. The 
nylon monofilaments within the lino weave may be manipulated for this purpose. Circuitry 
could then be used to control the elevation of the limb within differing areas of the 
garment. However, monofilaments impact the handle of the textile (Chapter seven).

Furthermore, issues remain in regards to performing movements especially in the more 
severely impaired. Barriers including fatigue remain. As a result, the research steps back 
to understand what contributes to the function of the upper limb and how this might 
become disrupted or manipulated via the garment (Chapter five).

4.4.3 Limitations and Considerations to Concept iii)

Figure. 4.25 Demonstrating thermal conduction via heat gun
(Author’s archive)
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Figure. 4.26 Alleviating high forces through intelligent textiles: tested on the unaffected limb 
(A concept film: Wearing Your Recovery 3.0, 2018). 
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 There are several limitations with this concept:
 1) The levels of heat stimuli required to influence a change in the textile was too 
high for everyday use (within the range of 60 to 140℃). To be used effectively, this and 
also the use of electrical energy as the source to deliver the heat stimuli, along with the 
time required for the textile to respond (between two to eight seconds, depending on the 
temperature) requires refinement and risk assessment;
 2) As we have seen in Chapter three, body temperature post stroke can be affected 
by injury (Tower, 1940) or medication. For some, a heated garment could have added 
benefits, whereas others with heighted body temperatures might be excluded from using 
the ‘device’;
 3) Connections between the Inox yarns (Figure 4.25; Figures A2.213 to A2.220, 
Appendix 2.2) generated ‘heat spots’ in the textile (Figure 9.21). This may be overcome by 
using a continuous yarn, either via embroidery or knit techniques;
 4) Increasing the number of rows of ribbon influenced the elevation of the textile 
from the table (Figure 4.24). However, increasing the Pemotex content would impact the 
handle of the textile.

Although the samples presented do not account for body weight, they provide early 
ideation which requires much development. It may seem possible to create ‘new’ muscles 
and ‘new selves’ if we refer to the work by Ray Baughman’s study (Mirfakhrai et al., 2007; 
Haines et al., 2014) which uses a ‘simple technique’ of twisting and coiling high-strength 
polymer fishing line and sewing thread to create polymer muscles. The nylon 
monofilaments within the lino weave may be manipulated for this purpose. Circuitry could 
then be used to control the elevation of the limb within differing areas of the garment. 
However, monofilaments impact the handle of the textile (Chapter seven).

Furthermore, issues remain in regards to performing movements especially in the more 
severely impaired. Barriers including fatigue remain. 

 
 

 Findings from case studies one to three have demonstrated a range of key 
considerations for establishing the garment as an intervention. However, findings have 
also informed the type of intervention and the impact on recovery, which holds 
importance in determining how the features of the garment expressed in Chapter three 
(e.g. increasing contact with the body) can be paired with a suitable intervention.

Findings demonstrate a range of overall factors that should ideally be considered when 
designing an intervention, namely:
a) What are the user expectations of the treatment outcome?
Questioning how and if the performance of the intervention may live up to this, or how 
this may be managed through instructions, claims made and use of the intervention;
  

4.4.3 Limitations and Considerations to Case Study III

4.4.4 Chapter Summary
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b) How quickly are results seen, or communicated to the user? 
The research explores if the garment is the best tool for visualising results, and if not, 
what other tools are needed? This is a question for further research beyond the PhD.
c) How invaisive is the intervention?
The level of correspondence between the garment and body can be intimate. Positioning 
the intervention in a manner that is comfortable and an ‘acceptable dialogue’ between 
the garment and self by the individual is important. As such the research may enquire to 
ask, how the intervention makes the wearer feel. In case study one, the intervention was 
seen as restrictive and prohibitive to everyday life.
d) What user requirements are needed for the intervention to work? 
It has already been established at the end of Chapter three that the garment can 
transgress time and space, remaining with the user throughout the day (should they stay 
dressed in that particular garment). However, if the intervention requires interaction with 
other tools, equipment or spaces, this can limit the garment’s opportunity to do so. 
Further questions may need to be explored around this including: in what context does 
the intervention exist and what other tools does the intervention require in order to work? 
In the case of the work by Jessica Smarch (2020), this required access to a computer in 
order for the user to participate. 

It is important to note that an intervention in a garment can impact use. As demonstrated 
in Chapter three (ST, pp. 125), the very presence of an intervention or aid can influence 
mood and behaviour towards others.
In some instances, individuals may not wish to wear the intervention at all and reside in 
the category of ‘Rejection of Care’ (Table 2.1).
However, as expressed in Section 3.2.3.2, the level of familiarity and visual aesthetic of 
the garment has potential to influence this.

Finally, this chapter has demonstrated that there exists many barriers to intervening in 
stroke rehabilitation; performing quality movements rather than compensatory techniques 
(case study one) and fatigue (case study three) to name but a few. It also places 
importance on the type of intervention on compliance of use; in how indivduals 
experience the feeling of the intervention when wearing it and also the benefits of the 
intervention. Both of these factors are seen to influence continued use (GG, 2019).

As a result, there exists a need to understand impact, both in terms of user behaviour, 
and their health prospects, in order to suitably propose an intervention that makes the 
most of the qualities of a garment.
Indeed, the potential for the garment to influence recovery holds many opportunities. In 
order to evaluate this further, more knowledge is required about the underlying 
mechanisms that contribute to upper limb function and how this might be disrupted or 
manipulated via the garment. As a result, the research steps back to understand what 
contributes to the function of the upper limb in Chapter five.
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Chapter 5.0 Overview

 This chapter begins by introducing the underlying neural pathways which have 
substantial control of upper limb function, including the limitations that occur post-stroke 
in recovery when the level of input from the descending neural pathways changes. The 
manner in which the control of these pathways can be manipulated in order to enhance 
recovery, and limitations of current approaches¹ are then examined.  

The purpose of this is to address challenges from Chapter four that placed importance 
on the type of intervention, specifically the benefits to health and influence on upper limb 
functional recovery. Chapters six to nine will then explore the experience of the interven-
tion that also influences adoption, integration into everyday life and continued use of the 
device. This includes the significance of material choice and handling of materials on de-
livering the intervention and user acceptance.

This Chapter therefore sets up an understanding behind upper limb function, the 
stimulation protocol, choice of materials to meet these parameters and theoretical 
calculations to support this. The concept of using the garment as a tool to intervene is 
developed further, analysing the materials that may be employed to deliver the stimulation.

 The control of hand function in humans is understood to be dominated by the 
corticospinal tract (CST), the most developed descending pathway in humans and 
primates (Lemon, 2008). The CST contributes, in the most part, to finer motor control and 
somewhat to grip strength.

Additionally, there exists a range of other direct descending pathways (e.g. rubrospinal 
tract, reticulospinal tract) which act in parallel to the CST, each contributing to the control 
of the limb in varying ways (Riddle and Baker, 2010). The reticulospinal tract (RST) is a 

¹ This is not an exhaustive evaluation of the literature, since this can be found documented within extensive 
reviews (e.g. Rossini et al., 2015). Rather, this section positions the reader within the context of stimulation 

5.1

5.2Unpacking the underlying mechanisms 
that contribute to upper limb function

5.2.1 Introducing the roles of the CST and RST
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particularly important direct descending pathway (Riddle, Edgley and Baker, 2009; Baker, 
2011) that, in contrast to the CST, contributes in the most part to grip strength, and to some 
degree precision grip² (Lawrence and Kuypers, 1968; Muir and Lemon, 1983). 

Beyond its long recognised role in postural control (Prentice and Drew, 2001; Schepens 
and Drew, 2004, 2006), the RST also contributes to motor control throughout the upper 
limb (Carlsen et al., 2012; Honeycutt et al., 2013; Dean and Baker, 2017). Although 
overlooked in the most part within literature, the RST holds strong contention for “the neural 
substrate of strength training³” (Glover and Baker, 2020). Notably, strength training⁴ is 
considered to be influenced more so by neural adaptations in the RST, than the CST (ibid). 
This ‘shared control of the hand’ means that, when injury occurs, incurring damage to the 
CST, another (for example, the RST) can take over.

² During power grip, little to no cell action firing was observed when recording cortico neuron firing in the 
cortex from the CST. Whilst, during finer dextroust tasks, significant cell action firing was noted, suggesting 
that there may be multiple ways in which the hand is used; pathways of which do not originate in the cortex, 
but that hold connections to one another (Muir and Lemon, 1983). These are observed via direct or indirect 
connections by both projecting to motorneurons innervating both distal and proximal muscles (Davidson and 
Buford, 2004, 2006; Riddle et al., 2009) or spinal cord interneurons (point a. on Figure 5.1); many of which are 
shared between the CST and RST pathways (Baker, 2018).
³ As a result of the manner in which the RST can influence the body bilaterally (Jankowska et al., 2003; 
Schepens and Drew, 2006; Davidson et al., 2007) in combination with the synergies that result from its high 
degree of convergence (Peterson et al., 1975; Matsuyama et al., 1997; Zaaimi et al., 2018a).
⁴ The initial stages of which are seen to be dominated by “neural adaptations rather than intra- muscular 
mechanisms” (Moritani and deVries, 1979; Sale, 1988; Folland and Williams, 2007).
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Figure. 5.1 A diagrammatic representation of stimuli location in reference 
to the internal neural pathways (Adapted from Baker, 2018; Author’s archive).

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature].
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 Following a corticospinal lesion as a result of stroke or brain injury, levels of input 
from the CST and RST to the upper limb and hand changes. Within the first six weeks post 
injury, natural biological recovery occurs (Krakauer, 2018) where neuronal plastic changes 
are observed (Balakrishnan and Ward, 2013). Damage incurred reduces levels of CST 
input, the level to which is in the most part determined by the extent of injury. To 
compensate for this loss the RST is seen to increase input to the upper limb, partly 
subserving recovery (Zaaimi et al. 2012).  

As a result of increased RST input, the flexor muscles (Figure 5.2) become selectively 
strengthened whilst extensor muscles (Figure 5.2) remain weak (Baker, 2011). However, the 
rise in input from the RST can limit the quality of recovered movements (Baker et al., 2015; 
McPherson et al., 2018), presenting a barrier to engaging in upper limb training⁵. This can 
be exacerbated with prolonged non-use which can lead to contracture, enhanced pain, 
further impacting the use of the limb and the physical identity and behaviour of the body.

⁵ A permanently closed hand, with little to no grasp rendering the limb ‘functionally useless’ (Twitchell, 1951).

5.2.2 The CST and RST post stroke

Figure. 5.2 Visualising the positioning of flexor and extensor muscles; 
Indicated by electrode placement (Yang and Chen, 2016).
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The restoration of strength in the extensor muscles is a common and important aim of 
rehabilitation (Cauraugh et al., 2000). Regulating or modifying the level of input of the RST 
is suggested to improve the functional output of the upper limb, specifically, by targeting 
intrinsic hand muscles, forearm flexors and extensors (Baker and Perez, 2017; Choudhury 
et al., 2020). 

 Studies led by Baker (Riddle et al., 2009; Riddle and Baker, 2010) suggest that it is 
possible to activate and modify neural pathways using external stimuli⁶; e.g. via TMS 
(Ziemann et al., 1999; Fisher, et al., 2012) and via FES paired with a loud ‘click’ (Foysal et 
al., 2016; Choudhury et al., 2020). Non-invasive peripheral nerve stimulation can also be 
used to enhance strength training⁷. Additionally, pairing stimulation with adjuvant 
techniques such as voluntary contractions of the muscles during ADLs for example, can 
enhance restorative approaches⁸ (Carson and Buick, 2019). EMG sensing may be used to 
time the stimulation accordingly (Hypothesis 2.0, Chapter six). 

In instances where the individual may be unable to contract the target muscle alternative 
methods may be used, including; mental imagery (imagining the muscles contracting), 
“voluntary activation of the homologous muscle of the other side or tonic vibration of the 
target muscle” (ibid). As such, a stimulus could be programmed in line with a suitable 
stimulation protocol according to the stage of recovery.

To achieve restorative responses, stimulation must be delivered at the motor threshold in 
a ‘closed loop’ manner, whereby presynaptic and postsynaptic responses are activated 
within a precise level of timing to initiate synaptic plasticity. The ‘click and shock’ approach 
(Figure 5.3) demonstrates that the stimulation protocol can influence either excitatory or 
inhibitory responses⁹. Both of these may be considered useful in either; helping to 
strengthen a response for areas that need training (e.g. the extensors); or where muscles 
may have excessive input (i.e. excessive grip strength in the flexors causing the hand to 
close). 

⁶ “The processing of sensory inputs and commands to motor neurons and muscles is distributed in hierar-
chically interconnected areas of the spinal cord, brain-stem and forebrain. [...] Sensory information relating to 
movement is processed in different systems operating in parallel” (Ghez and Krakauer, 2006).
⁷ Stimulation was delivered via implanted electrodes in the pyramidal tract (PT), medial longitudinal fasciculus 
(MLF), bilateral medial and lateral M1 in the study by Glover and Baker (2020).
⁸ The “efficacy of [...] exciting corticomotor output may be increased [when using TMS] by asking the patient/ 
subject to pre activate the target muscle at 10-20% of maximum strength” (Rossini et al., 2015).
⁹ Eliciting the presynaptic response prior to the postsynaptic response will excite, whereas reversing this 
order and eliciting the postsynaptic response first will cause inhibition.

5.3.1 Introducing the approach

5.3Manipulating the RST

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following material that appeared in the thesis was redacted due to its 
commercially sensitive nature].
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Current methods use weak electrical shocks to a muscle, delivered by an electrode via a 
FES device which “activates a range of afferents in a fairly non-selective way” (Baker, 2020), 
activating both cutaneous (skin tactile) nerves as well as muscle spindles. 

The muscle spindle afferents (MSAs) are a major sensory input to the motor system, 
sensing the length and rate-of-change of length of muscles, residing in neuromuscular 
tissue (Figure 5.4). Access can be achieved by placing electrodes on the muscle belly. 
Delivering a stimulus¹⁰ to neuromuscular tissue via the muscle belly or peripheral nerve can 
provide “a direct substitute for descending endogenous neural drive to muscles” (Carson and 
Buick, 2019)¹¹.

¹⁰ Further discussion in Appendix 3.5.
¹¹ Achieved by the stimulus firstly depolarizing the motor axons, activating the contractile muscle fibers. 
Ascending afferent volleys are then generated at intensities of [the stimulation] that exceed the motor 
threshold (Dawson, 1956), followed by “(secondary) reafference arising from the invoked muscle contraction” 
(Carson and Buick, 2019).

Figure. 5.4  Image contextualising the muscle spindle Ia afferents in a 
“diagram of the two intrafusal muscle fibre types and their innervation”. 

(Adapted by Fitz-Ritson, 1982 from Matthews, 1964).

Figure. 5.3 The ‘click and shock’ approach (Baker, 2018; Foysal et al., 2016). 

[The following figure that appeared in the thesis was 
redacted due to its commercially sensitive 

nature].

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please 
contact the author at: laura.salisbury@rca.ac.uk].

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature].
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 The practice of using electrical stimulation on man dates back to around 2400BCE 
(Finger and Piccolino, 2011) with artificial muscle stimulation being described to varying 
levels in texts from Largus (Cambiaghi and Sconocchia, 2018) and Dioscorides (Gunther, 
1934; Kellaway, 1946); and later on by Franklin’s observations of muscle contraction via 
static electricity (Isaacson, 2003). The controlled delivery of current to the body by 
Faraday’s application of magnetic induction (Carson and Buick, 2019) extends this body 
of knowledge.

After an extensive history of use within medicine the use of electrical stimulation methods 
in clinical practice, particularly within stroke rehabilitation, are still questioned; in terms of 
being fit for purpose¹² (Bestmann and Ward, 2017) and clinical effectiveness (Krakauer, 
2018). 

In addition to the social considerations of such devices (Section 1.2, Chapter one; Section 
3.3, Chapter three), and positioning the electrodes are a further barrier to use. Studies 
have increasingly sought to integrate pre-positioned electrodes within garments (Finni et 
al., 2007) and sleeves (Sharma et al., 2018) to overcome this. Yang et al. (2018) suggest 
a method of incorporating FES into a sleeve as an effective way of recovering movement 
post-stroke (Veerbeek et al., 2014; Popovic et al., 2014; Howlett et al., 2015), albeit not 
considering the level of impact from adaptive and restorative perspectives (Carson and 
Buick, 2019), but noting the difficulties in self-administering it; particularly with positioning 
the electrodes on the body. They suggest countering the issue by constructing an array of 
pre-positioned screen printed electrodes in the sleeve (Figure 5.5) which can be 
individually controlled.

¹² Dose control is important since the ‘effective dose’ of stimulation methods is ‘highly variable across 
individuals’ (Bestmann and Ward, 2017).

5.3.2 Evaluating approaches to stimulation 

Figure. 5.5 E-textile FES sleeve. (Yang et al., 2018).
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Methods of electrical stimulation face many further challenges, particularly with traditional 
adhesive gel electrodes including general irritation from materials used to construct the 
electrodes. As a result, individuals may pursue implanted devices where absolutely 
necessary or go without. Traditional gel electrodes have to be regularly replaced since their 
performance reduces over time as a result of moisture evaporation and faster 
contamination build-up (Yang et al., 2018). The development of dry electrodes may solve 
this issue, but in doing so raise further issues of discomfort caused by the high impedance 
between the dry electrode and skin (Zhou et al., 2015; Stewart et al., 2017). 

 FES devices have extended the possibilities of delivering spike time-dependent 
plasticity outside of the lab and clinic. Electrical stimulation is not the only method that can 
be used to modify RST levels. Mechanical stimuli may be employed to increase the level of 
precision of the stimulation, beyond those seen by electrical stimulation methods (Baker, 
2020). A sharp tap (Chardon et al., 2014) delivered to the muscle belly may increase the 
selectivity and impact of activating the muscle spindle Ia afferents (Baker, 2020).

Similarly to FES, the garment may also act as a vehicle for mechanical stimuli, with the 
desirability of delivering ‘treatment’ through the garment, identified in Chapters three and 
four.

 Mechanical or vibrational forces have been utilised within textile structures for 
purposes such as modelling ‘virtual fabrics’ through vibrational simulations of varying 
textile textures in a virtual environment (Camillieri et al. 2018) and even for therapeutic 
purposes in stroke rehabilitation. Patent US2013018289A1 (Nussbaum and Nussbaum, 
2013) and WO2008088985A2 (Afferent Corp et al., 2008) both display concepts for 
delivering stimulation through a garment in order to affect the recovery of hemiparesis 
through eliciting spike dependent plasticity. Further patents CN109394505A (Chu, et al., 
2018) and KR102027398B1 (                               , et al., 2017) demonstrate use in stroke 
rehabilitation. Yet the origin of vibrational force in each case is mainly through the 
integration of existing electronic components, e.g. vibrational disk motors (Jones, D. et al., 
2014), or components which are not compatible with textile-based methods of 
manufacture and garment development (                                , et al., 2017). The 
compatibility of such components is limited in so much as they either have to be detached 
from the garment before washing or integrated into a ‘non-wash’ wearable; a strap or band 
for example (Schwartz et al., 2014; Cronin et al., 2014; Yamazaki et al., 2016). Furthermore, 
the level of vibration delivered to the body is considered suboptimal to modify RST input. 

Vibrational motors in general do not comply with the requirements to impact the MSAs, 
instead only activating the skin receptors. Current state of the art examples which can 
stimulate the MSAs include: Dancer Design tactors (Dancer Design, 2020), miniature 
electromagnetic solenoid stimulators which are “designed to be attached to the skin using 
adhesive rings” (ibid); and Engineering Acoustic Inc’s SKNeuro tactile stimulation 
(Engineering Acoustic Inc, 2020). However, as electronic components, their application to a

5.3.3 Reconsidering the approach 

5.3.4 Context: The use of mechanical stimulation in textiles and garments

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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garment is limited; the long-standing issues related to the development of wearable 
technology and the stigma surrounding the form and degree of visibility of ‘components’ 
is a persisting area that currently exists which research attends to (Salisbury, et al., n.d; 
Chapters six and seven).

Firstly, it is important to establish the stimulation protocol so as to then identify the parame-
ters that respective components need to meet in order to elicit a muscle spindle response.
Section 5.4 will introduce the stimulation protocol hypothesis and calculations evaluating 
a range of ‘off-the-shelf’ components.

Two stimulation protocols have been constructed in conversation with Baker (2020), with 
the intention of targeting upper limb weakness post-stroke. A summary of which are de-
tailed in Table 5.8.

The use of the peripheral nerve as a stimulation site is seen extensively within the literature 
as a considered, well documented location for delivering stimulation (Charlton et al., 2003; 
Chipchase et al., 2011; Conforto et al., 2018); albeit still with scepticism depending on the 
approach to stimulation in context with other forms of rehabilitation and training (Krakauer, 
2018). Ridding et al. (2000: 135) demonstrated that the “excitability of the cortical projection 
to hand muscles can be altered in a manner determined by the peripheral stimulus applied”. 
Input can be gained easily via the peripheral nerve (Baker, 2018; 2020); named stimulation 
‘site 1’ on Figure 5.1. However, this limits the type of garment used to intervene to longer 
sleeved tops. To overcome this, a further potential stimulation ‘site 2’ (Figure 5.1) was 
located at the shoulder point. Further limitations are hypothesised since it is suggested 
that the level of subcutaneous fat in the upper limb can present as a barrier to accessing 
and delivering the stimulus to the MSAs. The approach may therefore be limited up to a 
particular BMI.

The hypothesis established here will be built on in subsequent chapters, utilising the 
stimulation parameters as guidance for developments.

5.4Stimulation Protocol Hypothesis &
Component Analysis

5.4.1 Stimulation Protocol Hypothesis 

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Table 5.6: Stimulation protocol hypothesis

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].



171

It is hypothesised that muscle spindle activation may be achieved within the range of the 
following parameters noted in Table 5.7 (Salisbury and Baker, n.d):

Table 5.7: Overview of criteria required to elicit a muscle spindle response

To achieve this, a range of off-the-shelf components have been theoretically evaluated; 
pneumatic actuators, solenoids, voice coils and piezoelectric actuators. An evaluation of 
their ability to meet the functional requirements of the stimulation protocol as well as their 
assessment in line with findings from participatory design sessions (Chapters two and 
three) have been included.

