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Adolescent idiopathic scoliosis (AIS) is associated with an abnormal curvature of
the spine in three dimensions. A common rsurgical treatment is the use of a
spinal brace to stabilise the curve deformation during growth to prevent

invasie spinal surgery. However, aesthetics, comfort and fit of braces are not
prioritised; together with the perceived stigma, this often leads to young people
not wearing the brace for the prescribed periods and thus compromises efficacy.
Engagement with youngeopleabout their own experience, which has been
minimal, offers a means of addressing these factors. Engaging with young
people through age appropriate tools in a novel and compassionate fashion
builds trust, understanding, and cooperation. Providingryg people with

shared ownership of their medical condition as well as hand in shaping their
future treatment could be invaluable in improving outcomes as well as

establishing lifelong wellbeing.

Additive Manufacturing (AM) permits the fabrication of cdewy bespoke

geometries and thus offers the potential to respond to the outcomes of

Sy3dal3aAay3a gAGK e2dzy3 LIS2LX S &4 GaSELISNI&E D

professionals are to be engaged, then the feasibilitgroAM approach tahe

design of spinal bracesust be demonstrated.

This research integrates two key contributions: (1) a comprehensive mapping of
current practices in brace design and fabrication; (2) the development of
engagement activities to explore and capture the brace experiences of young
peopk with AIS to facilitate the design of a brace that synthesises clinical and
patient needs. An additional supporting contribution is the adaptation of
ComputerAided Design (CAD) strategies and digitised workflows that
incorporate structural and aesthetlirace demands for construction with AM.

This research demonstrates that a 3D CAD approach to brace design is feasible
and that the inclusion of young people in the design and planning process (co

design) provides significant insights into realities of braear.
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1 Introduction

There are several chronic or lotgrm conditions that cause an increase in a
wide variety of physical symptoms but may deniegef or assistance from
supportive or corrective physical devices. Adolescent iditipascoliosis is one

such condition and is often treated Withe application of a brace

These devices tend to fall into two categories: (1) generic, designed for any user
and (2) custong fitted or bespoke, where they are designed and made for a
specift individual. There are challenges in designing for both categorjésras
example with generic it is problematic to design a wide enough range to satisfy
population differences. This can lead to compromises in device functionality,
effectiveness or appgrance. These devices are often fabricated with low cost
materials that can offer a reasonable compromise in terms of fit, preparation,
weight, and ability to clean but ually are geared towards mininiig costs
through massgproduction. On the other hanatustomtitted devices require
bespoke design and fabrication for each individual and often lead to devices
that are more comfortable/ tolerable. A custefitted device can however also

be constrained by the use of a hand crafted, labour intensive, lowroaterial
manufacturing process. Hand crafted processes typically rely heavily on skilled
practitioners with specialist knowledge and experience and this can contribute
to variability andnconsistency across devic&oth generic and custom devices
are imited in terms of design and this can leadoi@cesthat are

uncomfortable, with a poor fit and aesthetic, which in turn can negatively affect

patient adherence and reduce treatment effectiveness.

For the purposes of this thesishe devices beingesearche fall into the

category oforthotics Anbraces 8 RSTFAYSR & WIy SEGSNYI f £ ¢
to modify the structural and functional characteristics of the neuromuscular and

skeletal systeméHsu et al., 2008)0rthotics are worn to stalise deteriorating

conditions and assist in improving the quality of life. Typically, in orthotic design,

the importance of clinical efficacy and patient safety has been paramount and
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this has outweighed other considerations such as experience of wear,
degrability, and acceptance of these types of dev{d&grini etal., 2009;
Brigham and Armstrong, 2017)

Technological developments in manufacturing are assisting with the
convergence of both generic and custditted devices. The flexibility that
emerging manufacturing processes can offer may lead to greater variety and
customisation for mass produced iten@3hanges in the way data is captured,
improvements in manufacturing processes and reduction in costs of computer
aided design (CAD) have provided improvements in effectiveness and speed of
manufacture for custoniditted devices. This research seeks to inmpéat

several of these emerging processes and techniques to establish whether there
is scope for additive manufacturing to complement existing processes and
ultimately whether greater customisation can lead to improved patient

integration into the design jrcess.

1.1 Current state of play of orthotic servicn the UK
A key strategy for the National Health Service (NHS) in titedJkingdom (UK)

is placing patients at the centre of their care and decigimaking. This is often
difficult with a service that imulti-dimensionaland facecompeting pressure
Cuts tothe public health budgetand social care funding has resulted in a
decline in performancalongside issues of workforce shortagesl satisfaction
which are widespread across the organisatiQmarles et al., 2019The NHS
hasfaced aslowdownin funding growth whilst the demandm services and
costs incurred to deliver these services continually incré@arlest al.,

2019) Throughout the UKthere is a duopoly of health service provision, the
majority of servicesire provided by the NHS and the remainder by smaller, and
often more specialised, private sector providers. As a result, typical market
forces namally affecting a competitive industry have had less bearing on the
development of medical products drservices in the Ukbompared to other
markets, such as the United StatafsAmerica (USA)Yhere is, as a result, a

degree of absence of incremental mwation in adding value (e.g. providing a

Y2NBE RSaANIOfS 2NIK2ara 2N ISatkSGA0O 02y
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The number of patients currently benefiting from assistive devices nationwide is

unknown. A 2007 report from The Foundation For Assistiehii@ogy

indicated there were an estimated 2 million users with an estimated seven

million people in the Ukvho could benefit from assistive technoloiown and

Stead, 2007) The public profile of orthotics is modesimpared to other

disciplines such as cardiovascular and cancer treatment and has a lower profile

in compaison to similar chronic debilitating illnesses like arthritis and diabetes

(Hutton and Hurry, 2008) h NI K2 G A O&a R Svels A\dide Guygaaf Q NS Y A
areas and are included in treatment for a variety of clinical areas for example

trauma (postoperative bracing), sports injuries, stroke, improving mobility, and

independence.

The orthotic services have faced notable criticism ipddgnent of Health
reviews, concerns range from strategy and management of these services
(Bowker et al., 1992}heir differing quality of service or unexplained variations
in patient care to ultimately whether the needs of patients are being fully
servied (Audit Commission 2000 and 2002). There is also much concern over
their structure and their support in terms of a healthcare priority for
development and fundingBoxer, 2004)Moreover, factors such as budget
restriction and competitive contracts prevent investment in adopting advances

in technology or exploring novel methods of treatment.

This outsourcing of orthotic services means they are vulnerable to commercial
pressures that include providing a profitable, quality service, at the lowest
possible cost. However, this may compronessible patient benefits and the

adoption of new technological advancements become more problematic.

Population growth (UK population projected to increase by 9.7 million over the
next 25 yeargOffice For National Statistics, 20H)d life expectancy increases
are likely to lead to many more individuals requiring healthcare for the
management of chronic conditions, placing additional pressure on a health
service stretched to capacity. There are key indications of this pressure with

hospitals truncating patiendtays(Gupta, 2007and a continued shortage of
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beds with increasing waiting times and healthcare cfitatzy and Ayoub,

1995)

Thehealthcare sector has to continually evolve and adapt to technological,
environmental, economic, and social factors with changing demands, often with

financial and staffing constraints.

The relationship between device and patient is crucial in terms oégaiite,
their treatment outcomes and their pawership with their treatmentThis is not
a monolithic treatment pathway but will be individual to each patient and will

have differing needs even if some may be similar to other patients.

Brigham and Armstrong (201&xplored key motivations for brace adherence
but also asked what interventions could improve their motivation to wear their

brace (seen iTablel.1.).

Tablel.1: Understanding bracing explored ifBrigham and Armstrong, 2017)

Questions Results from 39 participants

Key motivationsfor wearing 94% desire to avoid surgery
or not wearing the brace 92% desire to stop scoliosis getting worse
59% prevent back pain as an adult
prE: ARSYUGAFASR GKSANI LI NBy
motivating
ny > R2 002 N& Qofténralivaydzintivatidg/ & |

Factors that affect why they  38% identified or always fear of what others may say
R2yQid ¢l yi @2 24% appearance of brace worn beneath clothing was an
brace obstacle often or always
39% said often not always thabmetimes pain was an
obstacle (47% said pain was not an obstacle)

Possible interventions that 71% having a friend to talk to who wears a brace

would encourage them to 60.5% having clothes to fit over their brace
wear their brace (improve 34% that braces came in different patterns of colours
compliance)

This is notably the first interaction of this type in terms of brace wearing and
signifies a shift from aligning not just clinical efficacy but the need to
dzy RSNE Gl YR WiKS tABSR SELISNASYOS 2F o NI O
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There has also been a significant shift in priorities for ScelRssearch in the
UKwith The James Lind Alliance (JLA) Scoliosis Priority Setting Partnership, set
up in 2016 to bring together patients, carers, clinicians, and researchers to work
together and identify research priorities. Three specific priorities of interest

were one, two and seven provided below:

What are the best strategies for reducing or preventing the curve from getting
worse, combining treatment and setfanagement approaches tovaid the

need for surgery;?

How is quality of life affected by scoliosis and its treatment? How can we

measure this in a way that is meaningful to patients?

Which type of brace (e.g. rigid or dynamic) is most effective in the treatment of

(a) early onsescoliosis and (b) adolescent idiopathic scoliosis

Previously, the majority of healthcare equipment would have been used onsite
in clinics with health professionals the main service users. This is rapidly
changing to a greater use of equipment and managihghronic conditions

within the home, work, school or community. The advancements seen in
technology offer changes in treatment pathways and modulate the role patients
have in maintaining their own health often leading to an improved quality of life
for those with chronic conditionfHerman, 2001; Lewis, 2001; Rogers et al.,
2001; Gossink and Souquet, 2006¢chnologicaadvancements including
miniaturisation and automation can improve the delivery of user friendly,
intelligent, personalised medical devices that in turn improves patient care
(Lewis, 2001)

Within the medicablevice sandards, a response to the desire to ensure device

usability was the introduction in 2008 by The Interoatl Organisation for
Standardis G A 2y WoL{h0O cHoccYHunny aSRAOIFIf 5S@A
SYIAYSSNAyYy3I G2 YSRst@tedakdy Shiftiodh8a Qd ¢ KA A RS

significance of usability for patients of all ages.

28



Further to this, there have been significant benefits and key developments
made when including service user populations in device design whether that
may be young childrengdailts or the elderlyObradovich and Woods, 1996; Lin
et al., 1998; Liljegren et al., 2000; Garmer et al., 2002b; Demirbilek and
Demirkan, 2004; Alderson and Morrow, 201However a key group thétat
until recenty in the biomedical sectdrave been overlooked are adolescents
(Gelijns et al., 2005 he understading of specific and fluctuating needs of

adolescents has typically not been a factor in the device design process.

The objectives of the research is to develop suitable research instruments to
engage and include young people in the brace design procesdevelop an
understanding of this involvement. This would seek to elicit deeper insights into
brace experiences of young people. The research seeks to determine, analyse,
and map out the process of brace development in the consultation/treatment

process.These objectives are discussed further following the literature review.

1.2 ThesisOverview

The remainder of the thesis is strucédt into six chapters.he Literature

Review assesses the existing literature that informs the current understandings

and persgctives of brace adherence, digital interventions and conducting

research including young people as the central focus. Building othéogetical

underpinnings in the introductory chapter itasvided into three parts. Part one

Braces and Assistve D&M &Y 5SaA 3y s CIl o Nitodiyi A2y | yR |
disentangling the complexities of device adherence and the competing factors

GKFOG FTFFSOG Iy AYRAGARAZ f Q3 I RKSNBYy OS Rdz
competing perspectives. Part twBisruptive tebnologies to support the

LINE RdzOG A2y 27T rveddicattiid etlgeRrace Mandsstar@and

assesses what advantages additive manufacturing and other rapid prototyping

may offer. Parthree Yhcluding young people in edesign and research

outlines the theory that informs their participation in the research and defines

how to work with them as a stakeholder group.
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experience of bracing and discusses practical as welhésaéthallenges

encountered during fieldwork. This chapter explains the rationale for utilising

the methods chosen and the strategy to generate robust empirical data. It

discusses theoretical underpinnings, the applications of methods and how the

collected data was analysed.

Chapter 6, 7 and 8 detail empirical findings of the research. Chapter 6,

WOELX 2NAY3I OdzNNByid 0N} OS YIydzAFlF OlGdzNBE | yR
the current manufacturing processes for braces within the NHS. It aims to build

an urderstanding of what processes and actions are undertaken currently and

assess if digital processes were visible in current workflows. A series of visual
frameworks developed from observations conducted at manufacturers in the

North of England map currentanufacture processes and examines where

interventions can intersect and possibly augment existing processes.

A 2

/ KFLIWISNI 72 W' yRSNEGFYRAY3I GKS f AOBSR E LIS |
LIS2LX S YR GKSANI FIYAfASEAQ SELISINASYyOSa |
examines how ideas about emotional attachment are implicated in developing
responsibilities in relation to their brace treatment. This section touches on

moments in which individuals assert their need for control of their treatment

and participationin shaed decisioamaking It provides a clearer understanding

about what young people look for in their medical device that may be different

to younger children and adults.

[ KFLIWISNIy W/ !I'5 AGN)rGS3e YR 2Nl Ff26 RSO
the feasibility of a 3D CAD approach for brace manufacture. It compares

workflows to existing brace manufacture processes and looks to demonstrate

where young people can be involved in shared decision making and personalise

their brace experience.

Chapter 9 coaludes the thesis and provides a summary of the key empirical
findings and wider implications in relation to the themes of 1.) brace adherence

2.) digital intervention 3.) 3D CAD approach and 4.) process mapping. It
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discusses that the research demonstratieat a 3D CAD approach to brace
design is feasible and that the inclusion of young people in the design and
planning process (edesign) provides significant insights into realities of brace

wear. This structure and the interlinking chapters of discussimnoutlinedin

Figurel.l.
Chapter 2.
Part 1- Braces and Literature review
Assistive Devices: Design,
Fabrication & Adherence
Chapter 3.
Part 2 - Disruptive
technologies to support Literature review
the production of
customised braces
Chapter 4.
Part 3 - Including young Literature review
people in co-deisgn
& research
Chapter 5.
Methodology Methodology and methods
Chapter 6. v
Exploring current orthotic Results: Activity mapping Identify practitioner needs
manufacture and mapping of brace manufacture
out workflows A
_______________________________ R
|
Chapter 7. y - Y
Understanding the lived Results: Gathgmg » Identify patient needs
experience of bracing of brace experiences
Y
Chapter 8.
CAD strategy & Results: CAD strategy and
workflow development workflow developement
Chapter 9. Y
Discussions, limitations Discussions and
& recommendations recommendations

Figurel.l: Thesis outline
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2 Literature ReviewPart 1¢ Braces
and Assistive Devicefesign,
Fabrication &Adherence

The literature review begins with a focus on medical devices in terms of
standards, design criteria, and regulations and continues to understanding the
condition of scoliosis. It develops further an understanding of the treatment
pathways that includes brang to discussing the complexities of brace

adherence and the variety of brace treatments available.

Brace wear is crucial for this particular treatment pathway with evidence

suggesting that time in the brace is crucial to successful treatment outcomes.

An orthosis has beedefined by International Orgaration for Stan@drdisation
6L{ho & aly SEGSNyrtteée ILLIASR RSOAOS dz

functional characteristics of the neuromuscular sickletala & & (IS, 4998)

Orthotics is a specialty healthcare concerned with the design, manufacture and
application ofbraces(International Society for Prosthetics and Orthotics, n.d.)
The term bracdends to be used instead of orthosis/orthotics as bracing is the

action of treating the patien{Grivas et al., 2016)

2.1 Medical Device criteria and regulation

YWaSRAOFIfT RSOAOSQ O20SNE + ONRIFR NIy3aS 27
implements to complex machines through all aspects of clinical practice.

They can contribute to the management of many complex conditions and are a

source of cost for the NH&arcon et al 2016) The spectrum can be broadly

classified into preventive (g. implantable cardiovertedefibrillator), diagnostic

(e.g. MRI, CT-Ray), therapeutic (e.g. mechanical ventilator), assistive (e.g.

splint), general use (e.g. stethoscope), disegigecific (e.g. implantsyver the

counter (e.g. gloves) or requiring a prescription (e.g. insulin pump), single use

(e.g. needles) or multiple uses (e.g. blood pressure moi@antos, 2013)
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The device lassifications identify the risk to patient and users and dendbes t
demands of the approval process in terms of the process to meet those
regulations. In Europe, the framework for regulating devices is governed by

three main Directives:

* European Council Directive 93/42/EEC whimvecs most medical
devices

*  EuropeanCouncil Directive 90/385/EEC on active iampdble devices

* European Council Directive 98/79/ECinvitro diagnostic medical

devices.

The compliance with standards and guidelines allows an understanding of the
RSOAOSaQ al ¥FSdeT @l QaitystandaydSiatarmsof R G K G
the current legislation. These standards in general are put in filgthe

International Standardation Organisation (ISO) or the Association for the

Advancement for the Medical Instruments (AAMI) and must be cauplith

by those manufactring and sellingnedical devicesThe devicesneeting the

regulatorycriteria can demonstrate a CE matkowingcompliance with the

essential requirements of their directives.

ThelSO tandards are a series of guidelines tisapport the terminology,

quality management, structural compliance and frameworks to support the
fabrication of an orthosis, which in turn are supported by the broader World
Health Organisation (WHO) standards for prosthetics and orthotics and national
frameworks governed by the local health service (e.g. NHS, England). These
standards assist with comparison of patient treatments and their products,
objectives of treatment, functional characterigiand components of the brace
(Condie, 2008)They are a series of standards to provide recommended

methods for use in professional practice.

Internationally recognised standards for orthotics are of critical importance as
practitioners and maniacturers can develop their own terminology to use in
prescription and manufacture. This terminology could vary and add to the

confusion and completyi in trying to compare braceandtheir outcomes. The
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standards provide a description of the treatment ebjives and functional

characteristicdroadly in their definition Eigure2.1).

PATIENT PROCEDURES + PERSONAL

1SO 8551: 2003
Terms relating to external orthoses
Description of the person to be

treated with an orthosis, clinical H General terms for external limb

objectives of treatment, and protheses and external orthoses
)

functional requirements of the
orthosis

1ISO 8549-1: 1989

DEVICE

1SO 8549-3
Terms relating to external orthoses
1SO DIS 13404: 2005
) Classification and description of external
orthoses and orthotic components
1SO 13404: 2007

Material clarification

Figure2.1: ISO standards. Adapted froffiHsu et al., 2008)

Material clarification of braceis broadly definedwithin Proghetics and

Orthotics ISO 1340@007)which specifes some components however other
material properties are not specifiedhe biological safetygf a medical device is
categoriseduy the nature and duration of contact to the body and the assessed

riskaregoverned by ISO 10993018)

l 3aAa0A0S RSOAOSAE INB RSaAdIySR (2 AYLNEROG
independence and/or enhance their overall wie#ing and quality of life

(International Society for Prosthetics and Orthotics, n.@ythotics and

prosthetics perform many of these key roles but ofi@nsolation or without

bridging across modalities.

Custommade is aternmthatrefersi 2 a2 YS i KA y @8 méaSNEA MY | (RISS
UK. A spinal bracgould typicallybe fabricated from a customised mould based
2y GKS YSI adz2NBYSYy {(Giivagefal.l2016)F G A Sy G Q& § NHzy

Qustommadedevicesas defined by the Medical Devices Regulatjans

classified as a specizse in consideration diie regulationsin that the full
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regulatory process for each custamade device isot possible, however due

diligence is stilkkxpected andequired (EC, 1993)

The process of verification and validation are also important activities in the
desgn & development proces of medical devices, according to EN ISO
13485(2003)and an updated version EN ISO 1343316)

*  Verificationg this is the activity to ensure that what has been designed
meets the design input requiremenEN 1SO 1348&2003) This activity
not only involves testing butvardet al., (2002would argue it also
involves activities that provide suitable evidence that the neaeg
requirements have been met;
*  Validationg this is the activity that the resulting product is fit for the
specified application or intended use aisdconductedorior to product
deliveryBN 1SO 1348%003) Alexandetret al., (2001)indicates that
stageasksthequesiy WKI @S 6S o6dzAf G GKS NARIKID

Both these activities areriticallyimportant in the medical device design
process andnaterials research has proposetbdelsthat help visualise the

proposed processes of design and development:

(1) Waterfall DesignrBcess Mode(FDA, 1997)This provides a focal point for
the design process of mediadvices based on the traditional waterfall model
but tends to be planned out by programmes rather than involving stakeholders

(Figure2.2).

USER
NEEDS | Review

DESIGN [

INPUT
" 4
Ty

DESIGN
PROCESS
DESIGN

Verification |[€————— qureut __ |
Y
MEDICAL
DEVICE

Validation < |

Figure2.2: Waterfall Design Process ModeAdapted from(FDA, 1997)
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(2) Design for Validation (DF\AModel (Alexander et a).2001; Alexander and

Clarkson, 2002)This covers complete device development proq&sgure2.3).

Device | _ oo > Develop Verification | _ _ _ _________ > Device
User Needs Requirements Validation
A DEVICE | o o o o e o e e e e > Final Device
“_..- Design Verification
-
.
L4
, Yy ¥
',' Process - Develop Verification | _ - Process
K User Needs Requirements Validation
.'l \ /
N e Process | occccccea »| Final Process
'. PP Device Verification
-

: N '

] ’ . .

1 K A Production - Final Process

l' ' += " "] Development Qualification

Medical
Device

Design Develop Verification Design
Input Requirements Verification
a) Validation as it applies to the design

and development process

Design
Output

Figure2.3: Design for Validation (DFV)Model. Adapted from(Alexander et
al., 2001; Alexander and Clarkson, 2002)

(3) Medical device development lifecycle with user centred design metfiddeey et al., 2011)
visualised irFigure2.4.

IDENTIFY REQUIREMENTS | MEETING REQUIREMENTS

STAGE 1 STAGE 2 STAGE 3 STAGE 4

|
- - - e - i User
Tl CEa (120 Initial validation\refinement Requirements, Device design Prototype Device evaluation<_ requirements
- scope with users Concept of concept Document satisified
|
|

- Focus groups - Focus groups - Scenarios - Usability tests
- Ethnography - Questionnaire - Personas - Cognitive
walkthrough
- Task analysis - Delphi technique - Heuristics
- Questionnaire
- Focus groups

- Contextual enquiry

- Interviews .
- Task analysis

- Usability Tests
(legacy systems)

- Questionnaire

- Interviews

I

I

|

|

|

|

|

|

|

. |
- Contextual enquiry - Interviews |
|

|

I

I

I

|

|

|

|

Figure2.4: Medical device development lifecycle frofMoney et al., 2011)
adapted from(National Patient Safety Agency, 2010)

These useful frameworksghligh the importance of user need in developing

appropriate devicesThemethods used in assistive device and medical device
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literature were explored imable2.1 which shows a large proportion have been

conducted with adults as researglartners. This further highlights the need to

engage young people in device development, especially if the application

directly affects their quality of life.

