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!ōǎǘǊŀŎǘ 

Adolescent idiopathic scoliosis (AIS) is associated with an abnormal curvature of 

the spine in three dimensions. A common non-surgical treatment is the use of a 

spinal brace to stabilise the curve deformation during growth to prevent 

invasive 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 young people about 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. Providing young 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 complex, bespoke 

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

ŜƴƎŀƎƛƴƎ ǿƛǘƘ ȅƻǳƴƎ ǇŜƻǇƭŜ ŀǎ άŜȄǇŜǊǘǎέΦ bŜǾŜǊǘƘŜƭŜǎǎΣ ƛŦ ƘŜŀƭǘƘŎŀǊŜ 

professionals are to be engaged, then the feasibility of an AM approach to the 

design of spinal braces must 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 

people with AIS to facilitate the design of a brace that synthesises clinical and 

patient needs. An additional supporting contribution is the adaptation of 

Computer-Aided Design (CAD) strategies and digitised workflows that 

incorporate structural and aesthetic brace 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 brace wear.  
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1 Introduction 
There are several chronic or long-term conditions that cause an increase in a 

wide variety of physical symptoms but may derive relief or assistance from 

supportive or corrective physical devices. Adolescent idiopathic scoliosis is one 

such condition and is often treated with the application of a brace. 

These devices tend to fall into two categories: (1) generic, designed for any user 

and (2) custom ς fitted or bespoke, where they are designed and made for a 

specific individual. There are challenges in designing for both categories as, for 

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 appearance. 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 usually are geared towards minimising costs 

through mass-production. On the other hand, custom-fitted devices require 

bespoke design and fabrication for each individual and often lead to devices 

that are more comfortable/ tolerable. A custom-fitted device can however also 

be constrained by the use of a hand crafted, labour intensive, low cost material 

manufacturing process. Hand crafted processes typically rely heavily on skilled 

practitioners with specialist knowledge and experience and this can contribute 

to variability and inconsistency across devices. Both generic and custom devices 

are limited in terms of design and this can lead to braces that 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 thesis, the devices being researched fall into the 

category of orthotics. An brace ƛǎ ŘŜŦƛƴŜŘ ŀǎ Ψŀƴ ŜȄǘŜǊƴŀƭƭȅ ŀǇǇƭƛŜŘ ŘŜǾƛŎŜ ǳǎŜŘ 

to modify the structural and functional characteristics of the neuromuscular and 

skeletal systems (Hsu et al., 2008). Orthotics are worn to stabilise 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, 

desirability, and acceptance of these types of devices(Negrini et al., 2009; 

Brigham and Armstrong, 2017). 

Technological developments in manufacturing are assisting with the 

convergence of both generic and custom-fitted devices. The flexibility that 

emerging manufacturing processes can offer may lead to greater variety and 

customisation for mass produced items. Changes 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 custom-fitted devices. This research seeks to implement 

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 process.  

1.1 Current state of play of orthotic services in the UK 

A key strategy for the National Health Service (NHS) in the United Kingdom (UK) 

is placing patients at the centre of their care and decision-making. This is often 

difficult with a service that is multi-dimensional and faces competing pressures. 

Cuts to the public health budgets and social care funding has resulted in a 

decline in performance alongside issues of workforce shortages and satisfaction 

which are widespread across the organisation (Charles et al., 2019). The NHS 

has faced a slowdown in funding growth whilst the demands on services and 

costs incurred to deliver these services continually increase (Charles et al., 

2019). Throughout the UK, there is a duopoly of health service provision, the 

majority of services are provided by the NHS and the remainder by smaller, and 

often more specialised, private sector providers. As a result, typical market 

forces normally affecting a competitive industry have had less bearing on the 

development of medical products and services in the UK compared to other 

markets, such as the United States of America (USA). There is, as a result, a 

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

ƳƻǊŜ ŘŜǎƛǊŀōƭŜ ƻǊǘƘƻǎƛǎ ƻǊ ŀŜǎǘƘŜǘƛŎ ŎƻƳǇŀǊŜŘ ǘƻ ŀ ŎƻƳǇŜǘƛǘƻǊΩǎ ŘŜǾƛŎŜύΦ  
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The number of patients currently benefiting from assistive devices nationwide is 

unknown. A 2007 report from The Foundation For Assistive Technology 

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

million people in the UK who could benefit from assistive technology (Down and 

Stead, 2007).  The public profile of orthotics is modest compared to other 

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

in comparison to similar chronic debilitating illnesses like arthritis and diabetes 

(Hutton and Hurry, 2009)Φ hǊǘƘƻǘƛŎǎ ŘŜǇŀǊǘƳŜƴǘǎΩ ǊŜƳƛǘ Ŏovers a wide range of 

areas and are included in treatment for a variety of clinical areas for example 

trauma (post-operative bracing), sports injuries, stroke, improving mobility, and 

independence.   

The orthotic services have faced notable criticism in Department of Health 

reviews,  concerns range from strategy and management of these services 

(Bowker et al., 1992), their differing quality of service or unexplained variations 

in patient care to ultimately whether the needs of patients are being fully 

serviced (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 funding (Boxer, 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 compromise possible 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 years (Office For National Statistics, 2015) and 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 patient stays (Gupta, 2007) and a continued shortage of 
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beds with increasing waiting times and healthcare costs (Klatzy and Ayoub, 

1995).   

The healthcare 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 of adherence, 

their treatment outcomes and their partnership with their treatment. This 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 (2017) explored key motivations for brace adherence 

but also asked what interventions could improve their motivation to wear their 

brace (seen in Table 1.1.).   

Table 1.1: Understanding bracing explored in (Brigham and Armstrong, 2017) 

Questions Results from 39 participants 

Key motivations for wearing 

or not wearing the brace 

94% desire to avoid surgery 

92% desire to stop scoliosis getting worse 

59% prevent back pain as an adult 

рп҈ ƛŘŜƴǘƛŦƛŜŘ ǘƘŜƛǊ ǇŀǊŜƴǘǎΩ ƛƴǎǘǊǳŎǘƛƻƴǎ ŀǎ ƻŦǘŜƴ ƻǊ ŀƭǿŀȅǎ 

motivating 

пу҈ ŘƻŎǘƻǊǎΩ ƛƴǎǘǊǳŎǘƛƻƴǎ ŀǎ often or always motivating 

Factors that affect why they 

ŘƻƴΩǘ ǿŀƴǘ ǘƻ ǿŜŀǊ ǘƘŜƛǊ 

brace 

38% identified or always fear of what others may say  

24% appearance of brace worn beneath clothing was an 

obstacle often or always 

39% said often not always that sometimes pain was an 

obstacle (47% said pain was not an obstacle) 

Possible interventions that 

would encourage them to 

wear their brace (improve 

compliance) 