 

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Table 5.9: Theoretical assumptions of use of pneumatic actuators

However, even with recent developments (Nassour, 2019; Jager et al., 2020), the 
integration of such components still face issues and demonstrate a lack of compatibility 
with the typical, expected behaviour of a garment. Their use in a garment requires further 
integration of a pump or CO2 cartridge which may be attractive for a tethered solution (in 
a stationary clinical setting) but less so for mobile, wearable contexts since, 
similarly to fluidics, the pump and power source requires consideration for integrating 
into the garment. In this manner there exists two lines of enquiry into re-forming and 
manipulating the form and flexibility of power sources (e.g. Zinergy’s zinc-carbon flexible 
battery [2019], solar cells [Van Dongen, 2016] and yarn-based piezoelectric 
nanogenerators [e.g. Raj et al., 2018]), as well as the integration of CO2 cartridges into 
wearable forms. Where studies into exoskeletons provide insights into how this may be 
achieved (Li et al., 2019) it may be desirable to reduce and simplify the number of 
components required to be incorporated into the garment in order to reduce excess 
weight which can further hinder movement FF, 2019.

5.4.2 Component Analysis

5.4.2.1 Pneumatic Actuators

Pneumatic actuators (Figure 5.8) have been used 
within garment and wearable applications to assist 
mobility; e.g. the ‘muscle suit’ (Belforte et al., 2007) 
and the power assist splint (Sasaki et al., 2005). They 
are increasingly explored for delivering haptic 
feedback in wearables. They use a pressurised gas to 
drive a piston, or inflate a cavity. They provide 
potential for meeting the stimulation parameters 
described in Table 5.9 since they require a low 
frequency of actuation (0.4Hz) in order to provide 
continuous actuation for several hours. Furthermore, 
the following theoretical assumptions may be made to 
support this: Figure. 5.8 Example pneumatic actuator 

(Haptx ‘microfluidic skin’) 
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Compared to pneumatic actuators, solenoids and voice coils are used less in wearable 
applications. However, they present attractive traits since they have the capability to 
deliver single actuation. Yet some manipulation is required of the circuitry in order to meet 
the stimulation protocol requirements. Table (5.10) presents a comparison between the two 
types of component. Having said this, the greatest limitation in the target stroke 
demographic is the presence of the magnet. Individuals with a pacemaker are excluded 
from using the intervention due to the presence of magnetic elements that can interfere 
with pacemakers.

Table 5.10: Theoretical comparison of solenoids to voice coils

Piezoelectric actuators operate via deformation of crystal structure under the application 
of an electric field. They are typically derived from ceramic materials and can achieve 
high-force, high-frequency actuation with low stroke amplitude.
Piezoelectric materials can also be processed and handled in a manner that enables their 
integration into traditional textile and yarn-based approaches (Chapter six) and suited to 
application to garment forms, maintaining the benefits the garment presents as a tool for 
intervening. More so, their ability to exhibit large forces within small compact ranges and 
sizes is an attractive quality for non-invasive muscle spindle activation.
However, there exists challenges in meeting the stimulation protocol requirements which 
Table 5.11 demonstrates.

5.4.2.2 Solenoids and Voice Coils

5.4.2.3 Piezoelectric Actuator
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Table 5.11: Theoretical comparison of piezoelectric actuators

Although amplification can achieve up to a x50 strain increase, piezo actuators typically 
exhibit low strain values (~0.1%) and increasing this requires an increase in size. Having 
said this, depending on the role of stroke length in delivering high forces to activate the 
muscle spindles, it may be possible, and also desirable, to utilise piezoelectric actuators 
for this purpose without requiring space to do so. This therefore becomes a challenge to 
integrate larger structures into the garment. Further investigation is required to explore how 
piezo materials may be manipulated to do so. 

There is a genuine need for textile-compatible vibrational (mechanical stimuli) components 
that can be incorporated into the textile or garment manufacturing process. This would 
make the use of mechanical/vibrational forces in garments more accessible and could 
open up opportunities for wider therapeutic benefit beyond stroke and other 
neurological disorders, into muscle performance garments and circulatory products; 
benefitting health and wellbeing in general.

In addition, EMG or ECG sensors and microcontrollers are required if the stimuli is to be 
timed precisely to muscle or cardiac rhythms respectively; utilising real-time muscle activity

[The following material that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].



175

to inform the delivery of the stimuli. The rise in research focusing on textile-based sensors 
(Huang et al., 2008; Usma et al., 2015; Meng et al., 2020), charge-storing systems (Zhang 
et al., 2018; Zhou et al., 2015) antennas and controllers (Ibanez-Labiano et al., 2020) 
provides much opportunity. The piezoelectric nanogenerator can hold dual functionalities 
of energy harvesting and sensor capabilities (Egusa et al., 2010); and it is considered that 
a further functionality of delivering mechanical stimulation can be a third. 

Within the context of this PhD, the benefits are two-fold; the careful manipulation of the 
piezo material (utilising the inverse approach in parallel to the energy harvesting approach) 
means the ‘device’ can be used to both power and produce the stimulation. The use of 
body kinesis to power the ‘device’ considers the wearer as an active participant in the 
delivery of care. However, there are several limitations to this approach: 

1)  Although the benefit of piezo materials is in producing power without requiring an 
external power source, this can be limited to small amounts of power. This may be 
amplified via additional components carefully positioned within the garment (e.g. voltage 
amplifiers);
2)  Depending on whether the frequency for stimulation changes as a result of 
future trials, alternative technologies may be more suited to delivering mechanical 
stimulus, e.g.  Solenoid actuator (~2 Watt power usage and ~2.81 hours continuous 
actuation on a CR123 battery);
3)  Conditions endured as a wearable: heat, water, chemicals, abrasion etc. can be 
challenging;
4)  Although manipulable, the level of ‘flexibility’, ‘breathability’/porosity of the piezo 
material requires development (Chapters six to eight);
5)  The use of piezoelectric methods as a viable alternative to coin cells or lithium ion 
cells sewn into pockets on a garment [in an attempt to hide the component] (Figure 5.7) is 
one that has gained increasing attention within the research of e-textiles (Almusallam et al., 
2017; Ponnamma et al., 2019a). Reducing the need to recharge and replace batteries and 
environmental benefits in utilising ambient energy sources; although the re-use, recycling 
or disposal of the energy harvesting material components requires attention;
6)  The use of piezoelectric techniques to promote an active self is considered an 
important element of the recovery process. This relies on the placement of the energy 
harvesting material (considered in Chapter nine) in the garment. However, this may cause
changes in social and personal dialogue;
 7) The compact nature of delivering force in concentrated area means that the 
device can be miniaturised and provide wider options for its integration into a wearable 
form (Chapters six to eight). However, smaller component parts present additional levels of 
complexity during construction and can be easily lost therefore ‘polluting’ and becoming 
dangerous if ingested by any species;
 8) Smaller parts may be somewhat more difficult to trust, since they are harder to 
see. When placed in a context that is unfamiliar to ‘medical’ services (i.e. the garment) 
there exists additional complexities in communicating a level of trust¹³ to the wearer and 
clinicians;
 9) Finally, the mechanical stimuli itself may be considered ‘annoying’. However, 
unless the pattern of stimulation continually changes it is hypothesised that individuals will 

¹³ Of knowing that something is working, of detecting if it is continuing to work ‘correctly’ and of determining 
the level of control required to bolster trust.
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become less aware¹⁴ of the stimuli over time.

Developing e-textile components is not solely about meeting performance needs, albeit an 
important role, but consideration must also be given to how the added function impacts 
the relationship between  garment and wearer and how this can be manipulated. 
The following chapter (six) will therefore explore the potential for manipulating piezo 
materials for use in powering and acting as a mechanical stimulus in the garment whilst 
remaining critical of the challenges for doing so.

¹⁴ Receptors (e.g. pacinian corpuscles, Merkel disks and Ruffini endings) should not remain active under a 
constant pressure or ‘persistent tapping’ of passive touch; this is yet to be explored (Zuo et al., 2014).

Figure. 5.12 Coin cell and ‘pocket’ (Beeby and Torah, 2020)

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature].
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Chapter 6.0 Overview

 In Chapter five, the opportunity for utilising piezoelectric theory¹ to activate the 
muscle spindle Ia afferents (MSAs) and manipulate RST input was introduced, 
demonstrating the potential to power the device and, with further experimentation, 
possibly delivering the stimulation protocol. Notably, the use of energy harvesting 
methods presents an opportunity to re-think a typically passive role of the wearer of a 
wearable medical device, to a more active one. However, the implementation of this 
requires much consideration, including: 
 i) how the choice and synthesis of material elements may influence the efficiency, 
feasibility and form of the device, affecting levels of ‘wearability’;
 ii) whether a desirable force can be achieved in order to influence the MSAs;
 iii) if the textile can deliver enough energy to power the device;
 iv) the most suitable form which the ‘device’ will take. 

Chapter six will explore the practicalities of using piezoelectric materials, beginning by 
providing a context to using piezoelectric materials within textiles (Sections 6.2 and 6.3), 
leading onto key considerations for delivering the intended stimulation protocol and a 
‘working hypothesis’ (Section 6.4) through a literature review. Chapters seven and eight 
will build on this through further within research practice.

 The piezoelectric effect refers to the ability of some materials to acquire an electric 
charge on the application of mechanical stress. When a mechanical stress is applied to a 
piezoelectric material, the crystal structure of that material is caused to polarise, resulting 
in a charge developing between opposing sides of the material, generating current. 
Piezoelectricity is not a linear process but a reversible one. An imposed voltage produces 
mechanical deformation/strains the material (Figure 6.1).

¹ Where the chapter evaluates energy harvesting principles, specifically the “amount of charge generation 
is proportional to the amount of stress placed upon the material [and vice versa]” (Dirjish, 2012). Therefore, 
the optimisation of the piezo material to harvest energy is simultaneously considered to optimise the inverse 
piezo effect required for stimuli generation.

6.1

6.2Exploring the theory of piezoelectricity

6.2.1 Introducing piezoelectricity
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   i - original state/ no application of voltage;
   ii - reverse polarisation through the application of voltage;
   iii - direct polarisation
   0.1 - graphical display of orientation of dipoles in PVDF
   0.2 - piezoelectric material
   0.3 - power supply 
   0.4 - external particles

In the year following the discovery of the piezoelectric effect in 1880 by the Curie brothers 
(Curie and Curie, 1880), Lippmann (1881) predicted this converse effect known as the 
‘inverse piezoelectric effect’. Piezoelectric materials are operable to deform when an 
electric current is applied to such a material.

The inverse piezoelectric effect causes oscillations in the crystal, controlled by the 
electrical input. As the applied voltage increases, the force and displacement increase 
(Aerotech, 2019). An example of this process can be seen in Figure 6.2.

Figure. 6.1 Visualising the material’s dimension when similar and opposing 
poling voltage is applied (adapted from Dahiya and Valle, 2013)
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Figure. 6.2 An example of displacement behaviour in the inverse piezoelectric effect 
(Adapted from Aerotech 2019)
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 Piezoelectric performance is highly dependent on the beta phase [    ] fraction (Jain 
et al., 2015). In PVDF, for example, the orientation of the dipoles in beta phase is linear 
unlike in the other three phases (alpha [   ], gama [   ] or delta [   ]) which are randomly 
oriented (Figure 6.3). As a result, beta phase “exhibits spontaneous polarisation, and thus 
piezoelectricity” (ibid: 1589). This linear orientation separates surface charge to opposing 
positions in the piezo material (Figure 6.4). The application of a compressive or tensile 
force to the material leads to a decrease in polarisation, altering the direction of the dipoles. 
Upon the release of the force, the dipoles return to their linear position. An electrical output 
is generated as a result of consistent cyclic application and release of a compressive or 
tensile force.

6.2.2 Influence of beta phase fraction

Figure. 6.3 
(a) - Graphical representation of the alpha, beta and gamma polymorphic 

crystalline phases of PVDF (Ameduri, 2009)
(b) - Visualising the electrical field-induced phase transitions of PVDF 

(Yu and McGaughey, 2016)

Figure. 6.4 Visualising the piezoelectric effect under polling conditions
(a) - Original state with random arrangement of domains;

(b) - Whilst undergoing poling, the domains align
(adapted from Dahiya and Valle, 2013)
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Enhancing β-phase of PVDF can be achieved by the use of fillers (Appendix 2.3) or via 
copolymerisation (e.g. vinylidene fluoride; trifluoroethylene; chlorotrifluoroethylene; 
hexafluoropropylene)².

Detecting the presence and calculating the amount of beta phase within specimens via 
DSC and XRD analysis respectively provides an indication to the level of output 
performance. Section 8.4 (Chapter eight) details DSC analysis of initial specimens.

The manner of transforming the electrical electric energy into usable mechanical energy 
by piezoelectricity is fundamental to the applications such as nano-positioning devices 
(Dahiya and Valle 2013), displacing a coupled mechanical load and has been used in the 
development of actuators. It is in the area of actuators that this research is most concerned 
with; for creating a textile-based mechanical stimuli component (Section 6.4). 

 The application of piezo materials to wearable contexts presents many challenges 
that influence the compatibility with the expected handle of textile-based materials; e.g. 
flexibility, breathability and stretch (Chapter seven). Ever since the discovery of 
piezoelectricity in PVDF in 1969 (Kawai, 1969), various polymer structures have been 
investigated and utilised in many applications that seek to overcome compatibility issues. 
Although the piezoelectric properties of PVDF are regularly highlighted as being much 
poorer than that of ceramic-based materials (e.g. PZT and BaTiO₃), the flexible properties 
of polymer materials makes them an attractive option for use in sensor and actuator 
applications (Hadimani et al., 2014). 

The brittle nature of inorganic ceramics and their capacity to work at small strain levels 
(~1%) is seen to restrict their application to larger scale textile-based contexts (Zeng et al., 
2013; Fang et al., 2013; Chen et al., 2017).

The presence of lead in ceramic-based materials such as barium titanate and lead 
zirconate titanate prevent them from being suited for use in wearable health devices (Soin 
et al., 2014). Lead-free inorganic ceramics, e.g. BaTiO₃ (Yaqoob et al., 2017) overcome this 
issue, whilst alternative materials such as PVDF present non-toxic, flexible, lightweight, 
biocompatible and electroactive opportunities (Huang et al., 2010; Lin et al., 2012; 
Saravanakumar et al., 2013; Park et al., 2013; Alam et al., 2015; Karan et al., 2015). 
Having said this, ceramic-based components can be manipulated to increase their 
flexibility, weight and behaviour, to a limited extent, via additional processes (Almusallam 
et al., 2017; Chou et al., 2018). 

² The alignment of the polymer chains in an “extended planar zigzag all-trans conformation” is facilitated 
by the presence of a co-monomer unit - specifically when the TrFE content is over 11 mol% (Oliveira et al., 
2014). When this reaches 20 mol% or above, the “formation of β-phase is independent of the processing 
conditions and electric poling” (Hu et al., 2009) which can be beneficial since the effects of poling can be 
limited.

6.3Considerations for using piezoelectric 
methods in a ‘wearable’ context
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Material choice for applications may vary, depending on their context of use, yet, the 
following criteria demonstrates key considerations for wearable devices to attend to:
 “(i) be imperceptible to the user; (ii) not load the user; (iii) provide long term lifetime with 
reasonable power densities (dependent on the application); and (iv) be cost-effective and 
inexpensive to produce” (Mitcheson et al., 2008 in Soin et al., 2014: 4)

Within the literature, examples centre around four common approaches: 
 1) Creating new ‘flexible’ composite materials 
 (Non-woven: Rubbery Matrices); e.g. by depositing ceramic nanofillers which 
exhibit high piezoelectric coefficients (e.g. PZT: Chou et al., 2018) into polymer matrices 
(Parangusan et al., 2017; Ponnamma et al., 2018).
 2) Applying energy harvesting materials to a textile substrate
 (Non-woven: Films); e.g. in the form of screen printing (Almusallam et al., 2017) or 
thin films.
 3) Combining individual yarns (Textile: combining multiple yarns) to either: form 
electrode, piezoelectric and insulation layers (Kwak et al., 2017); or integrate opposingly 
charged yarns to form triboelectric nanogenerators (Zhang et al., 2015c).
 4) Creating new yarns (Yarn: PENG/TENG formed into a single yarn) by: 
combining layers of functional materials, integrating electrodes etc. (Raj et al., 2018); 
twisting or braiding yarns together (Yu et al., 2017); spinning new fibres (Park et al., 2019) 
or impregnating existing yarns, e.g. cotton, with nanomaterials (Mirvakili et al., 2015).

A summary evaluation of these four areas is provided below (Table 6.5), whilst Table A2.41 
in Appendices 2.4 provides a summary of the output performances of key literature. 
Measurements and key values provide guidance for the design of the device which follow 
in subsequent chapters.
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Table 6.5: An evaluation of material specimens within key literature
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³ The amount of induced charges can be further enhanced by either increasing the contact area (Lin et al., 
2013; Yu and Wang, 2016) or selecting yarns constructed of materials with a larger electron-affinity difference 
(in the case of inducing triboelectric effect).
⁴ Fuh et al., 2015 and Yang et al., 2009c demonstrate similar responses.
⁵ Molecular dipoles are randomly oriented, requiring additional poling (contact or corona) processes (Lund et 
al., 2018; Matsouka et al., 2017) under ultrahigh (~10MV/m) electric fields.
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 Hypotheses 1.0 and 2.0 (Figures 6.11 to 6.13) utilise piezoelectric materials to both 
power and deliver mechanical stimuli to the muscle belly in line with stimulation protocols 
outlined in Chapter five. In the first instance, piezoelectric yarns are considered to be 
manipulable in order to achieve this. 

6.4
Interpreting the data to consider the 
construction of a mechanical stimuli 
hypothesis

Figure 6.7 Yarn twisting (Yu et al., 2017)Figure 6.6 Combining yarns (Chung et al., 2018)

However, due to a need of delivering 
a short, sharp force to the muscle 
belly, it may be desirable to contain 
the yarns within a hard casing to 
amplify the stimuli. This may be 
achieved by encasing individual yarns 
in harder ‘shell’ like structures 
(Figure 6.8) or containing multiple 
layers of nanofiber yarns in a single 
casing, echoing the form of ‘bead’ 
embellishments typically seen on 
garments. 

Figure 6.8 Simple graphical representation of yarn casing/ cladding

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.
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The latter may be more appropriate since the casing of individual yarns can be both 
tedious and hold greater implications to the flexibility and comfort of the garment⁶ if used 
in long lengths or excessively. The ‘bead’ on the other hand enables the nanofibers to be 
concentrated in bulk in a small compact area which can be used to amplify the mechanical 
force generated. In addition, the bead shape may be manipulated to indent the limb by at 
least 1mm (Chardon et al., 2014), and partially deform when the tap is activated, indenting 
the limb further.

Used for decades as a form of decoration, communication and expression of wealth 
within fashion and textiles dating as far back as 108,000 B.C. (Dubin, 2009), the bead is 
re-thought as a functional piezoelectric component. The use of embellishments as 
e-textile components is an emerging field but one with its own limitations. The perception 
of embellishments on clothing can limit use. Beads are often gendered by form and 
aesthetic in western fashion (Gibson, 2014) used in women’s clothing, predominantly in 
‘occasion wear’. The bead positioning and visual aesthetic is therefore important to 
consider (Figure 7.2, Chapter seven). 

Similarly to the bead, the sequin has also been used within e-textiles (Nolden, 2020), 
specifically as LED-FSDs™ (Light Emitting Diode-Functional Sequin Devices) (Figures 6.9 
and 6.10); as a carrier of an LED (Peters, 2014: 133). The attachment of embellishments 
to the garment can impact its connection to other components. If not secured it may lose 
functionality; and in fixing this securely, excessive stitching may be required, reducing the 
sequins’ visibility as a design feature. The bead therefore must take this into account.

⁶ The rise of alternative fashion brands including the Ministry of Supply (2020) demonstrate a focus on 
comfort, familiarity and expected ‘norms’.

Figure 6.7 Yarn twisting (Yu et al., 2017)

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.
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Figure. 6.9  LED-FSDs™ ‘off’ (Nolden, 2020)
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Figure. 6.10  LED-FSDs™ ‘on’ (Peters, 2014)
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Figures 6.11 to 6.13 detail a range of considerations introducing a working hypothesis of 
a spec for the mechanical component ⁷; laying down the foundations of exploratory work 
in this area. 
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⁷ UK. Patent applied for the ‘bead’ component. Application number 2013574.5, Salisbury, L.J, Royal College 
of Art [filed 28 August 2020] (Salisbury, n.d. [b]).

Figure. 6.11 Concept 1.0: ‘The bead’ - A ‘textile-based’ 
mechanical stimuli component (Salisbury, n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure. 6.12 Concept 1.0: An overview of the integration of piezo yarns as actuators within bead structures 

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.
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Figure. 6.12 Concept 1.0: An overview of the integration of piezo yarns as actuators within bead structures 

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure. 6.13 Concept 2.0: ‘The bead’ with energy harvesting case (Salisbury, n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.
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Table 6.14: A summary of key elements in Hypotheses 1.0 and 2.0 

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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⁸ 3D structures provide nearly five times the output power as 2D textile structures (Soin et al., 2014).
⁹ Kim et al. (2018) demonstrated that the angle of the force corresponded to changes in maximum output 
power; a maximum output power of 0.064, 0.026 and 0.2 μW and a maximum output voltage of 1.75, 1.29 
and 0.98V was observed from an impact force of 2Hz (4N) at angles of 0°, 45° and 90° respectively.
¹⁰ Ponnamma et al. (2019b) demonstrate that mechanical vibrations display greater output voltage (12V) than 
the folding of the textile, or creasing (1.1V) and elbow movements (5.5V).

Figure. 6.15 Simple graphical depiction of actuator positioning
(Left: Actuator shaped around the full circumference of the casing; Right: Actuator 

focused in the centre of the casing [requires support frame])

Figure. 6.16 Iterations of bead case shapes
[opposite page] (Salisbury, n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
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[The following figure that appeared in the thesis was redacted due to its 
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The bead is placed within the sleeve, worn adjacent to a selected muscle stimulation site, 
located at stimulation site one on Figure 5.1; limiting garment style via sleeve length. An 
alternative site (two) provides access to the RST, whilst enabling shorter-sleeved garments 
to be developed (see Chapter nine).

Table 6.17 provides details of estimated operation range for power requirements, providing 
context to experiments in Chapters seven and eight. Appendix 2.3 provides additional data 
referring to formula optimisation of the piezoelectric components.