Table2.1: Medical and assistive devices/technay methods seen in

literature
Research method Research approach Topic Age group  Author
Literature review of Structured Review Medical Adults Shah and
user involvement in Devices Robinson
medical devices (2007)
Video tapes, think Human Factors Medical Adults Garmer et
aloud protocols, Device al., 2002
questionnaire
Usertests including Comparison of user Assistive Adults (Buhler,
daily tasks, involvement in assistive Technology 1996)
questionnaire technology development
Annual survey: Quantitative Assistive Older (Hartke et
supplement on Devices Adults al., 1998)
assistive devices
included. Bivariate and
multi-variate analysis
Post discharge ATDPA (assistive Assistive Adults (Cushman
telephone interview of technology device Technology and
functional predispositon Scherer,
independence assessment)and FIM 1996)
measure to ascertain  (functional independence
device use measure)
In-depth interview Qualitative Technology Adults (19  (Lupton
exploring the ways in and 46) and
which technologies disability Seymour,
contribute to meanings 2000)
and experiences of
disabilities
Questionnaires Functional Electrical Assistive Adolescents (Brown,
[offer selfimage 6 Stimulation Technology 1997)

point scale/personal

independence profile 5

point scale/Craig
handicap reporting
technique]

augmentation in the
home for spinal cord

injury patientsexploring

seltimage, disability
constructs
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2.2 What is scoliosis including adolescent idiopathic scoliosis
(AIS)?
Scoliosis is a common spinal condition that can affect people from any age and
is where the spine twists or curves. This can be a sideways curve of the spine,
which differs from the regular curve of the spine and is more pronounced when
looking at the spia from thefront or back. Curves can besBGaped or Shaped.
5STAY SR Jdithensional defirviy $f the spine and trunk, a lateral
deviation in the curve of the spine that measures at least 10° and can progress
RdzNA Yy 3 LISNR 2 R &NnadliFFaitbank JORD, Vi@ Mdiaiharco
2013) Visual examples of scoliotic spinal deformities are demonstrated in
(Figure2.5). Kotwicki(2008)defines scoliosis as one or more lateral curves of
the vertebral column in the coronal plane, although some curves may be
affected by smal alignment in all three dimensionSde Appendix)AThe spine
may develop a curve that forms into a single C or a backward C shape (can be
known as a primary curve) or an S or backward S shape with a secondary curve
0 KIF G R $Seédn@tiuik owthe pelvis, not only in the frontal but also
the sagittal plané (Van Goethenet al., 2007) There are also reports in the
literature of triple curves (albeit less common) which further highlight the
complex three dimensional nature of this condition as well as the individual

nature of spinal developmen{ivan Goethem et al., 2007)
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Figure2.5: Examples of adolescents suffering from scoliosis. Radiographs
(top panels) and corresponding patient photographs (bottom panels) show
three different types of scoliosis classified on the basis of the location and
the apex of the major spinal curve: righhoracic (a), thoracolumbar (b) or

lumbar (c). Sourced froniCheng et al., 2015)

2.3 How is scoliosis diagnosed?
A curve in the spine can cause the body to tilt slightly to the left or right. This
could also lead to a shoulder blade being raised higher than the other, an

uneven waist or promindrto lean to one side.

L¥ GKS Odz2NBS O2yiGAydzSa (2 62NARSY Al
function and lead to damage in the joints of the spine and pain into adulthood
(NHS, 2015a)

A General Practitioner (GP) mosinemonly performs initial examinations

where the patient would be assessed for prominence of bones and noticeable
changes in body positioning. Further to this, patients would be referred to an
orthopaedic specialist who will develop greater understandinthefnature of

the curve including its magnitude and location. Developing a full understanding
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of the patients medical history can assist in establishing the nature of the

(@p))
(N

LI GASYy (G Qa OdzZNBS | yR LJ2 & gNnadi add FRINEIR A O

2010)

Currently within the UKthere is no schoedcreening programme where a
simple bend over test codlassist with the early detection of the condition. It is
beyond the scope of thigesisto explore this deficit in detection, however it
would address several existing issues by providing both a quantifiable

prevalence rate and commence treatment at aarleer stage.

Currently the standard method for diagnosis and monitoring of the condition is
a standing »Ray radiograph of the spin{Raso et al., 1998jigure2.6a).

Repeated radiographic images allow for the revision of the condition and
measurenent of the curve progressioiowever repeat exposure to iomns
radiation from XRays is a concern for young people and poses significant
increases to health risks in later life and therefore their exposure should be
limited (Boice, 1988; Doody et al., 2000\lthough efbrts have been made to
reduce standard ionisation dosages, aRxys have some exposyiduda et al.,

2008)and therefore where possible efforts should be made to reduce it.

C D EEL_/

Figure2.6: X-Ray displaying a 39 degree and 37 degree (a) curvksrtdrom
(Weiss et al., 2007X-ray of 70 degree angle (b) and diagram of Cobb angle
(c) adapted and sourced frorfNnadi and Fairbank, 2010; Cheng et al., 2015)
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The most commonly used quantitative assessment method of lateral curvature

in the frontal spine is the Cobb angle measurem@frtovec et al., 2009)T'he

Cobb Angle measurement provides a flat tdimensional understanding of the
curve deformity; however, it limits the potential of understanding the spinal
deformity in its fullthree-dimensional rotation. Forming a thresimensional

picture of the scoliotic curves including transverse planes are important to build
a better picture of the curves and how to approach treatm@meinstein and
Ponseti, 1983; Drerup, 1984; Perdriolle and Vidal, 1985; Kuklo et al., 2005; Chan
et al., 2014)

The Coblangle (e.g. igure 2.&€) is calculated manually by measuring the angle
of difference between the most inclined vertebrae drawn on th&ax film (e.g.

Figure 2.6(a) 39° and 37° curvesd (b) 70°cobb angle)

This describes where the maximum tilting eorring towards the concavity.
The curves are measured typically from thexjs in the coronal plane and
parallel lines are drawn with the angle at the top of the vertebra and the
bottom vertebra involved in the curvi€heng et al., 2015Measuring a Cobb
angle in the sagittal plane walibe from the zaxis but is less commonly
undertaken Despite the simplicity of the Cobb angle method, variation of
markers, protractors andssessment of the end vertebragcluding whether
manual, digital or serrautomatic assessment was conducted cansea
variations in assessme(iuklo et al., 2005; Pinheiro et al., 2010; Zhang et al.,
2010; Chan et al., 2014)

Alongside the Cobb angle analysis, skeletal maturity is often assesssdhgy
the Risser grade, an assessment of whether the &ysis or bone growth has
matured which correlates with the end of spinal growBupporting

information located in Appendix Mnadi and Fairbank, 2010)

There have been numerous digital and surface tomography methods that have
sought to replace radiograpl{Batouche et al., 1996; Oxborrow, 2000; Hill et al.,
2002; Liu et al., 2002; Macdonald et al., 2002; Pazos et al., 2005; Goldberg et al.,
HancT aAlGOKStEt SG Ff®X wnnc Bsweltdas 2 GA &
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raster stereography(Upadhyay et al1988; Goh et al., 1999; Thometz et al.,

HannT -/ SG Ff®X wnnamT . SNNBthepwhav8 G | £ &> |
struggled with limitations in handling posture or movement artefacts. There

have also been concerns withe accuracy ofhese methods to successfully

measure spinal curvg&nott et al., 2006)

Other methods for image capture are being developed which include the
SterEos &limensional software outlined iGarreau et al. (2014r using
ultrasound imagery as discusseddhen et al. (20123)r Li et al. (2012)These
methods aim to reduce radiatn exposure risk to patients and provide records
that can be easily stored and retrieved. This type of technique would enable
closer monitoring of the curve during treatment without detrimental risk to the
LI G A Sy Qa ®E&rg.tBitiiVorg ¥tRl. (2086nt Ajemba et al.
(2006)indicate positive methods of using 3D laser scanners to topographically
map the torso for conversion to a rendered model. These methods however
would constitute additional costs to healthcacknics looking to include them in

their equipment.

2.3.1 Who has scoliosis?

Scoliosis is a chronic condition and although may improve with treatment it
remains a lifelong condition. People of all ages can have scoliosis but it is more
common when at ages of pal spinal growth, typically seen in adolescence and

early development.

The clinical classifications of scoliosis are outlindeigire2.7 and for
deformities seenn adulthood the condition could either be the result of
damage to the spine or a previously undiagnosed spinal curve that has

worsened during adulthoo@Asher and Burton, 2006)
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SCOLIOSIS
CLASSIFICATIONS

SCOLIOsSIS
Examples of medical
I | conditions
« Cerebral Palsy —
SECONDARY a condition caused
CONGENITAL IDIOPATHIC (to another | — Jbybrain damage that
(present from birth) (no known cause) i . occurs during birth
primary condition) or shortly afterwards
* Muscular
Dystrophy —a
genetic condition
I I that causes muscle
weakness
* Marfan
Infantile Juvenile Adolescent Syndrome -2
(birth to age 3) (ages 4-10) (ages 10-16) disorder of the
connective

Figure2.7: Scoliosis classifications informed Iflyonstein, 1994; Altaf et al.,
2013)

Idiopathic scoliosis can develop in healthy children at any stage of their growth
and depending on age can be classified into three stagesitile, juvenile and

adolescent, displayed irigure2.7 (Lonstein, 199; Altaf et al., 2013)

The term idiopathic indicates that the underlying cause of the condition is
currently unknown(Winter, 1995) The most prevalent growth stage for this
spinal deformity seen by clinical practitioners is adolescence, anceittafan
estimated 3 to 4 children out of every 1000heng et al., 2015)The exact
number of young people diagnosed with scoliosis in the UK and furthermore,
estimations of treatment pathways to assess how many pasieme prescribed

or undergoing brace treatment or awaiting spinal surgery is problematic. There
currently is no national audit or estimates of these rates. Frequently it may not
always be possible to determine the age of illness onset and therefore the age
of clinical presentation or detection of the condition are frequently classified as
the point of developmen{Asher and Burton, 2006%irls are more likely than
boys to develop scoliosis and are more likely ¢éedh treatment(Reamy and
Slakey, 2001; Van Goethem et al., 2007)
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2.4 How is scoliosis trated?

The three mairpathways for treatment of AIS ambservation, bracing, or

spinal surgery. Spinal surgery is costly for the NHS and aikigbrocedure for

the adolescent. Bracing whiimore deliberate andlow progressing in the job

of stabilisinghe curve deformity, is often overlookgdRigo et al., 2006)

Howeverit could beemployed as a primary treatmenbn a case by case basis,

as its use may prevent further deformity and the need for surgery as well as not

limiting further surgical optiongRigo ¢ al., 2003; Weiss et al., 2003)

There has been controversy around the efficacy and practice of bracing with
mixed opinions as to their effect on stabilising curve progression and reducing
the subsequent need for corrective surgéBowe et al., 1997; Dickson and
Weinstein, 1999; Goldberg et al., 2001; Weiss et al., 2003)

There are factors that have contributed to this efficacy discussion such as:

* large variations in types of braces and the continuous development of
new brace types

* historically a lack of clear standards for clinical trial inclusion criteria so
direct conparisons can often not be mage

* issues with compliance of brace treatment (expected wear e220
hours a day for approximatelyByears, except for bathing and limited
exercisgBrosnan, 1991; Lonsteand Winter, 1994; Wright, 1997,
Reamy and Slakey, 2001; Weiss et al., 2003)

More recently, there has been empirical evidence supporting the use of bracing
in AlSjndicating that spinal bracingrevents about 20% to 40% of

(appropriately braced) curvdsom progressing 6° or mor@sher and Burton,
2006) It is a condition that is more commonly seen in diclenstein, 1994and

if left untreated frequently described issues are back pain, respiratory and
cardiopulmonary problems as well as psychosocial effects (body image,

confidence, mood/mental health)Veinstein et al., 2008)
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The aetiepathogenesis of Ali@mains largely unknown despite clinical and
epidemiological researcfLowe et al., 2000; Burwell, 2003here is some
evidence to suggest a genetic componémthe disease, as AlS is often seen in
multiple members of a family and a number of potential genetic contributors

have been identifieqvVan Goethem et al., 20Q7)

2.4.1 Treatment Pathways

The treatment of young people with adolescent idiopathic scoliosis would
usually take into account both long and shtetm outcomes, medical histg

and the complications associated with treatment methods defined by an
uncertain pathway of how the curve may respond to treatment. Based on the
InternationalSociety on Scoliosis Orthopaedic and Rehabilitation Treatment
2005 and 2011 papers a summartloé treatment pathway for idiopathic

scoliosis is described Trable2.2.

Table2.2: Treatment pathways for adolescentliopathic scoliosis

APPROACH DESCRIPTION

Meaningful observation ¢KS WglAlG FYR &aSSQ |
curves <15° and with no signs of skeletal
maturity (Negrini et al., 2012} urther
observation is also indicated in more mature
adolescents having a Risser 4 withvatures
<20°(Risser, 1958; Nnadi and Fairbank, 201!

Scoliosis specific exercises SSE is indicated in moderate curvatures (>1!
25°) during growth with a Risser sign of 3 or
less. For curvatures from 1-45° after skeletal
maturity Risser 4 or 5. For larger curves SSE
may be used alongside bracing

Brace treatment Treatment considered for curves between 2C
45°
Spinal fusion surgery Generally indicated in curvatures in excess ¢

45° in skeletally immature patients
(Danielsson, 2013)
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2.4.2 Meaningful observation

This is where they monitor the curve progression and an assessment at

meaningful intervals would assess if there has been any detrimental change.

2.4.3 Scoliosis specific exercises (SSE or SEAS)

Scoliosis specific exercises or Scientific Exercise Approactliosts are a

series of specific exercises designed to have a corrective effect on the curvature.
The exercises aim to mechanically balance the musculature and soft tissue of
the spine(Kalichman et al., 2016)hey can be used independently, or in
conjunction with bracing, to support the body after the cessation of brace
treatment (Stefano Negrini et al., 2008; Zaina et al., 2008 exercisesra

used in some cases to reduce the scoliotic deformity and postpone or avoid
bracing(Romancet al., 2013) The main approaches used for the treatment for
adolescent idiopathic scoliosis (AlS) are The Dobosiewicz method, thehdide
method, the Schroth method and the scientific exercise approach to scoliosis
(SEASWeiss et al., 2006; de Baat et al., 20N¥Bgrini et al., (2003eviewed
studies involving the treatment of AIS involving physical exercise including
posture control; strengthening; mobilisation and balance. They indicated
positive benefits that include improved breathing function, strength, and
postural balance but no conclusions as to tbegterm prevention of

continued deformity could be drawn.

There is growing egtence to support physiotherapgfrRomano et al., 2013)
physical therapy and muscle strengthening exercises alone or in partnership
with bracing,a thorough evaluation of these methods is beyond the scope of
this thesis, however these physical treatments should not be overlooked in
future co-design and development of bracing as they may augment the effects

of bracing or provide adjunctive therapy.

2.4.4 Spinal fusion surgery

Spinal fusion surgery is an approach sometimes recommended for adolescents

with severe curves, where they have stopped growing, or where other
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treatments have been unsuccessful. This may involve straightening the spine
using surgiclly implanted metal rd attached to the spine with screws, and
where needed, bone grafts to fuse the spine into a more straightened position.
This metalwork will usually be permanent unless there are-ppstrative
complications. A significant operationrfany young person, requiring a
significant stay in either intensive care or a high dependency unit for up to 10
days barring any posiperative complications. After a few weeks of post
operative care the yang person can return to schoobllege but contat sports

must be avoided for at least B2 months(NHS, 2015b)
Themain risks for spinal surgery include:

* a0 f S §iRthisiskevere the child may needi@od transfusion

* wound infectiong this can usually be treated wimntibiotics(but
antibiotic resistant infections are increasingly prevalgnt)

* the implants movig or the grafts failing to fuse propentyadditional
surgery may be required to correct this

* damage to the nerves in the spigewhile less common, this can lead to
permanent numbness in the legs, and can sometimes cpasaysisof

the legs and lossfa@ontrol of the bowels and bladdNHS, 2015hb)

In cases where thegung person may still be growing, rods are inserted and
adjusted approximately every 6 months during growth phases. The risks in this
treatment are prolonged athey could involve infections from the movement of
the rods or complications from the surgekyhilst children are growing

repeated xrays monitor the progression of the deformity exposing them

further to radiation during a key developmental stage.

2.4.5 Brace treatment

A brace (a corrective orthosis) tends to be a treatment pathway for young
people whopresent with spinal curves between 20° to 40° and is worn until
skeletal maturity(Negrini et al., 2018)The aim is to restore the normal

contours and alignment of the spine by means of externally applied forces over
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time, however is it more frequently used to stabilise the growth a scoliotic
spine in order to prevent the curve from worsening rather than correcting the
spine(Courvoisier, Dreva| et al., 2013)They can also be used pre and post
operatively in spinal fusion surgery as well as a-mwasive alternative to

surgery.
Bracing is sometimes a treatment option for those whose curves are:

* moderate between 20 to 40° of Cobb Angle

* where there is an increase in Cobb angle of 5° in the first 6 months or up
to 10° in the first year (this would be indicative of a worsening or
progressive state of the condition)

* over 30° when first diagnosed

* immature, with significant time until skeldtanaturity.
The types of bracing can include the follow{ihggrini et al., 2018)

* Night Time Rigid BracingNTRB)worn for 812 hoursmainly in bed
(Grivas et al., 2008)

*  Soft Bracingd SB) it includesmainly the SpineCor bra¢€oillard et al.,
2010, 2014pr similar designéVeldhuizen et al., 2002)

* Part Time Rigid Bracin@®TRB)worn for 1220 hours a daynainly
outside school and in bed;

* Full Time Rigid Bracingr cast (FTRByorn for 2023 hours a day at all
time (school, home, bed etcQasts arsometimes used asfast stage
to achieve correction to be maintaaa afterwards with rigid bracéle
Mauroy et al., 2011)

Patients requiring brace management would typically experience milestones
such as diagnosis, brace fitting and follow up assessn{€mian et al., 2013)
Fitting involves ag@scription from an orthopaedic specialist or spinal surgeon,
construction by an orthotist and an iterative checking, correction and follow up

sessions in order to manage the brace correc{idegrini et al., 2009)
Factors affecting the type of brace chosen for treatment are the following:
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* Location of curve

*  The degree ofurvature

*  Shape and number of curves

*  The position and rotation of the vertebrae in the spgine
*  Other medical conditions

*  Lifestyle and activities

*  Available brace types within the clinic (cost and expertise dependent)

2.4.6 Threedimensional nature of the scabsis curve

The location of the scoliotic curve can identified through several classifications

(Cheng et al., 2015pme examples are givenTable2.3.

Table2.3 Topographic curve locations adapted fro(Megriniet al., 2012)

Curve location within the spinal column

Thoracic T2r12 Thoracolumbar T12.1 Lumbar LZL4 Double

This regional anatomical approaistused to classify braces such as:

* cervical (G)
* thoracic (T)
*  lumbar(L)

* sacral (S)

As a result, braces combine the naming system definitions to form descriptive

summaries of their actions on the spine and posture:

*  CervicalThoraceLumbaoSacral Orthotic (CTLSO)
*  ThoraceLumbaoaSacral Orthotic (TLSO)
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An advanced approadhcorporating build and classification of the physical
forces exerted by the brace was presented at the SOSORT meeting in Athens
under the acronym BRACE M{@Hivas et al., 2016)BRACE MAP takes into
consideration the building, rigidity, anatomical classification, construction of
envelope, mechanism of action and plane of actiNeqgrini et al., 2008Each

component is further divided into categories as seeiable2.4.

Table2.4: BRACE MAP definitions and sdlvisions of orthotic properties.
Sourced from(S Negrini et al., 2008)

B Building C: Custom made
Cp: Custom Positioning
. prefabricatedenvelope

: Soft

: Elastic

: Rigid

: Very Rigid

R Rigidity

: CLTSO
TLSO
LSO

A Anatomical Classification

CE Construction of the Envelope| S: Symmetric

. Asymmetric

: Three Point
: Elongation
: Push

: Movement

MA Mechanism of action

omA> 0D A0<0TMmMm®MO

<

P Plane of action 3:3D

F: 2D Frontal

H: 2D Horizontal

S: 2D Sagittal

FH: Combined frontal horizontal
FS: Combined frontal sagittal
HS: Combined horizontal sagittal

The BRACE MAP classification process is being utilised as a platform for
permitting thecomparison of braces, mechams of action and construction

An example using this approach would classify the Boston Brace as RRTST3
pre-fabricated envelope, rigid, TLSO, symmetric, thpeet, and 3D. Although
this is a complicated and often perpleginaming convention, any

standardisation and method of comparison should be welcomed.
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2.5 Brace design and fabrication

There are several variations of braces available and they are typically worn for
long periods up to 20 to 23 hours a d&yeinstein et al.(2013)conclded that

the increase in brace time benefitted the treatment outcomes of bracing.

ThelnternationalSociety on Scoliosis Orthopaedic and Rehabilitaf B8 DSORT)

and the Scoliosis Research Society (SRS) are societies that regularly review their
guidelinego align them to recent scientific evidence and improve knowledge
transfer to clinical practice. These guidelines are instructive rather than formal

frameworks that define the scope and application of a brace.

Prior to the large randomised trial from Whsitein et al.(2013b)and the
introductions of guidelines for randomised control trials (RfOT bracing from

the InternationalSociety on Scoliosis Orthopaedic and Rehabilits8IDSORT)
and The Scoliosis Research Society (SRS) there had been issues with the
determination of efficacy in support for bracing and whether it reduced the
need for sirgery (Rowe et al., 1997; Dickson and Weinstein, 1999; Goldberg et
al., 2001; HR. Weiss and Moramarco, 2018pth societies now make
recommendations for bracing of curves that may deteriorate or within certain

degrees of curvatur@/Neiss etl., 2006)

There are a number of factors that contribute to the clinical efficacy of bracing
including the difficulties in conducting clinical trials in an esteginging
heterogeneous patient population. Quantifying clinical benefit is problematic as
substantial variations in braces are compounded by inconsistent patient
inclusion criterigWeiss and Moramarco, 2013A Cochrane review and
subsequent updates have indicated there is currently only-dowality evidence

to support bracingNegriniet al., 2018) Currently referenced are seven studies
which include five randomised control trigBunge and de Koning, 2008; Wong
et al., 2008; Lou et al., 2012; Weinstein et al., 2013a; Coillard et al., 20d4)
two prospective trialfNachemson and Peterson, 1995; Lusini et al., 2008¢
randomised trail faced critical recruitment issu@.inge et al.2010)and

another included a preference method where participants chose whether to be
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included in randomisatiof\Weinstein et al., 2013alNachemson and Peterson
(1995)evaluated 240 patients where curves were seen betw2grand 35°,

ages between 145 and where 129 were passively observed and another 111
received brace treatment, if a progression of 6° at any two consecutive follow
up sessions were detected (radiographevalution)it was considered a failue of
the brace treament. In a follow up 4 years later the rate of improvement
ranged between 52984% wheras passive observation was only -48%

indicating an improved success rate with bracing.