71% having a friend to talk to who wears a brace 

60.5% having clothes to fit over their brace 

34% that braces came in different patterns of colours 

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 

ǳƴŘŜǊǎǘŀƴŘ ΨǘƘŜ ƭƛǾŜŘ ŜȄǇŜǊƛŜƴŎŜ ƻŦ ōǊŀŎƛƴƎΩΦ 
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There has also been a significant shift in priorities for Scoliosis Research in the 

UK with 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 self-management approaches to avoid 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 onset scoliosis 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 managing of chronic 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 conditions (Herman, 2001; Lewis, 2001; Rogers et al., 

2001; Gossink and Souquet, 2006). Technological advancements 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 medical device standards, a response to the desire to ensure device 

usability was the introduction in 2008 by The International Organisation for 

Standardisŀǘƛƻƴ ΨόL{hύ сноссΥнллу aŜŘƛŎŀƭ 5ŜǾƛŎŜǎΥ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ǳǎŀōƛƭƛǘȅ 

ŜƴƎƛƴŜŜǊƛƴƎ ǘƻ ƳŜŘƛŎŀƭ ŘŜǾƛŎŜǎΩΦ ¢Ƙƛǎ ŘŜƳƻnstrated a key shift to the 

significance of usability for patients of all ages.   
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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 children, adults or the elderly (Obradovich and Woods, 1996; Lin 

et al., 1998; Liljegren et al., 2000; Garmer et al., 2002b; Demirbilek and 

Demirkan, 2004; Alderson and Morrow, 2011).  However a key group that that 

until recently in the biomedical sector have been overlooked are adolescents 

(Gelijns et al., 2005). The understanding 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 process and develop 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 Thesis Overview 

The remainder of the thesis is structured into six chapters. The Literature 

Review assesses the existing literature that informs the current understandings 

and perspectives of brace adherence, digital interventions and conducting 

research including young people as the central focus. Building on the theoretical 

underpinnings in the introductory chapter it is divided into three parts. Part one 

ΨBraces and Assistive DeviŎŜǎΥ 5ŜǎƛƎƴΣ CŀōǊƛŎŀǘƛƻƴ ŀƴŘ ŀŘƘŜǊŜƴŎŜΩΣ critically 

disentangling the complexities of device adherence and the competing factors 

ǘƘŀǘ ŀŦŦŜŎǘ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŀŘƘŜǊŜƴŎŜ ŘǳǊƛƴƎ ǘƘŜƛǊ ǘǊŜŀǘƳŜƴǘ ǇŀǘƘǿŀȅ ŀƴŘ ǘƘŜƛr 

competing perspectives. Part two ΨDisruptive technologies to support the 

ǇǊƻŘǳŎǘƛƻƴ ƻŦ ŎǳǎǘƻƳƛǎŜŘ ōǊŀŎŜǎΩ reviews cutting edge brace manufacture and 

assesses what advantages additive manufacturing and other rapid prototyping 

may offer. Part three ΨLncluding young people in co-design 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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/ƘŀǇǘŜǊ рΣ ΨaŜǘƘƻŘƻƭƻƎȅΩ ŎƻǾŜǊǎ ǘƘŜ ŀǇǇǊƻŀŎƘ ŘǊŀǿƴ ŦǊƻƳ ǊŜǎŜŀǊŎƘƛƴƎ ŀ ƭƛǾŜŘ 

experience of bracing and discusses practical as well as ethical challenges 

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, 

Ψ9ȄǇƭƻǊƛƴƎ ŎǳǊǊŜƴǘ ōǊŀŎŜ ƳŀƴǳŦŀŎǘǳǊŜ ŀƴŘ ǇǊƻŎŜǎǎ ƳŀǇǇƛƴƎΩ ǎŜŜƪǎ ǘƻ ŎŀǇǘǳǊŜ 

the current manufacturing processes for braces within the NHS. It aims to build 

an understanding 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 current manufacture processes and examines where 

interventions can intersect and possibly augment existing processes. 

/ƘŀǇǘŜǊ тΣ Ψ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ƭƛǾŜŘ ŜȄǇŜǊƛŜƴŎŜ ƻŦ ōǊŀŎƛƴƎΩ ŦƻŎǳǎŜǎ ƻƴ ȅƻǳƴƎ 

ǇŜƻǇƭŜ ŀƴŘ ǘƘŜƛǊ ŦŀƳƛƭƛŜǎΩ ŜȄǇŜǊƛŜƴŎŜǎ ŀƴŘ ŜƴŎƻǳƴǘŜǊǎ ƻŦ ōǊŀŎŜ ǘǊŜŀǘƳŜƴt. It 

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 participation in shared decision-making. It provides a clearer understanding 

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

to younger children and adults.  

/ƘŀǇǘŜǊ у Ψ/!5 ǎǘǊŀǘŜƎȅ ŀƴŘ ǿƻǊƪŦƭƻǿ ŘŜǾŜƭƻǇƳŜƴǘΩ ŦƻŎǳǎŜǎ ƻƴ ŘŜƳƻƴǎǘǊŀǘƛƴƎ 

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 concludes 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 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 brace 

wear. This structure and the interlinking chapters of discussion are outlined in 

Figure 1.1. 

 

Figure 1.1: Thesis outline 
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2 Literature Review Part 1 ς Braces 
and Assistive Devices: Design, 
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 bracing 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 been defined by International Organisation for Standardisation 

όL{hύ ŀǎ άŀƴ ŜȄǘŜǊƴŀƭƭȅ ŀǇǇƭƛŜŘ ŘŜǾƛŎŜ ǳǎŜŘ ǘƻ ƳƻŘƛŦȅ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŀƴŘ 

functional characteristics of the neuromuscular and skeletal ǎȅǎǘŜƳέ (ISO, 1998). 

Orthotics is a specialty healthcare concerned with the design, manufacture and 

application of braces (International Society for Prosthetics and Orthotics, n.d.). 

The term brace tends to be used instead of orthosis/orthotics as bracing is the 

action of treating the patient (Grivas et al., 2016). 

2.1 Medical Device criteria and regulation 

ΨaŜŘƛŎŀƭ ŘŜǾƛŎŜΩ ŎƻǾŜǊǎ ŀ ōǊƻŀŘ ǊŀƴƎŜ ƻŦ ƳŜŘƛŎŀƭ ŜǉǳƛǇƳŜƴǘ ŦǊƻƳ ǎƛƳǇƭŜ 

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 NHS (Garcon et al., 2016). The spectrum can be broadly 

classified into preventive (e.g. implantable cardioverter-defibrillator), diagnostic 

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

splint), general use (e.g. stethoscope), disease-specific (e.g. implants), over 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 monitor)(Santos, 2013).  
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The device classifications identify the risk to patient and users and denotes the 

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 which covers most medical 

devices; 

* European Council Directive 90/385/EEC on active implantable devices; 

* European Council Directive 98/79/EC on in vitro diagnostic medical 

devices.  