Table 6.17: Power, force and preload hypothesised operation range

The choice of materials used and combined to create e-textiles interventions holds 
importance; not solely in the performance of the components to deliver the functionality of 
the intervention, but also stakeholder experience. For example, the choice of piezo 
materials in this case study has the ability to reconsider the role of the wearer and the 
garment as a therapeutic device. If the piezo components are designed in a way that 
harvests energy from body movements, the wearer particpates in the delivery of care since 
they are required to contribute to the powering of the device. This is based on a 
behavioural method of intervening that may be making use of existing daily movements. 
This may be useful to some, in supporting a greater level of mobility, or a barrier to use for 
others; for example, if either they are unable to move enough so to generate enough 
energy, due to fatigue, injury, other co-morbidities and/or motor function. 

Moreover, observation and thought should be given to what categories of people and 

¹¹ Based on an operating voltage range of actuator component [PIC252] with a 10 x 10 x 2mm diameter 
(PI Ceramic, 2020).

6.5 Chapter Summary

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.
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impairment this may exclude, for example, those with more severe impairments. In this 
case, where the stimulation protocol is considered particularly useful for this group, the 
choice of materials may inadvertently exclude them.

But, it should be empasised that this approach is yet to be considered in terms of user 
feedback, which Chapter seven looks to explore.

Furthermore, there exists a range of challenges for using piezo materials from a technical 
point of view, specifically in being produced in a form that can be suitably integrated into 
the garment whilst meeting the requirements of the stimulation protocol, which this chapter 
has begun to demonstrate. Such challenges include:

a) Obtaining a significant beta phase fraction through orientation of dipoles.
This may be achieved by the use of fillers (see Appendix 2.3) or copolymerisation;
b) A flexibility and breathability that suits textile based applications.
This is difficult when using brittle inorganic ceramic-based materials, but made possible by 
either using polymer-based alternatives, which can present a further challenge of reduced 
piezoelectric effect compared to ceramic-based counterparts, or combining the two 
together.

The range of variables included in Section 6.4 will be explored through experimental 
approaches in the following chapters (seven, eight and nine). Chapter seven proceeds by 
investigating perceived levels of ‘wearability’ of various forms of PVDF in textiles with the 
participant group. 
It may be necessary to reconsider the methods of processing piezo materials, their form 
and size and/or considering alternative material choices by reflecting back on findings in 
Chapter five. The remaining chapters will build on this, demonstrating the final hypothesis 
in Chapter nine. 

Beyond this, this chapter introduces the importance of considering the form in which the 
material choice is developed to deliver the stimulation protocol. This takes into 
consideration findings from Chapters two and three, demonstrating the importance of 
how familiar the therapeutic intervention is and how it fits into everyday life. As this 
chapter arrives at the bead as an appealing tool for attending to these points, the 
motivations for creating beads to deliver the stimulation protocol in a garment are 
reflected upon. These can be summarised as follows:

 1. The case can act as a supporting surface for delivering the force and/or as an 
energy harvester in its own right (Table 6.14).
 2. The shape of the casing can be manipulated to benefit the delivery of force 
(Figure 6.16).
 3. The bead act as a discreet container for other components that are built in to 
control and/or power the device.
 4. The bead has the ability to be designed so that it is concealled, threaded into 
the textile or as a decorative feature. As such they can be used singularly or in multiples 
where one or all of the beads can be functional, increasing the surface area within which 
force is delivered but maintaining a flexibility in the textile, depending on the size and the 
arrangement of beads.

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 5. Considering the integration into manufacturing processes, threading beads onto 
yarns can act both as a way of attaching the component in a familiar manner to garment 
construction processes, but also a method for connecting to conductive yarns or wires 
when building into a larger e-textiles system in the garment.

Risks of using beads, or small components, are also considered both in this chapter and 
Chapter five:
 1. It may be easily lost if not suitably attached to the garment in the 
manufacturing process or if the garment is damaged. Therefore the bead will require 
replacing, but it may also pollute the environment, and become a hazardous item that 
may be ingested accidentally as a result.
 2. It is challenging to achieve the configuration of elements within the small 
nature of the bead and therefore the bead shape and size may be altered as a result 
which could, in turn affect the optimum shaping for delivery of force to the muscle.

Where this chapter has explored the compatibility of use of piezo materials to the 
intervention from a theoretical perspective, Chapter eight will conduct a range of 
experiments to evaluate this from a practice-based perspective. But first, Chapter seven 
will seek stakeholder feedback to take on board factors that may influence ‘wearability’, 
specifically softness and comfort, informing developments in Chapter eight.
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Softness
 “Related to flexibility, compression and/or to smoothness, quantifiable by a range of experimental tools. Perceived softness is context dependent and a personal experience that can differ from person-to-person; influenced by 
body conditions as much as the textile, albeit largely by the aforementioned textile properties” (Salisbury, n.d. [a])

Comfort
 “A feeling absent of pain/discomfort generated and dependent upon the following factors: (a) ‘Climatic variables’ externally (from the environment), internally (from the wearer), and the space between the textile and body. These 
include temperature, humidity and airflow; (b) ‘Textile properties’ including stretch, porosity, compression; (c) ‘Emotional and physical state of the wearer’ which encompasses context (including health) and mood-depended experiences”
(Salisbury, n.d. [a]) 
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Chapter 7.0 Overview

 ‘Softness’ is a value that holds influence on ‘wearability’ (Salisbury, n.d. [a]), 
and appreciated within the textile industry. Notably, the “aftercare of a garment frequently 
involves the use of softeners; ‘[They] are the most important global textile finishing 
chemicals in terms of value and amount [used]’” (Choudhury, 2017 in Salisbury, n.d. [a]). 
Where the literature surrounding piezoelectric materials focuses for the most part on 
functional performance and some elements concerning wearability; using terms such as 
‘flexible’, ‘breathable’ and ‘wearable’, there are limited considerations for the impact of the 
handle, softness and garment aesthetic when developing functional textile-based 
materials. “Rarely, is there a consideration for degrees of comfort, specifically ‘softness’. Yet, if 
such methods are to become integrated into wearable garments and worn on a daily basis, or 
even in niche contexts, the tactile experience requires attention” (Salisbury, n.d. [a])¹.

In its role as a therapeutic intervention, comfort levels can have detrimental effects on the 
wearers’ compliance of wearing the garment and therefore receiving ‘treatment’.
The following Chapter (seven) addresses the importance of this, establishing a range of 
focus groups (Stage five in Figure 0.1.3) alongside ongoing participatory design 
workshops. The Chapter will firstly summarise the definition of softness along with 
manners in which it is currently measured (Section 7.2.1 and 7.2.2). The participant-led 
methods used within this thesis will then be explained, along with the structure of the focus 
group enquiries (Section 7.2.3), before presenting key findings (Section 7.3); contributing 
to the working hypothesis. 

Although the research places an emphasis on the subjective interpretations of ‘softness’ 
and ‘comfort’ by the participants, the chapter begins by introducing the following broad 
definitions to place this into perspective for quantitative analysis/discussion:

¹ Additional data can be found in Salisbury, n.d. [a]

7.1

Softness
 “Related to flexibility, compression and/or to smoothness, quantifiable by a range of experimental tools. Perceived softness is context dependent and a personal experience that can differ from person-to-person; influenced by 
body conditions as much as the textile, albeit largely by the aforementioned textile properties” (Salisbury, n.d. [a])

Comfort
 “A feeling absent of pain/discomfort generated and dependent upon the following factors: (a) ‘Climatic variables’ externally (from the environment), internally (from the wearer), and the space between the textile and body. These 
include temperature, humidity and airflow; (b) ‘Textile properties’ including stretch, porosity, compression; (c) ‘Emotional and physical state of the wearer’ which encompasses context (including health) and mood-depended experiences”
(Salisbury, n.d. [a]) 
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‘Softness’ is one characteristic or ‘sensation’ (Peirce, 1930) amongst many others 
 (Table 7.1), which comes to define the tactile property of a textile (Kilinc- Balci, 2011). The 
subjective nature of experiencing ‘softness’ is complex. The handle of a textile is 
determined by softness, as well as other factors including twist, count, friction, flexural 
rigidity, stiffness and ‘hairiness’ (Li and Wong, 2006). These interconnected ‘sensations’ 
have come to be defined through associations with hysteresis, tensile properties, and 
shear stiffness (Abbot, 1951; Bishop; 2008; 1997; 1996; Sun, 2018); via compressive 
qualities (Elder et al., 1984) or via a direct comparison to bending length (Peirce, 1930). 

Within this study, people-centred approaches⁴ are placed at the fore to determine sample 
softness, supplemented by quantitative data for sample thickness and stretch. Responses 
were considered in terms of heightened degrees of sensitivity⁵ and repeated a week later 
to see if perceptions had changed. Table 7.1 summarises the correspondence between the 
body, sensations and fabric properties.

Table 7.1: A summary of the sensations related to fabric properties and the relevant 
skin receptors within a textile: body dialogue

² Peirce, 1930
³ Lindberg et al., 1961
⁴ Subjective measures have been previously used within the literature: Winakor et al., 1980; Philippe et al., 
2003; Soufflet et al., 2004; Sular and Okur, 2008; with the AATCC (2006) standard ‘Fabric Hand: Guidelines 
for the Subjective Evalutation’ providing guidance for subjective analysis. The ‘Tactile Triangle’ (Atkinson et 
al., 2016) was constructed due to a disparity in opinion with the AATCC standard, suggesting that it 
“promote[s] unnatural interactions with textiles and so are incompatible with consumer experience” (ibid).
⁵ “One in two stroke survivors experience impairment in touch sensation after stroke” (Goodin et al., 2018).

7.2.1 Defining softness

7.2 Experimental aims and methods for 
exploring degrees of ‘softness’



211

Fabric thickness and stretch ratio are included to observe any correlations between these 
properties and the level of softness; but more so, due to their significance in influencing 
garment type (e.g. for wearing underneath, or over other garments), seasonal and body 
temperature requirements, garment fit, bead positioning and level of indentation. As noted 
previously (Section 3.3.2, Chapter three), the distribution of tension within the textile also 
holds significance in its contribution towards ease of dressing and stimulation 
requirements. The tension, textile structure and yarn combination are therefore reported as 
factors that are modified during the sampling process.

In contexts, such as the knit lab, participant presence can be limited, yet feedback is critical 
to the development process. To support the process of classifying degrees of softness by 
the researcher, a grading chart was created from participant feedback. The chart enabled 
the researcher to intermittently reflect on the perception of the textile from participants’
perspectives whilst sampling. The researcher uses their own sensory experience to 
compare further samples produced in reference to prior graded samples. Samples 
produced in ‘Sample Series II’ were graded by participants to inform samples in ‘Series III’ 
which were also graded. 

Participants made a comparative analysis of the samples, ranking them in order of 
softness relative to the other samples. All individual ranks were then averaged out. 
Discussions were then held within the groups to categorise the samples; using keywords

originating from participants to describe the tactile quality of the samples: ‘Very rough’, 
‘rough’, ‘wearable’ and ‘soft’ (Figure 7.2).

7.2.2 Grading softness

7.2.1 Defining softness
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Figure. 7.2  Softness level scale; 
categories and boundaries

Figure. 7.3 Calculating the percentage stretch: Test textile stretched in test rig
(Author’s archive)
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Stretch was calculated by clamping the textile within a test rig (Figure 7.3) and using the 
following equation:
Maximum stretch width [a] ÷ unstretched width [b] -1 x 100 = stretch percentage [c]
I.e.  a÷b -1 x 100 = c
Sample thickness was calculated using a digital calliper to a 0.01mm degree of accuracy.

 Focus groups were conducted over three months in various locations. The groups 
consisted of a 65:35 male to female ratio, of ages ranging from 25 to 70. 
Textile samples (to an average scale of width [weft]: 15cm by length [warp]: 12cm) were 
created as provocations (Figure 7.5⁶; see Appendix 2.5 and 2.6 for experiment design) to 
explore participants’ views of:
 i. Textile structure
 ii. The form of the energy harvesting material
 iii. The tactile experience of the samples
 iv. Perceptions of self
 v. Participant requirements and desires of a garment.

⁶ Samples were removed from the acetate backing so that participants could handle them more easily.

7.2.3 Focus group and participatory design group structure
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Unlike the participatory groups, the focus groups were structured⁷ to explore key 
questions (relating to points ‘i.’ to ‘v.’). Table 7.4 demonstrates key features of the focus 
groups and participatory design group sessions.

Table 7.4: Comparing features of participatory design groups to focus groups

Figure. 7.5  A snapshot of samples and participant interaction
(Author’s archive)
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Feedback was obtained through independent review, led by researchers who had not 
previously met the participants, but who knew the research. This was important since 
participants had worked with the researcher (Salisbury) for over 12 months at this point, 
which was considered to bias responses. Participants had not previously seen the samples 
or been informed of the textile-stimulation concept explored. 

The structure of enquiry within the focus group of ‘Sample Series I’ differed from Sample 
Series II and III. Further details are sub-headed accordingly. 

 This enquiry took place in several steps: 
Step one
Participants were asked to review a range of textile samples (Table 7.6), some of which 
contained piezoelectric films and conductive inks (Table 7.7). At this point, the functionality 
of the textile was not disclosed to participants. They were instead asked which samples 
they liked the most and that they would wear, and which ones they preferred the least and 
why.

Step two
Participants were asked to examine a sample engineered according to the needs of the 
concept¹³ (Figure 7.8). Again the participants were not informed about the function.

Step three
Further samples were presented to the participants which incorporated the PVDF yarn into 
the textile construction (Samples 32-36 in Table 7.9). Again, the function was not disclosed 
to participants.

Step four
The function of the textile was finally disclosed, enabling the researcher(s) to capture 
participants’ perception of the handle and aesthetic in comparison to functionality of the 
samples. 

⁷ See question guide in Appendix 3.6
⁸ Sessions conducted on a bi-monthly basis.
⁹ e.g. Salisbury (co-facilitator); Support worker (co-facilitator); Two volunteers (supporting participants in 
practical work).
¹⁰ Not including carer(s) who accompany some participants.
¹¹ 21 per each cycle; three cycles of focus groups were conducted e.g. two independent researchers (focus 
group leads and interviewers); Support worker (facilitator); Salisbury (observer).
¹² One-to-one sessions provided for individuals who were likely to agree with the other participant’s 
comments in a group scenario
¹³ Raised tubular structures to generate higher contact of the stimulation site with the body. Drop stitch to 
enhance the looseness of movement of the piezoelectric yarn in contrast to tighter textile structures in Figure 
7.7.

7.2.3.1 Sample Series I
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Figure. 7.6  Photo compilation: Samples 1-30; ‘Sample Series I’ 
(Author’s archive)
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Figure. 7.7 Photo compilation: Details of samples with PVDF film
(Author’s archive)
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Figure. 7.8  Visual representation of Sample 31 (Author’s archive)
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Figure. 7.9 Photo compilation: Sample 31 developments
(Author’s archive)
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 Following on from Focus Group 1.0 conducted in ‘Sample Series I’, a participatory 
design approach (Sanders and Stappers, 2008) was used in the latter two series to inform 
the sampling and developments (Figures 7.10 to 7.12). This occurred on a weekly basis. 
Time between the sessions enabled sampling¹⁴ to continue and for participants and the 
researcher to reflect on prior responses. The sessions therefore always began by revisiting 
findings from the previous session.

A grading chart was developed (see 7.2.2) following Focus Group 2.0, and renewed 
following Focus Group 3.0 where further samples were added.

¹⁴ Further details in Appendix 2.5

7.2.3.2 Sample Series II and III
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Figure. 7.10 Photo compilation: Sample photographs (Series II)
(Author’s archive)
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Figure. 7.11 Photo compilation: Sample photographs and key measurements (Series III) - Part 1
(Author’s archive)
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Figure. 7.12 Photo compilation: Sample photographs and key measurements (Series III) - Part 2
(Author’s archive)
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 i) The yarn combinations used for the samples in each series was limited. This 
impacts the scope of the research and explorations of ‘softness’. Since the use of wools 
was likely to lend itself to colder seasonal wear, this became the focus of the research. 
To counter this, discussions were held around spring and ‘summer wear’, with additional 
yarns (cotton and lycra) included for these purposes. Personal clothing and fabric 
swatches were referenced in cases where samples did not represent need.
 ii) Only a limited number of samples featured the PVDF film or yarn. Their 
corresponding textile structures may have influenced responses. 
 iii) In the case of the PVDF film samples, it was observed that, as heat was applied 
for longer periods of time, the film became transparent (Figure 7.13). The PVDF may have 
subsequently dissolved into the adhesive, since areas not in contact with the adhesive 
remained white.

 iii) The colour of the samples was also limited, influencing participant responses; 
the off-white yarn influenced analogies of bandages (FF, 2019). 
 iv) The size of the samples limited the ability for some participants to visualise 
wearing a garment made out of the textile. Such participants instead reverted to 
commenting largely on the tactile experience, a valuable contribution to the early stages 
of enquiry. In other cases, participants began matching textiles together suggesting which 
areas of the garment may be constructed to form the sleeve, body, cuffs and hem (Figure 
7.14); explored further in Chapter nine.
 v) Samples 31 and 32 are characteristically unique in appearance, determined by 
the functional needs. Where no alternative ‘unfamiliar’ textile structures were tested, it is 
difficult to conclusively determine whether the participants liked or disliked the sample as 
a result of its distinct features or because of its ‘unfamiliarity’. Therefore, participants were 
asked why they liked or disliked each sample they discussed. 

 i) Mood, seasons, weather and the context in which the sessions are held are all 
factors that can influence the response of participants. Although this cannot be fully 
mitigated, participatory groups were spaced out over a 24-month period in total, where 
behaviours, needs and desires could be analysed over various seasons and times of year. 

7.2.4 Limitations and considerations 

7.2.4.1 Focus groups

Figure. 7.13  Applying electrospun non-woven PVDF fibres to varying 
knit samples: time dependent reaction between the PVDF and 

adhesive (Author’s archive)

7.2.4.2 Participatory design groups
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 ii) It was acknowledged that some individuals who did not take part at all could 
provide some additional, particularly important insights. A strategy was constructed to 
engage with them on a different level; e.g. on a one-to-one basis¹⁵, or in consultation with 
the support worker who was either simply present or asked questions to the individuals on 
behalf of the researcher. 

In cases where the participant did not meet the researcher (Salisbury) before, enquiries 
were conducted directly¹⁶ and support was provided by support workers to include those 
with aphasia¹⁶.

¹⁵ Overwhelming auditory stimulation can limit participation for some individuals who experience heightened 
levels of sensitivity post-stroke.
¹⁶ Figures 7.15 and 7.17 demonstrate examples. Note that in some cases participants respond for their own 
preferences, and in some cases, from observing others.

Figure. 7.14 A participant considering and selecting a choice of textile structures
(Author’s archive)
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 In step one, participants evaluated the samples and discussed their preferences to 
which they would most likely wear. This was initially determined by the pattern of the 
textile, but later came to be dominated by the level of softness. Although the same yarn 
was used to construct these samples (cash-wool), participant responses varied according 
to differing textile structures, influencing the level of perceived softness. Overall, 
participants preferred more uniform structures; 84% (Samples 1-12, 16, 19 and 21-24) 
compared to 24% of samples with more complex textures (e.g. 13-15, 17, 18, 20 and 25-
30).

More complex patterns raised causes concern amongst a number of participants (8 
participants: 24%). The overpowering nature of visual stimuli can present issues: “You have 
to be careful because something like this [chevrons] is no good for me. It could trigger my 
epilepsy” (MN, 2019). 

The level of stretch which the textile exhibited was referenced regularly (56% of the time) 
in participants’ responses. In particular, three participants suggested that their perceived 
value of the textile and its durability can be determined by the stretch. They noted that 
thicker textiles with a ‘tighter’ stretch were more robust and durable compared to other 
lighter, thinner and ‘looser’ stretch jumpers: “[I like] a heavier jumper [like this (Tucked ripple 
stitch)] because thin ones tend to lose their stretch” (CE, 2019).

A striking finding was the difference between responses to Sample 32. Prior to knowing 
the intended function of the textile (energy harvesting and stimulating), 97% of participants 
outrightly rejected Sample 32 stating they would not wear it. However, after disclosing the 
function only one individual (MN) retained their original decision to not wear it. 97% of the 
original 97% who had previously rejected the sample changed their minds, stating that 
they would now wear it due to the benefits the function could have on their recovery. The 
difference highlights the value of the concept. Comfort and visual appearance was seen 
to be marginalised or reduced in priority after the function of the ‘device’ was disclosed. 
This displays a disparity between quality of life versus immediate healthcare needs. It may 
be questioned why, for the majority of participants, the level of impact to health is valued 
above personal identity and comfort. In response to this, participants suggested that there 
was an expectation of having to sacrifice quality of life in order to recover, which is 
dependent on: 
 i) the level of benefit to health; 
 ii) the duration and frequency of wear. 

Devices worn long-term require alternative considerations and additional needs to be met; 
although the same can be said for those worn for short periods of time; motivating people 
to wear and comply with wearing them in the first place. The level of comfort was an 
important factor in compliance with wear for short and long-term devices which, upon 

7.3.1 Sample Series I

7.3 Findings and Discussion
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reflection, participants reconsidered shortly after initially responding that this did not 
matter. 

Since sleeve length¹⁷ and garment style was particularly commented on, further 
evaluations of whether the ‘device’ is a garment or perhaps a ‘band’ emerged (Table 7.16).

¹⁷ Figure 9.2, Chapter nine.

Figure 7.15  Participant discussing sleeve length in response to Sample 31
(Author’s archive)
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Table 7.16: Benefits and limitations of the type of wearable

At this stage it was unknown whether the approach to stimulation itself was driving the 
change in decision to wear Sample 32 and to what extent the context of the garment/ 
textile contributed towards this response. Therefore, participants were asked: if the 
stimulation could be provided in any textile structure from the samples available, which one 
they would choose (Figure 7.17). The majority of respondents (91%) chose a structure from 
Samples 1-30, with Samples 19 (pockets), 10 (2x1 rib) and 4 (half cardigan) being the most 
popular: “If it was changed into something like that [drop stitch] then I would wear it outside” 
(MM, 2019).

Figure 7.17  Participant response to Sample 32 (Author’s archive)
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Participant responses centred around 4 key themes: references to ‘softness’, the type of 
garment they could identify the sample with, and considering the suitability of samples to 
seasonal weather requirements. The following findings have been divided accordingly.