The prospective trials were more positive in terms of brace efficacy withiLuis
reporting success rates of 25/33 in a braced group and 0/10 in an observation

group for no progression of 5° or mofeusini et al., 2013)

Wong(2008)demonstrated with low quality evidence that the a rigid brace was
more effective than the soft efdic brace but did conclude that 68% of patients
with a soft elastic brace and 95%tkwva rigid brace did not expence curve
progression with both groups spondingsimilarly in their patient acceptance
guestionnaire. The authors did share a caveataiflyeing trained to fit the soft

elastic brace which ay have biased the comparison.

The Cochrane review did highlight the difficulties when conducting randomised
control trialswhere randomisatiommay be rejected by parent3his has led
societies to develop recommended methological criteria for brace studies in an
attempt to overcome this shortfal(Richards et al., 2005§hey do highlight

that future research should focus on participant outcome, increasing
compliance and exercises addedaimgmentbracing(Negrini et al., 2018)

Despit these efforts,the inclusionof young people ithe decision making

processor in settingresearch priorieshasremainedvery limited.

One of the more recent randomised control trials was stopped early due to the
efficacy observed with bracing; a reported 72% suscate was shown in
comparison to 48% passive observation in a cohort of 242 patients. It was
considered unethical to prevent patients from accessing brace treatment that

may benefit them.
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The adherence of patients to their prescribed brace wear (apprateim 2023
hours a day) is an ongoing issue. Bracing usually lasts until skeletal maturity is
achieved and with the exception of washing, limited exercise and sport the
brace is in situ constantly. In addition successful treatment is followed by a 6
month withdrawal or weaning off from the brad®rosnan, 1991; Lonstein,

1994; Wright, 1997; Reamy and Slakey, 2001; Weiss, 2003; Weinstein et al.,
2013Db)

One significant difficulty with brace treatment is the unknown aspect of

whether it will provide a successful treatment outcome for fredient in terms

of preventing the curve from worsening. This coupled with the psychosocial and
physical impact of brace wear makes tolerance and sustained adherence to this

treatment a highly variable and individual outcome.

There are several variatioms braces available with the limited empirical
literature available compiled iRigure2.8. This typology of braces shows the
range and overlap of materials, methodsirve treatment, fastenings and brace

reinforcements from across the world.

There are few studies that make comparisons between different bréfasa

et al., 2014)and although some consensus has emerged over the importance of
a threepoint system mechanism evidence remains spghéegrini et al., 2018)
Furthemore, there are contrasting views with regards to pad placement, the
shape of the pad producing the force and where to place it in order to achieve
the best possible correctiofiNegrini et al., 2018) These divergences are
reflected in the variety of corrective systems seen across the degrini et

al., 2018)
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Orthaosis Origin/ Diagram Construction/ | Rigidity Material ¥ i/ Mechanism i Additional
developer Manufacture Symmetric region to treat | and plane to information
Brace mop (Negrini ot 81.2008) [ troat egrin
et a1.2008)
classification
Boston usA P:Pre- R: Rigid Polyethylene/ | 1) Opening | Symmetric Thoracolumbosacral | Three-point [ Active and L)Bothfull |Advantage
Underarm | 1970s fabricated Polypropelene/ | in the back orthasis (TLSO} action in three | Passive forces and | and part time | Literature supporting success in
Orthosis 1 Hall modsle Suborthelene | (Posterior) Lumbosacral dimension worn underarm correcting curves in the coronal
{UsA) W Miller OR PRLSTID [2) shouder | orthasis (LS0) with total contact plane (Goldberg et al., 2001;
Stanish (Negative straps to the body Nachemson etal., 1995)
Wans impiassion taken sometimes Mansetal, o e |
From scamor used to 1977). o thoracs. | Hterature indicates limited effect
direct further ‘on the rib hump and axial rotation
plaster cast) - lumbar
forces or add i ofthe | (Labelle et al., 1996; Willner, 1384).
additional spine.
suppart
Charleston usa P: Pre- R: Rigid Polyethylene Opening in the | Asymmetric Thoracolumbosacral | Three-point Based on ‘Worn for 810 | An SRS criteria study showed
(Night-time) | F Reed, y | fabricated front {anterior] orthasis (TLSO} in2Dfrontal | concepts derived | hours at night | that the brace was effective in
R Hooper model direction from Heuter- (Stokes and stabilising or improving progression
(Constructed CRLATFr Volkmann Luk 2013; in B4% with 16% of progression
- wihilst the principle where | Hooper etal., |(Leeetal, 2012).
patient is beding asymmetric 2014).
. towards the vertebralloading
comvexity of the can affect bone
curve) growth.
Milwaukee | Usa Metal bars R: Rigid Polyethylene, | Openingin | Asymmetric | Cervical-Thoraco- [ Elongation Metal posts. L)Fulland | Lonstein and Winter indicated
1958 anterior and alumin and steel | the back Lumbeo-Sacral with combined | applying a part time wear | 22% of 1020 required surgery
W Blount posterior, pads (posterior) Orthosis (CTSLO) frontal distraction force intervention (Zaina et al., 2014).
ASchmidt and strap, CRCAEFH horizontal to the lower part [ Torer Main problem has been compliance
form-fitting of the jaw with | jeveiaped in wearing it (Maruyama et al.,
leather girdle, lateral forces use of lighter | 2008)-
plastic neck ring, direced to the materials snd
used today for apex of the straps | the ability to
kyphosis and high {Noon et al, offer more
;"h‘:"‘é';:“"“ 1996). customisation
‘ Inathar in response to
~- s v e
:ﬂ"""“"s‘:‘: etal, 2001).
ermopla:
~ ~ alternatives.
3.) Post-
operative
bracing after
spinal and
thoracic
surger
(Blount, 1973).
Lyon/ France . Adjustable multi | V: Very rigid | Polymetacrylate, | Opening in the | Asymmetric | Thoracolumbosacral | Three-point | Uses axial auto- | L)Fulland | Reported Cobb angle correction
Lyonese 1947 ‘r’ q ‘(r' -shell brace aluminium, steel, | front (anterior) orthosis (TLSO) with combined | correction where | part time wear | is reported for thoracic correction
P Stagnara . i frontal the patient is of 12%, for double major of 10%
attachment CVTAT3D duralumin horizantal stimulated to pull [ gequires | 2nd 25%. For thoraco-lumbar of
points awayfromthe | oapemsg | 24%and lumbar 36% (Zaina et al,
braceinorder | uearacast | 20141
toreduceskin | toryptod
pressure (Stokes | months before
and Luk, 2013). | the brace Is
manufactured
(Grivas and

Kaspiris, 2010).
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Orthosis Origin/ Diagram Construction/ Material F i ic/ i hani dditi 1 O
developer Manufacture Symmetric region and plane information
B to treat to treat
:a:gﬁma;_) (Negrini et (Negrini et
classifications al.,2008) al., 2008)
SpineCor Canada P: Pre-fabricated | E: Elastic Elastic tissue This i L Controls the Worn for 20 Literature under SRS criteria showed
1993 envelope structure orthosis (LSO) | stretches the spinal curve hours a day stabilisation or improvement in 64%
C Coillard has multiple elastic bands through the therefore full of patients and 18% requiring surgery
C Rivard methods of and bands tensioning in the | time wear (Coillard et al., 2009).
N resists and bandages (Rivard
tg:;“s:rgu'::ze pull back into | and Coillard,
corrective 2013)
PETAM3D due to the position.
material and
construct
Wilmington | USA C: Custom made | R: Rigid Polyethylene | Openingin | Asymmetric | Thoracolum- | Plaster cast Contact force 1.) Full and part | Designed to be less noticeable and
1969 the front bosacral or- taken from lying | in correction of | time wear reduced fabrication cost and time.
D MacEwen {anterior) thosis (TLSO) | on the back deformity Retrospective study with group of 91
and series of patients indicated progression rate
straps placed was 17% whilst the rest were stable
to drectly (Gabos et al.,2004).
push against
deformity whilst
cast dries. X-ray
determines
curve reduction
before creating
CRTATFH mold for the
brace.
TUu The P: Pre-fabricated [ R: Rigid Polyethylene Opening in Symmetric Lumbosacral Only applied Modified 1.) Full time -brace radiographs show
Netherlands envelope the back orthosis (LSO) | when Cobb symmetric 30° wear reducing Cobb angle (Zaina et al.,
P Van Loom (posterior) angle is 225° | Boston brace 2014)
Jan Munneke and kyphosis
with or without
curve is < 25%in
coronal plane
PRLSTSa
TriaC™ The P: Pre-fabricated Soft plastic Openingin | Asymmetric | Thoracolum- | Coupling Transverse force | 1.) Full and part | Literature indicates initial 22%
Netherlands envelope and metallic the back bosacral or- module exerting | system consisting | time wear correction reported for primary
AG PLTAT3D connections | {posterior) thosis (TLSO) | transverse of an anterior curve and 35% for secondary curve
Veldhuizen forces progression force improvement (Zaina et al., 2014)

counteracted by
a posterior force
and torque

55



Orthosis

Origin/
developer

Diagram

Construction/
Manufacture

ity

Brace map
classifications

ic/

Symmetric

region

to treat
(Negrini et
al.,2008)

and plane
to treat
(Negrini et
al.,2008)

Biomechanics

Additional
information

Outcomes

Chéneau

France
Germany
1978

J Chéneau

C: Custom made

R: Rigid

CRTAT3D

Polyethylene

Opening in
the front
(anterior)

Asymmetric

Thoracolum-
bosacral
orthosis
(TLSO)

Three point action
in three dimension

Expanded:
1) Passive
mechanisms:
convex to concave
tissue transfer
achieved by the

3 point system
acting in multiple
dimensions.

2, Active
mechanisms:
verterbral growth
actingasa
corrective factor,
repositioning the
spatial movements
of the trunk (Negrini
etal, 2008)

Correction in

3 dimensions

- sagittal, frontal
and transverse
planes

1.) Full time
brace

2.) The brace
is divided
into zones
and providi

Literature reports an average
brace correction of 41%
-thoracic, lumbar, double. At
the end of treatment 25%
Cobb angle correction and
bilised approxi ly 23%

large free
spaces

(indicating halting progression
and improving curves.)

pressure
sites

(zaborowska-Sapeta et al.,
2011)

Sforzesco
(SPORT
concept)

Italy

2004

S Negrini
M Marchini

C: Custom made

V: Very Rigid

CVTSP3D

Copolyester +
duralumin
Rigid
polycarbonate

Opening in
the front
(anterior)

Symmetric

Thoracolum-
bosacral
orthosis
(TLSO)

1.) Action in 3
dimension

2.) Deflex,
derotate

and restore
sagittal plane
(3 dimensional
action)

Pushes lateral
inferior convex,
lateral inferior
concave,
posterior convex.
Escapes superior\
interior, lateral\
superior

1.) Full time
brace

Patients joining tratment achieved
61% Cobb angle improvement with
those who completed treatment with
curves less than 45 degrees (Lusini et
al,, 2013).

Lapadula

Italy

2004

S Negrini
M Marchini

Sibilla

Italy

2004

S Negrini
M Marchini

C: Custom made

V: Very Rigid

CVTSP3D

Polyethylene

Opening in
the front
(anterior)

Symmetric

Lumbosacral
orthosis (LSO)

1.) Action in 3
dimension

2.) Deflex,
derotate

and restore
sagittal plane
(3 dimensional
action)

1.) Full time
brace

C: Custom made

V: Very Rigid

CVTSP3D

Polyethylene

Opening in
the front
(anterior)

Symmetric

1.) Action in 3
dimension

2.) Deflex,
derotate

and restore
sagittal plane
(3 dimensional
action)

1.) Full time
brace
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Orthaosis Origin/ Diagram Construction/ | Rigidity Material F y ric/  |A ical Mechanism Biomechanics | Additional Outcomes
developer Manufacture Symmetric region to treat | and plane to information
(Negrini et treat (Negrini
al.,2008) et al.,2008)
PASB Italy C: Custom made | R: Rigid Polypropelene Opening in the Asymmetric Thoracolum- During plaster Inverting the 1.) Full and part Aulisa et al., 2009
1976 (Plaster cast) front (anterior) bosacral orthosis | cast phase prior to | abnormal load time wear reported curve
L Aulisa (TLs0) brace construction | distribution during correction was
external forces growth noted in 94%
to correct of patients and
CRLAT3D deformity through stabilised in 6%.
elongation,
lateral deflection
derotate.
Dynamic Greece C: Custom made | R: Rigid Polypropelene Opening in the Asymmetric Thoracolum- Three point with Anti-rotatory 1.) Full time wear | Report indicates
derotating 1980s and aluminium back (posterior) bosacral orthosis | frontal horizontal bhfiﬂﬁ act as Cnhbar:\gle .
idi springs correction of
brace (DDB) N Vastatazidis Q| M (TLs0) maintaining 49.54% and after
constant 2 year follow
‘ correcting forces at up correction of
the pressure areas 44.10%. It was
CRTATFH whilst producing also indicated that
i movement in the 35.10% curves
opposite directions improved, 46.42%
of the two halves stable and 7.83%
of the brace (Zaina progressed (Zaina
etal, 2014) etal, 2014)
Rosemberger | USA C: Custom made | R: Rigid Polyethylene Openinginthe | Asymmetric Lumbosacral 1.} Three point 1.) Full and part Literature indicat-
1983 front (anterior) orthosis (LSO) pressure system time wear ed a group of 71
R Rosemberger 2.) Selective patients treated
contact and 61% progressed
expansion areas (Spoonamare et
3.) Adjustable al., 2004)
CRLATFR slings for optimal 3
point pressure
The Gensingen | Germany C: Custom made | R:Rigid Polyethylene Opening in the Asymmetric Thoracolum- 1.} 3-point Over-corrects the | 1.) Full time wear | Expects 50%
Brace™ 2009 front (anterior) bosacral orthosis | pressure systems | load in relation to | or night time correction similar
Dr Hans-Rudolf (TLSO) are applied on the | the position of the to the Chéneau
Weiss frontal, coronal | person and gravity light™
and sagittal plane | and can help to
CRST3D 2.) Opposite every | correct the bone

pressure area an
expansion void is
implemented.

shape
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Orthosis Origin/ Diagram Construction/ | Rigidity Material Fastenings | Asymmetric/ | Anatomical Mechanism and | Biomechanics Additional Outcomes
developer Manufacture Symmetric region to treat | plane to treat information
(Megrini et al.,2008) | (Negrini et al.,2008)
Brace map
classification
Providence |USA C: Custom R: Rigid Polyethylene | Openingin Asymmetric Thoracolum- 1.) Three Point Palycarbonate 1.) Night time Study fulfilling SRS criteria
1992 ' made the front bosacral orthosis | Frontal. measurement showed progression rate
C d’Amato CRTATFr (anterior) (TLSO) 2.) Selective contact | board assists with of Gp%l requiring surgery
B McCoy points. vertically and (Janicki et al., 2007)
3.) Applying of horizontal labeled
derotational and grid holes to infform
lateral forces. a CAD\CAM system
Rigo System | 1990 C: Custom R: Rigid Polyethylene | Openingin Asymmetric Thoraco-lumbo- | 1.} Three-point 1.) Correctionin 3 1.) Full time brace Initial indications are
Chénau France/ _T-—’_ made the front sacral orthosis action in three dimensions - 2.) The brace is 31.1% primary Cobb angle
Brace [RSCB] Germany ‘ (CAD/CAM fanterior) (TLSO) dlmermlon_ sagittal, frontal and | divided \ljtn zones to.rremon al?d 22.2%
(mostly used in ZA}Thl‘s approach trans\..rer;a planes. and provides \argg prlmar\f tcrsmrn angle
Germany)) CRTAT3D combines forces 2.) Pair of forces free spaces opposite | correction (Zaina et al.,
required to correct | for returning the pressure sites. 2014).
scoliosis in 3D (Rigo | deformity back to a After an approximate 16
etal., 2010) normal position and manth period 54% curves
3.) Based on clincial | counter-rotation were stable 27% improved
and radiological 3.) Breathing and 19% progressed (Rigo
crieria. mechanics et al., 2002.). More recent
4.) sagittal literature indicates in
physiological profile brace correction at 53.7%
(Zaina et al., 2014) (Rigo et al., 2009).
ScoliOlogiC® | 2005 C: Custom R: Rigid Polyethylene | Openingin Asymmetric Thoraco-lumbo- | 1.) Three-point 1.) Correctionin 3 1.) Aim of a lighter, Weiss et al., 2007 reported
Chénau Dr Hans- made and some the front sacral orthosis action in three dimensions - finer, easier to wear 51% correction of Cobb
Light Rudolf Weiss 1.) Taken from form of (anterior) (TLSO) dimension. sagittal, frontal and | brace (Zaina etal., angle
(Patent shells unless a alumin transverse planes. 2014) ) Dlsadyantaggs -
" double curve CRTAT3D support 2.) Due to being 1.) Wlde yanablhtv of
pending) off the shelf possibilities to arrange
(plaster cast structure approach available the different shells during
method) immediately, easy adjustment
2.) Pattern adjustable and that | 2.) Due to the mobility
specific shells to it can also be easily of the shells against each
be connected modified. other the brace needs
to an anterior maore service than the rigid
and a posterior braces used to date
upright

Fgure 2.8: Literature mapping of brae treatment from across UK, Europe and US informed aadrced from(Fayssoux et al., 2010; Negrand

Grivas, 2010; Weiss, 2010; Grivas, 2012; van Loon et al., 2012; Stokes and Luk, 2013; Zaina et al., 2014; Weppner a2dl®fano,
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The conventional approach to brace construction is to produce a model of the

LJ- G A Sy ficeedted Usthlheznegative plaster cast from the patient. Plaster of
Paris sheets are moulded around the torso area until an appropriate form is created
and dries, before cutting the patient free. At this point alterations may be added to
the plaster cassprior to moulding of a polymer brace for(Vong et al., 2005)f a
mistake is made during the thermoforming process, unless rectifiable, which is rare,
the fabrication process would need $tart all over again. The integrity of the

device is important and any errors made (e.g. exceeding optimum temperature for

polymer moulding) during fabrication can disrupt this.

The sheets of polymer material are heated to Glass Transition Temperature (GTT)

and moulded around the negative torso form created from the patient.

A generiqre-fabricated moduleconsisting of polypropylene shell lined with foam

polyethylene is displaykin Figure2.9.

Figure2.9: Prefabricated Boston module. Sourced frof&rivas et al., 2016)
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Figure2.10: Ckéeneau brace with pad placed and examples of medium contact
pads Sourced fronfGrivas et al., 2016)

The decision making process for polymer selection may be informed by cosmetic
preferences, weight, rigidity, the susceptibility to fatigue and ultimately resides
with the treating healthcare professionéfaina et al., 2014Metal reinforcements
are sometimes used where forces on the gpare at their greatest, requiring the

employment of a stronger, inflexible materi@aina et al., 2014; Grivas et al., 2016)

Braces may require trimming for comfort and the smoothing of edges as well as
fitting pressure support pad${gure2.10). Straps are placed to exert directional
force and are informed by the experience of the ortho{iéisser et al., 2012)

Patients require multiple modifications and attend follow up appointments to check

ongoing brace management.

The generic préabricated module (shown ifrigure2.9) fits only around 70% of
patients as it is limited in accommodating variations in body shapes and sizes
(Visser et al., 2012 he custoritted brace requires more manual consideration
and is therefore more time consuming. It requires specific skill and experience,
usually gathered over considerable time. The only engagement that yowygee
have inthe design of their brace is taccasionallyselect a pattern that can be
added to the polymer prior to thermoforming, but this pattern and colour can be

distorted during the process.

A large proportion of bracing manufacture is stintracied and any significant
amendments may require further communication with the-sife manufacturer
incurring a further delay. This can be time consuming and negatively affect the

patient, their treatment pathway, and clinical outcome.
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2.5.1 Biomechanic®of spinal correction frombraces

A

Anterior Superior

Thoracic apron thoracic
spine pad margi
gin
> % pressure

Anterior
lumbar
Lumbar derotation
spine Posterior pad
> lumbar
pressure
pad
>/

Figure2.11: A.) Three stages of carction as applied to the spineprinciples of

N
N

the Boston brace system B.) Direction of horizontal forces exerted by the

Milwaukee TLSOposteriorly). Sourced from(Bowker et al., 1993)

Themechansm of action of a bragehe durabilityand performanceof materials
used, and tissue tolerance to pressures exertedhaybracevary from each patient

to the next and form a significant barrier to treatment complianEg(re2.11).

The application of forces from tH#aceto the body is opposite in direction to the
deformity (concave side of the vertebral bodies). This leads to a change in the load
being exerted orthe growth plates and therefore the gp can continue to grown
accordance with the Huetevolkmann principléCastro Jr, 2003; Makthiong et al.,
2003; Maruyama et al., 201L1)hese forces aim to restore normal contours and

alignment of the spine.

The HuetefVolkmann principle isetated to bone growth; the growth plates on the
concave side of the curve inhibit growth leading to wedging of the vertebrae
(Castro Jr, 2003)Bracing in theory should unload the growth platedios concave
side and the forces stimulate growth, which in turn improves the curve progression

(Castro Jr, 2003)

It has been indicated that the female spine during adolescence and growth spurts is
more inclined to shape a backwards direction and rotationally is less stable than the

male adolescent spine as seen in panm Figure2.12.

61



Posterior - -»
shear load

&

&

Rotational !
instabilty |

Figure2.12: Influence of shear loads on the spine where g: gravity, m: mass.

Sourced and informed byCheng et al., 2015; Schildsser et al., 2015)

The sadtal profile of a young person also has an impact as certain areas of the
spine have a backward inclination as seen in the re#igu¢e2.12) these are

subject to posteriorly directed shear loafSheng et al., 2015This is unique to the
human spine and has an impact on rotational stiffness, in this case decreasing it
(Cheng et al., 2015Dther vertebrae have an anterior tilt (forward) seen in green in
Figure2.12. When influenced by posterior shear loads, this segment of the spine

becomes rotationally unstabl@gheng et al., 2015)

Cobetto et al. (2014pcated maximum pressure values from the literature to use as
a guide in development of a brace in which they divided the torso into nine

anatomical regionsHigure2.13).
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Figure2.13: Maximum Pressure thresholds that could be applied by the brace to
be comfortable. Sourced fronCobetto et al., (2014)

The method of using active and passive forces to correct the deformity includes
pressure across the rib cagnd spine, which in turn moves the spine but the
strength of this force can vary due to the design or fabrication ({éedbinet al.,
1997; Grivas and Kaspiris, 2018pwever, there is limited literature on
understanding the exadorces exerted by the bragento the body. The main
tension force explored is that of the brace straps rather than other component

parts such as pad placements.