The compliance with standards and guidelines allows an understanding of the 

ŘŜǾƛŎŜǎΩ ǎŀŦŜǘȅΤ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ŀƴŘ ǘƘŀǘ ǘƘŜy fulfil quality standards in terms of 

the current legislation. These standards in general are put in place by the 

International Standardisation Organisation (ISO) or the Association for the 

Advancement for the Medical Instruments (AAMI) and must be complied with 

by those manufacturing and selling medical devices. The devices meeting the 

regulatory criteria can demonstrate a CE mark showing compliance with the 

essential requirements of their directives. 

The ISO standards are a series of guidelines that support 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 characteristics and 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 manufacturers can develop their own terminology to use in 

prescription and manufacture. This terminology could vary and add to the 

confusion and complexity in trying to compare braces and their outcomes. The 
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standards provide a description of the treatment objectives and functional 

characteristics broadly in their definition (Figure 2.1). 

 

Figure 2.1: ISO standards. Adapted from (Hsu et al., 2008) 

Material clarification of braces is broadly defined  within Prosthetics and 

Orthotics ISO 13404:(2007) which specifies some components however other 

material properties are not specified. The biological safety of a medical device is 

categorised by the nature and duration of contact to the body and the assessed 

risk are governed by ISO 10993:(2018). 

!ǎǎƛǎǘƛǾŜ ŘŜǾƛŎŜǎ ŀǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ƛƳǇǊƻǾŜ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŦǳƴŎǘƛƻƴƛƴƎΣ 

independence and/or enhance their overall well-being and quality of life 

(International Society for Prosthetics and Orthotics, n.d.).  Orthotics and 

prosthetics perform many of these key roles but often-in isolation or without 

bridging across modalities. 

Custom-made is a term that refers ǘƻ ǎƻƳŜǘƘƛƴƎ ōŜƛƴƎ ΨƳŀŘŜ to measuǊŜΩ ƛƴ ǘƘŜ 

UK. A spinal brace would typically be fabricated from a customised mould based 

ƻƴ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ŀ ǇŀǘƛŜƴǘΩǎ ǘǊǳƴƪ (Grivas et al., 2016).  

Custom-made devices, as defined by the Medical Devices Regulations, are 

classified as a special case in consideration of the regulations, in that the full 
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regulatory process for each custom-made device is not possible, however due 

diligence is still expected and required (EC, 1993).  

The process of verification and validation are also important activities in the 

design & development process of medical devices,  according to EN ISO 

13485:(2003) and an updated version EN ISO 13485:(2016):  

* Verification ς this is the activity to ensure that what has been designed 

meets the design input requirements EN ISO 13485:(2003).  This activity 

not only involves testing but Ward et al., (2002) would argue it also 

involves activities that provide suitable evidence that the necessary 

requirements have been met;  

* Validation ς this is the activity that the resulting product is fit for the 

specified application or intended use and is conducted prior to product 

delivery EN ISO 13485:(2003). Alexander et al., (2001) indicates that 

stage asks the questiƻƴ ΨƘŀǾŜ ǿŜ ōǳƛƭǘ ǘƘŜ ǊƛƎƘǘ ǘƘƛƴƎΚΩ. 

Both these activities are critically important in the medical device design 

process and materials research has proposed models that help visualise the 

proposed processes of design and development: 

(1) Waterfall Design Process Model (FDA, 1997). This provides a focal point for 

the design process of medical devices based on the traditional waterfall model 

but tends to be planned out by programmes rather than involving stakeholders 

(Figure 2.2). 

 

Figure 2.2: Waterfall Design Process Model. Adapted from (FDA, 1997) 
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(2) Design for Validation (DFV) V-Model (Alexander et al., 2001; Alexander and 

Clarkson, 2002). This covers complete device development process (Figure 2.3). 

 

Figure 2.3: Design for Validation (DFV) V-Model. Adapted from (Alexander et 

al., 2001; Alexander and Clarkson, 2002) 

(3) Medical device development lifecycle with user centred design methods (Money et al., 2011) 

visualised in Figure 2.4. 

 

Figure 2.4: Medical device development lifecycle from (Money et al., 2011) 

adapted from (National Patient Safety Agency, 2010) 

 

These useful frameworks highlight the importance of user need in developing 

appropriate devices. The methods used in assistive device and medical device 
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literature were explored in Table 2.1 which shows a large proportion have been 

conducted with adults as research partners. This further highlights the need to 

engage young people in device development, especially if the application 

directly affects their quality of life.  

Table 2.1: Medical and assistive devices/technology methods seen in 

literature 

Research method Research approach Topic Age group Author 

Literature review of 

user involvement in 

medical devices 

Structured Review Medical 

Devices 

Adults Shah and 

Robinson 

(2007) 

Video tapes, think 

aloud protocols, 

questionnaire 

Human Factors  Medical 

Device 

Adults Garmer et 

al., 2002 

User tests including 

daily tasks, 

questionnaire 

Comparison of user 

involvement in assistive 

technology development 

Assistive 

Technology 

Adults (Bühler, 

1996) 

Annual survey: 

supplement on 

assistive devices 

included. Bivariate and 

multi-variate analysis  

Quantitative Assistive 

Devices 

Older 

Adults 

(Hartke et 

al., 1998) 

Post discharge 

telephone interview of 

functional 

independence 

measure to ascertain 

device use 

ATDPA (assistive 

technology device 

predisposition 

assessment)and FIM 

(functional independence 

measure) 

Assistive 

Technology 

Adults (Cushman 

and 

Scherer, 

1996) 

In-depth interview 

exploring the ways in 

which technologies 

contribute to meanings 

and experiences of 

disabilities  

Qualitative Technology 

and 

disability 

Adults (19-

46) 

(Lupton 

and 

Seymour, 

2000) 

Questionnaires  

[offer self-image 6 

point scale/personal 

independence profile 5 

point scale/Craig 

handicap reporting 

technique] 

Functional Electrical 

Stimulation 

augmentation in the 

home for spinal cord 

injury patients exploring 

self-image, disability 

constructs 

Assistive 

Technology 

Adolescents (Brown, 

1997) 
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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 spine from the front or back. Curves can be C-shaped or S-shaped. 

5ŜŦƛƴŜŘ ŀǎ ŀ άǘƘǊŜŜ-dimensional deformity of the spine and trunk, a lateral 

deviation in the curve of the spine that measures at least 10° and can progress 

ŘǳǊƛƴƎ ǇŜǊƛƻŘǎ ƻŦ ǊŀǇƛŘ ƎǊƻǿǘƘέ (Nnadi, Fairbank 2010, Weiss, Moramarco 

2013). Visual examples of scoliotic spinal deformities are demonstrated in 

(Figure 2.5). 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 spinal alignment in all three dimensions (See Appendix A). The 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 

ǘƘŀǘ ŘŜǾŜƭƻǇǎ άhead and trunk over the pelvis, not only in the frontal but also 

the sagittal planeέ (Van Goethem et 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 development (Van Goethem et al., 2007).  
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Figure 2.5: 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: right thoracic (a), thoracolumbar (b) or 

lumbar (c). Sourced from (Cheng 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 prominent to lean to one side.   