Overall, participant responses emphasised the thickness, stretch and softness of the 
samples. Samples 41 - 43 were received with the greatest negativity, being described as 
‘rough’, ‘unwearable’ and rejected: “Oh this one is really rough. No, there’s no way that this 
could be worn. It would scratch your skin off!” (ibid).

Participants noted the weight of Sample 37 was noticeably more than other samples. This 
may hinder limb use, adding to the weight of the limb which is already a barrier (KK, 2019). 
The excessive use of Inox is seen to contribute to the weight; its use across the whole 
textile being further problematic without adequate insulation. 
The use of Lycra increases the stretch ratio in Sample 38. However, it also contributes to 
a ‘bandage’ aesthetic (MM, 2019) and increases surface roughness (DF, 2019); the PVDF 
appears to be looping above the surface rather than sitting flat (Figure 7.18). The 
introduction of cash-metal to Section B of Sample 38 increases perceived softness from a 
visual, but not from a tactile perspective. 

Figure 7.18 - Close-up of surface structure with protruding PVDF stitches
(Author’s archive)

7.3.2 Sample Series II

7.3.2.1 Considering sample softness
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 A common theme of ‘essential wear’; i.e. garments that are worn on a daily basis 
emerged from discussions. This included basic jumpers, t-shirts and base layers¹⁸. “You 
need it to be basic. Like a simple colour because it will be easier to wear” (QQ, 2019). 

Within the line of conversation, the level of stretch in the samples became a point of focus. 
Recalling Section 3.3.2 in Chapter three, participants revisited issues dressing into ‘gym 
clothes’ or ‘tight fitting clothing’, suggesting that the energy needed to dress can act as 
a barrier to them being able to wear ‘high-stretch’ clothes. Requirements of the fit of the 
garment may be a barrier to use since participants regularly reported wearing a bigger size 
in order to aid dressing: “I wear extra large t-shirts because its much easier to dress in and I 
also get really hot now [after brain injury] so the space [between body and garment] cools me” 
(PQ, 2019).

The fit of the garment was also important in reducing the level of stigma and highlighting 
disability: “What concerns me is the fit of the garment. If the sleeve is positioned wrongly or 
the measurements are wrong it can make you look like you can’t dress yourself or make people 
look at your arm more” (JJ, 2019). 27% of participants recalled a change in body size post 
injury: “Your body size changes after your injury. Some garments, you can’t put on afterwards 
because your body doesn’t move the same way, it changes shape and clothes just don’t hang 
properly on the body in the same way anymore. Especially loose clothes” (HH, 2019). 

The importance of positioning and fit of the garment cannot be overlooked, since the 
‘bead’ needs to be placed accurately at the site of stimulation (Figure 5.1) and suitably 
indent the arm.

Further conversations explored the level of trust in the garment, in knowing that the 
‘component’ is doing what it is supposed to, and even trusting that it is worthwhile to use: 
“How do you know that it is actually doing what it is supposed to? Do you feel something?” 
(DF, 2019); “Feeling the treatment would be a good way of knowing like you can feel something 
is happening” (HH, 2019); “But would that become annoying after a while? You wouldn’t want 
that to happen all day would you” (JJ, 2019); “How would you stop it? You can’t be taking off 
your top in the middle of the supermarket if it’s annoying you [laughs]” (DF, 2019). Participants 
highlighted the need to integrate buttons in order to start, stop and override the function, 
providing an element of control in the hands of the wearer.

Discussions also explored the manner in which the device is powered: “So you’d have to do 
ten repetitions or such to get it going? That’s all well and good to begin with but when you feel 
as tired as you can do [fatigue], then you probably wouldn’t bother” (RR, 2019); “Can you not 
store some of the energy or get it from somewhere else, as like a backup or something?” (DF, 
2019); “It’s good that it motivates you to move to receive the treatment but what if you had just 
had the stroke? Or if you can’t move much? Because this would be really useful for people like 
that but you need an alternative power as well for them” (TT, 2019); “Yeah and if you need to 
do too much, some people won’t bother” (CE, 2019).

¹⁸ Sample structures 19, 10 and 4 were identified as being more ‘familiar’ to existing garments.

7.3.2.2 Garment type
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 18% of participants made reference to an increase in body temperature post brain 
injury which has led them to wear lighter, thinner layers of clothing: “Since my brain injury I’m 
hot all the time. So I just end up wearing large t-shirts. Even in winter I just wear light summer 
jackets” (QR, 2019). On the other hand 27% of participants noted that they were more 
susceptible to feeling the cold after incurring the brain injury: “Ever since the stroke I feel 
cold more often. It’s horrible because it makes your [affected] arm more stiff and painful. That’s 
why I wear these extra layers [draws attention to a long sleeve top worn underneath their 
clothing]” (WX, 2019).

Participants also discussed the seasonal context for wearing the different samples: “If you 
made a thin layer then you could wear it in summer and winter because you could just wear it 
under your jumper in winter, and wear it by itself in summer” (RR, 2019).

 As a result of findings from ‘Series II’, which highlighted a need to measure sample 
softness, thickness and stretch levels, samples¹⁹ were graded (Section 7.2.2) by 
participants (Figures 7.22 and 7.23), adding in samples created from ‘Series III’. Averages 
of scores for stretch, thickness and tensions were calculated (Appendix 2.7). These have 
been summarised according to the numerical categories of softness in Figures 7.22 and 
7.23. Key findings are presented below within the themes of ‘Textile structure’, ‘Sample 
thickness, yarn combination and arrangement’ and ‘Tension’. 

 By employing spacer structures, the PVDF yarn could be tucked in between the two 
outer layers of the textile (Figure 7.19). In this instance the two outer layers of the textile 
contributed more to surface texture; catching the PVDF yarn within the textile and reducing 
contact of the PVDF with the skin. Samples employing a spacer structure saw an increase 
in sample softness to 7 and 8 (Samples 44 and 45 respectively). Softness levels were all 
below 6 in Samples 37 to 42, and as low as 1 (Sample 43) and 2 (Samples 41 and 42). 

Spacer structures are also noted useful for improving energy harvesting output 
performance. Soin et al. (2014) have demonstrated higher outputs and efficiencies of 
spacer structures versus ‘2D’ woven, knit and non-wovens; with a maximum output power 
density of 5.10µWcm-2 (under pressures of 0.02 - 0.10 MPa).

Samples using spacer structures tended to increase sample thickness (up to 65mm 
reported on warp knitted spacers; Yip and Ng, 2008; Hou et al., 2012). Depending on yarn 
combinations and tension, tubular structures are notably thicker than full interlock (Sample 
2 compared to Sample 3 on average). By varying the tubular structure with the interlock, 
the thickness of the sample could be controlled and reduced.

¹⁹ Complete sample list in Appendix 2.6

7.3.2.3 The influence of body temperature on textile properties

7.3.3 Sample Series III

7.3.3.1 Textile structure
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 In general, thicker samples saw greater perceived levels of softness (Samples 46-
49; 45; 59; Figure 7.23) with a range of thinner samples being exceptions to this (Samples 
40; 51; 55A; 55B; 58). Tucking the PVDF at every other stitch was used to help reduce the 
overall thickness of the sample (from 0.99mm in Sample 59 to 0.83mm in Sample 58). This 
is seen to increase the roughness since loops of PVDF yarn protrude above the surface 
(Samples 58 and 59).

Softness was affected when the PVDF yarn broke, either due to stitch arrangement 
(Sample 60) or due to floating PVDF stitches (exaggerated by the use of Lycra in Sample 
50, by tucking at every other stitch and increasing the tension in Sample 59). To avoid yarn 
breaks, the racking should take place on a tubular rather than an inlay row (Figure 7.20).

Yarn arrangement is also a contributing factor to surface roughness. In Sample 51 the 
cotton-zinc and PVDF yarns are randomly oriented in the structure since they are simply 
knitted in. This can be controlled by employing a plating technique, as seen in Sample 52, 
generating a distinct difference in surface roughness between the ‘right’ and ‘wrong’ sides

7.3.3.2 Sample thickness, yarn combination and arrangement

Figure. 7.19 Spacer structure: PVDF yarns inlay between 
two cash-wool outer surfaces (Author’s archive) 

Figure. 7.20 Left: racking on an inlay row; 
Right: racking changed to a tubular row
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of the textile. In Sample 55, the placement of the Lycra notably influenced perceived 
softness. By knitting the Lycra with the cotton-zinc, (rather than with the PVDF in the 
spacer in Sample 54), softness levels increased. When looking at the influence of 
percentage stretch on levels of softness overall (Figure 7.24) the data demonstrates that, 
when integrating PVDF monofilament, the less stretch the greater the perceived level of 
softness.

Notably, softness types can differ in accordance with seasonal needs; e.g. smoother, less 
fibrous yarns were more desirable in warmer months, versus more fibrous yarns for winter. 
Levels of softness were also related to perceived level of luxury and quality of the textile/ 
garment. When asked, comfort was seen to be more closely associated with luxury goods 
and much less so with medical wear which were viewed as holding ‘practical 
considerations’ as priority. This level of familiarity in association of such qualities to 
medical devices in turn was seen to influence levels of trust towards the garment as a 
medical device and whether it would achieve the desired results of recovery; but also, 
compliance. 

Body temperature requirements post-stroke are seen to influence the degree of softness 
and needs for maintaining a comfortable body temperature. Due to concerns raised in 
‘Series II’ regarding body temperature requirements (in both hotter and cooler 
temperatures), a lighter layer is considered beneficial since it can either be worn on its own 
or layered with other garments. Technical investigations aim to reduce the overall thickness 
of the textile for this purpose.

Combining properties within a single yarn (Sample 58) by using a softer yarn with elastane 
properties reduces overall textile thickness, by reducing the need to use multiple yarns 
(Sample 57). This raises concerns for textile recycling at the garment’s ‘end-of-life’. The 
integration of PVDF yarns further adds to this complexity. Multiple yarns are considered to 
be easier to recycle than fibre-based methods of integrating nanofibers into existing yarns 
(e.g. PVDF nanofibers into cotton). The separation of materials can prove more difficult 
(Navone et al., 2020).

The level of tension varies according to the yarn combination used. Combining Lycra and 
PVDF in the inlay (Samples 54; 56; 57) increases surface roughness as the PVDF 
protrudes more so from the surface. This is increased further following steaming. 
Loosening the tension from 10.5 to 11.5 in Sample 57 increased sample thickness from 1.5 
to 2mm respectively. 

“Qualities which contribute towards softness and comfort are seen to directly impact the style 
of garment. Changes in yarn combinations, tensions  were also seen to change the physical 
appearance of the textile; Samples 53 and 57 display a ‘polo’ appearance, Samples 54 and 55 
a ‘soft cardigan’, whilst Samples 49 and 50 may be considered appropriate for use in 
compression socks or tight fitting sportswear” (Salisbury, n.d. [a]). A tighter tension 
contributes towards a ‘stiffer’ handle of the textile (e.g. Sample 56) and, in some cases, an 
increased stretch ratio (e.g. Sample 55).
The final sample used an interlock tubular spacer structure with yarn combinations of black 
lycra, PVDF and conductive yarn in order to achieve a lightweight, high-stretch, super soft 
jumper (Chapter nine). 

7.3.3.3 Tension
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Figure. 7.21 Sample softness grading: ‘Very Rough’ to ‘Rough’ (Salisbury, n.d. [a])
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Figure. 7.22 Sample softness grading chart: ‘Wearable’ to ‘Soft’(Salisbury, n.d. [a])
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Figure. 7.23 Average thickness per softness level (Salisbury, n.d. [a])
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Figure. 7.24 Average percentage (%) stretch per softness level (Salisbury, n.d. [a])
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7.4 Chapter 7.0 summary

 Due to the increase in studies exploring the technical capacity and output performance 
of energy harvesting yarns, there exists a real need to understand how energy harvesting 
yarns may be integrated into wearable garments. In particular, how the tactile experience, 
particularly in terms of ‘softness’ can be manipulated.

The act of wearing clothing generates tactile sensations that can elicit pleasant or unpleasant 
responses. Of the most irritating sensations from wearing clothing, a ‘fabric-evoked prickle’ 
is rated as being the worst (Li and Wong, 2006). Associations with feelings of being 
uncomfortable when wearing a textile that is ‘prickly’ (Garnsworthy et al., 1988b; Smith, 1987) 
can be identified as triggering pain nerve endings from a threshold of 0.74mN (Garnsworthy 
et al., 1988a). Within this study, samples which ranked worst were those where the PVDF 
yarn floated above the surface, protruding out, producing a rough surface. Small pieces of 
broken PVDF yarn (Figure 7.18), were caused by issues during the shaping process where 
the racking starts on a row of tucked stitches (Figure 7.20).

Within Chapter six, the use of rubbery matrices were discussed in regards to their use within 
the development of flexible energy harvesting materials (Chou et al., 2018). A final note is 
made towards this particular process. Where larger pieces of rubbery matrices may not be 
most suited for integration into garments, a reconsideration into how the use of silicones are 
used may present a better opportunity. Interestingly, the use of silicone is frequently used to 
create fabric softeners, specifically for wools, in order to increase fiber flexibility; 
specifically bend and twist (Naebe et al., 2013). Similarly to methods used for carbonising 
cotton yarns and other methods for energy storage (Mirvakili et al., 2015), considerations 
may turn towards the exploration of impregnated fabrics with PZT/silicone nanofibers (or 
alternatives to PZT) that simultaneously soften whilst embedding functionality may be a 
desirable route to integration. 

Furthermore, the concept of the ‘familiar’, ‘typical’, ‘usual’ or ‘expected’ elements of a 
textile that contribute towards a sense of a ‘norm’ (as expressed in Chapters two and three) 
is an element that can be seen to determine the acceptance and use of wearable technology 
(Salisbury, Ozden-Yenigun and McGinley, n.d). Yet, when it comes to trusting a textile to 
deliver ‘treatment’, a ‘familiar’ garment can generate a level of scepticism and mistrust: “can 
a textile do that?!” (CE, 2019) is a typical response. 

In reference to key challenges raised in Section 3.2.4 in Chapter three, this Chapter has 
demonstrated that the textile can be constructed in a manner that resists obscuring the 
familiar appeal of garments when integrating e-textiles functions, specifically energy 
harvesting methods for powering e-textile components. 

Overall, spacer structures have been highlighted in Chapter six as being suitable textile 
structures for integrating piezoelectric ‘components’ (Liu et al., 2016; Kwak et al., 2017), but 
also within this Chapter due to their suitably ‘soft’ qualities. As this chapter has 
demonstrated, the spacer structure needs considering to be deemed suitable for wear in 
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particular seasons and garment styles. Yet, the structure provides the opportunity to 
consider the placement of the ‘bead’ between the surfaces (Figures 7.20 and 7.25) and 
therefore surrounded by energy harvesting yarns (an alternative approach to self-powering 
the device where fatgue can reduce the level of engagement).

Depending on yarn combination, spacers were noted by participants as being too thick 
(Samples 45 - 48) or delicate (Sample 44). The investigations in Sample Series III have 
demonstrated that the level of softness can be manipulated during the sampling process 
(Figures 7.22 to 7.24). However, the PVDF yarn used is a monofilament constructed via 
melt-spinning. Alternative methods of constructing a piezoelectric PVDF yarn (explored in 
Chapter eight) may also yield different responses to the parameters used.

This can raise further challenges and issues beyond the immediate use of the garment as 
a therapeutic intervention. Namely, when reflecting back on Chapters two and three, the 
impact of ‘concealing’ a component or device related to disability. This can have a 
knock-on effect on the visability of disability in society which can present issues of 
acceptance and inclusion.

Figure. 7.25  Working hypothesis: A diagrammatic representation of bead placement

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Beyond this, further key challenges emerge from using yarn-based energy harvesting 
methods. This includes:
1. The need for energy storage suited to power requirements of the textile components;
2. A need for methods of powering the device if energy harvesting methods do not fulfill 
this. This may be in combination with energy harvesting methods or as an alternative. 
Where it is not in the scope of this thesis to explore this, it should be noted that 
considerations for cost and influence on behaviour of use and compliance should be 
acknowledged when making this decision.
3. Methods for controlling and connecting the textile components.

The focus of this chapter has not been on the performance of the energy harvesting yarn 
but on the opportunities for integrating the yarn within the textile in a manner that 
complements expectations of wear by the particapant groups. 
Findings demonstrate how methods of grading participant responses can be particularly 
useful in developing materials in environments where participants have limited access. The 
iterative nature of making can be stifled by stopping and starting to go away and collect 
feedback all too frequently.

Where it is not in the scope of the thesis to explore all of these challenges, they will form 
part of future work. However, Chapter eight will embark upon evaluating the performance of 
a yarn specimen to be able to evaluate the role of energy harvesting in powering the device. 
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8.0
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Chapter 8.0 Overview

 Chapter eight builds on findings from Chapters six and seven, presenting a 
theoretical exploration of yarn compositions for a yarn-based energy harvester. A focus is 
placed on the functional performance of one of the proposed concepts (Concept one) via a 
range of experimentation (electrospinning) and material characterisation techniques (DSC, 
XRD and piezo response testing using an oscilloscope and Instron tensile tester). 

In evaluating the functional performance of the yarn specimens the chapter begins to 
evaluate the potential role of energy harvesting in the device. In particular, it seeks to 
understand to what extent the yarn specimens may contribute to powering the device. 

It should be noted, however, that due to limitations in access to equipment, the research 
was unable to explore the optimum yarn concept (twelve). This remains part of future work.
However, the specimen that was sampled, thanks to a partnership with PhD student Alrai 
at Istanbul Technical Universtiy, provides an evaluation to the use of energy harvesting 
methods could be explored alongside the literature referenced in the chapter.

Section 8.2 begins by reviewing yarn composition and its ability to influence the functional 
performance of the application to harvest energy and deliver stimuli, bearing the intended 
use. Where a detailed summary of each concept is provided in Appendix 2.8, this Chapter 
will embark on a range of initial investigations (Sections 8.3 and 8.4). 

 
 Textile composite ‘components’ are increasingly attractive for use in many modern 
industries as a result of their excellent mechanical properties; fatigue strength, ‘high 
specific stiffness and strength’, dimensional stability and excellent corrosion resistance 
(Soutis, 2005). However, depending on their composition¹, textile composites can be prone 
to varying modes of failure including delamination, cracks and fibre breaks (Thierry et al., 
2018) as well as variations in output performance. 

¹ E.g. if laminated and reinforced with continuous medium (Figure 8.58)

8.1

8.2Yarn construction and experimentation

8.2.1 Yarn concepts: Overview 
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Figure 8.1 provides an overview of yarn concepts developed in response to earlier experiments and analysis (Chapters six and seven). A focus is placed on concepts one and twelve since they present key 
alternative approaches to electrospinning and theoretical potential above concepts two to eleven, justified in Section 6.3 (Chapter six) and Appendix 2.8). Concept one spins nanofibers directly onto the core 
conductive yarn substrate, whilst Concept twelve spins and twists a complete nanofiber yarn.

It is hypothesised that Concept twelve will have a greater output performance than Concept one due to predicted issues concerning the mechanical stability and interfacial bonding between the nanofibers and 
the core conductive yarn. Concept one has been sampled and tested, whereas Concept twelve, a hypothesis developed as a result of experimental findings, remains theoretical and has yet to be sampled.
Concepts two to eleven (included in Appendix 2.8) demonstrate wider considerations for alternative yarn designs that informed and were informed by concepts one and twelve. However, due to time constraints 
these were not sampled.

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure 8.1 provides an overview of yarn concepts developed in response to earlier experiments and analysis (Chapters six and seven). A focus is placed on concepts one and twelve since they present key 
alternative approaches to electrospinning and theoretical potential above concepts two to eleven, justified in Section 6.3 (Chapter six) and Appendix 2.8). Concept one spins nanofibers directly onto the core 
conductive yarn substrate, whilst Concept twelve spins and twists a complete nanofiber yarn.

It is hypothesised that Concept twelve will have a greater output performance than Concept one due to predicted issues concerning the mechanical stability and interfacial bonding between the nanofibers and 
the core conductive yarn. Concept one has been sampled and tested, whereas Concept twelve, a hypothesis developed as a result of experimental findings, remains theoretical and has yet to be sampled.
Concepts two to eleven (included in Appendix 2.8) demonstrate wider considerations for alternative yarn designs that informed and were informed by concepts one and twelve. However, due to time constraints 
these were not sampled.

Figure. 8.1  A summary of considered yarn structures: Concepts 1-12

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 In Concept one the yarn is composed of a core conductive yarn that acts as an 
electrode to extract charge from the PVDF nanofibers and a substrate which the PVDF 
is electrospun² directly onto. The PVDF and PVB layers provide insulation (Almusallam et 
al., 2013) as well as acting as piezoelectric and encapsulation materials, respectively. The 
mechanical stability of the nanofiber layer is dependent on the characteristics and surface 
quality of the core yarn. The material rigidity difference between conductive ‘wires’³ and 
the piezo material has, in previous studies, caused poor mechanical coupling between the 
nanowire and piezoelectric material. Poor interfacial bonding can result in device damage 
after several stretch and release motions (Xu and Zhu, 2012; Yu et al., 2015; Park et al., 
2017) and since the electrode requires excellent mechanical compliance to support 
optimum output performance, this is an issue. 

Conductive particles (e.g. Ag particles⁴) may be used as an alternative to wires to reduce 
the resistivity of the polymer phase into the composite (Sancaktar and Bai, 2011), which in 
turn increases the effective electric field on the piezoelectric particles. 

An insulation layer is typically applied to protect the electrode from damage or 
contamination. A dip-coated PVB encapsulation layer enables the yarn to withstand 
everyday wear and manufacturing processes. The method for coating the yarn should 
avoid tedious steps that could limit the production of continuous yarns as well as the 
consideration for the use of solvents since this could react with the PVDF nanofibers. 

The overall yarn diameter should be suitable to the knit process and garment type. A finer 
yarn is considered more beneficial since this can be twisted together (Park et al., 2019) to 
construct heavier textiles or used in a single ply for lighter textile structures. The dtex of the 
core yarn should be sufficient to act as a substrate for the application of PVDF whilst not 
compromising the overall yarn dtex.