Wong et al. (2000fpund pad pressure to be positively correlated with strap tension
whilst increasing the strap tension. These pressures also increase when the patient
is involved in other daily activities such as walking or lying d@wbinet al., 1997;
Pham, Houilliez, adl., 2008) However other studies found no significant

correlation between the mean exerted forcearstanding position and degree of

curve correctionLoukos et al., 2011Yhe usage of pressure mats and sensors have
been used to try and monitor these forces anol et al. (2002)eveloped a system
that uses a low profile battery that lagt months to record data to evaluate

compliance and kbrace forces.
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Several comput#onal models have been used to investigate brace biomechanics to
inform brace desigi(Clin et al., 2007, 201lincluding Finite Elementalysis(FEA)
models(Aubinet al., 1997; Gignac et al., 1998, 2000; Perie et al., 280¢h

models have also been clinically evaluated on a limited number of patients
(DesbiensBlais et al., 2012) This approach offersatients a more refined approach

to treating their specific curve3hese exampletoweverfollow a traditional

method of brace manufacturdhese approaches can simulate a brace fitting prior

to fabrication(Zaina et al., 2014)

Cobetto et al., (2014pcluded physical anflinctional comfort in their CAZAM
fabrication process but crucially ttegpearance of the final bracgas not a
consideration and construction of the module was by conventional means, limiting
the influence of the CAD/CAM. Strap tension sensors were also included in the build
in order to correlate the torsional forces with the strap tension. The relationship
between pressure distribution, strap tension and the spinal curve are important
consideraions andWong et al., (2000showed that an increase in strap tension

leads to higher pressures within the brace giving better control of the defgrmit

Biomechanical properties of spinal bracing are currently an important area for
further research as several of the existing principles informing treatment have been
developed prior to full access to the three dimensional nature of the condition.
Practitiones look to still fit the bracéased on acquired knowledge and experience
rather than using a biomechanical modRligo et al., 2006As a result, there is a
disparity between methods and results owing to the variation of braces and
treatment management. A selection of key literature exploring the biomechanical

principles of braimg is summarised imable2.5.
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Table2.5: Summary othe mechansimaction from bracing

Relevance to Identified problems

Source Principle and limitations in the
proposed research

research
(Rigoet al., 2006)  Review of brace Study aimed to create a Diversity of ideas and
design and consensus in regards to methods with conflict
treatment within brace design. amongst specialists and a
SOSORT specialist variety of views.
(Nie et al., 2009) Design Expanded on previous  Finite Element Modet

personalised brace Finite Element Modks in limitations with
and analyse the producing an individual assumptions used to

biomechanics geometry of trunk. create model.
behaviour.

(Chou et al., 2012) FEAmethod to Strap forces were Assumptions in the model
identify pad included in the analysis. I Y R 2y f & & dzA
positioning for the type curves.

Boston Brace.

(Courvaoisier, Evaluating brace EOS system used tc Proposal for evaation

Drevelle, et al., treatment on the tri-dimensional tool.

2013)(Courvoisier 3D shape of imagingg low

etal., 2014) idiopathic scoliosis. dosage system.

(Courvoisier, 1 Realises the

Ilharreborde, et al., potential of brace

2013) treatment informed

by thethree

dimensional planes.
1 Significant Apical
vertebral rotation
differences with or
without spinal brace

(Périé et al., 2004) New modelling Currently the proposed
tools and simulation informs the
simulation of brace milling of a torso structure
treatment for to use with conventional
scoliosis with use o methods.

Rodin scanning
technology.

There are important aspects to consider such as how the spine responds to the
forces during the brace treatmenincreasing the area of application, effectively
spreading the load over a wider surface or diminishing the force applied can reduce
pressure orthe back and spine. Excessive pressure will damage the epidermis and
dermis of the skin and the superficial circulation, leading to abrasions, sores, and

possibly loal infection if left untreated.
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2.6 Social and psychologitanplications of a spinal brace fit,

function and aesthetics
Adherence to brace treatmens a significant factor to considavlany studies have
underlined that adherence is correlated to successful treatment outcomes
(Landauer et al., 2003; Katz et al., 2010; Brox et al., 2012; Aulisa et al., P04 4)
importance ofbrace adherencean assist in the prevention ofuasive surgery
(Katz and Durrani, 2001; Rahman et al., 2005; Weinstein et al., 200i8xeforejt
Is importart to understand the motivations for wearing the brace and what factors

affect adherence.

There is literature to describe how patients follow their healthcare management.
NHS terminology highlighted the following terminology in a 2005 report:
Adherencecét KS SEGSYd (2 6KAOK GKS LI GASYidQa

recommendations from the prescrilde¢Horne et al., 2005)

Compliancege¢ KS SEGSYyid G2 6KAOK GKS LI GASyidQa

recommendation® §Horne et al., 2005%)

Concordance;, dts definition has changed over time from one which focused on the
consultation process, in which doctord patient agree therapeutic decisions that
incorporate their respective views, to a wider concept which stretches from
prescribing communication to patient support in medicine taf#tprne et al.,

2005)

The® termsare used intadependently and interchangeabllgroughout the
literature but are referringto the overlappingssues of young people and the

factors affecting why they wear or do not wear their brace.

The period of adolescemtevelopmentwhere bracingmay be prescribeds

recognised as a particularly sensitive period of(iallstrom et al., 1986; Drench,
1994; Sapountzi Krepia etal., 200®) ! OO2 NRAyYy 3 (2 (K013 Y [/ KA
60% of young people in the UK feel stress about work, school and exams; 35%

worry about their physical appearanced&B2% about their friends.

66



There are concerns for adherence to treatment &ololesents following
prescribedrecommendationgSuris et al.2008)and that they may only
comprehend or be influenced by their current situation rather than the long term
consequences of their choic@dlichaud et al., 2007 Approximately 4660%o0f
adolescents with long term conditions are not complying with health care
recommendationgDiMatteo and DiNicola, 1982; Roter andlllH1994; Rizzo and
Simons, 1997; Kyngas, 2000; Laedeitdofmann and Bunzel, 2000; Haynes et al.,
2002; DiMatteo, 2004b, 20044a; Lin et al., 201#)the treatment regime requires
significant lifestyle changes or habits the radherence can be asgh as 70%
(Dishman, 1982, 1994; Brownell and Cohen, 1995; Chesney et al., 2000; Li et al.,
2000)

Van Dulmen et al., (200 their systematic review indicatddw adherence was

an issue with medical treatmeiiut highlightedfour effectiveinterventions:
technical, behavioural, educational and mdliceted or complex interventionan
Dulmen et al., 2007)Technical included simplifying information so it was suitable

for young people to understand arzkhaviouralincluded incentives and reminders.

The theoretical models are useful fexplaining noradherence but this does not
resolveimproving the behaviour itse(van Dulmen et al., 2007pther examples of
interventions could be medicine packagimgatient education ousing alternative
communication channels such asr&il or mobile phonegvan Dulmen et al., 2007)
Education is a key component for young peopith chronic conditions to inform
their understanding of their condition and age appropriate information is crucial
where health professionals can answeatisunderstandings about their condition.
McGlynn (1989j)eported young people answered questions about their chronic
illness in a similar developmental and cognitive understanding as adults would
suggesting that young people can take greater ownership of their condition if

permitted.

Young people may struggle to be honest about how much time they wear their
brace for(Ley, 1988)Some studies indicate that neadherence rates fall between
209%85% with this bang an ongoing concerfiReichel and Schanz, 2003; \Gaaet
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al., 2006; Schiller et al., 201@urther to this, there have been objective measures
of brace wear incorporated into the orthotic, including heat sensors, timers, and
pressure sensors to directly monitor brace compliatidavey et al., 2002; Lou et al.,
2002; Katz et al., 2010; Rahman et al., 20D@nzelli et al.(2012) concluded that
with good team support young people were wearing their brace for the desired
timeframes prescribedl herefore, an objective measure of wear alone may not
have the desired effedRahman et al., 201@nd may not promote a more shared

partnership.

The prescribing of a brace for young people can often make adherence difficult
especially as it affects their quality of life, their social cpand their selesteem.
Selfesteem s the perception that young people possess of their owrrselth
(McDonagh, 2000andWhite et al., (1999) and Morton et al., (2008port this to

be at a lower level with a chronic conditio@oldberg et al., (2001) and Frerich et al.,
(2012)have indicated that cosmetic appearance is a serious concern for young
people with scoliosis. Young people wantmaaontrol of their own health
RSOAaA2yasy gKSGKSNI aSSAy3 Dt Qa o& (KSY
understanding of their own conditiongacobson and Owen, 1993; Reynolds et al.,
1993)

Young people may suffer negative experiences from brace wear due to the
cosmetic appearance of the ke, functional discomfort, issues with humidity or
restriction of movementLonstein, 1994; Lonstein and Winter, 1994; Wong et al.,
2008; Fayssoux et al., 2010; Schiller et al., 2@r@ham & Armstrong (2017)
illustrated that a main motivation for wearing the brace is a desire for young people
to avoid surgery, a similar finding found klprton et al., (2008)and that whilst

braced they face issues such as pain and skin irritation.

The stress experienced by young people who have been braced has been studied
using various outcome instrumengggwonali et al., 2004; Pham, Houlliezak,

2008; Vasiliadis and Grivas, 2008; Aulisa et al., 2010; Danielsson et al., 2010, 2012;
Parent et al., 2010; Deceuninck and Bernard, 2012; Misterska et al., 2012;

Schwieger et al., 2016Jhe majority of these instruments are used {reatment,
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howeverBrigham and Armstrong (201&xamined attitudes towards bracing during
the treatment processPhamet al., (2008have shown that the wearing of a brace
and the daily duration worn has a negative influence on psychosocial status,
sleepng, selfimage and back flexibility. Other authors have supported issues with
selfimage for those young people being bradé&dllstrom et al., 1986; Goldberg et
al., 1994; SapountziKrepia et al., 2001)

Personal and social factors play a contributory part such as psychology, physiology,
anthropology, sodlogy and technology. The combination of these factors

alongside adolescent development has a part to iaguffman and Steirgng,

1995) Young people are the experts of their experience of living in the brace and
are in need of appropriate tools to allow them to express their experiences and

desires(Visser et al., 2005, Sanders, Stappers 2008)

Lack of choice may be a problem where their role is limited to only that of a patient.
Pullin(2009)and Mullins (2009highlight the issue when treatment considers
function as the sole factor, overlooking the fact that aesthetics and availability of
choice can be other valuable considerations. P@#DP09)used glasses as an

example of a product treating someone for a problem with eyddight has a vast
selection of choice, materials, colour and shape to suit their varied and individual
preferences. The compliance with glasses is far less of an issue possibly due to the

flexibility allowed in choice as well as the normalisation of glagselaily life.

According to the SOSORT guidelines a crucial element in terms of compliance is the
involvement of the patient and caregivefidegrini et al., 2009)The guidelines
include education, psychotherapy, systemic monitoring of outcomes as well as

including a broad team of clinical support and exper{iSegrini et al., 2018)

Specifically in terms of scoliosis and healthcare there has been scant patient
centred research and design. Only in 2016 did the James Lind Alliance (JLA) Scoliosis
Priority Setting Partnership statd engage young people in part of the discussion

process about setting research priorities.
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2.7 Research Methods used in determining quality of life and

adherence factors

The existing literature concerning quality of life factors in AIS patients primaely us
guantitative approaches thanheasurevarious metrics in order to generatiata for
groupanaly®s (Bordens and Abbott, 2008Jhis type of researctmainlyexploresa
classicahypothesisdriven approaci{Creswell, 200%hat iteratively teststheories

to best account for variance in daBordens and Abbott, 200i8enn et al., 2006)
Quantitative methods are centred on measuring and testing models, utilising
statistical tools to assaeghe significance of change, similarity or diffiece

following an interventionin AIS researcla, good example igressuresensors,
whichhave been placed into a brace tbjectively monitor brace weail his

approach provides a clear metric to compare to other samples but critically does
not identify what motivates the desire to wear or not to wear the brace. Adherence
remains a major limitation of brace efficacy yet quantitative methods only describe
the success or failure to comply with prescription, they cannot illuminate the causes

behind the fluctuating data.

There appears to be a paucity of research that concentrates on the wider
experience of wearing a brace with AIS. The main approaches lodkphgsacal,
psychosocial and quality of life outcomes focus on {@rgn goals, generalisable
outcomes and broad motivation$able2.6 summarises methods identified the

literature that seek taassess factorthat affect brace adherence.

The Short Form Health Survey-&F)(Ware and Gandek, 199B)a tool widely

dzZaSR (2 lFaasSaa WldzatAadge 2F tAFSQ O20SNRAY.
functioning, physical health problems, bodily pain, social functioning, general

mental health, emotional pralems, vitality / energy / fatigue and general health

perceptions. It is designed for adults and does not incorporate important concepts

such as activities with friends, seléteem, adolescent behaviour, recreational

activities, sleep patterns and aspecatsschool life, all of which are pivotal in

adolescent daily lif§McDonagh and Bateman, 2012)s a result, some instruments

have been developed to measure quality of life for young people; an example of

70



GKAA A& GKS t SRav[unx gdmbtiotalanddotal (2 SO £ dz
influences on adolescentds a general tool, while a positive step, it lacks the
specificity needed to understand the needs and concerns of adolescents with

scoliosis.

Daviset al,, (2006 in a systematic review identified three theoretical quality of life
models that included discrepancy thgo utility theory,and Lindsttm®@ model of
quality of life. The utility theory is useful for approaches with adults as it examines
cost effectiveness but for young people this interpretation may be more difficult to
formulate a preference between quantity and quality oé [iSpieth and Hatrris,

1996)

LinstroY Q& Y2 RSt 2F ljdaftAde 2F ftAFS O2yaiRSN
and is applicable to young people but some examples like the Nordic Counties QOL

has few subjective sections in relation to important social and emotionatvestg

(Zekovic and RenwickQ@3) There is some empirical evidence that supports the
discrepancy theory but it has little scope for understanding quality of life in specific

populations and adolescents in particul&iser et al., 2000)
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Table2.6: Research methods in the literature exploring issues of brace

adherence

Research method

Tools

Author

Pre- Questionnaire completed before

treatment treatment

BBQ (bracéelief
questionnaire)

(Morton et al., 2008)

During brace Bracedand observed patients
treatment during clinical trial (protocol)

PedsQL

(Weinstein et al.,
2013b)

Compares 2 braceks questions
using visual analogue scale

scoring

16 questions devised
by author

(Wong et al., 2008)

Systematic reviewBraced and
observed patients

Child Health
Questionnaire and
VAS

(Maruyama et al.,
2011)

This evaluates patients and tean
treatment process

SR&2 and multiple
choice 25 questions)

(Tavernaro et al.,
2012)

3 questionnaires

SRS?2 , BSSQ, BrQ

(Aulisa et al., 2010)

SRS 22 and five additional
sections focusing on patients
attitudes, factors that motivate

SR&2 and five
additional sections

(Brigham and
Armstrong, 2017)

brace wear
Post brace Comparison of characteristics ~ Characteristic (Danielsson etlg
treatment (brace versus observation) comparison 2007)
(measurements)
Cross sectional evaluation after HRQoL (Bunge et al., 2007)

completing treatment

Both during Cochrane included QoL

PedSql, SR®, 36

(Negrini et al., 2015)

and post Review item short form

treatment 3 study groups (1406): control, SRE2 HRQL (Asher et al., 2003)
nonsurgical and prsurgical guestionnaire

Tool Medical outcomes survey 36 iter SF36 (Ware and

development short form Sherbourne, 1992)
Determine feasibility of the PedsQL 4.0 (Varni et al., 2003)

Sociological  Literature review

factors

Selfappraisal and
illness behaviour
constructs

(Mechanic, 1995)

It is frequently noted in the AIS literature that these broad tools used to evaluate

QoLoutcomes are not ideally suited for AIS patients. This has prompted the

development of other tools, for example the Scoliosis Research Society 22 (SRS
22)Asher et al., 2000, 2003he brace questionnaire (Br@Qyasiliadis et al., 2006)
and the Bad Sobernheim Stress Questionnaire (§B8t@nhsHelmus et al., 2006;
Kotwicki etal., 2007)Aulisa et al.(2010) made a comparison of SR3, BSSQ and

BRQ and indicated they are effective tools but highlighted the complexity of
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measuring quality of life for AIS patients and that patients require close monitoring
during treatment. The SRZ is designed for th@swith the scoliotic condition and

the BRQ was developed for thobeing treated with a bracélhere is overlap but

they were designed for specific treatment phases or for use across the chronicity of

condition.

The BRQ does start to provide a more tailored approach in understanding brace
experiences. However, using scaled responses for generalisability provides little

SELX 2N} A2y 2F AYRAGARdIzZ f FIFOG2NBR 2N RS3&.
Wg K & (ploré @rcudhdiances in which adherence could be improved, what
AYLISRSa LI GASYydiQa OK2A0S (2 6SIFNJI GKS 0 NI
included and may therefore overlook individual needs in the search for broader

themes.

A recent studyBrigham and Armstron@017)indicated that compliance with

oNI} OAy3 YI& 6S FFFSOGSR 068 'y AYRAGARdZ f !
treatment and perceived stress. They investigated enaéfactors and individual

attitudes that may affect compliance with the prescription for bracing for those

with AIS(Brigham and Armstrong, 2017lhe study included 39 participants who

disclosed challenging situations in which to wear@dll OS RAAA § 9 ,® dzY Y S NI,
YKAT S landWROMNAZIQ a LI2 Nliahd thahehsOohalledgng @ bey S & Q
Wg KA S ahdW g KA Y SQ Brigh&ns dnth AfrEs@on(R017)reported

excessive, painful pressure from the brace was frequently an issue, with only 19%

of participants indicating it was never a problem.

Tablel.1 showa significant proprtion of participants would be encouraged to

wear their brace for longer if they could interact with people who have similar
experiences, had access to appropriate clothing, or had more choice in regards to
their brace. The findings support the premisatitontinued cooperation with

patients, and adolescents in particular, will enhance both clinical and-socio
developmental outcomes. Having utility in treatment and personalised healthcare is
achievable if patients are listened to and respected as expeitseir care with

equal authority to parental and clinical decision making.
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Section2.1 examinedthe regulations and standardsr bracesindicatinga

burgeonirg shift towardsa usercentred design approach in medical device
development that regulation is slow to recognise. For the design and development
process this shift from dinear manufacturing procegs aniterative,
individualisedprocess thaincorporates the user in the procefd/inters and Story,
2006; Norman, 2013; Ulrich and Eppinger, 20T8gre has been limited researth
AIS of this type of design methodology but medical devices have seen a
proliferation in recent years of flexible approaches to design that can inform the

orthotic discipline.

The usability of a medical device is essential to ensure that devices afe use
correctly as improper use can lead to adverse effects and ef@&esTek Tsai et al.,
1997; Grgnbaek et al., 2003; Lemke and Winters, 2008; Thimbleby,. Z@®832.7
adzYYF NAaSa | Nry3asS 2F Gz22fa 2dzif AySR

of various medical devices.

Table2.7: Tools usedo capture user requirements for medical devices and

assistive technology, informed biartin et al. (2006)

Research .
Research method Topic Age group  Author
approach

Workshops, case studies, Human Factors Medical Adolescents (Lang, 2012)
interviews and calesign Devices

Scopingstudy: Codesign Medical Device Adults (Bush and ten
questionnaire and social Biopsychosocial Hompel, 2017)
mediadiscussion

Sensitising pack:

Daily tasks

Workshop:

Collage, Future scoping

Workshops, 2D Participatory Neck orthosis  Adults (Reed et al.,
visualisations, mockips, Codesign 2015)
prototypes, sketches and

notes

Cool wall mapping Participatory Diabetes Adolescents (Bowen et al.,
Body mapping Codesign support 2013)
Persona profiles services

Scenarios

Dragons Den

Storyboarding

Targeted observations and Contextual Clinical Adults (Coble et al.,
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interviews. These may be  Inquiry workstation 1997; Beyer and

influenced by research Holtzblatt, 1998)
questions

An extendedperiod of time  Ethnography Healthcare and Adults (Goodson and
studying users in their own medical Vassar, 2011)
environment observing education

behaviour and interactions

Small groups (around 8) Focus Groups  Healthcare Overview  (McDonagh and
discussing particular issue ¢ Langford, 2003)
device

Set of survey questions Questionnaires (Boynton and
designed to extract specific Greenhalgh,
information 2004)
Examines action$hat Task analysis

inform actions or decisions
of a process

Garmeret al,, (2002)used a Human Factors usability testing method to evaluate a
new medical device against an existing medical deuiceet al., (1998)used

cognitive task analysis, consisting of bench tests and field observations to evaluate
and redesign a drug delivery pump. The newly designed pump was pegsén

nurses in order to gather feedback for further refinements. Once refined, the pump
was usability tested to ascertain what direct benefits could be elicited from the

newly engineered pump.

Liliegren, Osvalder and Dahimg&®d00)demonstrated a combination of methods in
an observation study of equipment use, creating environmental cdnteps,
semistructured interviews with nurses using the equipment, hierarchical task
analysis, critical evaluation of existing equipment, analysis of incidents and
accidents. Usability testing was then conducted to make comparisons between
devices and ealuate whether the newly designed equipment met the needs of

existing facilities.

There are further examples that demonstrate that the elicitation of experience of
existing medical device users is beneficial for informing thaéesgn of a device

(Lin et al., 1998; Liljegren et al., 2000; Garmer et al., 2002a)
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Regardless of the methods used to elicit inforfoat any data requires translating
into need.Ulrich and Eppingg015)propose a series of statements to assist in

this conversion of translating feedback into needs:

* Express the need in terms of what the device has to do, not how it might do
it;

* Express the need using the same level of detail seen in the raw data;

* Express the need as an attribute

* 1 @2AR (KS YR NRAEK WUdAG |

The dearth of user centred approaches in AIS is a cause for concern but also a
considerable opportunity to improve the manufacturing and patient benefits from a
better-informed design. Research of other medical devices provides a rough
framewak to orient the methodology best suited for adolescents and in a condition

like scoliosis.

2.7.1 Comfort

Brace comfort has long been considered an essential characteristic for brace
adherence and tends to be evaluated qualitatively by the patient during the
fabrication, fitting of the brace and review appointmer{obetto et al., 2014)The

brace is worn for prolonged periods of times where ptegssand friction ulcers are

often an issue, especially around areas of exerted predslwbetto et al., 2014)

The pressure pain threshold is likely to be different for distinct anatomical regions
indicating not all regions have the same sensitivity to gBiahl et al., 1990;

Dhondt et al. 1999; Duarte et al., 2000; Schenk et al., 2007; Rasmussen et al., 2009)
In addition,individual differences in pain perception are considerablg

frequently overlooked. The perception of this comfort (or pain) relies on sensory
information being redyed fromthe body and interacting witpsychological and
physiological attributesVisser et al., (2012valuated brace discomft using a

visual analogue scale and pressure sensors; finding that discomfort escalated as the
height of the corrective pad increasedobetto et al., (2014ompared comfort

levels of a conventional manufacture methadd a CAD/CAM developed brace.