LŦ ǘƘŜ ŎǳǊǾŜ ŎƻƴǘƛƴǳŜǎ ǘƻ ǿƻǊǎŜƴ ƛǘ Ŏŀƴ ŀŦŦŜŎǘ ŀ ǇŜǊǎƻƴΩǎ ōǊŜŀǘƘƛƴƎ ŀƴŘ ƘŜŀǊǘ 

function and lead to damage in the joints of the spine and pain into adulthood 

(NHS, 2015a). 

A General Practitioner (GP) most commonly 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 understanding of the nature 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 

ǇŀǘƛŜƴǘΩǎ ŎǳǊǾŜ ŀƴŘ Ǉƻǎǎƛōƭȅ ǇǊŜŘƛŎǘ ǎŜǾŜǊƛǘȅ ƻǊ ƻǳǘŎƻƳŜ  (Nnadi and Fairbank, 

2010). 

Currently within the UK, there is no school-screening programme where a 

simple bend over test could assist with the early detection of the condition. It is 

beyond the scope of this thesis to explore this deficit in detection, however it 

would address several existing issues by providing both a quantifiable 

prevalence rate and commence treatment at an earlier stage.     

Currently the standard method for diagnosis and monitoring of the condition is 

a standing X-Ray radiograph of the spine (Raso et al., 1998)(Figure 2.6a). 

Repeated radiographic images allow for the revision of the condition and 

measurement of the curve progression. However repeat exposure to ionising 

radiation from X-Rays 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).  Although efforts have been made to 

reduce standard ionisation dosages, all X-Rays have some exposure (Huda et al., 

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

 

Figure 2.6: X-Ray displaying a 39 degree and 37 degree (a) curves taken from 

(Weiss et al., 2007) X-ray of 70 degree angle (b) and diagram of Cobb angle 

(c) adapted and sourced from (Nnadi and Fairbank, 2010; Cheng et al., 2015) 

c b a 
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The most commonly used quantitative assessment method of lateral curvature 

in the frontal spine is the Cobb angle measurement (Vrtovec et al., 2009). The 

Cobb Angle measurement provides a flat two-dimensional understanding of the 

curve deformity; however, it limits the potential of understanding the spinal 

deformity in its full three-dimensional rotation. Forming a three-dimensional 

picture of the scoliotic curves including transverse planes are important to build 

a better picture of the curves and how to approach treatment (Weinstein and 

Ponseti, 1983; Drerup, 1984; Perdriolle and Vidal, 1985; Kuklo et al., 2005; Chan 

et al., 2014).   

The Cobb angle (e.g. Figure 2.6c) is calculated manually by measuring the angle 

of difference between the most inclined vertebrae drawn on the x-ray film (e.g. 

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

This describes where the maximum tilting is occurring towards the concavity. 

The curves are measured typically from the y-axis 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 curve (Cheng et al., 2015). Measuring a Cobb 

angle in the sagittal plane would be from the z-axis but is less commonly 

undertaken. Despite the simplicity of the Cobb angle method, variation of 

markers, protractors and assessment of the end vertebrae including whether 

manual, digital or semi-automatic assessment was conducted can cause 

variations in assessment (Kuklo et al., 2005; Pinheiro et al., 2010; Zhang et al., 

2010; Chan et al., 2014). 

Alongside the Cobb angle analysis, skeletal maturity is often assessed by using 

the Risser grade, an assessment of whether the apophysis or bone growth has 

matured which correlates with the end of spinal growth (Supporting 

information located in Appendix A)(Nnadi and Fairbank, 2010). 

There have been numerous digital and surface tomography methods that have 

sought to replace radiographs (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., 

нллсΤ aƛǘŎƘŜƭƭ Ŝǘ ŀƭΦΣ нллсΤ ½ǳōƻǾƛŏ Ŝǘ ŀƭΦΣ нллуΤ CƻǊǘƛƴ Ŝǘ ŀƭΦΣ нлмлύ as well as 

b a 
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raster stereography  (Upadhyay et al., 1988; Goh et al., 1999; Thometz et al., 

нлллΤ ·/ Ŝǘ ŀƭΦΣ нллмΤ .ŜǊǊȅƳŀƴ Ŝǘ ŀƭΦΣ нллуΤ ½ǳōƻǾƛŏ Ŝǘ ŀƭΦΣ нллуύ but they have 

struggled with limitations in handling posture or movement artefacts. There 

have also been concerns with the accuracy of these methods to successfully 

measure spinal curves (Knott et al., 2006).  

Other methods for image capture are being developed which include the 

SterEos 3-dimensional software outlined in Carreau et al. (2014) or using 

ultrasound imagery as discussed in Chen et al. (2012) or Li et al. (2012). These 

methods aim to reduce radiation 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 

ǇŀǘƛŜƴǘΩǎ ƘŜŀƭǘƘ ŀƴŘ ǿŜƭƭ-being. Both Wong et al. (2006) and 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 healthcare clinics 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 rapid spinal growth, typically seen in adolescence and 

early development.  

The clinical classifications of scoliosis are outlined in Figure 2.7 and for 

deformities seen in adulthood the condition could either be the result of 

damage to the spine or a previously undiagnosed spinal curve that has 

worsened during adulthood (Asher and Burton, 2006). 
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Figure 2.7: Scoliosis classifications informed by (Lonstein, 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 stages: infantile, juvenile and 

adolescent, displayed in Figure 2.7 (Lonstein, 1994; 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, and it affects an 

estimated 3 to 4 children out of every 1000 (Cheng 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 patients are 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 development (Asher and Burton, 2006). Girls are more likely than 

boys to develop scoliosis and are more likely to need treatment (Reamy and 

Slakey, 2001; Van Goethem et al., 2007).  
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2.4 How is scoliosis treated? 

The three main pathways for treatment of AIS are observation, bracing, or 

spinal surgery. Spinal surgery is costly for the NHS and a high-risk procedure for 

the adolescent. Bracing while more deliberate and slow progressing in the job 

of stabilising the curve deformity, is often overlooked (Rigo et al., 2006). 

However it could be employed as a primary treatment, on a case by case basis, 

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

limiting further surgical options (Rigo et 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 surgery (Rowe 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 comparisons can often not be made; 

* issues with compliance of  brace treatment (expected wear of 20-23 

hours a day for  approximately 3-7 years,  except for bathing and limited 

exercise (Brosnan, 1991; Lonstein and 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 AIS, indicating that spinal bracing prevents about 20% to 40% of 

(appropriately braced) curves from progressing 6° or more (Asher and Burton, 

2006). It is a condition that is more commonly seen in girls (Lonstein, 1994) and 

if  left untreated frequently described issues are back pain, respiratory and 

cardiopulmonary problems as well as psychosocial effects (body image, 

confidence, mood/mental health) (Weinstein et al., 2008).  
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The aetio-pathogenesis of AIS remains largely unknown despite clinical and 

epidemiological research (Lowe et al., 2000; Burwell, 2003). There is some 

evidence to suggest a genetic component to the disease, as AIS is often seen in 

multiple members of a family and a number of potential genetic contributors 

have been identified (Van Goethem et al., 2007). 