 In contrast to melt spinning with poling where a 25mV response was observed 
(Matsouka et al., 2016), electrospinning methods using the twist and pull technique (Ali 
et al., 2012) are seen to yield higher potentials. Park et al., (2019) note the significance of 
the method observing a response of 500-600mV under 1MPa at 0.5Hz using electrospun 
PVDF-TrFE yarns. The exception to this was in the study⁵ by Hadimani et al. (2013) which 
demonstrate a maximum output voltage of 2.2V⁶. However, their processes could only 
produce sub-mm order filaments and therefore, unlike electrospinning processes, are 
unable to produce non-woven fabrics (Asai et al., 2017).

² “Electrospinning is a versatile method of producing continuous nanofibres through the application of an 
electric field” (Salehhudin et al., 2017). However, the process is typically time consuming and presents limi-
tations to scaling up applications.
³ Studies using nanowires (Hecht et al., 2011; Kumar and Zhou, 2010) typically use a restricted length of 
1-20μm (Lee et al., 2012) and display relatively weak electrical and mechanical properties.
⁴ Adding Ag nanoparticles to a polymer piezoelectric matrix improves dielectric constant (d33) by 18%, but 
decreases peak output voltage (Almusallam et al., 2017). A maximum d33 value of 43.5 pC/N was reached 
at 0.2wt% of Ag; an 8% increase compared to the composite without Ag.
⁵ Applying 13kV after heating the PVDF to 80℃ during the melt extrusion process.
⁶ Appendix 2.4

8.2.2 Concept 1: Limitations and considerations 

8.2.3 Concept 12: Limitations and considerations 

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Where mono- and multi-filaments have been used in textiles for many decades, 
applications in everyday apparel is limited⁷ “owing to their low bulk and high bending rigidity” 
(Tausif et al., 2018). Electrospun nanofibers, on the other hand, are gaining popularity and 
a reputation for use in protective clothing (Serbezeanu et al., 2015). The nanofibers large 
surface to volume ratio amplify vibrational input (Egusa et al., 2010), but also show 
potential for everyday use due the similarities in properties to that of staple fibres such as 
cotton, wool and silk whose fibres are held axially together by methods of “twisting, 
wrapping, entangling or chemical bonding” (Chen, 2011). However, electrospinning methods 
can be difficult to adapt in order to produce continuous fibres (Concept 4 in Appendix 2.8; 
Ali et al., 2011).

The connection between the electrospun fibres and electrodes can pose as a barrier. In 
cases where metal foils have been used, the repeated application of strain and mechanical 
deformation limits their lifetime/ use as a result (Fang et al., 2011; Zeng et al., 2013). The 
use of conductive yarns provides an alternative, more effective manner to do so (Soin et 
al., 2014); although the structural integrity of the yarns resulting from friction and abrasion 
during contact needs to be taken into consideration when designing the textile or yarn. 
Park et al., (2019) demonstrate the use of braiding techniques (a familiar process in the 
textiles industry) to integrate yarn-based electrodes within the multi-ply yarn. Therefore, 
Concept 12 utilises a twisting method to combine conductive yarns with the PVDF 
nanofiber yarns.

Finally, a suggestion of 0.1 wt% of graphene is included in the Concept, having been 
shown to increase the open circuit current and voltages⁸ (Abolhasani et al., 2017). When 
this is considered relative to PZT rubbery matrices which are seen to generate 0.4µA and 
8V when stretched at a frequency of 0.7Hz (Chou et al., 2018), the use of graphene can 
transform the use of PVDF in a manner which may challenge ceramic-based 
counterparts.

 A systematic approach was taken towards the developments to better understand 
the nature of the piezo yarn. Experimental Series I and II tests the application of PVDF to 
a conductive core yarn via electrospinning, with Series II further investigating the influence 
of spin time on coating thickness, uniformity and output performance.

A total of five months of this thesis’ work was spent on Experimental Series I and Series II 
testing and sampling. Later phase tests, incorporating silver particles, encapsulation layers 
and use of PVDF-TrFE, are anticipated in post doctoral study (Figure 8.2).

⁷ Used mainly for specialist purposes, e.g. filtration systems (Chen, 2011), fishing line, toothbrush bristles 
(Hagewood, 2014) and in the production of rope and twine (Ebnesajjad, 2015).
⁸ From 2μA and 3.8V to 4.5μA and 7.9A; enough to power an LED for more than 30 seconds when a 33μF 
capacitor is charged by the PENG sample (via finger movements) to 6.5V (Abolhasani et al., 2017).

8.3Technical investigations

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure. 8.2  A systematic approach to yarn investigations

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 PVDF Solef-1008 and PVDF Sigma-275,000 mw, used without any modifications, 
were spun coated onto two types of conductive yarns (100% Inox and 97% Inox, 3% Cu) 
via electrospinning (Y Flow Nanotechnology Solutions); using Acetone and 
Dimethylformamide (DMF) as solvents. The electrospinning set featured a disposable 
syringe, a flat tip needle with a diameter of 8 mm, a high power voltage supply and a 
conductive collector plate with dimensions of 13 cm x 17 cm.

The samples were held in place by winding the yarn around fixed plastic stakes in a 
polystyrene frame (Figure 8.3). In order to ensure full coating the yarns were held in two 
different stationary positions directly below the spinneret by rotating the sample in the 
polystyrene frame. 

In Series I seven different specimens were produced (Table 8.4), interchanging the yarn 
from steel-100% to steel-97%/ copper-3%. The PVDF material source, coating layer 
thickness, electric voltage output, and the Inox substrate were varied for a wider 
understanding of these changes on utilising PVDF nanofibers for energy harvesting 
applications. In Experimental Series II, the spin time was extended. 

 

8.3.1 Methods: Experimental Series I and II

Figure 8.3 Photographic images of Specimen Si1. Left: Steel-97% & 
copper-3% (%vol) yarn before coating; Right: After NFs PVDF coating



263

Table 8.4: Summary of the specimens and their corresponding parameters

⁹ ‘So’ in So1 refers to Solef-based solution; ‘Si’ refers to Sigma-based solution.
¹⁰ This specimen did not have a good polymer jet causing difficulty in making an accurate conclusion on 
the effect of time deposition on the coated yarn.
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 1) The nanofibers exhibit poor interfacial bonding and stability to the core yarn. They 
are easily brushed off with a sweep of a finger and therefore highly unstable. 
 2) The electric voltage employed was the minimum that facilitated a stable 
polymer jet and Tylor cone for Specimens Si1, Si2 and So4. A minimum voltage¹¹ is 
typically required to overcome the surface tension of the solution droplet. Increasing the 
voltage increases the surface tension and viscosity but is also seen in some cases to 
reduce the diameter of nanofibers (Rodoplu et al., 2012; Heikkilä et al., 2007); the higher 
electric voltage outputs showed some instability in the formation of the polymer jet and 
Tylor cone. Nonetheless, all yarns were coated successfully, albeit somewhat lightly in 
several cases (Specimens So5, So4 and Si2).
 3) Fibre diameter (Table 8.11) increased by 3-6 fold after coating (Figures 8.5 to 8.8), 
ranging from around 160 to 300 µm. This indicates that the yarn was not coated uniformly 
along the yarn.
 4) Large amounts of ‘waste’ product (Figure 8.9) were observed since the spinning 
process could not be accurately controlled to only coat the yarn. It is considered that the 
process could be adapted in order to achieve this. This may include charging the yarn to 
attract the nanofibers towards the yarn; depending on the charge characteristics of the 
nanofibers.
 5) The ‘zig zag’ formation of the yarn in the polystyrene frame (Figure 8.10) resulted 
in an interconnecting ‘web’/ nanofiber membrane being formed at the innermost corners 
(Points i-v). The positioning of the yarn therefore requires reconsidering.
 6) Due to the set-up, the range of the lengths of the coated yarns is limited (between 
~30 – 80 mm). Therefore this method is not suitable for coating continuous lengths of yarn. 
One option may be to create a motorised yarn spool mechanism to pull the yarn through 
whilst simultaneously rotating it in order to obtain a more uniform coating. However, the 
delicate nature of the nanofiber’s mechanical stability on the core yarn may restrict this 
whilst the set-up would continue to produce excess ‘waste’ nanofibers.

¹¹ ~4 kV (Salehhudin et al., 2017).

8.3.2 Findings: Experimental Series I
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Figure 8.5 SEM image of So6.
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Figure. 8.7 SEM image of 
conductive yarns (97% steel, 3% copper) 

before coating

Figure. 8.6 SEM image of 
conductive yarns (100% steel) 

before coating
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Figure. 8.8  SEM image of conductive yarns (97% steel, 3% copper) before coating: Close-up
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Figure. 8.9  Excess nanofiber deposits

Figure. 8.10 Photograph demonstrating issues with coating (Specimen Si1): Yarn placement
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8.3.3 Findings: Experimental Series II 
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Si-13 ~5mins coating Si-15 ~15mins coating

Figure. 8.12 SEM of Specimens (left to right): Si13, Coating duration ~5 minutes; Si15, Coating 
duration ~15 minutes; Si 16, Coating duration ~25 minutes; Si14, Coating duration ~130 minutes.
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Si-16 ~25mins coating Si-14 ~130mins coating
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Figure 8.13 Photo 
compilation 1 of 
yarn specimens Si1 
to So9. 
Demonstrating yarn 
quality (namely in 
terms of uniformity 
of coating) visible to 
the naked eye of a 
textile researcher
(Author’s archive)
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Figure 8.14 Photo 
compilation 2 of 
yarn specimens 
So9 (repeat) to Si13 
(repeat). 
Demonstrating yarn 
quality (namely in 
terms of uniformity 
of coating) visible to 
the naked eye of a 
textile researcher
(Author’s archive)
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Figure 8.15 Photo 
compilation 3 of yarn 
specimens Si14 to 
Si21. 
Demonstrating yarn 
quality (namely in 
terms of uniformity 
of coating) visible to 
the naked eye of a 
textile researcher
(Author’s archive)
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 To test the effectiveness of the yarns, Differential Scanning Calorimetry (DSC)
 analysis was conducted on the specimens to determine the presence of the beta phase in 
the sample (Soin et al., 2014; Park et al., 2019). There are limitations to the data gathered, 
since DSC analysis only provides an indication of whether beta phase is present or not. 
It does not provide details on the percentage of beta phase fraction in the sample which 
likely varies according to the variables used in the experimental electrospinning process. 
Therefore, in partnership with the UK Atomic Energy Authority, X-ray Diffraction (XRD), 
Scanning Electron Microscopy (SEM) analysis and piezo response testing using an Instron 
tensile tester and oscilloscope were conducted to provide information about the 
percentage beta phase fraction, surface morphology and voltage generated from the yarn 
specimens.
Section 8.4.2 will firstly explore DSC analysis, before sections 8.4.4 to 8.4.6 will detail XRD, 
SEM and piezo response testing respectively.

 Crystallisation properties and polymorphism of the neat and nanofiber yarns was 
studied by DSC analysis within the temperature range of 298 - 523K (25 - 250℃) at a 
heating rate of 10K/ min under N₂ atmosphere (100ml/min). The specimens were 
prepared by brushing off the PVDF coating from the core yarn and mounting them onto 
a crucible (Figure 8.16). Unprocessed pellets were also analysed and used as baseline 
measurement for comparison to the electrospun samples.

8.4.1 Test aims and methods 

8.4
Material characterisation and testing: 
A case study analysis of yarn 
Concept one

8.4.2 Experimental conditions: DSC 

Figure. 8.16  Specimen Si12 mounted in the crucible 
(point x)



279

 According to the literature (Wan and Bowen, 2017), the following temperature peaks 
indicate the presence of the following phases:
 1) A peak at ~172-175℃ for Alpha
 2) ~167-172℃ for Beta
 3) And ~175-180℃ for Gamma 

Table 8.17 shows the peak values for a random selection of Specimens; supplemented 
by Figure 8.18 displaying their graphical representations. All samples tested display the 
presence of beta phase. However, the limited mass of some samples (e.g. So5) resulted in 
low quality readings. It is difficult to suggest whether Specimens So5, So6 and So9 display 
alpha or beta phase. Further analysis (e.g. X-ray diffraction [XRD]) is required to examine 
the percentage fraction of the phases present within the Specimens. 

Table 8.17 DSC analysis data

8.4.3 Findings: DSC analysis 
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Figure 8.18 DSC analysis of Specimens Solef 1008 to Si19 (Table 8.40)
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 The aim of the XRD analysis is to measure the %wt of the crystalline phases (alpha, 
beta and gamma) within the PVDF coating on the yarn specimen. 
One issue is that the X-ray penetration depth for PVDF is about 0.5 mm. Each specimen 
contains only 2 to 3 mg of PVDF per sample. Given the 1.78 g/cm^3 density of the PVDF, 
the penetration depth is therefore only 1 to 2 cubic millimetres. This means, no matter how 
the samples are arranged, the X-rays will penetrate through it and hit the sample plate or 
container used to hold the sample. In addition, this is a very small amount of sample made 
of light elements, which suggests that weak signals will be obtained making it difficult to 
determine %wt of crystalline phases.
Removing the PVDF coating from the core yarn will likely impact results too.

As a result of this, an improvised ‘beam stopper’ and an air scattering protector were 
installed in an experimental set up (Figure 8.19) to reduce the background noise from the 
air scattering as much as possible.

8.4.4 XRD analysis of specimens

Figure. 8.19  XRD experimental set up for analysing yarn specimen [point x] (Author’s archive)

x

8.4.4.1 Aims and issues 
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The composition of PVDF coated Cu wires was determined by X-ray fluorescence analysis 
using Rigaku RIX 3000 spectrometer with some adaptions to the set-up. Adaptions had to 
be made due to the nature of analysing PVDF coating on the wire. It was considered that 
removing the PVDF from the core Cu wire may affect results. Therefore the set-up was 
adjusted to accomodate this as follows: 
PVDF coated Cu wires were stretched horizontally for the XRD measurement. To reduce 
background from air scattering an air scattering protector plate for the incident beam and 
a beam stopper for the transmitted direct beam was installed. The source to sample and 
the sample to detector distance were both 300 mm and 2.5° Soller-slits were used both at 
the incident and the receiving sides to reduce the horizontal divergence of the beam. The 
incident beam was kept fixed with respect to the sample to prevent the sample 
accidentally moving out from the beam due to slight misalignments, and the detector was 
scanning in 2θ from 5° to 45°. Figure 8.19 shows the photo of the experimental setup.

The specifications of yarn specimens tested are displayed in Table 8.20 below. The 
majority of specimens (Si5, Si-15, So-6, Si-9) were used from prior electrospinning 
experiments, whereas others (Si-18-1, Si-18-2, Si-9-2) were created specifically for testing 
with UKAEA based on DSC results.

Table 8.20 Specifications of yarn specimens tested

8.4.4.2 Methods
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Theoretical peak positions, relative peak intensities assuming texture-free sample, and 
Reference Intensity Ratios (RIRs) of the PVDF phases were calculated from 
crystallographic information files obtained from the Cambridge Structural Database. 
The weight fractions of the PVDF phases were estimated based on the integrated 
intensities of the fitted peaks taking into account the RIR of the corresponding phase and 
the relative intensity of the peak with respect to the highest intensity peak of that phase. 
For β-PVDF the first 2 reflections, (200) and (110) were fitted as a single peak, because 
they are so close to each other, that they cannot be resolved as separate peaks. This single 
fitted peak was used to determine the weight fraction of the β-PVDF phase.

The weight fractions given in the CIF files have to be corrected for two reasons: i) they 
include the copper wire, but this is not really meaningful as the intensity of the copper 
reflection with respect to the PVDF strongly depends on geometrical factors and it is not 
the subject of the present analysis either, and ii) it was not possible to assign both the (110) 
and (200) reflections of the β phase to the same fitted peak in the Rigaku software. 
Therefore, only the (110) β-PVDF was assigned to the 4th peak, which is the strongest 
reflection of the β-PVDF phase and the point of focus in the experiment. 

By multiplying the weight fraction of the β-PVDF phase by 100/138.33 and renormalizing 
the sum of α-PVDF and β-PVDF fractions to 100 wt% one gets the weight fractions given 
below in Table 8.21 and Figures 8.22 to 8.23 displaying raw XRD data from specimens 
Si-18-1 and Si-18-2 respectively. The results will be discussed collectively with the peizo 
response results in Section 8.4.6.

Table 8.21 Measured weight fractions of PVDF phases

8.4.4.3 Results
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Figure. 8.22 Specimen Si-18-1: a) Peak process graph; b) Plot of results 
detailing wt% of the core yarn, alpha and beta fractions of PVDF 

a)

b)
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Figure. 8.23 Specimen Si-18-2: a) Peak process graph; b) Plot of results 
detailing wt% of the core yarn, alpha and beta fractions of PVDF 

a)

b)
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 The aim of piezo response testing is to determine how much voltage is generated 
from the yarn specimens at a given strain rate. This can then be used to indicate what 
percentage of the total power requirements of a device can be fulfilled via the yarn 
specimens and therefore how appropriate it may be to use.

Strains of 25% intervals were tested, within the elastic limit; i.e. 25 cycles at 25% strain, 
25 cycles at 50% strain, 25 cycles at 75% strain and finally 25 cycles within 90% strain. 
Strains were fully released between each cycle. However, due to budget limitations, 
cycles varied up to 25 at each strain (see Table 8.27).

Peak strain is calculated using just core conductive yarn and a duplicate PVDF nanofiber 
yarn provided in order to determine the maximum % strain explored in each cycle. 
A sample core yarn of 40mm in length has 300microns of elastic yield - strain is ~20%
Excess noise seen in the data (see figure x). This is due to the equipment having a large 
range (up to 10,000N) and operating at a range below 1N, which was expected. Therefore 
the software will not use the Force as the independent variable to determine the value 
tested, rather we will control the experiment via the displacement value. Therefore, Force 
= dependent variable and Displacement = independent variable. Peak strain is recorded 
at ~0.64N.

8.4.5 Piezo response testing 

Figure. 8.24 Illustration indicating the 
positioning of wires connected from 
the oscilloscope to the yarn specimen 

8.4.5.1 Aims

8.4.5.2 Methods

Yarn specimens detailed in Table 8.21 with a total coated length 
of between 84 - 102mm were tested using an Instron tensile 
tester, TRAPEZIUMX and Picolog programmes, data logger and 
oscilloscope. The aim is to measure the potential between the 
core yarn and the coating (Figure 8.24) using Shimadzu AGS-X 
capstan wire grips. Testing was conducted at a speed between 
0.1mm/min to 2mm/min.

In order to connect the oscilloscope to the PVDF coating, the 
ends of the data logger wire was twisted around the coating 
(Point x on Figure 8.25). To maintain adequate grip to the yarn, 
the ends of the yarn are sandwiched between acrylic sheets, cut 
to appropriate thickness, before being placed in the grippers. 
The neutral wire from the control box on the data logger is 
connected to the core yarn and the other wire is connected to 
the piezo coating.
To avoid the weight of the wire affecting results it was 
deweighted by suspension on the equipment (Point y on Figure 
8.25) whilst the value of the load cell was monitored to detect 
any changes impacting strain applied to the specimen.
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x

y

Figure. 8.25 Overview of set-up of yarn specimen in Instron Tensile Tester
[Point x: Indicating connection between PVDF coating and data logger 
wire; Point y: Indicating de-weighting technique] (Author’s Archive) 
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 Results were captured from the data logger onto the PicoLog programme (Figure 
8.26) and are summarised in Table 8.27. Voltage was observed in just two specimens 
(Si-15 and So-6) in Figures 8.28 and 8.29 respectively. As with the XRD data, results from 
piezo testing will be discussed in Section 8.4.6.
 

 

8.4.5.3 Results

Figure. 8.26 Snapshot of data collection in progress [Note, this figure is 
included for the purpose of providing context. Results displayed are not 
intended to be legible] (Author’s archive)
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Table 8.27 A summary of parameters and observations in tested specimens
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Figure. 8.28 Output voltage produced by specimen Si-15
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Figure. 8.29 Output voltage produced by specimen So-6
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 In this case study, samples exhibiting higher wt% of beta phase fraction did not 
entirely correspond to observed output voltage detected in piezo response tests. Indeed, 
specimens Si-18-2 and So-6 demonstrated the highest beta phase fraction yet 
specimens Si-15 and So-6 were the only specimens demonstrating output voltage 
(70-100µV and 200µV and 1mV respectively). So-6 was consistent in demonstrating a 
higher beta phase fraction yet Si-15 recorded a 12.5±1.4 fraction. It is unknown why 
sample Si-18-2 did not exhibit a detectable piezo response, although this could be due to 
either issues with connectivity between the wire and PVDF coating, or noted issues with 
equipment in Table 8.27. Further repeat tests are required to explore this. 

When exploring SEM analysis for further insight, spheres of PVDF were detected where 
nanofibers had not been successfully coated (Point x on Figure 8.30). Further, the delicate 
nature of the nanofiber coating could be seen with an outer shealth visibliy becoming 
detached from an inner core layer (Point y on Figure 8.31). The extent to which the outer 
shealth and therefore added thickness of coating is contributing to the piezo response is 
undetermined. However, deterioration in the coating likely impacts results. The 
application of an encapsulation layer may be deemed important prior to further tests. 
However, observations to interfacial bonding and material heterogeneity between the 
core yarn and nanofiber coating should be considered.

Further, the connection between the coating and the data logger wire can be improved. A 
gold (Ag) foil could be used to improve contact between the wire and coating whilst 
reducing the possibility of short-circuiting due to the nature of the foil being unable to 
penetrate through small gaps in the nanofibers, which gold sputtering techniques may 
do.

 Energy harvesting methods have become popular areas for exploration within 
e-textiles. Yet, the limited capacity to generate enough power, as seen in the results 
captured in Section 8.4.5 within this case study but also in other studies can limit 
application to e-textile applications.

Although the voltage produced is limited, it is important to acknowledge:
Firstly, optimisation of samples may be achieved through a variety of methods. According 
to literature (Wan and Bowen, 2017), PVDF copolymerization can lead to a higher 
piezoelectric coefficient. After initial trials it may be necessary to use copolymers if the 
results are insufficient (Figure 8.2);
Secondly, the value of energy harvesting beyond functional performance, specifically, the 
value of re-thinking the roles of the wearer, textile components and therapeutic
intervention. Indeed, it is worth considering the opportunities for how energy harvesting 
methods can influence behaviours of the wearer, behaviours that could benefit the 
therapeutic intervention’s aims. 