Both braces were fabricated using thermoforming. They used a questionnaire to
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establish the levelsfadiscomfort felt, finding that the CAD/CAM developed brace
was more comfortable for the patients. Their CAD/CAM brace had no foam liner or
corrective pads and was lighter than traditional braces, which may account for the
improved comfort.Cobetto et al., (2014)sed their CAD simulation model to
calculate a constant distance of 6mm between the lerand skin across the entire
trunk. This distance was selected as it was felt to be necessary for thorax
movement when breathing, avoiding pressure points and pinching(€kbetto et

al., 2014) This approach shows that building in tolerances not possible in
traditional moulding could alleviate discomfort while still achieving the required

corrective effects.

There are complex and individualised factors that affect brace adherence,
discomfort and attitudes to wearing a brace. The literature has in recent years
sought to better classify these forcddgure2.14 attempts to map the

multitudinous factors involved and while not an exfstive list ly any means it
provides a useful framework from which to approach AIS and bracing from a point

of view often overlooked in clinical practice.
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In summary, a variety of factors are important for understanding the impact an
2NIK2GAO0 KIFa 2y || &2dz/y3 LISiKaiéyldba f AFS Iy
taken to improve this. These factors could also play a vital role in informing the

efficient desigrand fabrication of the bracea key réionale behind this thesis

The needs of a young person may differ or overlap with the parameters and
expectations of healthcare professionals and wider NHS organisations, harmony
is unlikely to be achieved but respecting that discord may not be problematic if
handled respectfully ia fundamental lesson for all healthcare delivefigure
2.15shows the relationships between services and patients that interact in the
adoption ofa new medical device. Understanding this symbiotic relationship is
likely to augment the quality of care and ability of medical devices to better

address patient as well as clinical needs.

- demographical and cultural factors
- advantages of state of the art .
_ comfort - sirppl\'citv
- support -l- “price
- prescription - rel.\ablllty
- adequate training - efficacy
- adaptability : - performance
Patients - clinical need
- conformity with |egislation
- demographic and cultural factors
-
Medical

Device

Healthcare Professionals

Healthcare (elinieal 0 o
Provider (NHS) clinical, suppliers etc

- adapatability to patient needs

- health technology assessment - possibility for adaption and experime

- ethical responsibility
- cultural features

- infrastructure

- regulatory

- support and understanding (knowled
- demographic and cultural features

- features

- potential and states of the art

- guidelines

- training

- managerial decisions

- clinical trial evidence

Figure2.15: Factors influencing the adoptionfdraces(medical devices)

informed by (Santos, 2013)

2.8 Camclusions from Part X Bracesand Assistive Devices:

Fabrication and Adherence
The literature highlights a specific need in understanding the experiences of

young people wearing thebirace, their motivations for adherence and what
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interventions could be introduced that would change or improve that

experience in terms of digital technology.

The literature overviewed the standards and expectations of brace fabrication

but does not prowe clarification of existing process maps or capture the

handcraft based, labour intensive process. Current approaches to fitting an
individual orthosis is not efficient, effective or often a repeatable approach. The
use of standard components that aretrable to adapt to individual needs

suggests an opportunity for engineered solutions that provide more adaptability

to the body and environment. The condition as discussed in this chapter is
multifactorial and individual. Adjustments tailored to an inddatl f Qa y SSRa

difficult to do with a labour intensive manual method.

The literature reviewhas highlighted further scope for evaluation for

understanding of the following:

1 Current fabrication of braces in the UK

1 The process flow involved in activitites fabricating a brace and
whether digital techniques are being utilised

1 What fadors contribute to young peopk motivations for wearing their
brace?
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3 Literature Review Part 2 Disruptive
technologies to support the
production of ctstomised braces

This section of the literature review discusses digital design and manufacture
including Additive Manufacturing (AM) atige tools utilised to support these
processes. It discusses methods, provides examples from healthcare contexts,
andedablishes the opportunities and limitations of this method for brace

fabrication.

Digital design and manufacture offers many advantages over traditional
(handcraft) approaches, specifically the separation of design and manufacture
stages. A custom fittedevice requires a patient to be present for fitting and

possible subsequent amendments should they be required. A traditional brace

g2dZZ R 0SS WONITFTISRQ Ay | aAy3datsS LINROSaa

manufacture with subsequent amendments; replacertseor adjustmens
repeating this full proces#\n increase, if needed in production, would be
difficult to manage, as there is a lack of economy of scale with this traditional
approach. If demands for orthotic services continue to rise with an incregsing|
aging population(GuzmarCastillo et al., 2011) may be difficult to cornitue to
support labour intensre approaches of manufacturé. digital approach may be

split into three stages:

1. Data acquisition (3D scanning)

2. Computeraided design (CAD);

3. Manufacture (examples could include additive manufacturing (AM)/3
Dimensional (3Dprinting, Computer Numerically controlled (CNC)

milling.

There is increased flexibility using this approach as each stage can be

independently completed. For example in orthotics, a patient could be scanned
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at a local clinic; the design may be producedispecialised, off site hub and

the final manufacture at local service provider.

There are advantageous aspects to eliminating problems with travelling to
clinics, managing work flows and distributing manufacturing that could provide

cost and efficiencgavings.

Ultimately, any design process or new approach in design and manufacture of

custom fitting products will be dependent on the healthcare system with which

Al KFa G2 AydiSaNraGaSe ! LINPRdAzOG Odzald2YA &S|
would not necessarily suit for instance other healthcare systems using insurance

reimbursement (e.g. USA).

The transition from manual to digital requires practical considerations in terms
of how this can be achieved, the resources that are required and who will
perform the design and manufacture. The following sections outline the digital

tools that could be used in creating splrbracingin the UK healthcare setting.

3.1 Data acquisition (3D Scanning)

A fundamental part of custom fitting a brace is the individual shape of the
patient. Threedimensional (3D) scanners are devices used to capture and
digitise objects and are employed in a wide range of applications. They can be

handheld, small devices axéd large systems.

The preparation of a torso model requires a scanner to act as a digital camera
by capturing an image in order to upload into CAD software for manipulation,

similar to taking a photograph and working on it further in Adobe Photo8hop

The literature reports examples of 3D laser scanners used to capture body data
for creating foam torso models, bo#sjemba et al.(2006)and Wong et al.,
(2006)indicated positive results in replicating accuracy of fit with digital

rectifications.

Digital scanning approaches for data acquisition can assist with healthcare

outcomes, examples incledComputer Tomography (QBjibb and Winder,
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2010) photogrammetry for facial prostheségggbeer, 2008nd laser scanning
for the development of 3D printed wrist splintBaterson et al., 2010)

Wong et al., (20068ummarised the benefits of 3D scanning in comparison to

traditional techniques as:

Gt t 2 ¢ dumbers Nipadienls to be scanned more quickly and
easily; the data can be analysed and stored more easily; it maximises
time and provides cost savings; reduces material waste from plaster and

F2F YOPE

Regrettably, a thorough investigation of suitable datguaisition methods to
support the digital process falls out of the research remit and scope of this

study but would be a very worthwhile and timely project to pursue.

¢KS GeLAOIE o5 fFaSN) aoOlyySNI OF LJidzNBa |
pixels)of data (3D points in space referenced by their XYZ coordinate values in
sections)Zhang and Molenbroek, 2004; Standardization, 20T0§¢ distance
betweentheselJ2 Ay ia NBFSNJ 12 GKS NBaz2tdziaAzyd ¢K
Ayi2 o5 adz2NFI OSa& (KN dz3 K(Bibb, BgghéekahdR OI f f SR
Paterson, 200€Figure3.1). The pint cloud is then used to generate a virtual

mesh.

Point Data Polygonised Rendered
Figure3.1: A triangular polygon mesh created from a point cloud. Sourced

from (Bibb, Eggbeer and Paterson, 2006)
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It is important to check thaccuracy of the data obtainedhe common issues

that may occuwhen scanning the torso are outlinedTiable3.1.
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Table3.1: Table outlining comparisons of scanning and conventional methods

Scanning Manual (measurements) Manual (plaster cast)
Stage(s) (1) torso scanning; and (2) extracting measurements via (1) takinganthropometric measurements (1) taking torso topography
software. directly through plaster cast process
Advantages Fairly quick to scan the trunk area and therefore individuals are n Healthcare staff can identify bone prominenct Healthcare staff can identify bone
needed to be on site for a long time. and anatomicalandmarks via palpation. prominencesand anatomical
landmarks via palpation.
Measurements can be extracted as the degaigitised. Methodologies are well established in the

literature and, once a strict protocol is
Measurements can be automatically documented and driven by followed, the results should have high

The cast will document the
topography of the torso and can be

software(Wong et al., 2006) reliability. manipulated to required shape
Stardardise fabrication proceg¥Vong et al., 2006) Has only one stage, so time may be optimise
Stored data and information for reference

Disadvantages Difficult to identify the anatomical landmarks, these must be Time consuming in comparison to scanning, ¢ Time consuming and participants

identified manually by palpation and markedfbee the scan (e.g participants can get fatigued.

anterior-superior iliac spine and vertebrae prominen¢epnzos et al.,

2005, 2007; Wong et al., 2006) Reliability of the measurements depends on
the experience of the healthcare staff.

The extraction of measurements from the scan needs specific

software to interpret the torso information. The torso may also ne

to be aligned alongsideray information about the vertebra@Nong

et al., 2006)

Learning curve: training requirdilVong et al., 2006)

can get fatigued and be
uncomfortable during the casting
process.

Reliability of the torso cast depend
on the experience of the healthcar
staff.
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Wong et al., (2005highlighted that the timesaved using CABAM method,
including milling the trunk, saved up to an hour and a half per brace in comparison

to conventional methods.

The use of the 3D scanner to make anthropometric measurements may need to
take into consideration the repeatabiligf the measurements if more than one
specialist is assigned to complete the workeinerand Lourie, 1981)

standardisation of the capture position, orientation of scales and calibration of
instruments (Wong et al., 2005, 2@). The application of pressure to soft tissue

can be an issue for replicability (Weiner and Lourie, 1981) (a significant factor when
considering AlS), and patients can become fatigued and therefore change the

position of the trunk if they are not coroftable (Wong et al., 2006)
Some of the issues that could be encountered when scanning the torso areas are:

* The scanner beam can be diverged due to dustigh levels of ambient
light (Pazos et al., 2005)

* Postural sway and breathing movements may affect scaniagos et al.,
2005; Ajemba et al., 2006)

* Depending on the type of scanner, the point cloud construction
methodology can affect some measurements;

* Resolution, colour perception, luminance and shadowing of body parts can
influence the final datgStandardzation, 2010)

Different scanners vary according to the resolution of the device, number of
cameras and time needed to scan. Generally speaking, the accuracy of laser
scannerdhas been reported between 0:5.0 mm(Pazos etla 2005, 2007; Wong et
al., 2005, 2006; Ajemba et al., 2008helSO 20685(2010egulations suggest that
before the scan itself, the calibration of the device should be performed usually on

an ofect of known dimensions.

It is important to check and build an understanding of the scanners characteristics,
these includeaccuracyand resolution, as these factors can contribute to the

quality of the data. These sit alongside other factors such asitime required to
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scan, reliability of the scan and compatibility of the data with the hardware and

software involved.

There are examples in commercially developed systems of orthotics and prosthetics
that can be modified for prescription, including thddition of pads and important
landmarkgZaina et al., 2014)These includBioSculptolFinnieston, 1997)CAPOD
systems, Clynch Technologies Inc. , |IfR&8d, 1997)Orten(Genevois1997)

Seattle Limb Systen{Bowell and Poggi, 1997YracerCAD system, CANPLIUR

and Prostheits Design In@Vong et al., 2005Many of themare used for upper

and lower limb prostheses and some cases includspinalbraces A further

example iRRodin 4D that is being utiéd atsome UK clinicd=gure 3.2). In this

process flow diagram, they highlight the potential time saving from their scanning

method compared to traditional methods.

P10 f 20§ 30 40 | 50 60 | 70 : 80 90 i 100 ! 110 : 120 : 130 : 140 | 150 | 160 { 170 |
TIME i min § min i min min { min i min { min ; min min { min ; min | min } min  min | min { min @ omin

: Taking Milling Thermoforming

{measurements Milling

i (calipers, machine

i tape measure) robot

OR Automated

: 3D Scanner : trim-lines

i (O&P Scan) : :

: e i Milling machine |

3D rectification : H

R4D CAD\CAM
software

CAD\CAM

"""RODIN Method: 1hour22min

Figure 3.2: Demonstrating Rodin 4D CAD/CAM methodology and current
traditional methods adapted fromRodin4D 2009)

This approach once completed sends a modified virtualaitptso for carving,
either on or offsite, creating a positive foam model to be used to thermoform the

polymer for the braceRigure3.3).
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Figure3.3: Example of carved torso from milling machine. Sourced fr@rivas

et al., 2016)

In comparison to plaster cast torso models the foam aléives offer some
advantages in terms of lighter weight for storage, less mess or excess involved in
processing, reduced milling time compared to plaster casting and improved
accuracy. The disadvantages in terms of resources are training and educating staf
maintenance of machines and the use of Hundegradable materials that can

cause health and environmental problerf&ong et al., 2005)

3.2 CAD (ComputeAided Design)

The modification of theaptured 3D data would then require manipulation into a
suitable model and data format to send ta AM system for manufacturd@.able
3.2 presents examples fromelevant literature wherescanning, digital

manipulation software adoptiorand manufacturing processese investigated.
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Table3.2: Summary descriptions of research that uses similar design and

fabrication approaches
Source Designed Software Motivation for Highlights from
object software used research
(Bibb, Denture FreeForm aLdGa OF LJ o A Indicates followed
Eggbeer  framework design of complex, process described in
and arbitrary but welt Williams et al., (2004)
Williams, defined shapes that are and was conducted
2006) required when according to established
designing custom principles in dental
appliances and devices technology.
that must fit with
KdzYl y | (Bib,2?
Eggbee and Williams,
2006)
(Tuck et Aircrew Raindrops Not provided Data cleaning;
al.,, 2008) Seating Geomagic smoothing; creation of
Studio non-uniform rational B
splines surface.
(Pallariet Customised Magics CAD Not provided Filtration of the data (to
al., 2010) foot orthotic  package remove noise); exclusiot
of spurious material;
distally extrudinghe
surface into 5mm.
Further actions
performed to ensure
functional properties of
the foot orthotic.
(Paterson Customised Geomagic and Systemati@pproachto Splint characteristics
etal., wrist splint Rhino (textiles develop a series of developed and CAD
2012) Matlab) strategies to be used to strategies developed.
fabricate via AM
(Eggbeer, Maxillofacial Mimics and Research exploring CAD strategy using CT
2008) prosthetics  Freeform computeraided design scan data, slices formed
(CAD) and rapid via mimics and then
prototyping (RP) Freeform software used
systems for the to isolatearea and
fabrication of custom prepare a file for rapid
made maxillofacial prototyping
implant
(Rogers et Prosthetic Solid Freeform American Academy for SLS prosthetic sockets.
al., 2007) socket Fabrication and Orthotists and stages of deelopment:
fabrication software Prosthetists (AAOP) file 1. Single socket used fo
programmed in exported from a a feasibility test;
C+ prosthetic CAD progran 2. Pilot study to test the

and software was
written in C++ using the
OpenGL graphics API fi
the Microsoft Windows
platform

clinical acceptability of
the SLS fabricated
socket. 3. Longerm
durability of SLS socket
4. Novel socket
construction designed tc
improve socket comfort.
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There can bsignificant issues with the structures of curves in the rendered image
that may require manual manipulatiqifaterson et al., 2012J hese caioe labour
intensiveto correct, especially on larger scale. These issues would need to be
addressed, such as research proposing new modelling strategies that aim to reduce
CAD restrictionfor mapping complex (curved) geometrig&ngham and Hague,

2013)

To successfully engineer a brace design the aim is to create a reverse engineering
process, including rendering the brace design and deleting unwanted scan data
from the torso area without losing geometric accuracye Tdllowing features

would need consideration:

* deletion of unwanted data includes the selection of points in the data;

* noise reductiong compensation for scanner error (noise) by moving points
to statistically correct locations, normalisation of dataiéonplates;

* data smoothing; smoothing of the surface to remove any errors, statistical
correction of outlying data points;

* boundary smoothing smoothing of jagged edges on the boundary by
reconstructing the polygon mesh;

* thickeningg to extrude or offsethe surface data to produce a finite bound

volume.

CAD software thaallows the transformation of B scan data into parametric

models generally allows this type of data manipulation. Accordirigjlb et al.,
(2006a)to be used successfully in AM, the rendered files should not contain gaps
between facets (triagles, in this case) and these facets should identify which is the

inside and outside of the surface.

An important aspect of these processes is how the data is camuated to the
machines. STL (Stergbbgraphy)is a file format for computegaided draftirg
software supported by many software packages used for rapid prototyping and
computer aided manufacturinASTM, 2013) The data is a polygonal mesh
consisting of a number of triangular faceteedso define 3D geometry. However,

this method has limitations with regard to more complex cuhggometry due to
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the high facet count required. This leads to traofés with resolution and
erroneous features like gaps and folding introduced into the s¥n@his method
also lacks property information such as colour, texture or material (i{openar and
Dutta, 1997) The more recent STL 2.Qieat can store more of thimformation
and allow greater accuracy for curved topology through curvahased triangles

(Hiller and Lipson, 2009)

For ggcometric surface modelling there are two primary forms that sishof Non

Uniform Rational Basis SplinedJRB$and wlygon modelling.

The differences between polygon and NURBS modelling are primarily related to
how the surface is constructed: polygons are constructed of vertices, edges and
faces (straight linesyyhile NURB objects are multidimensional. For example, for
the creation of a simple sphere, a NURBS surface (as it is alpggetd modelling
system) is patched together in a way in which the boundaries will be invisible,
sometimes this can be problematiz represent and frequently demanding to
compute(Mortenson, 2006; Bingham et al., 200The sphere in this case will be
composed dcurves rather than straight lines (an advantage over polygon renders)

and require a lot less detail for the same level of curvature.

There are some limitations in using NURBSs modelling in regards to the
computational demands this method may encountespecially if the build requires

a more organic, geometric approach.

The demands of creating a spinal brace are considerable as the size of the torso
area is large and may be computationally demanding. If a polygon modelling
approach was used, any maniptiten to the torso such as trimming or adjusting
edges would mean this data would be lost permanently although this does reduce
the overall file size. AutodeskSplines is a plutp extensiorfor Rhinoceros 5.that

seeks to bridge some of the problems exienced by these methods.

Other CADCAM strategies have been reportedJohnson et al., (2018)sing a
graphical geneative approach in developing AM scale links for stab resistant body

armour.Oxman (2011used the Objet Connexmultimaterial plyjet AM system to
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integrate both hard and soft materials to promote or restrict movement in
NEaLRyaS (G2 | LI GASY(QaAyYyIQIPA Y yVISENY Y §A
concepts could greatly enhance the design and potential of an AM spinal brace as

they use design methods to enhance strength and create comfort respectively.

Other studies have invesated softwaremodelling device$or other areas of the
body. The feasibilitpf using Laser Sintering (LS) for the manufactulewér limb
prostheticsockets showethat difficulties wereencounteredwhentrying to find
suitable software toolg¢Rogers et al., 2007 the context of maxillofacial
prosthetics Eggbeer (2008hdicated that no one piece of software was suitable for

the design.

This highlights arssue in terms of how crucial the software element will be in
terms of capturing the design intent. Whether practitioners design the customised
brace themselves or communicate their design to a CAD engineer to translate the
information, success will depdron the suitability of the software. The concern

with transferring data to a thirgharty would be the problems associated with
miscommunication thatould lead to incorrect brace design. Moreover, the in
depth training that would be required for practiti@rs would be time consuming,

expensive and take away key staff from already busy clinics.

Paterson et al.(2014)developed a digitised approach for wrist splints for
practitioners in the UK, creating novel objects using lattice structures. This
endeavour provided custom software for practitioseto use, enabling them to
design the splint themselves. There were also additional steps for adding multi
material options for added fuctionality. The Objet350 2 vy SAM@ninter also
allowed the ability to integrate multicolour, multimaterial propersi¢hat could be
captured through this process, increasing the scope and flexibility of AM designs

over other methods.

3.3 Manufacture (AM/3D Printing)
Rapid prototyping is the term used for several technologies that have emerged in
the last 30 years that falwrate parts directly from 3D digital dafelopkinson et al.,

2006) AMis the collective term assigned to a group of manufacturing processes

92

I



that fabricate threedimensional parts directly from a CAD file through an additive

or layerby-layer approach using either liquid, powder or filarh@material to form

components or finished products for eatse.The ASTM echnical Committee that

develops AM standards defines itdd LINR OSaa 2F 22AYAYy3I YI G
from 3D model data, usually layer upon layer, as opposed to subtractive

may dzF I O dzNR y 3 (XS M,R@1Bhdse raeth&I& énable more cost and

resource efficient processes on a much smaller production [@getl and

Despeisse, 2016)

There are significant difficulties in introducing AM into a proceisisomt

understanding the methodologicéimitations. The process will be different to
conventional manufacturing techniques and therefore will subsequently have a
range of design rules, best practices, and standards that are important for
supporting AM integrationDepending on the materials and processes used there
can also be constraints from the machine and technology and the method of
removal of support material or finishing the product and different AM processes
have fundamental differenceg&igure3.4 presents a frameworkutlining the

various factors that can influence the choices made at different points in the design

and manufacture process.
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Design Manufacture

Design heuristics and ) o Mfluence on idea generation
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Influence on product layout and part geometry
Design guideli <

Design rules and Influence on feature geometry
specifications

Process guidelines for

v v y
Factors influencing Factors influencing Factors Factors il Factors
conceptual design embodiment design detail design part programming manufacturing and
+ Design and feature « Design for * Features size + Build orientation post processing
databases component/functio + Support « Support removal
« Biomimicry nal integration optimisation + Finishing processes.
* New design * Design ignoring r * Tool-path « Reducing unwanted
opportunities conventional * Adding excess optimisation processing defects
enabled by AM manufacturing rules material to enable + Infill and wall (warping/shrinkage)
« Axiomatic design + Design of functional post-pracessing thickness
theory surfaces, linking operations .
volumes and
topology ing

Conceptual Embodiment = ¥ Part Manufacturing
. 7 Detail design i N
design ' design ‘ programming and finishing
C J tion
Factors influencing selection between AM and Factors influencing selection
conventional processes between AM technologies
vidu: . eometry

ness

« Efficient / Lightweight design * Material properties, such as
« Process cost comparison strength
* Part cost
+ Build time or production rate
* Quantity

* Material cost

Should it be made using AM? Does it make good use of AM as a design? Which is the best way to
produce it?