2.4.1 Treatment Pathways 

The treatment of young people with adolescent idiopathic scoliosis would 

usually take into account both long and short-term outcomes, medical history 

and the complications associated with treatment methods defined by an 

uncertain pathway of how the curve may respond to treatment. Based on the 

International Society on Scoliosis Orthopaedic and Rehabilitation Treatment 

2005 and 2011 papers a summary of the treatment pathway for idiopathic 

scoliosis is described in Table 2.2.  

Table 2.2: Treatment pathways for adolescent idiopathic scoliosis 

APPROACH DESCRIPTION 

Meaningful observation ¢ƘŜ Ψǿŀƛǘ ŀƴŘ ǎŜŜΩ ŀǇǇǊƻŀŎƘ ƛǎ ƛƴŘƛŎŀǘŜŘ ŦƻǊ 

curves <15° and with no signs of skeletal 

maturity (Negrini et al., 2012). Further 

observation is also indicated in more mature 

adolescents having a Risser 4 with curvatures 

<20° (Risser, 1958; Nnadi and Fairbank, 2010). 

Scoliosis specific exercises SSE is indicated in moderate curvatures (>15°-

25°) during growth with a Risser sign of 3 or 

less. For curvatures from 11°-45° after skeletal 

maturity Risser 4 or 5. For larger curves SSE 

may be used alongside bracing  

Brace treatment  Treatment considered for curves between 20°-

45° 

Spinal fusion surgery Generally indicated in curvatures in excess of 

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 Approach to Scoliosis 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). They 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., 2009). The exercises are 

used in some cases to reduce the scoliotic deformity and postpone or avoid 

bracing (Romano et al., 2013). The main approaches used for the treatment for 

adolescent idiopathic scoliosis (AIS) are The Dobosiewicz method, the side-shift 

method, the Schroth method and the scientific exercise approach to scoliosis 

(SEAS) (Weiss et al., 2006; de Baat et al., 2012). Negrini et al., (2003) reviewed 

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 the long-term prevention of 

continued deformity could be drawn.   

There is growing evidence to support physiotherapy (Romano 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 surgically implanted metal rod 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 post-operative 

complications. A significant operation for any young person, requiring a 

significant stay in either intensive care or a high dependency unit for up to 10 

days barring any post-operative complications. After a few weeks of post-

operative care the young person can return to school/college but contact sports 

must be avoided for at least 9-12 months (NHS, 2015b).  

The main risks for spinal surgery include: 

* άōƭŜŜŘƛƴƎ ς if this is severe the child may need a blood transfusion; 

* wound infection ς this can usually be treated with antibiotics (but 

antibiotic resistant infections are increasingly prevalent); 

* the implants moving or the grafts failing to fuse properly ς additional 

surgery may be required to correct this; 

* damage to the nerves in the spine ς  while less common, this can lead to 

permanent numbness in the legs, and can sometimes cause paralysis of 

the legs and loss of control of the bowels and bladdeǊέ(NHS, 2015b). 

In cases where the young person may still be growing, rods are inserted and 

adjusted approximately every 6 months during growth phases. The risks in this 

treatment are prolonged as they could involve infections from the movement of 

the rods or complications from the surgery. Whilst children are growing 

repeated x-rays 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 who present 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, Drevelle, et al., 2013). They can also be used pre and post-

operatively in spinal fusion surgery as well as a non-invasive 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 skeletal maturity.  

The types of bracing can include the following (Negrini et al., 2018): 

* Night Time Rigid Bracing  (NTRB): worn for 8-12 hours mainly in bed 

(Grivas et al., 2008); 

* Soft Bracing (SB): it includes mainly the SpineCor brace (Coillard et al., 

2010, 2014) or similar designs (Veldhuizen et al., 2002); 

* Part Time Rigid Bracing (PTRB): worn for 12-20 hours a day mainly 

outside school and in bed; 

* Full Time Rigid Bracing or cast (FTRB): worn for 20-23 hours a day at all 

time (school, home, bed etc.) Casts are sometimes used as a first stage 

to achieve correction to be maintained afterwards with rigid brace (de 

Mauroy et al., 2011). 

Patients requiring brace management would typically experience milestones 

such as diagnosis, brace fitting and follow up assessments (Chan et al., 2013). 

Fitting involves a prescription 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 correction (Negrini et al., 2009). 

Factors affecting the type of brace chosen for treatment are the following: 
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* Location of curve; 

* The degree of curvature; 

* Shape and number of curves; 

* The position and rotation of the vertebrae in the spine; 

* Other medical conditions; 

* Lifestyle and activities; 

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

2.4.6 Three-dimensional nature of the scoliosis curve 

The location of the scoliotic curve can identified through several classifications 

(Cheng et al., 2015) some examples are given in Table 2.3. 

Table 2.3 Topographic curve locations adapted from (Negrini et al., 2012) 

Curve location within the spinal column 

Thoracic T2-T12 Thoracolumbar T12-L1 Lumbar L2 ςL4 Double 

 

 

  

This regional anatomical approach is used to classify braces such as:                       

* cervical (C); 

* 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: 

* Cervical-Thoraco-Lumbo-Sacral Orthotic  (CTLSO); 

* Thoraco-Lumbo-Sacral Orthotic (TLSO). 
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An advanced approach incorporating build and classification of the physical 

forces exerted by the brace was presented at the SOSORT meeting in Athens 

under the acronym BRACE MAP (Grivas et al., 2016).  BRACE MAP takes into 

consideration the building, rigidity, anatomical classification, construction of 

envelope, mechanism of action and plane of action (Negrini et al., 2008). Each 

component is further divided into categories as seen in Table 2.4.  

Table 2.4: BRACE MAP definitions and sub-divisions of orthotic properties. 

Sourced from (S Negrini et al., 2008) 

B Building C: Custom made 

Cp: Custom Positioning 

P: prefabricated envelope 

R Rigidity S: Soft 

E: Elastic 

R: Rigid 

V: Very Rigid 

A Anatomical Classification C: CLTSO 

T: TLSO 

L: LSO 

CE Construction of the Envelope S: Symmetric 

A: Asymmetric 

MA Mechanism of action T: Three Point 

E: Elongation 

P: Push 

M: Movement 

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 the comparison of braces, mechanisms of action and construction. 