 

8.4.6 Discussion

8.5 Chapter Summary
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In this case study, promoting a mobile self is highly recommended even when 
rehabilitation is not offered (Section 1.2.2). Yet, it is also important to consider the 
challenges and issues that may be faced too. For example, how accessible is this for 
those more severely impaired where little to no movement is present, the use of energy 
harvesting methods that utilise body movement for powering the device could render the 
treatment inaccessible for some. That is even to say when energy harvesting materials 
are placed on areas of the body that are less affected and therefore exhibit movement.
For those with moderate impairments who may be more mobile, the use of energy 
harvesting methods may be useful, yet it does not mean that individuals will make use of 
this function. If the e-textile components are powered via hybrid methods by both 
energy harvesting and battery packs, a reliance may be placed on battery power and 
energy harvesting left unused. That is, if energy harvesting is focused on producing 
energy from human movements. Alternative sources of producing energy may also be 
used that, although do not necessarily contribute to increasing a mobile self, may make 
steps towards more sustainable energy methods. Energy may be harvested from the 
force produced by the bead in delivering the tap stimulus. Further, from thermal energy 
produced by the electronic components and/or the human body. 

The cost of integrating a hybrid system should also be considered, since the cost of the 
garment can limit access to some communities. Where this is not in the scope of this 
thesis to consider costs, this is an important element that needs to be acknowledged as 
something that can be a challenge for developing garment-based therapeutic devices.

Where Chapter eight has focused on technical investigations into the performance and 
opportunities of using energy harvesting materials, the value of how such materials can 
influence body behaviours and encourage greater mobility is considered interesting to 
pursue.
Chapter nine will investigate the integration of PVDF yarns, albeit melt extruded at this 
point until electrospun fibers are optimised, and further evaluate the bead, using an 
existing component (the voice coil) to do so. 
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9.0

Exploring garment 
specifications: An insight 

into early garment 
development 

CHAPTER
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Chapter 9.0 Overview

 This chapter investigates the type of garment that is most suitable for the 
application of the ‘bead’ intervention in everyday use. Considerations for garment 
specification including seasonal requirements, shape, form and garment type are key if the 
‘wearable’ is to be worn. Indeed, where the wearable is a therapeutic intervention, this can 
be particularly challenging. Trust is an important element when using a medical device, 
perhaps more so when that ‘device’ is a garment. How can the wearer be sure that the 
intervention is being delivered at the appropriate level? How can the wearer control the 
‘device’? 
As demonstrated in Chapter six, the use of the ‘bead’ as a ‘smart textile component’ 
(Salisbury, n.d. [b]) holds promise as a method for delivering mechanical stimuli to the body. 
In particular, this thesis utilises its shape to support a level of indentation to the limb in line 
with the stimulation protocol (Section 5.4, Chapter five), whilst manipulating the casing to 
subsequently deform (see Figure 10.2), as well as the capabilities to easily integrate into 
garment manufacturing processes. Yet, how can this component be suitably integrated 
into the garment’s aesthetic in a way that does not compromise its technical performance?
How visible is the component? How easily can the component be placed over the intended 
area of the body? What are the implications of misplacing the component or misusing the 
component? How might these risks be mitigated?
Finally, how can the technical performance of a new component be tested to understand 
the above questions? In this Chapter, where Bead Concepts one and two are refined from 
exploring these areas, a further Bead Concept (three) is proposed for evaluating the 
stimulation parameters in further research beyond the PhD (pp. 360).

Within this Chapter key categories such as garment style, fit, positioning and visibility of 
‘components’ are explored. Body scanning tools were used to visualise the body (Figure 
9.1), with the resulting image becoming useful in; firstly, visually displaying the deficits 
described in the literature; and secondly, to be used when planning the positioning of 
the site of stimulation within garment developments. This was achieved by translating the 
body scans into a bespoke mannequin, e.g. Figure 9.2, enabling access to the body in 
times where this was restricted. Although the mannequin represents a static figure, not 
accounting for mobility, it enabled considerations for the posture, positioning and shaping 
difference of the affected and unaffected upper limbs to be analysed during garment 
development. The mannequin is based on a female participant¹ who has long-term upper 
limb deficits, dropped shoulder and contracture, representing a ‘model candidate’. 
 

¹ Future work includes body scanning of more individuals, to inform size variations and construct size charts.

9.1

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Research insights have been compiled from throughout the thesis and additional 
participatory design sessions were run with the same participant groups (as Chapter 
seven) to establish and refine the garment specification, integrating the ‘bead’ (Figure 9.2). 
Section 9.3 details technical investigations interpreting the findings before summarising the 
working concepts developed, forming the basis of future research. The methodology for 
data gathering and analysis was kept consistent with protocols outlined in Chapter seven. 
Textile samples from Chapter seven and subsequent toiles developed during participatory 
design methods in this Chapter were used as design provocations. Participant responses
informed developments of the garment specification. This is summarised in the following 
Section (9.2).

 Table 9.2 collates key findings from the participatory groups conducted throughout 
the final stages of the research. The findings demonstrate a consideration for integrating 
the stimuli within the garment. Modifications of the working specification includes 
considerations for behaviour during wear, dressing and aftercare. Accommodations are 
made for individual requirements. Where garment type varies according to personal style 
and bodily requirements (e.g. temperature), thoughts centre around common requirements 
to justify a final, representational prototype.

9.2
Considering body image, garment type and 
‘component’ visibility via participatory 
methods: Garment specification summary and discussion

Figure. 9.1 From fMRI to Body Scanning: The body as a research tool
(Author’s archive)
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Table 9.2 Final garment specification: A summary
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Figure. 9.3  (Half) Toile 1: Long sleeved basic jumper
(Author’s archive)
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Figure 9.4  Toile 2: Integrated bra 1 
(Author’s archive)
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Figure 9.5  (Half) Toile 3: Integrated bra 2
(Author’s archive)



305

Figure 9.6  (Half) Toile 2: Integrated bra 3
(Author’s archive)
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Figure. 9.7  Considering the placement of energy harvesting 
yarns in the garment: annotated body scan images 1 
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Figure. 9.8  Considering the placement of energy harvesting 
yarns in the garment: annotated body scan images 2
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Figure. 9.9  Pattern 1: Energy harvesting panels
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Figure. 9.10  Pattern 1: Considering component positioning 

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure. 9.11  Considering access to arm for regular
 hospital procedures [if the affected arm is needed]

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].



314

Figure. 9.12 Demonstrating the pattern construction 
(Author’s archive)

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].



316 Figure. 9.13  Paneled t-shirt (Author’s archive)
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Figure. 9.14  Graphical representation of a paneled jumper
(Salisbury n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 In response to findings collated from throughout this PhD, a garment has been 
constructed in the form of a long-sleeved round-neck jumper. The sample includes a 
considered distribution of conductive tracks (points c on Figure 9.17) to collect ambient 
energy produced by body kinesis and a sample textile sensor (point b on Figure 9.17). The 
sleeve is considered firstly in Table 9.18, before the bodice is later developed (Table 9.20).  

The garment represents an example of ‘unapologetic’ (Pullin, 2017), everyday essential 
wear; a garment that can be worn without attracting stigma, acting as a base for which 
other garments can be added to, forming an outfit. Unlike with styled garments, where 
there exists an infinite amount of possibilities, some which are more limited to ‘trends’ than 
others, the basic, essential wear provides a garment that works with the changing trends 
and identity of the wearer.

Having said this, even with essential wear, there exists a range of variables that appeal to 
some more than others; e.g., neckline, fiber content, fit and colour. The priority is the 
wearer’s comfort within recovery; comfort in the sense of self/ body image, and comfort 
during wear. Although there is much to explore (Figure 9.3), the garment represents current 
findings, scaling up Sample thirteen (Chapter seven). 

Where Hypothesis 1.0 works on the basis of harvesting energy from body kinesis, 
Hypothesis 2.0 does not. Therefore, Hypothesis 2.0 does not require the integration of 
PVDF nor conductive tracks throughout the garment, reducing the garment complexity; 
experiencing fewer restrictions of textile structure choice that Hypothesis 1.0 does. The 
final garment incorporates such additions in order to simultaneously address Hypotheses 
1.0 and 2.0.

Table 9.15 demonstrates key insights during the making process, with technical data 
placed in Table A2.64 (Appendix 2.6). 

9.3Technical investigations

9.3.1 Knit
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Table 9.15: Key insights and considerations from the sampling of a basic jumper

² Initially the EMG sensor was decoupled from the bead but, it was later incorporated into the bead (Figure 
9.35). However, risks arise from doing so requiring work to: a) reduce noise and interference with the EMG 
signal from electromagnetic fields; b) and receive adequate signal from a small scaled component.
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Figure. 9.16  Integrating conductive tracks at the neckline: placement in knit structure 



322



323

Figure. 9.17  Bead Concept 1.0: Integrating conductive tracks: inside of garment
(a) Float stitch for attaching the Bead; (b) Knitted textile sensor; (c) Conductive 
tracks; (d) Positioning of textile switch [and microcontroller in Hypothesis 1.0].

(Salisbury, n.d. [b]; Author’s archive)

[The following image that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure 9.18: Scaling up samples: The Sleeve
(Author’s archive)

[The following image that appeared in the thesis was redacted due to 
its commercially sensitive nature.

Should the reader be interested in receiving the information please 
contact the author at: laura.salisbury@rca.ac.uk].



326



327

Figure 9.19: Scaling up samples: Integrating conductive tracks
(Author’s archive)



328



329

Figure 9.20: Scaling up samples: The Bodice
(Author’s archive)
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 The set in sleeve pattern used to construct the prototype garment (Figures 9.31 and 
9.36) presents issues of lost energy at the seams where the garment is linked. The 
connection of two separate conductive yarns likely leads to the generation of heat spots. 
Figure 9.21 demonstrates the prevalence of heat spots in a test sample where two 
separate Inox yarns have been re-connected together. Reducing energy loss is important 
in this particular case, where energy harvested can be low.

In response to this, a new pattern has been drafted (Figures 9.22 and 9.23). The pattern 
retains the ‘familiarity’ of the common set-in sleeve, whilst enabling a continuous 
conductive yarn to be maintained by blending the sleeve to the shoulder at the sleeve head 
(annotated ‘dis’, Figure 9.23). The final patterns are included in Section 9.4.

9.3.2 Pattern considerations

Figure. 9.21  Detecting heat spots in cut and reconnected conductive yarn
(Author’s archive)
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Figure. 9.22  Final pattern development: Step 1
(Salisbury, n.d. [b])
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Figure. 9.23  Final pattern development: Step 2
(Salisbury, n.d. [b])
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 To conclude this case study, Bead Concepts 1.0 and 2.0 are detailed below³. These 
represent the culmination of research findings, future opportunity and an alternative 
perspective towards upper limb care. They provide the foundations for which further work 
can be built from, translating the research outputs into real-world impact. A diagrammatic 
illustration of ‘Future Work’ can be found thereafter in Chapter ten. 

In addition to Bead Concepts 1.0 and 2.0, a further concept (3.0) is included by way of 
seeking to evaluate the key opportunities and challenges for delivering the stimulation 
protocol in the garment. This will include: 
a) Introducing Concept 3.0 and how it meets the stimulation parameters for testing and 
informing developments of Bead Concepts 1.0 and 2.0;
b) Limitations of Concept 3.0 including key hazards for misusing and misplacing the 
component as well as a suggested exclusion criteria for deeming the device (under 
Concept 3.0) unsuitable for individuals;
c) An evaluation of connecting and powering the garment based on using voice coils.

Following this, the chapter concludes with a discussion around the impact of the following 
factors for using a garment as a therapeutic tool:
a)  Role of energy harvesting for powering the device;
b)  Considerations for the shape and visibility of the component;
c)  The style of garment and seasonal considerations;
d)  Garment fit;
e)  Considerations for controlling the intervention when wearing the garment.

An overview of the concept which Case Study four is attending to will firstly be introduced  
(Figure 9.24) before summarising Bead Concepts 1.0, 2.0 and 3.0 and finally, discussions 
around the above points considering the opportunities and challenges of using a garment 
as a therapeutic intervention.

³ The diagrams attend to the left-hand limb. Right-handed versions would require moving the stimuli over to 
the other sleeve.

9.4 Final Bead Concepts

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure. 9.24 A final pictorial summary of the garment hypothesis
(Salisbury n.d. [b])

Overview of the concept in Case Study 4

[The following text that appeared in the thesis was 
redacted due to its commercially sensitive nature.
Should the reader be interested in receiving the 

information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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9.4.1 Bead Concept 1.0
 
 The following section includes figures demonstrating the garment (Figure 9.25) rep-
resenting the arrangement of ‘components’; an overview of the ‘bead’ (Figure 9.26); and 
the final prototype garment (Figures 9.27 to 9.29). These act as ‘Bead Concept 1.0’ for 
further study beyond the PhD.
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 Figure. 9.25  Representation of component placement and network 
of conductive tracks within an inside view of the garment.

(Salisbury n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 Figure. 9.26  Diagrammatic representation of the bead: Concept 1.0
(Salisbury n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 Figure. 9.27  Final prototype: Inside of the garment 
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 Figure. 9.28  Final prototype: Outside of the garment 
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  Figure. 9.29  Final prototype: Neckline close-up 
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9.4.2 Bead Concept 2.0
 
 This section demonstrates ‘Bead Concept 2.0’ via figures displaying: the garment 
(Figure 9.30) representing the arrangement of ‘components’; an overview of the ‘bead’ 
(Figure 9.31); and the final prototype garment (Figure 9.32).
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 Figure. 9.30  Representation of bead placement 
within an inside view of the garment.

(Salisbury n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].



354

 Figure. 9.31  Diagrammatic representation of the bead: Concept 2.0
(Salisbury n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 Figure. 9.32  Final prototype
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9.4.3 Bead Concept 3.0
 
 This section demonstrates a final concept ‘Concept 3.0’ which acts as a prototype 
whereby an evaluation can be made for power, force and other component requirements 
for delivering the stimulation protocol outlined in Chapter five. This is achieved by 
displaying: an overview of the ‘bead’ (Figure 9.33); and a range of tables (9.34 and 9.35) 
and calculations.
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 Figure. 9.33  Diagrammatic representation of integrating voice coil into 
bead casing: a) Piston fully enclosed; b) ‘Square’ piston tip; c) ‘Domed’ bead head 

extended view; d) ‘Domed’ bead head retracted view; e) Perspective shot: ‘Domed’ 
bead head integrated into section of sleeve. (Salisbury n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 Bead Concept 3.0 incorporates an off-the-shelf voice coil (GVCM-022-013-01 and 
GVCM-016-013-01). 
It is theoretically considered that voice coils may be used to meet the stimulation protocol 
and, in this case study, is used to unpack the capability of doing so via analysis of power 
requirements relative to achieving the peak force of 15N, key hazards and considerations 
for connecting the device to other components. 
It is considered that this step is a useful first step in investigating the stimulation protocol, 
being able to meet this via components within the garment, and indeed the presence of the 
stimulation protocol in the garment on impact of use. It is out of the scope of this thesis to 
explore all of these areas, however, early calculations have been included below to begin 
to analyse these.

An analysis is included in Table 9.34, which further explores implications of the size of the 
voice coil on power consumption; a key element that requires further testing to refine. 
Further research can look to test the piezo and voice coil bead options on healthy 
volunteers in order to determine if they meet the criteria for activating the muscle spindles. 
This will further help to refine the range of parameters detailed in Chapter five (Table 5.6), as 
well as the optimum positioning of the bead (over the muscle belly, or tendon for example).
Notably, testing using the voice coil may be the best option to begin with since the 
components used are ‘off-the-shelf’ with fewer unknown variables, albeit they will need 
some manipulation to meet the highest value in the range of force within the testing 
parameters.

Working in collaboration with an electronic engineer (Hemmingway, 2021), the following 
calculations were created to analyse the anticipated power requirement of using a voice 
coil for the intended application of manipulating muscle spindle responses. It is worth 
noting that this collaboration also continued into considerations for connecting the 
components (Section 9.4.3.3), and for supporting discussions around key hazards 
(Section 9.4.3.4) associated with circuit design with fellow engineer (Wilkinson, 2021).

Table 9.34: Analysis of power consumption versus the size of voice coils to meet the 
stimulation parameters

9.4.3.1 Introducing Bead Concept 3.0

9.4.3.2 Anticipated power requirements

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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The power source needs to be able to supply enough voltage and current to meet the peak 
force requirements. With a peak force of 15N (Table 5.6, Chapter five) required:
I = F / K where K is force per amp. We need peak supply voltage: V = Ipeak x Rcoil = (F / K) 
x R. For voice coil resistance (I), P = I²R. Therefore if using a smaller coil, a higher amount 
of power is needed to meet the peak force (15N) since: a) a smaller magnet results in a 
lower K value; b) lower coil turns results in a lower K value; c) and a thinner coil results in 
a higher R value. Where the peak power is very high (410W), this is for a short time period 
(ms), making it entirely possible to meet the peak force requirements even with a 15.9mm 
voice coil.

In direct reference to the high power requirements of Bead Concept 3.0, an evaluation 
of the use of conductive yarn is necessary since it is now considered unsuitable for the 
current application.

Options for connecting components vary in terms of applicability to the garment. These 
include, but are not limited to, conductive yarns, conductive inks and wires.
The level of current impacts the suitability of use of conductive yarns and inks which 
depends on the resistance. Inks are generally quite poor at electrical conductivity as they 
are commonly made by suspending a conductive metal powder (e.g. silver) in a 
substrate. This can limit the conductive “path” to areas where the conductive particles 
make contact with each other. 

The voice coil in Concept 3.0 requires a method suited to a higher current, which is 
higher than the applications to which inks and yarns are suited to. Wires therefore provide 
the safest option for testing in the meantime.

A higher current results in a thicker wire: 

If we note a target of 10% power loss in wiring, so Rwire = 0.1 x Rcoil and a target of one 
second fusing current, assuming that we have a meter length of wire from the Bead’s 
position, up the sleeve to a power source, assumed on the centre back at this stage, 
then: For 22mm voice coil actuator, Rwire ≤ 0.43Ω, I₁s > 5.5A, a 0.255mm copper wire 
diameter would be required (Hemmingway, 2021).

Further investigations are required in order to find suitable alternatives, working closely 
with stakeholders to analyse acceptance of wear.

Finally, an initial, brief risk assessment was conducted in collaboration with independent 
ISO13485 accredited engineers (Hemmingway and Wilkinson, 2021). A summary of the 
discussion is collated into the following Table (9.35):

9.4.3.3 Considerations for connecting components

9.4.3.4 Identifying key hazards of use: Concept 3.0

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Table 9.35: Safety considerations for using piezo and voice coil Bead prototypes on 
healthy volunteers 

 Bead Concept 1.0 places the wearer within an active role, contributing to the 
function of the device by harvesting energy from remaining body movements. Alternatively, 
Concept 2.0 demonstrates a simplified approach, whereby power is obtained from the tap, 
harvested from the bead casing. When considering the two concepts more widely, the role

9.5.1 Summarising the role of energy 
harvesting in Concepts 1.0 and 2.0

9.5 Evaluating garment specification when
using a garment as a therapeutic ‘device’
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of the self is seen on several, differing levels: 
1)  Providing critical data to inform the delivery of the stimulation protocol⁴
2)   Powering the device, in the case of Concept 1.0, promoting an active self 
3)  The use of piezoelectricity forms a connection between the affected and 
unaffected areas of the body thereby questioning roles and associations of the 
contributions that areas of the body have during rehabilitation. 

The approach to rehabilitation does not solely focus on the affected areas but utilises 
mobility in general. This is achieved by the placement of energy harvesting yarns within 
the unaffected side of the garment. However, this can also be included in the sleeve of the 
affected limb thereby promoting its active use. FF (2019) and GG (2019) both suggest that 
it is important to store some of the energy that is harvested. They suggested that, for some 
people, it can be difficult to move enough and continue to move all the time to continually 
power the ‘bead’. Therefore, rather than having a device that uses energy straight away, 
it is important to incorporate an energy storage system to enable more people to use it. 
Without energy storage, the stimulation will only be active during periods of time where the 
individual is moving significantly enough to harvest enough energy to power the device. 
Where the piezoelectric component can be utilised in such instances, more extensive 
research is required to explore yarn-based approaches⁴. 

Furthermore, in more extreme cases where individuals suffer greater levels of paresis, 
harvesting energy from body kinesis can be seen to limit use of the device. Powering the 
device from a combination of this and the resulting taps, demonstrated in Bead Concept 
2.0, may be more inclusive of individuals with more severe impairments. 

Concept 2.0 also contains additional components within the bead (e.g. microcontroller 
etc.) therefore reducing the complexity of garment manufacture, but repositions the role 
of the wearer as a more passive recipient of care. Further tests are required to understand 
each concept, and whether combining the approaches may be more suitable. 

When considering the shape of the ‘bead’, purposely designed for indenting the limb, the 
full ellipse (Figure 9.37) protrudes and is visible on the outside of the garment (Figure 9.38). 
By halving the bead (Figure 9.39), the necessary level of indentation is maintained whilst 
reducing the visibility of the bead (Figure 9.40).
Since the level of pre-loading tension contained in the textile is likely going to impact the 
pre-indentation of the Bead and therefore the delivery of the stimulation protocol, the 
protrusion caused by the bead inside the garment is likely going to impact results.
An alternative method may be to knit a hole in the garment to allow the bead to be stitched 
neatly within the hole, ensuring that the stretch ratio and therefore pre-loading of the bead 
from the tension in the textile is maintained. 
Bead Concept 3.0 provides an option for introducing a flange in the first instance to stitch 
the bead into the hole (Figure 9.36). Since the Bead houses the voice coil in Concept 3.0, 
alternative methods had to be sought in order to provide the ability to be stitched into a

⁴ See Appendix 2.9

9.5.2 Considering the shape of the 
Bead, visibility of the component and 
methods for attaching to the garment

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].



366

garment. Within this first prototype a flange has been incorporated around the base of the 
Bead. However, the flange was re-positioned towards the tip of the bead in order to reduce 
the bulk and interference caused by the size of the Bead between the skin and the sleeve. 
As mentioned before, since the level of stretch in the sleeve is a key variable influencing 
the delivery of the stimulation, this would likely influence any results in future experiments 
exploring muscle spindle activation.

Figure. 9.36  Flange with stitch holes for stitching Bead Concept 3.0 to sleeve

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following figure that appeared in the thesis was redacted due 
to its commercially sensitive nature.

Should the reader be interested in receiving the information please 
contact the author at: laura.salisbury@rca.ac.uk].