Figure3.4: Design for Additive Manufacturing Fraework (Pradel et al., 2018)

The functional properties of a brace manufactured by AM can depend on a variety
of factars that include the material, the orientation of the part on a build platform
2F (KS !a YIOKAYyS>Y GKS aLISSR G4KS !'a YI OK.

accuracy and resolution and the post processing techniques used.

Other factors that can affect the bdilbf an AM part are infill percentages, the
shape of the infill, the layer thickness, and the mechanical properties of the build
material. Lattice structures or structurally optimised geometries where the weight
of a part can be reduced and lessen the duitgrof material required provide an

improvement in performance.

Limitations include: high costs associated with the AM machines, their maintenance,
range of mechanical properties and range of materiblspkinson and Dicknes,
2003) Hague et al., (2003uggested this limitation is partly because the demand

for AM is relaively low, such that the high cost of new material development often
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cannot be justified. As the uptake of ANtreaseghe material development will in

time intensify.

According tawilliams and Panchal (20Q3he cost to manufacture any object
should take into account the volume of material, amount of support material
needed, the cost of these materials, labour, machine operation, annual
maintenance, time to build a part, the number of machines and the nurber

parts produced per year.

Examples of AM work in healthcare are in their infancy but include building custom
hearing aidgPhonak, 2014)nsoleqGriffiths, 2018)wrist splintgOxman, 2011;
Paterson et al., 2012; Evill, 20(RBpure3.5) and anklefoot orthoses(Pallari et al.,

2010; Telfer et al., 2012AM has also made significant contributions to

maxillofacial prostheticEggbeer, 2008; Peel and Eggbeer, 2016)

Figure3.5: Wrist splint examples Dr. Abby Paterson [Sourced fr{paterson et
al., 2012), Denis Karasahin from 2014 [Sourced from
http://lwww.formakers.eu/project -1117-denizkarasahirosteoid-medicalcast
attachable-bone-stimulator accessed on 1/12/20174nd Jake Evill [&irced
from(Evill, 2013)

Otherex YLJ Sa Ay Of dzZRS G KS LJ2f & 2352 SINBENRIAYTHI 2
that looks to create seamless shd@&ewart, 2015)This project worked alongside

a podiatrist and used the multhaterial properties of AM to create a seamless shoe,

which incorporated different structures into theole and upper to provide both

comfort and function.

These advances suggest an AM brace could incorporate-matgrial properties in
the initial build and cut out the need to apply post processing straps and pads as

seen in traditional build pathways.
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An important aspect of these processes is how the data is communicated to the

machines.

3.3.1 Braces fabricated using Fused Deposition Modelling (FDM)

Fused Deposition Modelling machines are material extrubiased modelling
systemqASTM, 2013)They use filament stored on a spool, which is heated in a
chamber and extruded to form the layers of the building obj&ibson et al., 2010)
They can have dual extrusion in whiclsecondary nozzle can produce support
material, alternative colour or alternative material. The filametwsnmonlyused

are ABS Acrylonitrile Butadiene Styrene, Polycarbonate (PGABS a blend, or
PLAC polyactide acid. FDM builds on a ptatihh movng in the Z directionThere are
some limitations and concerns with using FDM processes. The surface quality and
accuracy may be an issue due to the material temperature required for extrusion
that cools rapidly(Gibson et al., 2010; Petrovic et al., 2Q1MHe surface quality may
show a layered appearance and strategies to assist with this may reduce the
strength of the materia{Hopkinson and Dicknes, 2003; Gibson et al., 2@i)d
orientation as highlighted b¢ibson et al., (20103 a potential limitation as
buildingin the Z direction magffect the interlayer strength of the part and

compromise the mechanical propertiesmpared to building in the XY plane.

Recent examples of AM torso braces include work from Dr. Leoncini who utilised
torso scan data and fabricadea brace as one continuous object using a large scale
FDM printer (the DeltaWasp 40 70 seeriigure3.6).

\\

Figure3.6Y 9EIl YLX S 2F 5N [ S2yOAyAQa a02fAz2ara

[www.wasproject.it/w/en/3d -printing-and-the-medicatapplicatiortlelio-

leoncinisamazingcreationsusingwasp-3d-printers/ accessed on 9/1/2017]
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This method allowed the construction of the braoeone piece and takes
advantage of the ability to create ventilation using AM technoloeging a filament
that is compliant with theequirements ofENIS0O109935(2018)certifying

suitability for skin contact.

Another example is a custom made brace for a Paralympic fenefiiNd G I 4 & a4 Q
Nylon 12projectallowing the athlete the ability to train and compete with a back
support that was smaller, more flexible and lightglei then existing solutions

(Figure3.7).

Figure3.7: Custom made back brace for Paralympic fencer. Sourced from
[http://blog.stratasys.com/2016/09/16/3d-printed-brace-paralympicfencer/
accessed 9/1/2017]

Both braces have received positive individual feedback but currently there is no
recordofDr[ S2 OAYyAQa o0NI} OSa o6SAy3a S ordayi SR Ay

empirical evidence published in the literature of their methods and outcomes.

3.3.2 Braces &bricated using Laser Sinterin§&lective Lasebintering
(LSSLS)

Laser Sintering (LEJDS GmbHIectro Optical Systems or Selective Laser Sintering
(SL8) 3DSystemdnc.use polyamide orylon powdered polymebased materials
(Petrovic et al., 2011A thin layer of powder is dispersed across the top of a
platform in the build chamber; the piter preheats the powder to a temperature
just belowthe melting point of the raw materialA laser scans crosctions of the

3Dmodel, heating the powder to just below or right at the melting point of the
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material. This fuses the particles together mechanically to create the solid part. The
platform lowers by ondayer in the build chamber with a roller applying a new layer
of powder on the top, repeating the process until the object is compl&iéson et

al., 2010) The powder is dispersed from a feed cartridge over the platform whilst
being kept evenly distributed with a rolléGibson et al., 2010 his is a popular
method for making products because it can provittersg, durable, and functional
end-use products, although usually in only one material. This process also requires

less postprocessing compared to methods that use support structures.

The internal structure of a volume even if made in one material cae haultiple
properties as shown in a lattice structured chair designed by Lillian Van Daal which
used biomimicry principle®/an Daal, 2015)The strength of the internal structure

of the chair is controlled via the density of the lattice form, areas that require
strength had greater density of lattice structures than areas needing more flexibility

for comfort.

This principle has overlap into brace construction also, with recent research from
Scott Summit in partnership with Dkenneth Trauner, UNYResign, lo. (UNYQ) in
partnership with3D System§014)(Figure3.8) and AndiamoKigure3.9). 3D
Systemsinc. (3D Systemsl)ithin a US market, demonstrated in a small sample that
treating scoliosis using a more aesthetic approach to bracing was positively
received by patient§3D Systems, 2014iowever, while there is no independently
published or peer reviewed material to corroborate these claims, the design of AM
spinal braces by fefront manufacturers shows the feasibility of designing a

functional and aesthetic spinal brace.
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Figure3.8: Scoliosis Brace designed byScott Summit for 3D systems. Sourced
from (3D Systems, 2014)

The functional aspects of braces can be met using AM potentially by utilising
various lattice structures to create areas of flexion whilst retaining the akality
provide strength and torsion where needed. It allows a digital approach in which
custom fit for the patient can be realised through the manufacturing process. AM
offers a unique opportunity to build user specific spinal braces, within a digital
framewolk and test the potential for improving fit, design, compliance and user

interaction.

Figure3.9: Andiamo example of spinal brace. Sourced fr¢Rarvez, 2015)

Andiamo and UNYQ collaboration with Scott Summit are the first 3D printed spinal
braces to appear more generally in the media. Both aim to support the treatment
of longterm conditions such as scoliosis and both use scanned data as the starting
point for aeating the custorrmade brace. The UNYQ examples have received

positive feedback from patients and are currently undergoing a clinical trial in the
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USA. There is a selection of patterning available for the patient to choose from so
some control with regardo the appearance of the brace are on offer to the

patient.

Andiamo has taken a traditional approach to the application of straps but did
explore ventilation in their prototypes as seenHigure3.9. The density of the

material within the brace looks to be consistent with no discernible variations
evident. The design used variation in the size of the holes allows to create strength

at particular areas where the matat may be under more pressure.

'b,v !'tA3Iyun O2ttl02NIFidA2y 0SG6SSYy CNIyOS:
the advantage of being able to design ventilation into the build through complex
patterning Figure3.10). The patterning on the brace also adds an aesthetic

element. This brace includes sensors to detect how long a user wears the device for
and monitors pressure points through an application hoping to owprfit and

function and in turn treatment outcomes. The brace is designed from algorithms
inspired by the Boston Brace system and its thpeat mechanism, and their

method reduced the quantity of material needed to fabricate a brace compared to

the Bosbn Brace Figure3.10).

Figure3.10Y ! b, v ! f A3yu oO6NI OS Ay LI NIYySNAKA
(Howarth, 2016)

This example takes advantage of the minimal structure needed to support the
intended job of the brace; a more congx correction would require a vastly

different structure and shape. The brace slopes around the body allowing the
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patient to have more movement for bending over which is usually quite limited in
traditionally manufactured braces. The brace launched ashitm event in the

USA, demonstrating the changing nature of orthotics and healthcare. The examples
presented have mainly adopted the white polyamide but there are other colours
available of this material. It remains unclear whether these designs haveatlin

benefit as randomised clinical trials have not been undertaken.

3.3.3 Material Jetting (Polyjet)

Thepolyjet series of AM printers allows the production of objects with multiple
materials. They use acrylic based photopolymers jetted as droplets that are then
cured by Ultra Violet (UV) light that moves across the build &&gason et al.,

2010; ASTM, 2013)Thignethod also builds in the Z direction from a print head
containing several nozzles to print the desired materials from their cartridges and
support materiaGibson et al., 2010Yhe benefit of this system is the capability of

printing several material compositions in one build proogibson et al., 2010)

The use of multiple materiaisithin wrist splints or arthritis (Paterson et al., 2012)
YR t NEFd bSNRA hHEHNRY @K Yidzt (YA YLOLGAS/MNER L8 GIALS v
(Oxman, 2011dtilised these material jetting systenasid demonstrated the ability

to vary properties of hard and softenaterialin a part

AM builds of spinal braces are already in limited clinical testing and while in its
infancy, there is considerable scope for shiechnology to address some of the
limitations of current braces. Each of the examples shown above tackle separate
issues ochampion specific improvementfjere is no system that has addressed
all the issues young people face with their braces, indeed the designs shown

previously have largely overlooked-design or consulting AlS patients.

There are advantages and disadvantages to these AM processesf the biggest
restrictions is build volume in order to fabricate spinal braces. The bounding
volume for the brace of a child could be approximately 30cm x 30cm x 50cm and
due to the size of this construction AM build capabilities would be limited. Hewyev

design solutions may be used to overcome this problem. The comparisons of the
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AM methods outlined imable3.3 highlight limitations with build size and the

importance that surface finish may have for custom braces.

Table3.3: Advantages and disadvantages AM methods outlines informed by
(Bibb, Eggbeer and Paterson, 2006; Petrovic et al., 20&id Bnd Despeisse,

2016)
Method Advantages Challenges Additional Information
Fused 1 Relatively cheap tq § Poorer accuracy | {1 This process has machines thg
Deposition buy and run and surface finish can print the size of a full brace
Modelling 1 Reliable compared with such as Delta Wasp 40 70,
(FDM) 1 Clean and Safe other methods like BigRepOne, Tractus 3D etc.
Process stereolithography Typi@l build size is 20cm x
1 Very strong, tough| 1 Small features are 20cm x 20cm.
models difficult 9 Surface finish is of significant
9 Medical Standard | 1 Opaque materials importance due to close
materials proximity to the body and
1 Can be sterilised clothes.
1 Waste material could be re
used into other filament
Laser 9 Strong tough 1 High cost of 1 Surface quality is significant
Sintering models machine and with materialsand the
(LS)Selective 1 Reasonably materials _ smqothness of finish is
Laser i Large machine desirable
Sintering accurate 1 Materials not 1 Range of colour is an importan
g p
(SLS) T Nature of the suited to factor for customisation
method allows for sterilisation 1 This process lends itself to
reuse of waste 1 Post processing compact builds for example
material required for panelling
surface finish 1 Reuses the material in terms 0
material sustainability
9 Typical build size 30cm x 30 cr|
x 30cm (Up to 75cm x 55cm x
55 cm)
Material 1 Range of machine{ § High cost of 9 Limitation of size of machine
Jetting sizes and costs machines and 9 Surface finish is smooth but
(Polyjet) i Easy to use materials and material definition over a
9 Suitable for office replacement period of prolonged wear is
environments jetting heads unknown
1 Thin layers 9 Tygcal kuild size 38cm x 25 cm
1 High resolution, x 20 cm(Up to 100cm x 80cm X
good accuracy 50 cm) Larger machine higher
 Transparent cost of machinematerials,and
models possible maintenance.
1 Medically
appropriate

materials available
Wide range of
materials

Multiple material
builds

Colour builds
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The brace can be under immense load in termprofiding the forces to stabiks
the spine whilst the wearer lives their daily life and AM braces would need to cope

with these demands.

3.4 Conclusions from Part 2: Disruptive technologies to support the

production of customised braces

This part of thehesishighlights current examplesd provides an understanding of
particular additive manufacturing processes. It is important to note that there are
currently no additive manufactured spinal braces prescribed through the NHS (or
widely available elsewhere). There have been several reterglopments in AM
bracing that have been released during the course of this research study, however
these have been proof of concept designs or examples of AM capabilities. There
have been no clinical trials or superiority comparison studies conducted Agvi

constructed braces at the time of publication.

The limitations of current brace designs and the materials utilised present real
world challenges for patients living with spinal braces. There has been limited
success addressing these issues usingeational methods and so AM may offer a
technical solution to practical problems. Brace evaluation has shown that comfort is
the most important factor in living with a brace. Clinical demands typically
supersede the preferences of the patient, as convamiomethods do not permit
flexibility in design, structure, or comfort. AM may offer a more tolerable
compromise between brace efficacy (corrective or stabilising forces) and
wearability. Increasing the adherence of brace wearers to their treatment
prescrption should improve outcomes and reduce the length time required to wear
the brace. AM and CAD strategies for brace design may permit the development of
co-design approaches with patients having more input and control over the brace

that they wear.
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4 Literature Review Part §Including
young people inco-design &research

Thelast section othe literature reviewd SIAya gAGK | F20dza 2y
participation in research and methods to working with them as research parthers.

aleo discusses design methods to augment and support the inclusion of young

people in the research process. It will discuss the ways in which design methods and
tools used in healthcare contexts and highlight the associated challenges to the
inclusion of youg people in healthcare and design research. Partlogklighted

that individuals affected by a diagnosis of AIS and treatment pathways of bracing

are typically aged @8 and research has often used tools designed for adults or

guantitative instruments that assess broad themes.

4.1 Definitions of adolescence

One of the difficulties of adolescent inclusion as patrticipants is the variation and
lack of agreement in the literature about defining the age parameters of this target
group. The definitions and suggesdtframeworks of adolescence vary across

different parts of the world and especially in specialist areas, such as education and
healthcare. These local and disciplinary variations can make it difficult to make

comparisons across studies.

There are incoristencies in the age brackets used to describe adolescents due to
the complex period of change, both physically and emotionally. The examples
include the World Health Organisation (WHO):2IDyears and The American
Academy of Paediatrics: 24 yearsEsmond (2000and Petersen and Leffert
(1995)defined adolescence in respect to the physical changes that can occur

during puberty (1115 years of age) onto adulthood.

A suggested framework for defining or bracketing adolescence is that physical,
pubertal eventsn early adolescent years as well as psychological processes such as
developing independence and selbnfidence are equally important phases of

adolescence.
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The broad age ranges used in many definitions reflect that the period is one that is
not homogenais with a variety of physical and cognitive developmental stages

including:

* Physical development and changes
*  Establishment of his/her identity
* Construction of own relationships outside the family

*  Achievement of independence from parefisDonagh, 2000)

Figure4.1 summarises key developmental milestones from childhood to
adolescence through to adulthood from esearch inclusion perspective. The
developmental milestones achieved during adolescence complement other facets

of maturation such as autonomy, decisioraking, and selidentity.

;' experiences regarding ‘
1 individual goals & support ;

Concrete thinking ] 1 Absract thinking
| '

1 '
Immature " ] Mature
1 .

ASPIRATIONS
Incapable to consent E E Capacity to consent Transitional goals
Social Interaction
Identitiy shaped by parents | 1 Self determination Independence
' : Employment

" "
Dependence [ » Personal autonomy
"

CHILD iADOLESCENCE;

ADULT
Figure4.1: Adolescent dgelopment from child to adult from(Lang, 2012)

Adapted from(Erikson, 1968; Monteith, 2003; Alsakar and Kroger, 2006;
Goossens, 2006)

4.1.1 Models of adolescence

The literature broadly proposes three complementary phases of adolescence
known as early, mid and late, reflecting theedgrackets seen inm@able4.1)

(Petersen and Leffert, 1995; Dashiff, 2001; RCN, 2004) breakdown of stages
are roughly mapped to school years and similarities exist across several models,

with the Royal College ®fursing (RCNR004)model on the management of
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chronic conditions and transition services for young people being a typical example

(Lang, 2012)
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Table4.1: Thedevelopment phases of adolescen¢Betersen et al., 1995; Dashiff, 2001; R@R04; Lang, 2012)

ADOLESCENCE EARLY MID LATE
(Dashiff, 2@1) 10-14 years 1517 years 18-20 years
Biological/physical -Early pubertal development in girls and negativegbsyogical

adjustment in girls.
-Advances in muscle development and increasedesttfem in
boys.

Psychological/cognitive

Concretereasoning- less likely to think about the future
consequences of their decisions.

Independence of thought and emotional investment
abstract ideas.

Social

Peer orientation with access to greater
freedom of activity and independence.

(Christie and Viner, 10-13 years 14-16 years 17-19 years
2005)
Biological/physical Early puberty: Mid-late puberty: End of puberty:

Girls breast and pubic hair development, start of growth spurt.
Boys:testicular enlargement, start of genital growth.

Girls end of growth spurt; menarche;
development of femaléody shape with fat
deposition.

Boys continued increase in muscle bulk and body hg

Psychological/cognitive

-Concrete thinking but early moral concepts

-Progression of sexual identity development (sexual orientatior
-Possible homosexual peer interest

-Reassessment of body image.

-Abstract thinking, butsefi G A f f a4 S S
LINE 2 T Q

-Growing verbal abiliéis

-ldentification of law with morality

-Start of fervent ideology (religious, political)

-Complex abstract thinking
-ldentification of difference between law and morality
-Increased impulse control

-Further development of personal identity
-Further devebpment or rejection of religious and
political ideology

Social -Emotional separation from parents -Emotional separation from parents -Development of social autonomy
-Start of strong peer identification -Strong peer identification -Intimate relationships
- Early exploratory behaviours (smoking, violence) - Increased health risk (smoking, alcohol etc{ -Development of vocational capability and financial
-Heterosexual peer interest independence
-Early vocational plans
(RCN, 2004) 12-14 years 14-15 years 16 years

Transition Framework
NB: Transition will
proceed

at different rates for each
young person.

-Young person becomes aware of their own healthcare needs
the full implications of their medical condition.

-The imporanceof assessing a young persd@anderstanding and
providing information and education about services.

-Concept of seeing professials on their own gradually
introduced to give the individual and family time to adjust.

-Young person and family understandioiy
what they can expect from the healthcare
system.

-Young people demonstrate practiced skills
and set goals for participating in their own
care.

-By now young person and family should feel confidg
about leaving paediatric system

-Young person shouldave a considerable degree of
autonomy over his or her own care.

Academic Age ranges | 11-14 years 14-16 years 16/17-18 years
National Curriculum Key Stage 3 Key Stage 4 College
Transitional Assessments GSCEs A-levels and further education or

(Oates, 2011)

(Years 7,8 and 9 in
English and Welsh)

(Years 10 and 11 in Englstd Welsh Schools

Obtaining a job
(Year 12 & 13/Sixth Form in English and Welsh)
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Age dependent differences in sensitivity occurring during the three developmental
stages require appropriate consideration when designing interventions or the

inclusion of adolescents.

Cultural differences may also have a role in the variation and bignokttween
these categories. Developing independence and responsibility typically increases
over adolescence, indicating a shift in making decisions that include how to manage

their chronic condition.

The recognition of the maturity of adolescents isoanplex legal and moral
consideration. There are a range of legal rights permitted across the world during
this age range, with for example UK the age of sexual consent is 16 but for voting
and purchasing alcohol is 18. In the USA, purchasing alcohadlristegsto those

over 21 years of age and the age of sexual consent ranges frat@ &dross

different states. In judicial cases in the USA in particular, juries are empowered to
make a judgement on the maturity of an adolescent often classifying therdudtsa
These benchmarks demonstrate the plastic responsibilities that adolescents have to
navigate. They develop greater independence away from the close support and
guidance of parents/guardian but with more responsibility, they become

accountable for the actions.

Adolescence is a critical period of time where health behaviours develop and have
long reaching consequences for adulthddtblmbeck, 2002)in recent years,
@2dzy3d LIS2LI) SQa KSItGdKOFINBX ySSRa KI @S
need for developmentally appropriate healthcare for young pedplawye et al.,

2012; Ambresin et al., 2013; Viner, 2013; Farre et al., 20h®re is also a need to
support young people in their role as participants in research and ensuring this

support is handled appropriately throughout the procéBarre et al., 2014)

The intricacie®f adolescence should not be a barrier to their inclusion in research

that involves issues fating to their age group.

Autonomy, as desired by adolescents, is examine@dgyssens (200&nd he infers

three constructs of autonomy (behavioural, emotional and value) which also
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support gaining independence as a significant contob@ior the transition to being
an adult, these principles are summarisedable4.2. Establishing and maintaining
autonomy in areas like healthcareeaincreasingly seen as beneficial both to health

outcomes but also to the overall wedking of the adolescent.