An example using this approach would classify the Boston Brace as PRTST3 ς 

pre-fabricated envelope, rigid, TLSO, symmetric, three-point, and 3D. Although 

this is a complicated and often perplexing naming 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 day. Weinstein et al., (2013) concluded that 

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

The International Society on Scoliosis Orthopaedic and Rehabilitation (SOSORT) 

and the Scoliosis Research Society (SRS) are societies that regularly review their 

guidelines to 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 Weinstein et al., (2013b) and the 

introductions of guidelines for randomised control trials (RCT) for bracing from 

the International Society on Scoliosis Orthopaedic and Rehabilitation (SOSORT) 

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 surgery  (Rowe et al., 1997; Dickson and Weinstein, 1999; Goldberg et 

al., 2001; H.-R. Weiss and Moramarco, 2013). Both societies now make 

recommendations for bracing of curves that may deteriorate or within certain 

degrees of curvature (Weiss et al., 2006). 

There are a number of factors that contribute to the clinical efficacy of bracing 

including the difficulties in conducting clinical trials in an ever-changing 

heterogeneous patient population. Quantifying clinical benefit is problematic as  

substantial variations in braces are compounded by inconsistent patient 

inclusion criteria (Weiss and Moramarco, 2013).  A Cochrane review and 

subsequent updates have indicated there is currently only low-quality evidence 

to support bracing (Negrini et al., 2018). Currently referenced are seven studies 

which include five randomised control trials (Bunge and de Koning, 2008; Wong 

et al., 2008; Lou et al., 2012; Weinstein et al., 2013a; Coillard et al., 2014) and 

two prospective trials (Nachemson and Peterson, 1995; Lusini et al., 2013). One 

randomised trail faced critical recruitment issues (Bunge et al., 2010) and 

another included a preference method where participants chose whether to be 
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included in randomisation (Weinstein et al., 2013a). Nachemson and Peterson 

(1995) evaluated 240 patients where curves were seen between 25 and 35°, 

ages between 10-15 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 treatment. In a follow up 4 years later the rate of improvement 

ranged between 52%-84% wheras passive observation was only 16%-49% 

indicating an improved success rate with bracing.  

The prospective trials were more positive in terms of brace efficacy with Luisni 

reporting success rates of 25/33 in a braced group and 0/10 in an observation 

group for no progression of 5° or more (Lusini et al., 2013).  

Wong (2008) demonstrated with low quality evidence that the a rigid brace was 

more effective than the soft elastic brace but did conclude that 68% of patients 

with a soft elastic brace and 95% with a  rigid brace did not experience curve 

progression with both groups responding similarly in their patient acceptance 

questionnaire. The authors did share a caveat of not being trained to fit the soft 

elastic brace which may have biased the comparison.   

The Cochrane review did highlight the difficulties when conducting randomised 

control trials where randomisation may be rejected by parents. This has led 

societies to develop recommended methological criteria for brace studies in an 

attempt to overcome this shortfall  (Richards et al., 2005). They do highlight 

that future research should focus on participant outcome, increasing 

compliance and exercises added to augment bracing (Negrini et al., 2018). 

Despite these efforts,  the  inclusion of young people in the decision making 

process or in setting research priorities has remained very limited.  

One of the more recent randomised control trials was stopped early due to the 

efficacy observed with bracing; a reported 72% success rate 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 (approximately 20-23 

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 brace (Brosnan, 1991; Lonstein, 

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

2013b). 

One significant difficulty with brace treatment is the unknown aspect of 

whether it will provide a successful treatment outcome for the patient 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 variations of braces available with the limited empirical 

literature available compiled in Figure 2.8. This typology of braces shows the 

range and overlap of materials, methods, curve treatment, fastenings and brace 

reinforcements from across the world.  

There are few studies that make comparisons between different braces (Zaina 

et al., 2014) and although some consensus has emerged over the importance of 

a  three-point system mechanism evidence remains sparse (Negrini et al., 2018). 

Furthermore, 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 correction (Negrini et al., 2018).  These divergences  are 

reflected in the  variety of corrective systems seen across the globe (Negrini et 

al., 2018). 
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Figure 2.8: Literature mapping of brace treatment from across UK, Europe and US informed and sourced from (Fayssoux et al., 2010; Negrini and 

Grivas, 2010; Weiss, 2010; Grivas, 2012; van Loon et al., 2012; Stokes and Luk, 2013; Zaina et al., 2014; Weppner and Alfano, 2019) 
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The conventional approach to brace construction is to produce a model of the 

ǇŀǘƛŜƴǘΩǎ ǘƻǊǎƻ, created using the negative 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 cast prior to moulding of a polymer brace form (Wong et al., 2005). If a 

mistake is made during the thermoforming process, unless rectifiable, which is rare, 

the fabrication process would need to start 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 generic pre-fabricated module consisting of polypropylene shell lined with foam 

polyethylene is displayed in Figure 2.9. 

 

Figure 2.9: Pre-fabricated Boston module. Sourced from (Grivas et al., 2016) 
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Figure 2.10: Chêneau brace with pad placed and examples of medium contact 

pads Sourced from (Grivas 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 professional (Zaina et al., 2014). Metal reinforcements 

are sometimes used where forces on the spine are at their greatest, requiring the 

employment of a stronger, inflexible material (Zaina et al., 2014; Grivas et al., 2016).   

Braces may require trimming for comfort and the smoothing of edges as well as  

fitting pressure support pads (Figure 2.10). Straps are placed to exert directional 

force and are informed by the experience of the orthotist (Visser et al., 2012). 

Patients require multiple modifications and attend follow up appointments to check 

ongoing brace management.  

The generic pre-fabricated module (shown in Figure 2.9) fits only around 70% of 

patients as it is limited in accommodating variations in body shapes and sizes 

(Visser et al., 2012). The custom-fitted 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 young people 

have in the design of their brace is to occasionally select 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 sub-contracted and any significant 

amendments may require further communication with the off-site 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 Biomechanics of spinal correction from braces 

 

Figure 2.11: A.) Three stages of correction as applied to the spine - principles of 

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

Milwaukee TLSO (posteriorly). Sourced from  (Bowker et al., 1993) 

The mechanism of action of a brace, the durability and performance of materials 

used, and tissue tolerance to pressures exerted by the brace vary from each patient 

to the next and form a significant barrier to treatment compliance (Figure 2.11). 

The application of forces from the brace to 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 on the growth plates and therefore the spine can continue to grow in 

accordance with the Hueter-Volkmann principle (Castro Jr, 2003; Mac-Thiong et al., 

2003; Maruyama et al., 2011). These forces aim to restore normal contours and 

alignment of the spine. 

The Hueter-Volkmann principle is related 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 plates on the 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 part a in Figure 2.12.  
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Figure 2.12: Influence of shear loads on the spine where g: gravity, m: mass. 

Sourced and informed by (Cheng et al., 2015; Schlösser et al., 2015) 

The sagittal profile of a young person also has an impact as certain areas of the 

spine have a backward inclination as seen in the red in (Figure 2.12) these are 

subject to posteriorly directed shear loads (Cheng et al., 2015). This is unique to the 

human spine and has an impact on rotational stiffness, in this case decreasing it 

(Cheng et al., 2015). Other vertebrae have an anterior tilt (forward) seen in green in 

Figure 2.12. When influenced by posterior shear loads, this segment of the spine 

becomes rotationally unstable (Cheng et al., 2015).  