367

Indeed, as Chapter six demonstrated, there exist numerous methods for attaching the 
bead to the garment. In Concepts 1.0 and 2.0 thread holes are used in combination with 
a clip closure. This enables the bead to be clipped onto the garment to maintain a secure 
connection (ibid). The bead is incorporated into the garment by either threading it onto 
yarns in the embroidery process or enclosing onto yarns during the knitting process. 3D 
printing⁵ was used to construct bead prototypes. The bead may be attached to the inside 
of the garment or within spacer structures (Figure 9.40).

⁵ 3D printing is gaining popularity in fashion and textiles industries (Iris van Herpen, 2020), presenting 
opportunities for rethinking how we create materials for the body. In cases where 3D printing can print wider 
ranges of materials in the future, opportunities for the construction of the ‘bead’ and other components 
adding functionalities that currently do not reside in the context of the garment may be made easier to 
achieve via methods such as 3D printing; Even perhaps constructed simultaneously as the textile itself.

Figure. 9.37  Cross-section view of full bead render 
(Author’s archive)

Figure. 9.38  Full bead visibility: protruding on the outside of the garment
(Author’s archive) 

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following figure that appeared in the thesis was redacted due 
to its commercially sensitive nature.

Should the reader be interested in receiving the information please 
contact the author at: laura.salisbury@rca.ac.uk].
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 Figure. 9.39  Top: Half bead render without central ridge form factor
Bottom: Half bead render with central ridge form factor;

(Salisbury, n.d. [b]; Author’s archive)

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure. 9.40  Iterations of 3D printed Nylon Bead prototype 
Top: Multiple scales of bead/3D printed sample prior to attachement 

(a) 30 x 30mm; (b) 15 x 15mm Left: with spine and living hinge, Right: without spine with click-lock bottom; 
(c) Left to right: 15 x 15mm, 10 x 10mm, 7.5 x 7.5mm;

Bottom: (d) Stitching the bead to the sleeve; (e) Bead prototype attached to the garment  
(Salisbury n.d. [b]; Author’s archive)

(a) (c)(b)

The scale of the bead was explored via 3D printing. The beads were printed in Nylon PA 
12 to replicate expected levels of rigidity of the bead. Due to the scale of bead being 
tested, a HP 5210 machine using multi jet fusion was used, capable of achieving 800 
micron precision. Although this machine was unable to print in PVDF, which the research 
intends to explore printing the bead in, in the future, this was considered a useful step to 
understand scale and indentation. Furthermore, allowing the bead to be used during the 
garment manufacturing  process to test how it is attached to the garment. Notably, 
additional thread holes were introduced on the prototypes to increase stability of the bead 
to the garment. At this stage of the investigation, the bead was stitched to the garment in 
post-production processes (Figure 9.40 [d] and [e]).

(d) (e)

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure. 9.41  Overview of the bead in context to the garment
(Salisbury n.d. [b])

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 A significant challenge in using garments as therapeutic devices lies in the level of 
diversity in personal style and identity that influences choice and willingness to wear (GG, 
2019). 
Further, seasonal requirements and potential changes to body temperature following stroke 
or brain injury mean that several different types of garment may be required at different 
points of time throughout the year. This is not limited to textile density/thickness, fibrosity/
level of pile, but also to colour that can impact level of heat absorbed by the garment and 
thus transferred to the body.
Having said this, as Table 9.2 states, basic, essential garments may be chosen for their 
wide acceptance in everyday contexts (PQ, 2020). The versitility of long-sleeved jersey 
tops, for example, presents the opportunity to pair with different outfit choices, that is, 
if various colours are available. One significant limitation of the textile component in 
case study three is in its positioning on the forearm which limits sleeve length, making it 
more difficult to incorporate into a summer wardrobe. Further technical investigations for 
placement around the neck or bicep, are required to validate the opportunity to integrate 
the Bead into shorter sleeved garments.

Finally, depending on the placement of the garment in the patient pathway, use in clinical 
context may require additional considerations for enabling access to the body for 
other proceedures to occur, e.g. taking bloods, or blood pressure readings. Rolling up the 
sleeve where the textile components reside may cause damage over time, and/or 
interfere with the delivery of treatment. Figure 9.11 demonstrates just one example for 
designing the sleeve to accomodate this.

Preferences for garment fit were seen to change according to the stage of recovery. 
Notably, in the earlier stages within a hospital setting, looser fitting clothing was preferred 
(FF, 2019) due to the impact on levels of comfort and chaffing that tighter garments can 
present. This changes as individuals seek to wear clothing they would have worn 
pre-stroke to regain a sense of ‘normality’ (ibid, 2019).

Significant issues arise when incorporating e-textile components that require contact with 
the body in looser fitting garments. It is firstly important to recognise that, ‘tight fitting’ 
garments are not the same as ‘close fitting’ garments where the textile can make contact 
with the body but not have compressive or restrictive qualities.

Furthermore, when considering the level of force that the bead is looking to deliver (up 
to 15N), user requirements for wanting soft, comfortable garments that have a looser fit 
can present issues for fulfilling the engineering requirments of the bead. Delivering force 
effectively typically requires stiffer material qualities, rather than softer materials that are 
often expected within garments. Such softer materials can dampen the force delivered, 
however, it should be noted that garments do contain materials of a stiffer quality, 
typically fastenings, e.g. zips, buttons, or rivets.

9.5.3 Style of garment

9.5.4 Garment Fit and Comfort 
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Although issues with the requirements of e-textiles to meet functional needs often runs
contrary to user expectations of garment qualities, in this case, the bead may be 
strategically positioned and designed into the cuff of the garment, for example, to make 
contact with the extensor carpi radialis tendon, whilst being suitably designed as a cuff 
button.

Finally, and importantly, the method of enabling the wearer and/or clinician to control the 
garment can impact willingness to use the therapeutic garment (PQ, 2019). For example, 
becoming discomforted, annoyed, fatigued or any other negative feeling associated with 
wearing the intervention, may create the desire to pause or stop the intervention for some 
time. The intervention may interfere with a social activity or the wearer may simply wish to 
rest and take a break. Having the option to stop the device without taking off the garment  
may be important, depending on context of wear.

In case study three, a switch is designed into the collar/ upper chest area of the garment 
(see Figures 9.14 and 9.25). The position is strategic since the switch is placed in a 
position that can be accessed easily if wearing a jacket on top, can be incorporated into 
a logo, and is in a position where the switch is less likely to be pressed or knocked on/off 
accidentally impacting delivery of treatment and ‘dose’.
It is suggested that, due to limited dexterity, the switch is integrated onto the most 
affected side of the body so that the less affecteed arm can be used to press it (KK, 
2019). The type of textile switch requires exploring further since the type of the switch will 
require a different gesture and level of energy to push, swipe or flick. The size and level of 
comfort all impacts user experience and continued use.

It should also be acknowledged that the use of switch in pausing the therapy may likely 
impact the clinical effectiveness of the therapy. This needs to be considered when 
designing the intervention. Investigations for optimum ‘dose’ and intensity of delivery are 
necessary. This does not necessarily mean that individuals will adhere to instructions of 
use if they understand the benefits of receiving a full dose compared to partial dose, but 
it provides a level of information that can enable the wearer to make an informed decision 
when wearing the garment.

Overall, Chapter nine has sought to demonstrate a range of key opportunities and 
limitations for using the garment as a therapeutic intervention and, via case study three, 
suitably incorporating components into the garment.
It may be necessary to work with existing components to test the intervention at first, 
whilst maintaining thoughts for manipulating or re-making components to suit the textile 
‘environment’. The most significant issue with using voice coils in Bead Concept 3.0 is 
the size of component required to produce the stimulation protocol. As seen in Figure 
9.32, this ‘bulk’ (~30mm profile) may pose issues during use of the wearer catching or 
knocking the component, interfering with its positioning on the body and the delivery of 
the intervention. 
It is considered that findings from this case study, although somewhat specific to the 
study, can inform the use of the garment as a therapeutic intervention and the designing 
of e-textile components. The conclusion will look to summarise key findings in order to 
complete the thesis.

9.5.5 Considerations for controlling the intervention
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Thesis conclusion: Summary 

 Wearable methods of administering healthcare have seen a rise in interest 
(Attard and Rithalia, 2010; Coghlan et al., 2019; Richards et al., 2020; Zhao et al., 2020), 
blurring the boundaries between [health]care environments as we historically know it, and 
the everyday (Joyce, 2019). Wearable methods provide models of healthcare that can 
involve active participation, decision making and self-monitoring within the act of care. Yet 
this also comes with significant challenges in how, where, and why functionalities of care 
can and should be integrated into the garment. 

The garment proposed in this thesis is one such example presenting specific 
opportunities for reconsidering how, when and for how long it is possible to intervene 
with body functions. This research examines the positioning and characterisation of the 
garment as a therapeutic intervention, as a method for enhancing long term rehabilitation 
within the community. It does so through four Case Studies through the lens of stroke 
rehabilitation. Table 10.1 presents an overview of how these Case Studies sit within the 
thesis and inform wider learnings around the development and positioning of garments as 
therapeutic ‘tools’. There exists an iterative nature of how each case study builds upon the 
latter. Learning through the process of making, is crucial since the notion to wear brings 
with it particular qualities that change the way we behave and requires testing, fitting and 
‘trying on’ with stakeholders. The research questions investigated and uncovered the 
following findings:

Research question (i): What are the most significant challenges existing in current and near 
future post-stroke upper limb recovery?
Challenges include delivering functional recovery treatment to those with moderate to 
severe upper limb impairments who may be unable to engage with some interventions 
(ULP:d, 2018, see Chapter one). Further, methods of rehabilitation may not be suited to 
behavioural/ lifestyle needs (FF, 2019, see Chapter three) and it can be difficult to meet the 
daily recommended dose.

Early rehabilitation is recommended yet early intense rehabilitation, specifically concerning 
electrical stimulation,  is met with objection for fear of exacerbating lesion volume (Humm 
et al., 1999; Cortes and Krakauer, 2018). It can also be difficult for patients to access 
rehabilitation rooms with training tools, especially for those with severe impairments (CO, 
2019). There are also limited datasets and understanding of ‘life after stroke’ (Drummond, 
2020) or activities performed outside of therapy sessions (Stockley et al., 2019) beyond the 
first six to twelve months post-stroke, within which the majority of data exists. Additionally, 
there exists challenges in determining “how well research evidence is being translated into 
routine practice and informs therapy provision” (ibid) as well as identifying and comparing

10.1
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existing and newly proposed methods. 

The above clearly demonstrates the need for innovative thinking for interventions within 
stroke rehabilitation that enable patient agency, independence and improved recovery 
outcomes beyond the confines of the training room  (see Chapter one).

Research question (ii): Why is there a need to intervene?
Treating the differences in ability that may arise from stroke that are seen to be diverging 
from the “norm” can be challenging because of the entrenchment of treatment in 
underlying and long term social ideologies relating to the ‘norm’ (Chapter two). It 
therefore becomes important for researchers to discern whether intervening is of holistic 
benefit or, alternatively, contributing to a lack of acceptance of disability in society. Each 
intervention will need to be explored as per the specific healthcare need that is being 
attended to and the social and ideological context in which it sits. In the case of 
supporting functional recovery of upper limb paresis in this thesis, it was important to not 
only view this from the perspective of the medical model but from the social model to 
provide a contextual understanding of individuals recovering from stroke (Bose, 2017).

Individuals can, do and should be able to live with a deficit such as an absence of a limb, 
lack of ability etc. which is a part of who they are and their life experiences. 
However, when evaluating wider ongoing consequences resulting from non-use as a 
result of stroke, issues such as stiffness, swelling and pain can arise which in themselves 
can hinder lifestyle choices, self-perception, self-expression, and identity.  

Preventing a decline in health however, is considered a good reason to intervene. 
However, this should also come down to individual ‘patient’ choice which requires greater 
awareness and understanding of living with a disability. It is clear, however, from findings 
presented in Chapters two and three, that such decision making can be influenced by 
social ideologies and the want to fit into and be a part of the ‘norm’.

The researcher has endeavoured to answer  the question “why intervene” and in doing 
so has uncovered the complexity of impact of social ideologies on choices in healthcare. 
Since there exists a gap in offering support to individuals with more severe upper limb 
impairments, as well as enabling individuals with less severe deficits to maintain 
rehabilitation in a manner that was suited to their lifestyle and behavioural needs, the 
thesis positions the research in this gap of inequality. 

Research question (iii): What are the opportunities for using a textile/ garment-based 
intervention?
In addressing this research question a shift occurred in the positioning and focus of use 
of the garment. From using the garment as a design probe and research tool for 
unpacking conversations around care, sense of self and lifestyle choices, building on 
Chapter two, the garment became identified as a potentially powerful tool for intervening 
(see Chapter three) and addressing some of the gaps identified in Chapter one. In 
particular, the research identifies and draws upon the regular, ‘intimate’ and ‘mobile’ 
correspondence the garment holds with the body (Spinoza, [1677] 1993; Ruggerone, 
2017) as an opportunity to re-consider the delivery and positioning of rehabilitation
interventions relative to highly complex associations with being and becoming (Heidegger, 
1926); including ‘identity’ and behavioural traits post-stroke. Key qualities of the garment
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including the close, intimate contact that the garment has with the wearer (Van 
Langenhove et al., 2007), duration of contact the garment can have during the day and the 
ability to span public and private contexts of wear, provide opportunities for intervening. 
All of these points can help improve and increase levels of engagement, the ‘dose’ and 
delivery of healthcare alongside ADLs. 

Beyond this, where access to healthcare lags the improvement in nutrition in developing 
low-middle income countries and the costs of traditional stroke therapy are outside of the 
means of many individuals, mobile-based methods may be very important for these large 
populations.

Furthermore, the ‘familiar’ notion of the garment is considered useful since it is both 
universally understood in how to use it, as well as having an identity that can be ingrained 
within the everyday (depending on style and garment composition of course). The ability to 
manipulate qualities of style, fit and comfort has the potential to improve overall 
compliance of use with therapeutic interventions as well as the ease of set-up (dressing) 
and use (wearing). But beyond this, there exists both opportunities and challenges in the 
way the garment is designed which can either exacerbate or reduce the negative impact 
of underlying social ideologies relating to the pursuit of the ‘norm’. As such Chapter three 
identifies that such medical device components can be either concealed, highlighted or 
designed and integrated in such a way that seeks to support a long-term repositioning of 
them as ‘everyday’ objects. Such arguments are built upon in addressing research 
question iv.

Research question (iv): What are the barriers for utilising a garment in the space of healthcare, 
specifically stroke rehabilitation?
Building on research question iii, key barriers are linked to the individual nature of the 
garment for expressing identity as well as the difficulty in components meeting the qualities 
of textile and garment behaviours that are a key part of supporting adoption of a wearable. 
Components often have to deal with expected needs for being flexible, breathable and 
comfortable (Salisbury, n.d. [a]). Further, components are required to be small and 
lightweight enough so to be easily ‘carried around’ or worn throughout the day without 
being knocked, damaged, or causing discomfort during wear. But beyond this, issues with 
trust and acceptance of wearables still persist. In some instances, when  components are  
carefully integrated into the garment in a way that is ‘invisible’, a level of scepticism and 
mistrust can be generated: “can a textile really do that?!” (CE, 2019).

Further, the garment can attend to issues of identity but not without significant 
challenges in doing so. As “social signifiers” (Bourdieu, 1984; Wilson, 1985; Skeggs, 
1997; Crane 2000), garments can hold stigma, for those who adhere to ‘social codes’ 
(Entwistle, 2000), they reduce the risk of ridicule, stigma and exclusion. Through the 
construction of the ‘norm’ (Chapter two) social codes determine which body image 
and ‘sense of self’ is appropriate in which context, and which are excluded. The lack of 
choice of wearing garments one used to pre-stroke, can impact behaviour and mood: 
“I felt really uncomfortable [going outside] because I can’t wear that top, put my earrings in, 
can’t put my makeup on” (HH, 2019).
Findings from understanding perspectives of care demonstrated that the garment is not 
simply a vehicle in which medical components are integrated, but it in itself (the garment) 
holds an agency and capability to influence compliance towards treatment, and quality
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of life, impact how others treat the stroke survivor in the manner in which healthcare and 
health conditions are visible to others. Notably, garment style can influence mindsets 
towards rehabilitation. For example, in chapters three and nine participants suggested that 
‘sports’ or ‘gym wear’ made them feel more ‘active’ than a ‘comfy jumper’ would: “When 
you put on sportswear or gym clothes you feel like you’re getting ready to train. It makes you 
feel more active, you act a bit different to just wearing a regular top” (DF, 2019). “Yeah maybe 
you need a couple of different types of garments like one for training, one for when you’re just 
relaxing like a comfy jumper so you can just rest” (LM, 2019).

However, gym wear was only popular with 39% of all participants, limited by the 
suitability to particular lifestyles. For everyday casual use alternative garments are 
considered: “You want to look cool and like you care about what you look like. You don’t 
want something that is drab. But actually, it can be useful to have a basic like t-shirt so you 
can just wear it with anything, under your shirt, a jumper, or by itself” (TT, 2019). “Also, if you 
have to move a lot to power it [the bead] then you would need to feel active” (DF, 2019).

It is therefore clear that when considering what style, fit, colour and texture of the 
garment, user perception, their relationship with textiles and garments in general, are 
driven by  social codes (Entwistle, 2000) and are areas for researchers to consider. 

However, beyond this, further challenges arise when integrating medical devices or 
components into the garment which add a new layer of complexity to self-perception and 
identity for the user, further skewing identity (ST, 2019). Participant responses (see 
Chapters three, seven and nine) have revealed that a detachment from ‘treatment’ or 
concealing an ‘aid’ or device is preferred in order for individuals to avoid attracting further 
stigma or conversations of their ‘otherness’. “When people see you wearing the aid on a 
regular basis, it becomes part of you, how they see you” (AA, 2019). 

Participants recall becoming known or recognisable by their health status which can be 
made more visible and distinguishable by a wearable device or aid. There is often a failing 
to acknowledge the “person within the body” (WW, 2018) instead focusing on the 
disability, dislocating the person from their ‘disease’. Wearing something that is 
different is seen to exacerbate an existing difference, whereas wearing something that is 
also worn by the wider population is seen to help reduce difference between ‘abled’ and 
‘disabled’ communities, if such a difference can be made. 

Indeed an open display of such components can draw attention, acting as stark 
reminders of life events individuals wish to forget. It could be argued that, in concealing 
the components, this contributes to concealing disability or perceived ‘difference’ that 
only complies to societal figures of norms (see Chapters three and seven). The wearable 
therefore brings the lack of ability into a social domain which inevitably brings new types 
of interaction, conversation and relating to and from others, as evidenced in Chapters
three and nine.

This research has clearly reveals the dilemma of developing interventions that are 
effective and shorten recovery time for the patient whilst also addressing the social 
relationships and social context within which the user lives. It has identified the manner 
in which fashion can promote the diversification of sense of self expression within wider 
fields such as healthcare, helping to improve compliance of use. However, although this
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may be the case, fashion is and can be heavily driven by influencers, promoting particular 
body images and styles that are considered ‘on trend’ or of the current ‘norm’. Levels of 
exclusion still remain and require addressing when developing a wearable intervention. It 
is considered that there is no ‘one-size-fits-all’ model, since uniformity is often associated 
with hospital gowns, for example and other types of uniform, differing from the everyday 
choices of garments to wear. Having said this, there are commonalities between essential 
garments such as the humble t-shirt which can transgress age, gender and ability, albeit 
with diversity of style (colour, neckline, fit etc.) still remaining a personal choice and 
differentiating factor between different types of t-shirts. This is a major consideration 
beyond the remit of this inquiry, and  will be addressed in the ensuring fellowship. 

Research question (v): What mechanisms contribute to upper limb function?
Several neural pathways are known to contribute to the control and function of the hand 
and upper limb. These include: the corticospinal tract (CST), contributing to finer 
motor control in the most part, and grip strength; rubrospinal tract and reticulospinal tract 
(RST) which act in parallel to the CST. Such pathways can be manipulated to improve 
upper limb recovery. In this thesis, this is achieved by delivering a short, sharp tap and an 
acoustic cue to activate or suppress muscle activity. 
The following research question addresses what is considered to be an essential piece of 
information that is needed in order to effectively intervene. The importance of not only 
understanding the gap or space in which the research is positioned (Chapters one to 
three), but the need to understand the physiological implications of intervening was 
considered crucial to the development of concepts in Case Study four (Chapters five to 
nine). This inquiry could not have progressed without incorporating physiological aspects 
of stroke in order to identify functional needs for intervening including the dialogue 
between such functional needs  and the garment itself, e.g. material, texture, weight, etc. 
This is further addressed in the research question vi below.

Research question (vi): How might a textile (component) manipulate the underlying neural 
pathways which dominate control of the hand and upper limb?
RST input to motor circuits can be modified by muscle spindle afferents (MSAs). MSAs 
sense degree and rate-of-change of muscle length; vital for proprioception (sensing limb 
position) and motor control. A sharp mechanical tap can stimulate MSA, modifying RST 
input to motor circuits, facilitating weak muscles and/or suppressing inappropriate 
co-contractions (Baker, 2020). When precisely paired with other stimuli, MSA activation 
can induce long-term neuroplastic changes (Foysal et al., 2016; Baker, 2020) which should 
promote function. This research proposes three patent-pending ‘Bead’ concepts 
(Salisbury, n.d. [b]), designed to activate MSAs within bead structures that can be stitched 
into garments. This aspect of the study is central to future development of multiple 
applications of the intervention upon exploration of bead concepts within 
electrophysiology and human factor studies, forming  a core component of upcoming 
further research.    

Research question (vii): How is the role of the wearer/ recipient of care positioned in 
accordance with the delivery of care and how do the material choices impact this?
Where the role of the wearer can be, and often is a passive one, there also exists 
opportunities for the wearer to actively contribute to the functionality of the device. Within 
this thesis this change in roles is explored through the use of piezoelectric materials in 
experiments. The use of body kinesis for powering the device specifically reconsiders the 

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 Table 10.1  An overview of the positioning of Case Studies 
one to four in perspective to the research structure

role of the self in receiving care from a device. The advantage in stroke rehabilitation is that this promotes the individual to remain as mobile as possible. The challenge here is that this may limit use to those 
who can remain mobile enough to develop enough power to activate the device. Further, the level of energy that can be generated from piezoelectric materials in the garment is limited in the most part to 
millivolts. In reference to calculations made for the energy required to power ‘Bead Concept 3.0’ (in the order of 120 - 410W), this is not enough to fulfill the power requirements. Alternative options can 
include the use of  rechargeable batteries, or even a hybrid system incorporating batteries and energy harvesting systems. However, the use of batteries presents challenges in the behaviour of recharging 
and aftercare, specifically washing. Further research is required to evaluate this further.