Table4.2: Three constructs of AutonomgGoossens, 2006)

Behavioural Emotional Value (also known as cognitive)
¢ KS NXB3dz | G A : The deidolisation of parental ¢ KS RS @St 2 LIYSy i
behaviour and decision figures as they develop concep morals and system of values. Als
making. of parents as individuals who  described as cognitive in which
have a life of their own and subjective sense of control over
relinquishing of dependencies 2y SQa t AF¥SI 2dzR
on them. NS RSNARODGSR TN

individually held principles rather
than the expectation of others
(Collins et al., 1997)

4.2 Employing participatoryand design methodpproaches

User Centred Design (UCD) is a framework that ensures the needs of the user are a
core part of the design proceg¢abras et al., 2004nd is included in ISO 92210

(BSI, 2018)qgulations. This involvement can range from the gathering of

AYVF2NXYIEGAZ2Y (2 GSadAy3 2N S@lLfdzr GAy3 |

is to attempt toimprove the quality of the interaction between the user and the
product(Wever et al., 2008)The principles of this process have been translate into
stages seen irHgure4.2). Critically design should address the whole user
experience and it is important to have explicit understanding of users, tasks and

environments in order to create an iterative, reciprocal dynamic with users.
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Plan human-centred
design process ﬁ

Understand and specify
context of use

Evaluate design against N
requirements AN Specify User
requirements

Produce design solutions
to meet user

Designed solution meets user a
requirements

requirements

Figure4.2: User Centred Design process adapted from ISO 92U1(BSI, 2018)

UCD does not explicitly prescribe methods or tools to be used, therefore methods
applied can be participatory or applied to waterfall model, agile model or lean

developments.

When using a product or service people evaluate and assess what they think of it,
Shackel and Richardson (19@kamined what factors influenced this assessment
via what they called a paradigm of usability. This model oulite idea that
organisations need to balance usability with functionality. Whilst most operational
advancements focus on functionality that they may need to trade off against cost
(Figure4.3) the authors suggest critical factors, linked in the form of a trafie
influence the acceptance of a product or service. Factors involved in thistfade

are:

*  Utility - will they be able to use the product service successfully?
*  Usability- will the product or service do what is needed functionglly?
*  Likability- will they feel it is a suitable product or service?

*  Cost- in terms of how much it cost, maintenance and the social aspect
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The model illustratebow an adequate balance of factors contribute to the decision

making Figure4.3).

UTILITY —> will it do what is needed functionally?
+
USABILITY |——>will the users actually work it successfully?
+

LIKEABILITY |—— will the users feel it is suitable?

must be balanced in a trade-off against

—>» what are the capital and running costs?
—>what are the social and organisational consequences?

COST

to arrive at a decision about

ACCEPTABILITY |—— on balance the best possible alternative for purchase

Figure4.3: The paradigm of usability and related concepts. Sourced from

(Shackel and Richardson, 1991)

Alongside functionality, aesthetics and the experience users have with a
product/service influences their emotional connection with that de\iderdan,
1997, 2002; Congress et al., 200Mere is considerable literature exploring the

emotional connection users develop with devices such as:

* Design for emotiorfNorman, 2002, 2004; Forlizzi et al., 30McDonagh et
al., 2004McDonagh et al., 2009)

* Design for happineg$iofstetter et al., 2006; Khalid, 2006)

* Persuasive desigfilley, 2007; Fogg, 2009; Lockton et al., 2010;
Spangenberg et al., 2010)

There is little reason to think that healthcare devices cannot elicit a similar
emotional response if designed with the user in mind. Indeed, creating a bond
beyond the functional could be revolutionary in maintaining adherence with clinical
demandsParticipatory and designer interactive approaches may provide a more
playful and relaxed approach to challenge traditional models of survey design. This

process of development through iteration whereBoS & A 3y 2 NJ a 02t € SO0 A
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(Sanders and Stappers, 20&n occur throughout the whole design process or

FTNRY G(GKS WTdd i1 e F2yi Gyntes aidStappésS 2008).J2 &

Sleeswijk Visser et a{2005)highlighted the importance of moving beyond just
explicitly asking what people (traditional market research approaches) want but
help them and you to understand what they actually need. The selection of tools

therefore will relate directly to the type of insight sought.

Figure4.4 from Hanington(2003)presents a comparison of the array of techniques

that fall under three broad categories

* Traditional- established methods which can work well in the correct context
for the correct purposg

*  Adapted- methods borrowed form adjoining disciplines and mastifas
required

* Innovative methods emerging, creative design methods whidanington

(2003)describes as participatory in nature and creatively engaging

Traditional | Adapted i Innovative
I :
Market Research | Observational research | Creative/Participatory
Focus Groups : Participant observation : Design workshops
Surveys 1 Still, video documentation | Collage
Questionnaires : Ethnographic methods : Card sorting
Interviews | Video ethnography | Cognitive mapping
Unobtrusive methods : Beeper studies : Velcro modeling
Archival methods | Experiential sampling | Visual diaries
Trace methods : Cultural inventory : Camera studies
Experiments : Artefact analysis : Document annotations
| HCI |
I Think aloud protocol |
: Heuristic evaluation :
: Cognitive walkthrough :

< >

Counts Content analysis
Statistics Categories
Spreadsheets Patterns, Themes
Graphing Affinities, Clusters
Verbal + numerical information Visual + verbal information

Figure4.4: Example of an array of research methods. Sourced figianington,
2003)

In addition to the type of tools employed in this type of research @D03)

indicated that different techniques could provide significant benefit:
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* Generative humancentred insights; looking for emergent patterns,
challenges and opportunities to inspire new ideas and frame opportunities

* Evaluative/formative a process of learning and refining; the what, how and
whom;

*  Predictive estimatingthe scale and potential afpportunities even when

most variables are unknown

Participatory and creative methods such asdesign or cultural probes are ways of
conductingNS & ST NOK ¢ A (K LIS2 L} S brivg thepéopléd weK | y | 0 2
serve through design directly into the design process in order to ensure that we can

meet their needs and dreams for the futdr€Sanders and Stappers, 2012:14)

4.2.1 Participatory Design

Participatory Design (PD) places people that use or are invohaegrocess as part

of the design team where they can influence the direction the design goes and
contribute to the creation of objects that fill their needs and desii®anders, 2002;

Ehn, 2008; Simonsen and Robertson, 20P2)ticipatory designers are also known

as stakeholders and may include researchers, patients, health professionals, service
managers and designers. The engagemeniho$ewho will use the

product/service aims to ensure that it will be something they would use and that

everyone has the right to influence something that affects their lives.
Other attributes of participatory design include:

* Generation ohewideas
* Real timeknowledge synthesjs

*  Eliciting and embodying tacit, experiential knowledge

Participatory design is a democratic approach founded on compromise not
consensuglLarge et al., 2007pParticipatory Design employs many techniques
examples include interactive experimentation, modelling, testing and learning by

doing(Sanoff, 2007)
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Shah and Robinson (200a¥o investigated the benefits andiriers to user
involvement in the development of medical devices. The development and
evaluation of medical device technologies, in particular understanding their use,
requires involving people using them during the design and development process
(Garmer et al., 2002a)

Hippel (19863 efined a particular gnap of people who encounter making decisions

YR YSSRA LINA2NI (2 Yelad\keBSid I ¢IKSS { SiyliGE2Ndzyliid8\NE
several examples of where lead users have contributed significantly to

technological developments and evaluation of technol@dippel, 1986; Urban and

Hippel, 1988 Herstatt and Von Hippel, 1997; Olson and Bakke, 2001; Lilien et al.,

2002) These empirical studies show that users with real world experience of a need

are best placed to provide accurate data to assist in solving {éarstatt and Von

Hippel, 1997)Translating this approach t@yng people has been less well

adopted but there are a number of research studies that usedesign or involved

young people and they are summarisedliable4.3.
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Table4.3: Research approachesclusiveof young people

Research Techniques Research approach Topic Age Group Author
(yrs)
Designing multimedia software project: fiahtes, video, Pupils as Designers Multimedia/Education 1012 (Kafai et al.,
Approaches interviews, pre and postests assessing students (children as designers) (mixed) 1997)
including KidsStory: Evaluation, brainstorming and education Adaption of cooperative Storytelling 57 (Taxen et al.,
methods. Lowtech prototyping and participatory design, inquiry (children as (mixed) 2001)
young observation notetaking partners)
people Literaturec outlining many methods of using children as  Cooperative inquiry Various Various (Druin, 2002)
as user, tester, informant and design partner Contextual inquiry
participants pOwerball: contextual interviews and naturalistic Informant Design Augmented reality 8-14 (Brederode et
observations computer game (mixed) al., 2005)
Observations, irdepth interviews Paticipatory Mobile multimedia 9-18 (Isomursu et al.,
Content analysis, comparative analysis (females) 2002)
Story competition
Usage scenarios
Web based storytelling environment
Open design sessions: Focus group Participatory Educational computer 12-16 (Danielsson and
Workshop settings games Wiberg, 2006)
Informal discussions, Stehparding, Scenario mapping, Narrated Centred Educational computer 13-15 (Waraich and
Evaluating prototypes Informant Design game (mixed) Wilson, 2005)
Comic strip, animations, Drawing, Participatory Elearning product 13-17 (Mazzone et al.,
(mixed) 2008)
Field studies observational and interview Ethnographic Concept mobile phone  16-19 (Berg et al.,
Low fidelity prototypes andcenarios 2003)

User trials low fidelity mock ups
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4.2.2 Listening and empathy

Understanding users and developing an empathetic approach is believed to be
important in understanding their personal experiences. It forms a central
component of user centred design aather participatory approacheSanders,
2002; Olsson et al., 2007; Sanoff, 2007)

Human Computer Interaction (HCI) is a growing area of research concerned with
LJIS2 L) SQ& AYyUiSNIOGA2Ya $gAGK O2YLlziAy3
including participants in more of an active role assists in building and shaping
effective technologyObradovich & Woods 1996; Muller 2003). Conversations
where participants can contribute to discussions with {aaelity prototypes can
benefit the research outputéDruin, 2002)Druin (2002)also demonstrated that the
roles of user, tester, informant and design partner areichangeble and
understanding how they can benefit a project is essenfiails et al., 2012)

mapped some of these roles and they are expanBipire4.5.

Underlying dimensions of
each role

Relationship to developers

4111

indirect feeback dialogue elaboration

Relationship to technology

—1—1 —

ideas prototypes products

Goals for inquiry

«—i1—1 i—

developing questioning better usability\
theory impact of design
technology

Figure45:5 A YSy aA2ya 2F OKAf RNByQa Ay@Eas o9SYSyi

et al., 2012)Design (Sanders & Stappers 2012; Sanders & Stappers 2008)

UK Healthcare research in recent years has recognised the need for a shift towards

Werson centre@ R diY Wy  Ceppfoadid Rifer and Brittain, 2006)This is
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illustrated by the increasing number of citizen science projects and involuing th

public in steering groups and oversight committéesllett and Strezov, 2015)

[ 23y AGADSS inteNettirally Kaking héldolér perspective of another persbn
(Gladstein, 1983) f f 2 a4 NBa S| NOKSNE doseRotReSiseh 3y S NA
through respectful curiosity, genuine understanding, argpsasion of judgmeat
(McDonagh et al., 2009 Empathetic approaches develop greater understanding

and insight of participants interacti@nwith their braces and sensiis the
NBE&SHNOKSNI i 2(FaiikrSetdza2®dMp Q y SSRaA

Skogsrad (2014¢lentified that focusing solely on functionality for the end user,
without including a degree of empathy will continue to result in dissatisfaction
amongst wearers as underestimating aesthetics can beitalbortant to the
perception of medical or assistive devic@élkinson and De Angeli (201gnoposed

that how a product makes someone feel and how they feel about using the product
are as important as the functionality. Products that look and feel good help their
adoption and enhance the overall exjence of the product illustrating attractive

0 K A y Jwiork Odttef (NDrman, 2002)The ability to quantify aesthetics is

difficult, Norman (2002argues that as emotional beings, whether unconsciously or
not, we judge the appearance of things and therefore aestheticsilshbe

considered an important aspect. This has direct relevance to brace design, as
traditional braces are visually unappealing as well as make the wearer stand out as

aesthetically different to their peers.

4.2.3 Codesign approaches

Codesign refers to thereativity of designers, young people and their families (not
trained in design), working together in the design development pro¢®asders,

Stappers 2008)An overview of this process is presentedrigure4.6.
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Explores participants feelings — of the participants ] CO-DESIGN VALIDATION DEVELOPMENT
and ideas avout what is being explored feelings and experiences. | active collaboration between
Generating awareness particpant and specialists evaluate the translation of the validated
of phemomena being ] researcher/designer to come up ideas generated ideas into prototypes
DREAMING explored and reflexive | with new ideas for possible and their value/success
Participant imagines the ideal > thinking aboutthe | design solutions
experience being investigated \
|
|
|
1
|
/

problem

EXPRESSION
Imagining future scenarios and =
communicating them

Figure4.6: -design framework adapted fronfMorales et al., 2015)

There are limitations to using this framework including the perception of design.
The inclusion of everyone in the creative process, whether they believe their
designers or at, can create conflict or diminish trust. Users may believe they
cannot contribute to the design proceégon Hippel 2005)The process can also be

time consuming for the researcher.

However despite these linations, cedesign methods may provide a framework to
address unmet needs and supplement the design criteria in order to provide novel
solutions(Morales et al., 2015; Robert et al., 201B)the outcomes are unsuitable,
or there needs to be relefinition, the research will need to return to method
evaluation and subsequent stages to provide further iterations. The use of design
methods intends to provide alternative scenarios that seeikntike positive social
change. There are advantages and disadvantages in usithgstgn methods in
research. A limitation is the inability to observe participants fully due to the nature
of the role changing from researcher to-partner during the procesgran and
Szebeko, 2009)n traditional research there are clear distinguishable roles of
participant and researcher, this changes wheredesign breaks down these roles

and exsting power structuregSanders and Stappers, 2008)

Codesign shift® S (1 ¢ SvBayis needed? | whRtcanbebuilt? 06 S02 YAy 3

pragmatic approackDe Couvreur and Goossens, 2014 incremental approach

makes use of low end prototypingtotrédnd G S G KS LI NI@eOA LI yiaQ

Couvreur et al., 2011Pe Couvreur and Goossens (206fgr to this as
incremental adaptation where a prototype meets user and user meets prototype

displayed irFigure4.7.
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Figure4.7: Incremental adaption. Sourced froifDe Couvreur and Goossens,
2011)

An ideal point where technology and users would meet will likely never be reached,
as there are evechanging skills, requirements, and technologies. This process
should be a continuous dialogue between patient, cians, designer and

engineers so that innovation is continuous.

The successful implementation of-design in medical research can create
successful outcomes such as the Alzheimer 100 préjest and Szebeko, 2009)
where better care systems were developed for people with dementia. This research
used various tools such as communication platforms, storytelling, anedesign

event. Theauthors outlined the importance of establishing who and what role
stakeholders will have in the adesign process. They also highlighted the

importance of aligning ethical practices and ethical committ@es and Szebeko,
2009) The involvement of various stakeholders, capturing of real life experiences,
sense of ownership in the process were presented as positive outcomes from the

project.

Healthcare and medical applicationaue seen in recent years an increasing use of
participatory and cadesign methods to improve medical services. This transitions
users towards being be an integral part of improving and innovating processes
(Bate and Robert, 20068Fc-design methods in healthcare services have been used

in a variety of waysMockfordet al.,(2012)conducted a systematic review of
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patient and public engagement within the NHS, highlighting that there was still
work to be done in documenting user activity and impact. The review highlighted a
variety of impacts from patient and public involvement including improving
communication between clinat staff and patients, awareness of patient and
community interests, source of information and how it is being delivered as well as

systems or workflows in different clinical settings.

Rogerst al., (2008)demonstrated using a real experience based design approach

to assist in radesigning services via input from patienBate & Robert (2006)rew
together examples of design science and experience based design approaches,
changing the traditional view of the user as passive talgdreing a more integral

part of the process. The involvement of patients can be undertaken in different

ways such as stakeholder events, discovery interviews, surveys, mapping healthcare
processes and as part of a team with healthcare staff to even desigrhospitals

(Bate and Robert, 2006)

Young people while ofteaverlooked, are important actors in understanding their
brace experience and what factors affect their adherence. Througles@mn
approaches, young people could be empowered and increase their voice in
development of future digital interventions whichay provide new understanding

in their motivations for brace adherence.

Table4.4 outlines techniques for cdesign methods developed l§iMazzone, 2012)
the evaluation of their positives and negatives as well as the suggested stage of

application of use.

120



Table4.4: Table showing caesign methods in gathering data arttleir selected phase of scope. Sourced frgMazzone, 2012)

Technique Overview Design Application examples Skills required  Positives Negatives
Phase
Brainstorming  Relaxednformal approach to Talked, written, drawrSluis Linguistic, Technique that generates ideas quickly It is important to understand the context
gathering idas (more or less Thiescheffe et al., 2007) interpersonal from the children to avoid
constrained) misinterpretation
Cardsorting Organise categories (information or | Exploration Visual card sorting, card sortindoly et Logic LyaAr3akKid G2 OKAf RNE Detailed explanations would be requirec
navigation) al., 2009; Spencer, 2009) world around them to place context and the analysis is time
consuming
Contextual DIF GKSNJ @ 2dzy3 LJIS2L Exploration Young people make observations, take Linguistic, Experience context in respects to the ~ Need detailed expginations to
inquiry and perception of the concept notes interact in contex¢Druin, 1999) interpersonal @2dzy3 LISNE2Yy Qa LISN understand the perception made
Cultural Provoke inspiration handing to the Exploration  Playful probegGaver et al., 1999; 9ELISNASYOS 02y i SEI Canbe time consuming for producing
probes children for home Bernhaupt et al., 2007photographs perspective and analysinginspiration needs
interpreting
Diaries Young people report on daily activitie. Exploration Written, visual (drawing, photos) Linguistic, Gather indepth information over a long Time consuming analysis
in context interpersonal period of time. Relavely easy for young
people tocomplete
Drawing Visualisation of ideas Free drawing, drawing intervention for ~ Spatial/Visual Familiar to young people; easy to Need detailed explanation from young
evaluation(Xu et al., 2009) communicate theiideas; keeps a level  people to avoid misinterpreting the
of imagination/abstract drawings
Focus Group  Gathering collective opinions and Exploration Group discussion, guided discussion Linguistic, Allowdetailed exploration in little ime  Group dynamics and leader effects
ideas (Hennessy and Heary, 2005) interpersonal
Future scoping Envisioning future proof scenarios (Kensing and Madsen, 1992 Good for generating ideas Less concrete results
Interviews DFGKSNAY 3 82dzy3 L Exploration Linguistic, Explore details. No need to have specifi Time consuming
thoughts/ideas on a topic interpersonal literacy Care taken in avoiding bias
Prototype Represent and explore ideas and Exploration 3d drawn(Muller, 2003) Bodily Engaging: allow role play; allow thinkinc Depends on materials available and
concepts kinaesthetic of practical constraints manuals skillsAnalysis time consuming
Scenarios Stories describing use cases. Includi Written (Carroll, 2000) Logic; Linguistic;  Structured and contextuaks! Needs narrative and linguistic skills
events, settings, tools, actors kinaesthetic (3d); information
spatial/visual
Sketching Detailed drawing of concept Drawing, text, labeléHemmert et al., Spatial/visual More informative than drawing Abstract thinking required
2010)
Storyboarding  Visual representation agfcenario Comic boarding and 3d Logic; Visualise use in context Needs visual and construction skills
spatiallvisual/3d
Technology Observe children using technology | Exploration (Druin, 1999) Provides idea on how children use Technology availability
immersion freely technology ( in short time frame)
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4.3 The involvement of young people in the research

Involving young peopli researchstudiesrequires carefutonsideration for the
research design and the communication with participants so that they understand

their involvement(Alderson, 2007)

The use of age appropriate toatgludinglanguage and imagetp ensure

adolescentxan engge them with the researchn a more accessible waljterature

that demonstrates thisncludes KidStory(Stanton et al., 2004nd (Hanna et al.,

1997)where they used suitable vocabulary and simplified instructions for informed

assent materials and usability testimgK S& F2dzy R WL I &8Q (42 o6S Iy
characteristic for engaging and retainingy@in LJIS2 L SQa Ay @2f @SYSyd |
appropriate engagementoung people are attracted to methods that would allow

them to enjoy the activities and have fiiHill, 2006)

Wt feQ OFly 06S RSAONRAROSR Isafadultpevert Ay & KSNB

hierarchy are suspended and a more equal domain is experig(itaad, 2008)

Kidstory(Stanton et al., 2004)resented a collaborative approach between young
children and teachers as partners to develop ideas for narrative storytelling in virtual
environments. Peer collaboration was encouraged and led to the development of

more complex storiegBayon et al., 2003; Stanton et al., 2004)

There are several resources for developing instruments for working with children

and adolescents including FDA guidafldes. Food & Drug Administration, 2010)

Many attributes of methods and techniques for designing with children or other user
groups grew from the experiences of adult participam participant group provides
specific expertise although there may sometimes be similarities and differences in
groups(Fails et al., 2012Children are the experts at whatigtlike to be a child,
adolescents are the experts in what it is like to be an adolescent and older people
are experts about their experiences. Recognising that expertise is contained within
target populations is pivotal to the edesign process. There®developing suitable

instruments for adolescents will require specific scaffolds that contribute to the
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research design. For this research, an important attribute will be to design

instruments that are suitable and age appropriate.

Table4.4 highlights the differing cognitive, social, emotional and communication
abilities that develop during adolescence that differ to ad(lisrner et al., 2002;
McDonagh, 2005)These differences are an important consideration to inform the
design of suitable research instruments for adolescents. Adfwes adolescent age
range there will be different levels of cogniti¢Alderson, 2007and abstract
concepts may need to be explained in a more concrete ma(lener et al., 2002)

During activities young people may need more breaks than their adult equivalents

(Failsetal., 2018 , 2dzy3 LIS2LI) S&aQ |GGSyldAz2y aLly Yl @&

engaging theiinterest in shorter bursts could be useful. They should be allowed to
discuss and share their ideas as they may be more open to more radical ideas than
adults(Fails et al., 2012 hese principles highlight the need for an open and flexible

approach to allow young people to contribute to the research.

Adolescents may also require more detailed instructions if they do not understand
instructions. Another aspect to consider is gpadynamics where it is perceived that
adults working in groups tend to work as peéfsils et al., 2012jhere may be

power structures when working with adolescents. Exampleglationship

hierarchy: teachestudent, parentchild, where the power structure indicates adults
may have more power than child has or define what is appropriate. For successful
collaboration a presupposed power structures need to be removed, so alhgou
people are able to communicate, share their ideas in a trusted environment and feel

comfortable taking part.

Hart (2013)refers to the act of participation in a decision making process that
impacts young people as a fundantal and democratic righfHart, 2013) Hart
(1992)illustrated hierarchical levels of participatory engagement for young people

(seen inFigure4.8) which outlined the superiority of different types of interaction.
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Figure4.8: Hart Ladder of participation. Sourced frofiart, 1992)

The lower section®f the ladder(manipulation, decoration, and tokenism) are not
considered participative. Underlying concepts of participatieier to the power
relationsyoung people haveith adults/researchersdrganisationsLansdown
(2001)arguesthat for young people to truly participative there would need to be

some relinquishing ofg@wer structure by adults.