Cobetto et al. (2014) located 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 regions (Figure 2.13).  
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Figure 2.13: Maximum Pressure thresholds that could be applied by the brace to 

be comfortable. Sourced from Cobetto et al., (2014) 

The method of using active and passive forces to correct the deformity includes 

pressure across the rib cage and spine, which in turn moves the spine but the 

strength of this force can vary due to the design or fabrication used (Aubin et al., 

1997; Grivas and Kaspiris, 2010). However, there is limited literature on 

understanding the exact forces exerted by the brace onto 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. (2000) found 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 down (Aubin et al., 1997; 

Pham, Houilliez, et al., 2008). However other studies found no significant 

correlation between the mean exerted force in a standing position and degree of 

curve correction (Loukos et al., 2011). The usage of pressure mats and sensors have 

been used to try and monitor these forces and Lou et al. (2002) developed a system 

that uses a low profile battery that last 4 months to record data to evaluate 

compliance and in-brace forces.  



64 
 

Several computational models have been used to investigate brace biomechanics to 

inform brace design (Clin et al., 2007, 2011), including Finite Element Analysis (FEA) 

models (Aubin et al., 1997; Gignac et al., 1998, 2000; Perie et al., 2004). Such 

models have also been clinically evaluated on a limited number of patients 

(Desbiens-Blais et al., 2012).  This approach offers patients a more refined approach 

to treating their specific curves. These examples however follow a traditional 

method of brace manufacture. These approaches can simulate a brace fitting prior 

to fabrication (Zaina et al., 2014). 

Cobetto et al., (2014) included physical and functional comfort in their CAD/CAM 

fabrication process but crucially the appearance of the final brace was 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 

considerations and Wong et al., (2000) showed that an increase in strap tension 

leads to higher pressures within the brace giving better control of the deformity.  

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. 

Practitioners look to still fit the brace based on acquired knowledge and experience 

rather than using a biomechanical model (Rigo et al., 2006). As 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 bracing is summarised in Table 2.5. 
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Table 2.5: Summary of the mechansimaction from bracing   

Source Principle 
Relevance to 
proposed research 

Identified problems 
and limitations in the 
research 

(Rigo et al., 2006) Review of brace 
design and 
treatment within 
SOSORT specialists. 

Study aimed to create a 
consensus in regards to 
brace design.  

Diversity of ideas and 
methods with conflict 
amongst specialists and a 
variety of views. 

(Nie et al., 2009) Design 
personalised brace 
and analyse the 
biomechanics 
behaviour.  

Expanded on previous 
Finite Element Models in 
producing an individual 
geometry of trunk.  

Finite Element Model ς 
limitations with 
assumptions used to 
create model.  

(Chou et al., 2012) FEA method to 
identify pad 
positioning for the 
Boston Brace.  

Strap forces were 
included in the analysis.  

Assumptions in the model 
ŀƴŘ ƻƴƭȅ ǎǳƛǘŀōƭŜ ŦƻǊ Ψ{Ψ 
type curves.  

(Courvoisier, 
Drevelle, et al., 
2013) (Courvoisier 
et al., 2014) 
(Courvoisier, 
Ilharreborde, et al., 
2013) 

Evaluating brace 
treatment on the 
3D shape of 
idiopathic scoliosis. 

¶ EOS system used to 
tri-dimensional 
imaging ς low 
dosage system. 

¶ Realises the 
potential of brace 
treatment informed 
by the three 
dimensional planes. 

¶ Significant Apical 
vertebral rotation 
differences with or 
without spinal brace 

Proposal for evaluation 
tool.  

(Périé et al., 2004) New modelling 
tools and 
simulation of brace 
treatment for 
scoliosis with use of 
Rodin scanning 
technology. 

 Currently the proposed 
simulation informs the 
milling of a torso structure 
to use with conventional 
methods. 

 

 

There are important aspects to consider such as how the spine responds to the 

forces during the brace treatment. Increasing the area of application, effectively 

spreading the load over a wider surface or diminishing the force applied can reduce 

pressure on the back and spine. Excessive pressure will damage the epidermis and 

dermis of the skin and the superficial circulation, leading to abrasions, sores, and 

possibly local infection if left untreated. 
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2.6 Social and psychological implications of a spinal brace ς fit, 

function and aesthetics 

Adherence to brace treatment is a significant factor to consider. Many 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., 2014). The 

importance of brace adherence can assist in the prevention of invasive surgery 

(Katz and Durrani, 2001; Rahman et al., 2005; Weinstein et al., 2013b). Therefore, it 

is important 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: 

Adherence ς ά¢ƘŜ ŜȄǘŜƴǘ ǘƻ ǿƘƛŎƘ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ōŜƘŀǾƛƻǳǊ ƳŀǘŎƘŜǎ ŀƎǊŜŜŘ 

recommendations from the prescriberΦέ (Horne et al., 2005); 

Compliance ς ά¢ƘŜ ŜȄǘŜƴǘ ǘƻ ǿƘƛŎƘ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ōŜƘŀǾƛƻǳǊ ƳŀǘŎƘŜǎ ǘƘŜ ǇǊŜǎŎǊƛōŜǊΩǎ 

recommendationsΦέ (Horne et al., 2005); 

Concordance ς άIts definition has changed over time from one which focused on the 

consultation process, in which doctor and patient agree therapeutic decisions that 

incorporate their respective views, to a wider concept which stretches from 

prescribing communication to patient support in medicine takingΦέ(Horne et al., 

2005). 

These terms are used interdependently and interchangeably throughout the 

literature but are referring to the overlapping issues of young people and the 

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

 The period of adolescent development, where bracing may be prescribed is 

recognised as a particularly sensitive period of life (Fällström et al., 1986; Drench, 

1994; Sapountzḯ Krepia et al., 2001)Φ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ¦Y /ƘƛƭŘǊŜƴΩǎ .ǳǊŜŀǳ (2013) 

60% of young people in the UK feel stress about work, school and exams; 35% 

worry about their physical appearance and 32% about their friends.  
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There are concerns for adherence to treatment for adolescents following 

prescribed recommendations (Suris et al., 2008) and that they may only 

comprehend or be influenced by their current situation rather than the long term 

consequences of their choices (Michaud et al., 2007). Approximately 40-50% of 

adolescents with long term conditions are not complying with health care 

recommendations (DiMatteo and DiNicola, 1982; Roter and Hall, 1994; Rizzo and 

Simons, 1997; Kyngas, 2000; Laederach-Hofmann and Bunzel, 2000; Haynes et al., 

2002; DiMatteo, 2004b, 2004a; Lin et al., 2014).  If the treatment regime requires 

significant lifestyle changes or habits the non-adherence can be as high as 70% 

(Dishman, 1982, 1994; Brownell and Cohen, 1995; Chesney et al., 2000; Li et al., 

2000). 