The opportunities and challenges for developing the garment as a therapeutic intervention are explored in each chapter. This conclusion chapter highlights the main opportunities and challenges relative to 
the research questions (Section 10.1), as well as summarising the contribution to knowledge (Section 10.2) and indications of future work (Section 10.3).
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 The contribution to knowledge of this research sits within four main areas: 
 1. Identifying the opportunities and challenges for using garments as therapeutic 
interventions within stroke (with some findings applicable to further areas in healthcare); 
 2. Providing and demonstrating a transdisciplinary framework for the development 
of garment-based therapeutic interventions; 
 3. Supporting greater equality in stroke research by contributing primary evidence 
to the experience of stroke survivorship beyond the limitations¹ currently faced with data in 
the field and beyond offerings from the medical model, providing research from a 
bio-social model perspective; 
 4. Developing a patent-pending textile concept (The Bead) with theoretical potential 
for contributing to upper limb functional recovery post-stroke (Patent number: 2013574.5; 
Filing date: 28/08/20; PCT date: 17/08/21).

The transdisciplinary framework brings together areas of stroke, material science, 
electronic engineering, fashion and textiles with inclusive design in a manner that has not 
been done before within a research project. By drawing upon these areas critical factors 
including comfort, identity, use of wearable therapeutic interventions as well as the size, 
weight, compatible methods of integration to textiles are considered alongside their 
functionality. Such factors hold critical positions for influencing uptake and compliance of 
use of garments. 

The framework used to conduct the research can be applied to other research projects 
exploring the development and uptake of wearable medical devices. Further, the 
framework contributes to helping to shape Inclusive Fashion² (Otto von Busch, 2018) 
beyond approaches designing adaptive wear and into functional therapeutic device 
components. In doing so it helps question current approaches to designing for disability 
and healthcare. 

The research therefore contributes to number nine of the United Nations sustainable 
design goals (UN’s SDGs) in promoting and establishing new areas of inclusive design 
innovation impacting industry development within the area of fashion, textiles and 
wearable technology (Salisbury, Ozden-Yenigun and McGinley, n.d.).

¹ Evidence and an understanding of the experience for stroke is currently limited. Data from mild to 
moderately impaired communities dominates knowledge and data beyond 12 months is severely limited 
(Drummond, 2020).
² Defined in the context of this thesis as: attending to a diversity of identity, perspective, needs and desires. 
In short we can categorise ‘Inclusive Fashion’ into the following areas:
 a) In terms of wearing fashion and expressing oneself:
i) Enabling individuals of diverse sizes and shapes to be included in particular fashion that were once 
inaccessible;
ii) Removing barriers that prevent individuals from accessing fashion as a result of being categorised as 
disabled or due to age;
iii) Enabling individuals to express themselves without discrimination of their gender, sexuality, ability, race, 
ethnicity, size and shape;
 b) In terms of representation and participation Inclusive Fashion aims to fairly represent diversity and 
inclusion of ethnic minorities, age and ability within all areas of fashion business and culture.

Contribution to knowledge 10.2
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 This PhD has laid the groundwork for which further developments of the ‘bead’ 
component may improve lives. Further work (Figure 10.2) is required to conduct wearer 
tests to understand how the garment type impacts use, refine the specifications for 
multiple seasons beyond autumn winter as the jumper in this thesis presents, material 
characterisation, development, and electrophysiology testing to prove the concept, 
refining of stimulation parameters, leading to product optimisation. This will all be 
conducted in a UKRI Future Leaders Fellowship awarded to continue the work established 
in Case Study four.

Key future research questions include:
1) How does the technology perform when benchmarked against other methods?
2) What training parameters need to be developed to ensure a therapist can accurately 
position the bead and obtain a standard threshold reading of muscle spindle response?
3) To what extent does the level of subcutaneous fat in the upper limb affect the delivery 
of the stimulation protocol?
4) To what extent does the position of the stimulation device (Bead) on the upper limb 
impact reticulospinal and corticospinal response?
5) What are the key challenges in dressing into and positioning the bead effectively?
6) For how long do users adhere to the recommended dose per day and over what 
duration?
7) Would a hybrid system of energy harvesting and battery power be user-friendly and 
appropriate for powering with the device? 

Beyond this, the thesis opens up further questions within the theoretical enquiry, namely 
in regards to:
 a) What are the dangers of pursuing ‘Inclusive Fashion’ for the impact on social 
structures and hierarchies?
 b) Will there be a shift in skill set required for ‘Inclusive Fashion’ to be fully realised?
 c) What might be the impact of this on educational and vocational systems; and 
further, the correspondence between first and third world sectors?
 d) In creating diversity of garments as ‘medical devices’, attending to cultural, 
gender and wider social needs, what impact will this have on the future of medicine and the 
acceptance of garments as tools for recovery?

In conclusion, the researcher recognises and acknowledges the need for the 
development of the garment as a therapeutic device in the holistic context of the patient as 
one entrenched in society with a daily lived experience. Further the multidisciplinary 
scientific input needed to deliver such a garment that meets a healthcare need and the 
social, psychological components necessary for successful deployment and 
commercialisation of the garment. 

Given that as this inquiry progressed, new layers of complexity emerged as stated in 
Section 10.1, the researcher is deeply thankful for the opportunity to continue the inquiry, 
addressing the above factors identified through a four year fellowship subject to a three 
year extension.

Future research10.3

[The following text that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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Figure. 10.2 Summary of next steps

[The following figure that appeared in the thesis was redacted due to its 
commercially sensitive nature.

Should the reader be interested in receiving the information please contact the 
author at: laura.salisbury@rca.ac.uk].
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 Cartesian models of mind: body dualism is a position taken by significant 
literature (Simmel [1900], 1989; Davis, 1992; Finkelstein, 1996, 1998, 2007; Entwistle, 
2000). The correspondence between the garment and self is considered on rational and 
cognitive basis; on an intellectual level and devoid of sensory, tacit and non-rational 
considerations. It is the mind that is seen to govern the choice of garments separating the 
act of dressing from the body (Lefebvre, 1991) by suggesting that the mind, as an 
immaterial force, holds control and constructs an idea or image of sense of self which then 
becomes applied to the body. Fashion, in this sense, is seen as a way of constructing and 
representing complex social egos (Simmel [1900], 1989; Finkelstein, 1996, 1998, 2007) 
and rendering practices as “bound events” (Ruggerone, 2017). The rise of ‘affect studies’ 
(Spinoza, [1677], 1993; Nietzsche, [1901], 1968; Deleuze, 1988; Ruggerone, 2017) and 
‘relationalism’ (Ingold, 2010, 2018; Barad, 2014) has provided alternative perspectives to 
this. 

Affect studies (in fashion theory) focuses on “the investigation of the body‒clothes 
assemblage” (Ruggerone, 2017) within the domain of fashion and the social sciences; and 
Deleuze’s notion of the “body as a composition of forces” (2007; Buchanan, 1997) in the 
process of becoming. This particular line of thought is seen to originate from feminist 
theory and cultural geography, which can be seen to influence and provide new 
perspectives in disability studies (Garland-Thomson, 2005). Practices and the act of 
dressing are perceived as “fluxes or becomings” (Ruggerone, 2017), interrelated events 
and inseparable and continuous from other happenings. These ‘events’ equally continue 
beyond the act of dressing, into the act of wearing, whereby changing correspondences 
between the self and ‘others’ and of the garment and ‘others’ are increasingly complex.
The notion of affect, defined as the “capacity that a body has to form specific relations” 
(Buchanan, 1997: 80) with other human or non-human bodies functions on a 
‘pre-cognitive’ level. The set of relational dispositions cannot be controlled by the mind, so 
the potential of the body to form relations with ‘others’ is not controlled by the mind but is 
actually uncontrollable altogether (Ruggerone, 2017).

Relationalism, on the other hand, rejects the distinction between human and non-human 
‘things’, which, in ‘affect studies’ and Cartesian dualism can be seen to take a humanism 
standpoint; e.g., the closeness in correspondence between garment and self that 
Winnicott (1971) describes as “both me and not me” (Also; Woodward, 2007). This places 
a focus on ‘embodied encounters’ which suggests a hierarchy of order whereby the 
human self is placed above other material ‘things’ and ‘beings’, albeit not in control in 
‘affect studies’.

‘Relationalism’ rejects further binary notions of ‘continuity’ and ‘discontinuity’, ‘a part of’ 
and ‘separate from’ in favour of a spectrum of temporalities that are not specific to human 
or non-human ‘beings’: “redefined through discussions of diffractive apparatus, 
more-than-human performativity, and the polymorphous perversity of the matter-meaning 
mixture” (De Frietas, 2017). A part of a world with multiplicity of correspondences “one that 
is never finally formed but ever in formation” (Ingold, 2018); where in the method or process 
of correspondence occurs between materials and forces (Deleuze and Guattari, 2004: 377)
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rather than between “matter and form”, contrary to the hylomorphic model (Ingold, 2010: 
91).
 
Becoming isn’t linear or replicable but rather exists within a complexity of other becomings 
that neither has a ‘start’ nor a ‘finish’: “We are inter-subjects. Our actions and thoughts 
aren’t reducible to us alone. They are moves in a game which has many players, responses 
to a call to action which is expressed in every gesture of the other” (Crossley, 1996). 
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A summary of yarns used

Table A2.11: A summary of yarns used in experiments for Concepts I, II and III

Appendix 2.1
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Appendix 2.2
  A Practice Diary:
  Supplementary sample photos
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Figure A2.21 Lino weave post shrink.
(Author’s archive)
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Figure A2.22  Garment - top: Changing the sleeve’s circumference to restrict or free the limb
(Author’s archive)
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Figure A2.23  Garment demonstration sleeve fit; Left: Before; Right: After
(Author’s archive) 
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Figure A2.24  Creating the textile: Twill
(Author’s archive) 
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Figure A2.25 On the cutting room table: Indicating the direction of shrink along the weft
(Author’s archive)
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Figure A2.26  Placement perspectives of the sample on the heat bed
(Author’s archive)
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Figure A2.27  Lino weave. The development of movement: Part 1 - Gather (Author’s archive)

Figure A2.28  Lino weave. The development of movement: Part 2 - Pleat (Author’s archive)
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Figure A2.27  Lino weave. The development of movement: Part 1 - Gather (Author’s archive)

Figure A2.28  Lino weave. The development of movement: Part 2 - Pleat (Author’s archive)
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Fig. x Structural changes: Eurecat, Barcelona. 

 

Figure A2.29  Lino weave. Visualising movement: A comparison
(Author’s archive)
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Figure A2.210  Surface ‘aesthetic’: Visualising movement
(Author’s archive) 
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Fig. x Structural changes: Eurecat, Barcelona. 

Figure A2.211  Pemotex ribbon and Inox yarn: Manipulating ribbon shape
(Author’s archive)
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Figure A2.212  Pemotex ribbon and silver/ copper yarn: Enhancing ribbon manipulation
(Author’s archive)



464

Fig. x Structural changes: Eurecat, Barcelona. 

Figure A2.213  Weaving circuits using Inox
(Author’s archive)
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Figure A2.214  Pemotex, Inox, wool and nylon monofilament: Circuitry, iteration 1 
(Design Research for Change Showcase: London Design Fair, 2019; Author’s archive)
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Fig. x Structural changes: Eurecat, Barcelona. 

Figure A2.215  Manipulating textile shape, form and fit 
(Pemotex, wool, nylon and copper:silver yarns)

 Left: Before; Right: After (Author’s archive)
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Figure A2.216  Exhibit: View from afar  (RCA: Work In Progress Show, 2019)
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Fig. x Structural changes: Eurecat, Barcelona. 

Figure A2.217  Preparing the circuitry 
(Author’s archive)

 

Figure A2.218  Hand cuts: Close up 
(Author’s archive)
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Figure A2.219 Connecting the power source to the circuit
(Author’s archive)

Figure A2.218  Hand cuts: Close up 
(Author’s archive)
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Concept limitations and 
considerations

 Table A2.31: Methods for design and performance optimisation

Appendix 2.3
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Concept limitations and 
considerations

Fig. x Structural changes: Eurecat, Barcelona. 
¹ Energy density (Ue) is strongly dominated by relative permittivity (εr) and breakdown strength (Eb). Enhancing 
the εr and Eb simultaneously improves the Ue (Ma et al., 2019). Ferroelectric polymers (e.g. PVDF) typically 
exhibit high εr, but have low Eb. Dielectric ceramics (e.g. BaTiO3) similarly display a high εr. Having said this, 
commercially available biaxial-oriented polypropylene typically exhibits very high Eb (~600 MV m−1) but with a 
low εr of ~2.2 (Hu et al., 2018). Combining  BaTiO3/PP and PVDF is seen as beneficial for increasing Ue. 
² Alternative fillers may be used e.g. cellulose nanocrystals (Ponnamma et al., 2019b) or graphene (Yaqoob et 
al., 2017) 

Figure. A2.32. Considering multiple beads
 

[The following figure that appeared in the thesis was redacted due to its 
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Comparative analysis of output 
performances of piezo materialsAppendix 2.4
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Table A2.41: Comparative analysis of output performances 
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¹ Studies do not report implications of aftercare processes. Zhao et al., (2016) demonstrate that the short-
circuit current density was significantly reduced after the first wash (from ≈ +/-13mA/m² to ≈ +/-5mA/m²). The 
degeneration was due to yarn shrinkage and untwisting which changes the properties of the contact surfaces. 
This can be overcome somewhat by attending to the type of twist or braiding techniques whereby the degree of 
contact between the yarns can be manipulated. 
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Sampling: equipment and resources 

 Cash-wool was used to knit¹ 30 samples of differing textile structure. The tension 
was adjusted accordingly, via observational study and ‘trial and error’.
For Samples in Table 7.8, electrospun PVDF nanofiber films (supplied by Inovenso) were 
applied to the surface of the textile using ‘heat ‘n’ bond’ textile adhesive (sandwiched 
between the nanofiber film and textile), with an industrial steam iron (set to 100℃). No 
steam was used. The iron was placed on top of the film and full body weight pressure was 
applied for varying amounts of time.

On a random number of samples, a conductive ink/ paint (sourced from Bare Conductive) 
was applied in single strips by squeezing the tube and brushing it into a more uniform layer. 
Unlike samples 1-30, samples 31 to 60 were digitally knit. 

Table A2.51: A summary of machines used for the relevant Samples

¹ Having previously trained in technical pattern and garment construction/ design, the researcher (Salisbury) 
learnt how to knit on a Dubied for the purposes of this study.
² Calculated as grams per 10km of length of yarn
³ Calculated as the ratio of length in meters to mass in grams
⁴ Elongation (30-31%); Shrinkage (4-8%); melting point (160°C)
⁵ 0.08 mm melt extruded homopolymer

Appendix 2.5
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Sampling: equipment and resources 

Table A2.52: A summary of yarns used in experiments for Sample Series  I, II and III
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Sample specification 
(Sample Series I, II & III)

Table A2.61: Sample specification (Digitally knit samples from Sample Series I

Appendix 2.6
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Sample specification 
(Sample Series I, II & III)

¹ Solvron is washed out in water, dissolving to form the drop stitch in a post sampling process
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Table A2.62: Sample specification (Sample Series II, III)
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Figure A2.63a: Photographic compilation of ‘Additional Samples Series III’ and key measurements (Author’s archive)
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Figure A2.63a: Photographic compilation of ‘Additional Samples Series III’ and key measurements (Author’s archive)
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Figure A2.63b: Photographic compilation of ‘Additional Samples Series III’ and key measurements (Author’s archive)
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Figure A2.63b: Photographic compilation of ‘Additional Samples Series III’ and key measurements (Author’s archive)
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Sample specification rankingAppendix 2.7
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Figure A2.71 Individual sample values demonstrating the 
relationship between sample thickness and softness level
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Figure A2.72 Individual sample values demonstrating the 
relationship between % stretch of the sample and softness level
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Yarn concept summary: 
Concepts 2 - 11

Table A2.81: Summary of considerations for further yarn concepts
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¹ Raj et al., (2017) also use a non-conductive albeit unspecified core yarn 
² The rotation of the ring collector causes the fibers to twist and ‘whirl’ inside it rather than being deposited on 
its surface. The airflow generated by the exhaust fan directs the nanofibers through the collector to the winder/ 
yarn spool which rotates at a slower speed and subsequently continuously collects the yarn produced. 
³ Park et al. (2019) shows that 260mV under 10% strain at 0.5Hz piezoelectric output may be obtained from a 
4x4 braid containing 22 PVDF-TrFE yarns and 2 Cu wires; although the lengths of the braid was not specified 

[The following material that appeared in the thesis was redacted due to its 
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Additional textile components 
(responding to findings in Section 7.3.2.2, Chapter seven)

 Supercapacitors exhibit higher power densities than batteries and so are considered more 
ideal for wearable circuitry. However, they require consideration for integrating into a garment. 
Zhang et al. (2018) has demonstrated a charge-storing pattern that can be incorporated into any 
garment, using traditional textile processes, in this case, embroidery. Further to this, Mirvakili et 
al. (2015) uses niobium nanowires as supercapacitors, delivering short, intense bursts of power 
reportedly superior in performance to carbon nanotubes.

A supercapacitor component may be constructed within energy harvesting components, therefore 
creating a two-in-one component. Through research into SPENGs, Chou et al. (2018) show that 
this can be integrated into one form. To improve the performance of supercapacitors, attention to 
surface area (Zhou et al., 2015). (Zhou et al., 2015) shows the development of a 3D flexible 
supercapacitor by introducing reduced graphene oxide to convert commercial cotton textiles by 
dip coating and annealing into “free-standing, electrically conductive and electrochemically active” 
fabric. 
Building on this, Figure A2.91 displays a speculative design hypothesis for incorporating a 
supercapacitor into yarn and textile structures, paying attention to increasing the surface area 
available to collect charge.

Appendix 2.9
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Additional textile components 
(responding to findings in Section 7.3.2.2, Chapter seven)
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Figure. A2.91 An overview of textile ‘components’ including (left to right) energy harvesting spacer; supercapacitor; switch and the ‘bead’
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Figure. A2.91 An overview of textile ‘components’ including (left to right) energy harvesting spacer; supercapacitor; switch and the ‘bead’
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Tables of anonymous 
participant dataAppendix 3.1

Table A3.11: Female participants
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Tables of anonymous 
participant data
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Table A3.12: Male participants
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NIHR UK Stroke workshop 
certificateAppendix 3.2

Above: Figure A3.21 NIHR UK Stroke Research Workshop certificate; 
Left:Figure. A3.31 Clinical observation contract (Part 1)
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NIHR UK Stroke workshop 
certificate

Upper Limb Programme 
Observership ContractsAppendix 3.3

[The following text that appeared in the thesis was redacted due to its 
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Figure. A3.32 Clinical observation contract (Part 2)

[The following text that appeared in the thesis was redacted due to its 
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Figure. A3.32 Clinical observation contract (Part 2) Figure A3.33 Clinical observation contract (Part 3)
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Figure. A3.34 Clinical observation contract (Part 4)

[The following text that appeared in the thesis was redacted due to its 
sensitive nature regarding personal data].
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Example Consent FormAppendix 3.4

Figure. A3.34 Clinical observation contract (Part 4) Figure A3.41 Example consent form
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A contextual evaluation of 
neuromodulation and non-invasive 
brain stimulation [NIBS]

 NIBS and deep brain stimulation [DBS] methods have been used in numerous approaches 
throughout medicine from modulating cognition and behaviour in adults and children (Vicario and 
Nitsche, 2013; Boggio et al., 2015; Palm et al., 2016), in Parkinson’s Disease (Kuhn, 2006), to 
influencing states of recovery of motor training within stroke rehabilitation (Weightman et al., 2020; 
Carson and Buick, 2019) and as non-pharmacological treatments for chronic pain relief (Kellaway, 
1946; Moisset and Lefaucheur, 2019). 

Unlike deep brain stimulation (DBS), which requires surgical procedures to implant or apply 
stimulation devices within the body (Javedan and Shetter, 2003), NIBS uses a range of techniques 
outside the body, to deliver stimulation at various ‘access points’ such as the peripheral, median, 
vagus nerve or on the scalp. The positioning of the stimulation equipment impacts the degree of 
success in the delivery of the stimulation (Rossini et al., 2015).

Transcranial methods can face issues of having to deliver a stimulus across high resistance barriers 
including the “scalp, skull, meninges and cerebrospinal fluid” (ibid: 1073). Only a small proportion of 
the current is able to penetrate the brain and activate the neurons, requiring high voltages and 
activating local pain receptors in the skin which can be uncomfortable to experience (ibid). 
Alternatively, low-intensity stimulation approaches including tDCS (Nitsche and Paulus, 2000) can 
be used. When using a lower intensity, tDCS does not directly initiate action potentials but rather 
generates “small changes in the membrane potential of cell bodies or the axonal terminations of 
neurons” (Rossini et al., 2015: 1073).

Access via the peripheral nerve faces less resistance than transcranial methods. The stimulation 
parameters for access via the peripheral nerve has been shown to be “relatively similar to those 
needed for [more invasive stimulation methods via the central nervous system]: short pulses with a 
duration of less than 1ms with an amplitude of few milliamperes” (ibid).
In addition to this, when considering the positioning of the stimulation and the type of garment 
required to embed this in, it is considered more appropriate to use the peripheral nerve as the site 
of stimulation than using positions on the scalp by creating caps and hats (Fiedler et al., 2015) 
which can be limited in use by preference, context and season. Other entry points may be used 
around the body including via the spinal cord (Trent et al., 2020), neck and shoulder (Arnsei, 2019).
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A contextual evaluation of 
neuromodulation and non-invasive 
brain stimulation [NIBS]

Figure. A3.51 An overview of the peripheral nerves of 
the neck, shoulders and upper limbs (Arnsei, 2019) 
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Focus Group Question GuideAppendix 3.6
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Focus Group Question Guide

Figure. A3.61 Focus group question guide
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Ethics training certificateAppendix 3.7

Number: 1656720003

Laura Salisbury

Ethics 1: Good research
practice
as part of the Epigeum Online Course System with a score of 90%.

Dated:  15 October 2017

Figure. A3.71 Ethics certificate
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Ethics training certificate

Figure. A3.71 Ethics certificate
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