HartQ @992)modeloutlines the rolesfo 2 dzy 3 LIJS2 L)X SQ& LI NI A OA LJ
following to be understood a¥ & 8 A 3y SR adzi Ay FTF2NXSRQ

* the children understand the intentions of the jert;
* they know who made the decisions concerning their involvement and why
* they have a meaningful (rather than ‘decorative’) role

* they volunteer for the project after the project was made clear to them

The difficulties faced when conducting researcthwioung people are being
inclusive, how and when participants are integrated into the research study and in

what capacity is their involvemeii€assim and Dong, 200Partnering with young
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people in research requires that their input is not only listened to andidensd

but acted upon(Knopf et al. 2008) Coad and Shav2Q08)indicated thatthere is
limited evaluative research to provide a definitive approach or that the inclusion of
children or young people lead to improved services. They did deduce that the
examples reviewed illustrated that young people were willing to take part and

contribute to decisions about their healthcare.

The participatory approach can benefit in the early development of the research

GSYR dzaASNE INBE Y2NBE Ayg2f OfhRcaseyh RSaA Iy | yR
conventional treatments....and this approashpplementghe knowledge of

engineers and professiondésigners with the work domain knowledge of the end
usersthemselves, for a better more informed and efficient developrhdNtE O S & & £

(Pew and Mavor, 2007)

Clark(2005)argued that the new challenges presented in the inclusion of young

LJIS2LX S FNB 2dzigSAIKSR o6& GKS 3IlLAya YIRS (2
onethatdz A f AASR Ydzf GALX S R2YlFIAya KFa | 3INBFGSH
A0NBYy3IlKad ¢KSNBE INB YSiK2Ra GKIFG YlFe y2a
NEaLl2yasSa FT2NI SEFYLXS WoNAGGSY AyGaSNBASs Y
developingapproaches that enable those with differing abilities and interests to take

part. Clark(2005)indicated a combination of methods to build an overall picture

may be helpful for capturing useful data and not responses that participantk thi

you want to hear.

Different forms of participation with young people will be appropriate in different
circumstancesLansdown(2001)categorised alternative typologies of participation

into three types:

* 'consultative processeswhich involve adults obtaining information from
children

*  'participative initiatives', which enable children to be involved in the
development opolicies and services

* 'selfadvocacy projects'which aim to enable children to identify their own

goals and initiativegLansdown, 2011)
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Flexibility of approach appears to be the most consistently successful method in the
literature. This is not surprising considering the range of ages, genders, cultures and
illnesses involved in these research projects. Maintaining an open ended and
malleable approach will likely be essential as participants will be engaged at discrete
levels. In addition being able to truncate or expand types of interaction with young
people to optimise their input will require researchers to understand and build

working elationships in partnership with adolescents.

4.4 Conclusions from the literature: Conducting research with young
people
This literature demonstrates the need for further research exploring the nature and

experience of bracing for young people.

Devdoping participatory design methodologies is burdensome and often overlooked
when exploring a new technology. A digital design strategy for spinal braces could
include multiple points of input from wearers and in circumstances where treatment
adherence is arssue this would appear to be an essential tool in mitigating this

factor.

Listening to the lived experience of young people with chronic conditions is often
reduced to quality of life surveys or satisfaction questionnaires. The overall reality of
living withan orthotic may not change from one person to the next and the main
limitations and grievances that patients have will overlap. However, adolescence is
defined by change: emotional, physical, social and psychological. These factors are
often overlooked,gnored or folded together. These factors will change, or deviate in
importance, throughout the time young people are treated for their condition. The
flexibility to change design criteria or aesthetics simply, or with little fuss, could be a
useful incentve to maintaining treatment compliance and having an engaged,
educated, and satisfied clinical cohort. Furthermore, listening to and engaging with
young people who are undertaking lotgym treatments will empower them to take
increased ownership of theaonditions and lives, provide them with greater

autonomy and independence, as well as show them that their needs are being
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recognised. In an increasingly technical and stratified health care system having the
ability to assess, understand and react to fferspectives of young people will be

beneficial to every aspect of care and daily life of those with chronic conditions.

4.5 Research Aims and Obijectives

Theaim of the research investigation was to evaluate the feasibility of a digital
intervention of adlitive manufacturing (AM) for brace fabricatiamd understand
how the changes in adolescence can be managed in braces that account for

temporal and individual need#\ digitised approach considers the following steps:

1 Capturing the surface topography dfe torsg
1 Manipulation of the mesh data within 3D CAD Software to generate a
suitable brace design

1 AM methods for fabrication

Theliterature review highlighted gaps in existing knowledge, where there is limited
understandng of@ 2 dzy' 3 LJS 2 LI Sd@&earvi@tiel Wacgappegiadion
of their changing individual needsd howthey would be motiveed to personalise

their brace.
The following objectivesutline the specific steps taken in investigating these aims:

Research bjective 1a: Review current methods, techniques and requirements by
practitioners in treatment of adolescent idiopathic scoliosis with regards to the
design andabrication process of bracestésvisits, orthotist observations and

literature);

Review objective 1bDeermine,analyseand map out the process of brace

development in the consultation/treatment process

Research bjective 2a: Develop suitable research instruments to engage young

people to be included in the brace design progess

Research objective 2thiinderstand the involvement of adolescents in the brace

design process
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Research bjective 3:Investigate suitable 3D CAD strategies, which could replicate

or improve conventional methods of brace manufacture

Research bjective 4:Investigate the integradn of additional features to the

digitised approach, which could potentially be of benefit to practitioner and patient

4.6 Research remit and constraints

The current research centres on the use of a participatory ardlesign approach

with stakeholders inading adolescents in the design process to develop a digitised
approach for 3D CAD braces manufactured by AM. There are areas that fall out of
scope of the research, due to the scale and detail needed for their exploration.

These include:

*

Exploration andcomparison of suitable data acquisition methods to support

the digital process

*  Structural and mechanical elements involved in the biomechanics including
pressures exerted by the brace including the exploration of Finite Element
Analysis

*  Analysis of howvthis research would impact on a current clinic setting

*  Clinical efficacy of AM spinal braces, including evaluation by the MHRA and

application to the Efficacy and Mechanism Evaluation (EME) Programme of

the Medical Research Council (MRC) or evaluatiom tiee Medical Devices

Directive (MDD).
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5 Methodology

5.1 Introduction

This chapter discusses the nature of the m®h conducted in thistudy with a
particular focus on the relevant epistemological stances, theoretical perspectives,
andmethodology.Thischapter reviewsnethodsdeveloped for usén Chapters 6, 7

and 8 that include thgenerative toolkit, workshops, and observations.

The literature review highlighted gaps in knowledge relating to theication

process of abracand pah Sy (i & Q SoEHraSimgih By @ SAE LI 2 NB (G KS WK?2
WgKeQ 2F (GKA&a GNBIFGYSYyld gAGKAY GKS !'Y® ¢KS
fabrication practice of a brace¢heir medical application, functionality, and the

condition of Adolescent Idiopathic Scoliosis (AI®)rimé the research in this thesis.

This exploration highlighted that the design criterion would require careful balancing

of clinical need and participant expectations alongside current practices.

' YRSNEGFYRAY3I LI GASY(aQ lidbmEheldigial A dSa 2F 06 N
interventions and calesign spinal braces presents the greatest challenge for the

methodology section, as it requires the integration of disparate principles,

motivations, and perspectives.

5.2 Research approach

The review of the clinicalkérature highlighted the difficulties faced witmaking

comparisons of bracatrough clinical trials with inconsistent inclusion criteria and

outcome measurs. The development of standardis guidelines has assisted in

providing sore commonalities betwer bracesand recent research suggests bracing

is effective(Weinstein et al., 2013b)There has been a paradigm shift away from

exclusively physiological outcomes to developing tools to assess the quality of life of

scoliosis patients. However, there remains a lack of literature identifying what could
assistadherence to prescribed bracesith Brigham and Armstron(2017)being a

recent addition to this literatureThis doctoral research seeks to understand young

LIS2 L)X SQa Y20AQFdA2ya F2NJ 6SFNAY3I GKSANI 0N

whether suggested digital interventions can addresssthneeds.
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The nitial exploratory work will investigate the following:

* Determining the factors associated with the fabricatiof bracesvithin NHS
clinics

* ldentification of positive and negative factors that influence the adherence of
young people weang the brace

*  Scoping what interventions may improve spinal orthotic adherence

The research explores the following areas in the subsequent chapters to address the

aims and objectives of the study:

(1) The mapping of activities of device manufacturdrsyugh formal and informal
conversations, expting the experience of braaeanufacture for AlS, key processes
and activities. Gathering insights to inform the development of activity diagrams of

processes.

(2) The design and construction of a set of activities shared with young people to
engage them in the research. This includes the creation of a generative toolkit
involving a range of tasks such as an activity pack, workshop and adapted tasks to
gather ingght and experiences. This process informs the empirical (what happened)
and analytic (what we can deduct from this) in order to inform design specifications

and personas.

(3) The analysis of additive manufacturing design steps to discuss the suitability

this as a manufacturing method for spinal braces.

The processes involved in the research study are outlin€dgire5.1, which

visually describes the interplaytween study requirements.
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Figure5.1: Diagram mapping out the research investigation

5.3 Characteristics of research

Research can be classified in a number of different ways. Qd8&88)characterised
researchintofour 8 YSy (1 a (2 & dzLJLJRddffoldingknStalJNRE OSaa 2 7F a
edificeg(Crotty, 1998:23):

*

GaStiK2RayY GKS (GSOKyAljdzSa 2NJ LINP OSRdzNB a
related to some research question or hypothesis

Methodology: the strategy, plan of action,qmess or design lying behind the

choice and use of methods to the desired outcgmes

Theoretical perspective: the philosophical stance information the

methodology and thus providing a context for the process and grounding its

logic and criteria

Epistemolog: the theory of knowledge embedded in the theoretical

LISNBLISOUADS yR (IKINBWEIBAY (GKS YSUK2R2T
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This chapter considers these aspects and although placed in a particular order here
in practice the epistemological stance developed from appraising the gaps in

literature rather than from a prdnypothesised or data driven approach.

5.4 Epistemology and Theoretical perspectives

Epistemology is concerned with the nature of knowledge and how it has been
acquired(Creswell, 2014)Suttan and Staw(1995:375% y R A O | theBry B abdutii
the connection between phenomena, a story about why events, structure and

thoughts occug &

Crotty (1998)presented three epistemological stees for research asbjectivism
constructionismand subjectivismIn this doctoral study, elements of all three

stances are present:

* A constructionist stance dominates in terms of the methodology and
methods employed in the iterative development throutite generative
toolkit, workshops, and visual schatits for digital interventions;
*  An objectivist stance is perhaps apparent in the activity mapping and aspects
of the digital interventions
* A subjectivist stance can be perceived from the focus of maKitige toolkit
and materials for workshops rather thdeing direct research outputs.
CKS2NBGAOIE LISNBLISOGAGBSAE RSTAYSR Ay [/ NROGE

that inform the methodology and include the following:

*  positivism, pospositivism assaated with objectivist epistemology,
objective and detached from the objects of the reseafChotty, 1998)

* interpretivism, associated with constructionist epistemological stances
understanding process rather than explaining fé@tyman, 2012and can be
associated mainly with qualiti@e approaches in resear¢Ritchie et al.,
2013)

* criticaland postmodern perspectives that challenge other perspectjves

*  pragmatism presents an approach for dissemination and addressing key

issues in the research. Pragmatism interprets the world as emergent and
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therefore in flux(Dalsgaard, 2014%Halin (1986)RSa ONA 6 Sa A G | & & o6 NJ
with indeterminacy, pregnant with possibilities, waiting to be completed and
operationalised Shalin, 1986:10)

The theoretical perspectives in this research are largely pragmatic and interpretivist.
Young people and healthcaregetitioners situated in the current cultural context
are affected by how they perceive their current treatment and the provision of

healthcare.

Pragmatism presents a perspective involving human activity where one action
relates to another and reflected OG & OF y Ay T 2 BdriseWwakBycarS Y { Ay 3
take the form of themes, patterns of experiences, shared communication, artefacts,

Or even constructs.

Dewey(1998)expanded further on this approach stating that human activity is

WaAldzFr GSRQ YR (KIG GKS &ddzo2S00 2N LKSy2YS
context and time.

G2 KIFIGd Aa RSaA3IYyIFIGSR 0é& GKS g2NR Waaddz dA2y:
events. For we never experience nor form judgements about object and events in

isolation, but only in connection with a contextual whole. This latter is what is called
I & A 0 doeviey, 2908p6H7).

There are multiple realities &IS experienced by young people, whether related to

their condition (AlShracetreatment or the manufacture of their bracddentifying

and understanding the relationships between young people, their brace and their

GNBI GYSy i S E LIBNEYEg fatkeens aNdottiér loffthé sodial watld

(Morgan, 1980:609)

¢ KS YSiK2R atfategy plan bfactian pcess ordesgn f e Ay 3 0 SKAYR
choice and use of particulanethods (Crotty 1998:3).

5.5 Design Science Methodology

Themethodology framing this study thaationalisesthe methods and tools used is

design science.
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Design scienceesearchis motivated by introducing new artefacts. The process for
building these artedcts is a desire to improve an environment they are situated
(Simon, 1997)The term design science is used, asdbgctive ofthe researchis to
developvalid and reliable knowledge to be used in designing solutions to problems
(Vaishnavi and William Kuechler, 20a7an begin by identifying a problem or

opportunity in an environmenf{Hevne, 2007)

¢CKS LINPOfSY az2tgAay3a | aREDNIZ TaMBOEXKATEA o
RS aA 3Ty SR forlcolitplExplolileina. The evaluation of thisefact provides

feedback and improves understanding of the problem in order to either improge t

RS EAITY 2INESEOS 3 A HIRHeldErRadz@004AN his loop of building and

evaluating continues iteratively before thmél artefact is generate(Markus et al.,

2002) Thusthe researchcan evolveboth a designed process and a designed

artefact.

March and Smith1(995)design science framework identified two design processes

and four design artefacts. The two design processedaild and evaluateand the

artefacts areconstrucs, models, methodsnd instantiations(March andSmith,

1995) Constructor conceptgefer to possible problems, specifications of their

solutions and how they are communicatédchon, 1983)Theseconstructsare

demonstrating a real world situation. ethodrefers to a series of steps to perform

- Gral FyR AGa AYLI Ol (Xobrdifk, RS Y GANB Y YSyY i

Hevner(2007)outlined a similar approach in his design science framé&wkigure

5.2) visualising more directly the iterative nature of the processes involved.

In these frameworks, the outputs return to their environmeatbe tested and
evaluated, including whether an artefact improves the environment and how to
measure this. There may be further iterations required before producing the ideal
artefact. A newly developed artefact may have inherent qualities in relation to
functionality (how it performs? how it is used? how it feels®d performance that

limits its use in practicéHevner, 2007)
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Figure5.2: Design Science Research Cycles. Sourced frmane, 2007)

The Rigour cycle connects the design cycle activities with the knowledge base from
theories and methods and experience. The central design cycle is an iterative
process of the core activities including building and evaluating artefacts from the

research.

There are several different ways for the research to include challenges or problems,
existing artefacts, analyses, metaphors or theoflesri, 2007)and additional

sources of creative insigh(€sikszentmihalyi, 1996%everal authors hay@oposed
detailed taxonomies for classifying different types of solution concepts or design
propositions(Vineenti, 198; Mitcham, 1994; March an8mith, 1995; Vries, 2003)

Since this research would not be a direct intervention, taking place within the
context of the NHS or current manufacturers, tracing the impact through these
organisations, it would ndbe considered action resear¢Burstein and Gregor,
1999)

5.6 Methods- Immersion: mapping out current manufacture process

A useful process to aid understanding is immersiomith @bservation of that

process. The building of deeper contextual understanding of the fabrication process
involved observation of current practice in the NHS. Manufacturers were visited to
observe orthotic fabrication for patients with AIS, field notes amotographs were

taken to visually document stages of the process in order to align with activity steps.
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This was a useful tool to allow reflection alongside the observation notes to develop
process mapping. Negotiation of the fabrication process initheature provides
suitable clarification of what, if any, digital interventions are available for clinics or

manufacturers to explore.
The review of the literature informed the following objectives:

Research objectivedat Review current methods, techyuies and requirements by
practitioners in treatment of adolescent idiopathic scoliosis with regards to the
design and fabrication process of braces (Site visits, orthotist observations and

literature)

Research objective 3nvestigate suitable 3D CAD skgtes, which could replicate

or improve conventional methods of brace manufacture

Research objective 4nvestigate the integration of additional features to the

digitised approach, which could potentially be of benefit to practitioner and patient

The useof process modelling is a method for representing the series and sequence
of activities. Process models are a beneficial tool for learning about a process in
more detail, cataloguing the actions, outcomes, duration and their sequential
characteristics. Tdnuse of these descriptive (explanatory) models explains how the
current fabrication process works. These diagrams sit alongside theoretical
knowledge of fabrication methods, current legislation and expectations so that a

new digital intervention can be oaeived.

The design and development process of a brace is complex and the simplification of
activities into a model requires a steypse approach of review, aligned to

observations and contextual enquiry in order to ensure the artefacts (activity
diagram3 demonstrate their contextEckert and Clarkson, 2005; Gericke et al.,

2016) Although capturing the compléy of this tacit process in a model is
challenging, the type of modelling approach chosen could assist the mapping. An
activity-based approach in diagrammatic form will likely assist in visualising the

complexity and the sequential activities involv@lessing, 1995)
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Gericke et al.(2016)framework outlined the underlying decisions that ¢du

influence the selection of appropriate modelling tools:

*  Why?- Purpose of the model

* What?- Understanding of the process

*  Who?- Skill of the modeller

*  Whom?- Skill of the user;

* How?- The modelling approach

The activity diagrams are useful tools to assess where and how a proposed digital

intervention might intersect with existing methods, what the impact there might be

on other parts of the fabrication process and assess implications.

The activity diagramgrovide a descriptive analysis of a current fabrication process

allowing articulation and discussion foigdal interventions. The modghpplicability,

practicability, coherence, ease of use and limitationsdiseussed in Chapter 6. An

element of the nodels coherency and communication comes from its notation.

There are different arrays of modelling languages, textual and graphical with

examples observed in medical device literaturalgle5.1):

Table5.1:

Examples of process modelling languages

Modelling Language

Description Author

BPMNCc Business Process
Modelling Notation

Graphical modelling process for business (Miers and White, 2008)
process; coordinating the sequence of

processes and messages flowing betweer

different stakeholders in a related set of

activities.

Flowchart

Diagrammatic representing a step by step (Madison, 2005)
solution to a given problem. The flow of thi

process is represented by arrows in

particular directions and boxes highlight

various operations in the process.

UML- Unified modelling
language

Visual modelling language. It has been ust (Rumbaugh et al., 1999
to construct, specify and visualise and
document artefacts.
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The selectiorof UML (Unified modelling language) is strategic since it offers an
ability to construct and visualise the activities that take place in the fabrication
process. This approach of using semantics can assiet development of a

descriptive emulation othe fabrication process.

5.6.1 Advantages and limitations

There are limitations to the use of activity diagrams and whether it captures the
breadth and variations that exist in the manufacturing process especially across NHS
trusts in the UK. The variations ass Healthcare Trusts may be due to budget
constraints or procurement decisions that influence the manufacturer and available
processes. There could also be distinct differences between private and NHS clinics,
where private clinics require payment for tmThe manufacturers involved in this
research were helpful and open to the researcher visiting their facilities to observe
practices. The careful interpretation of the fabrication process did require
simplification of the tacit knowledge involved in hacidfted custoramade braces.

To ensure nothing crucial was omitted from the developed activity diagrams they

were reviewed with a manufacturer for verification.

5.7 Developing the research instruments: generative toolkit to elicit

brace experiences

The literatue discussed in Chapter 4 showed the importance of the design of

suitable research instruments to engage young people. This research needs to

a0AYdz S RAAOdzaaA2y | NRPdzyR &2dzy3 LIS2LI SQa
What affects their adherence, anaWw the brace affects their identity, including

their interactions with others? Whether the brace effected their perception of

themselves or how others perceive them
This part of the research addressed the following objective:

Research objective&® Devebp suitable research instruments to engage young

people to be included in the brace design process.
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Research objective 2lhinderstand the involvement of adolescents in the brace

design process

Due to the exploratory and descriptive nature of this resegRRbbson, 2002)ata
collected, organised and analysed were examined to deduce and identify patterns
and themes. This provided a methodological tool for understanding deeper
meanings involved in this complex phenonaesnd qualitative researcfibenzin and
Lincoln, 2005)

The design of these research instruments was important in building an
understanding of these factors so that criteria tbe developed to make sense of

and synthesise the data.

Generative techniques can assist in the development of richer understanding of

LIS2 L) $SQ&8 SELISNASYyOSazr y2i 2dzad o6KFG GkKSe
what they would prefer or wish it cadi be. Traditional user study techniques of
observations, interviews and focus groufidanington, 2003puild understanding

about the current context uncovering explicit knowledge rather thdeveloping

future scenarios or hypotheticals.

The tacit knowledge and latent needs that people experience can be difficult to
notate (Sleeswijk Visser et al., 2003gcit knowledge is that which people act with

but cannot express into word$®olanyi, 2005)Latent needs are those which people
may not be aware of just yé¥Wagner and Hansen, 2004; Martin et al., 2006; Zhou et
al., 2015) Sleeswijk Visser et a(2005)accessKigure5.3) the varying forms of data
collection and their ability to generate this knowledge from discrete levels. Tapping
into tacit, latent, observable and explicit knowledge will require the creation of both
overtand subtle tools to engage young people. This research attempts to
encapsulate as much of this knowledge as possible and not overlook or prioritise any

one form of knowledge over another.
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knowledge:

observable

Figure5.3: Leve$ of knowledge about experience gathered from different

techniques(Sleeswijk Visser et al., 2005)

5.7.1 Using probes and generative toolkits

The use of generative toolkits were selected as a participatory approach to
encourage young people (natesigners) to be involved in the front end of design
and express their own ideas aspects that affected their life or futuf&anders and

Stappers, 2014)

Generative toolkits are typically used in facilitated group sessionshendata
(artefacts, descriptions, or shared experiences) can be analysed to find underlying

themes and patterns.

There is an overlapping of the tools and techniques of probes and generative toolkit
approachegSanders and Stappers, 201M¥attelméaki (2005)describes the use of

design probes as a technique to develop a dialogue with future users.

An important difference when comparing the two toolghe mind-set of the
approach. Cultural probes are described as an artistic proposal aimed to evoke
inspiring responses from participants with the designers using them at their own
discretion(Gaver et al., 1999, 200dhd generative toolkits follow a more
deliberately steered process of participatidelving for deeper understanding,

making of something explicit to inform discussion and build future scenarios.

Although there have been concerns within the research community over adaption of

the cultural probe methodBoehner et al., 200 thers have demonstrated them to
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