Van Dulmen et al., (2007) in their systematic review indicated low adherence was 

an issue with medical treatment but highlighted four effective interventions: 

technical, behavioural, educational and multi-faceted or complex interventions (van 

Dulmen et al., 2007).  Technical included simplifying information so it was suitable 

for young people to understand and behavioural included incentives and reminders.  

The theoretical models are useful for explaining non-adherence but this does not 

resolve improving the behaviour itself (van Dulmen et al., 2007). Other examples of 

interventions could be medicine packaging, patient education or using alternative 

communication channels such as e-mail or mobile phones (van Dulmen et al., 2007). 

Education is a key component for young people with chronic conditions to inform 

their understanding of their condition and age appropriate information is crucial 

where health professionals can answer misunderstandings about their condition. 

McGlynn (1989) reported 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 non-adherence rates fall between 

20%-85% with this being an ongoing concern (Reichel and Schanz, 2003; Varoga et 



68 
 

al., 2006; Schiller et al., 2010). Further 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 compliance (Havey et al., 2002; Lou et al., 

2002; Katz et al., 2010; Rahman et al., 2010). Donzelli et al., (2012)  concluded that 

with good team support young people were wearing their brace for the desired 

timeframes prescribed. Therefore, an objective measure of wear alone may not 

have the desired effect (Rahman et al., 2010) and 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 capital, and their self-esteem. 

Self-esteem is the perception that young people possess of their own self-worth 

(McDonagh, 2000) and White et al., (1999) and Morton et al., (2008) report this to 

be at a lower level with a chronic condition. Goldberg et al., (2001) and Frerich et al., 

(2012) have indicated that cosmetic appearance is a serious concern for young 

people with scoliosis. Young people want more control of their own health 

ŘŜŎƛǎƛƻƴǎΣ ǿƘŜǘƘŜǊ ǎŜŜƛƴƎ DtΩǎ ōȅ ǘƘŜƳǎŜƭǾŜǎΣ ƻǊ ōǳƛƭŘƛƴƎ ŀƴ ƛƴŦƻǊƳŜŘ 

understanding of their own conditions (Jacobson and Owen, 1993; Reynolds et al., 

1993). 

Young people may suffer negative experiences from brace wear due to the 

cosmetic appearance of the brace, functional discomfort, issues with humidity or 

restriction of movement (Lonstein, 1994; Lonstein and Winter, 1994; Wong et al., 

2008; Fayssoux et al., 2010; Schiller et al., 2010). Brigham & Armstrong (2017) 

illustrated that a main motivation for wearing the brace is a desire for young people 

to avoid surgery, a similar finding found by Morton 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 instruments (Ugwonali et al., 2004; Pham, Houlliez, et al., 

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., 2016). The majority of these instruments are used pre-treatment, 
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however Brigham and Armstrong (2017) examined attitudes towards bracing during 

the treatment process. Pham et al., (2008) have shown that the wearing of a brace 

and the daily duration worn has a negative influence on psychosocial status, 

sleeping, self-image and back flexibility. Other authors have supported issues with 

self-image for those young people being braced (Fällström et al., 1986; Goldberg et 

al., 1994; SapountzḯKrepia et al., 2001). 

Personal and social factors play a contributory part such as psychology, physiology, 

anthropology, sociology and technology. The combination of these factors 

alongside adolescent development has a part to play (Cauffman and Steinberg, 

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 (2009) highlight the issue when treatment considers 

function as the sole factor, overlooking the fact that aesthetics and availability of 

choice can be other valuable considerations. Pullin (2009) used glasses as an 

example of a product treating someone for a problem with eyesight that 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 glasses in daily life.   

According to the SOSORT guidelines a crucial element in terms of compliance is the 

involvement of the patient and caregivers (Negrini et al., 2009). The guidelines 

include education, psychotherapy, systemic monitoring of outcomes as well as   

including a broad team of clinical support and expertise (Negrini 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 start to 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 primarily use 

quantitative approaches that measure various metrics in order to generate data for 

group analyses (Bordens and Abbott, 2008). This type of research mainly explores a 

classical hypothesis driven approach (Creswell, 2009) that iteratively tests theories  

to best account for variance in data (Bordens and Abbott, 2008;Henn et al., 2006). 

Quantitative methods are centred on measuring and testing models, utilising 

statistical tools to assess the significance of change, similarity or difference 

following an intervention. In AIS research, a good example is pressure sensors, 

which have been placed into a brace to objectively monitor brace wear. This 

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 looking at physical, 

psychosocial and quality of life outcomes focus on long-term goals, generalisable 

outcomes and broad motivations. Table 2.6 summarises methods identified in the 

literature that seek to assess factors that affect brace adherence.  

The Short Form Health Survey (SF-36 ) (Ware and Gandek, 1998) is a tool widely 

ǳǎŜŘ ǘƻ ŀǎǎŜǎǎ Ψǉǳŀƭƛǘȅ ƻŦ ƭƛŦŜΩ ŎƻǾŜǊƛƴƎ ŀ ǊŀƴƎŜ ƻŦ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ǇƘȅǎƛŎŀƭ 

functioning, physical health problems, bodily pain, social functioning, general 

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

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

such as activities with friends, self-esteem, adolescent behaviour, recreational 

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

adolescent daily life (McDonagh and Bateman, 2012). As a result, some instruments 

have been developed to measure quality of life for young people; an example of 
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ǘƘƛǎ ƛǎ ǘƘŜ tŜŘǎv[ϰΣ ǿƘƛŎƘ ŀƛƳǎ ǘƻ ŜǾŀƭǳŀǘŜ ǇƘȅǎƛŎŀƭΣ emotional and social 

influences on adolescents. As a general tool, while a positive step, it lacks the 

specificity needed to understand the needs and concerns of adolescents with 

scoliosis.  

Davis et al., (2006) in a systematic review identified three theoretical quality of life 

models that included discrepancy theory, utility theory, and LindströmΩs 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 of life (Spieth and Harris, 

1996).   

LindströƳΩǎ ƳƻŘŜƭ ƻŦ ǉǳŀƭƛǘȅ ƻŦ ƭƛŦŜ ŎƻƴǎƛŘŜǊǎ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ƳƛŎǊƻ ŀƴŘ ƳŀŎǊƻ ŦƻǊŎŜǎ 

and is applicable to young people but some examples like the Nordic Counties QOL 

has few subjective sections in relation to important social and emotional well-being 

(Zekovic and Renwick, 2003). 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 particular (Eiser et al., 2000). 
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Table 2.6: Research methods in the literature exploring issues of brace 

adherence  

 Research method Tools Author 

Pre-

treatment 

Questionnaire completed before 

treatment  

BBQ (brace-belief 

questionnaire) 

(Morton et al., 2008) 

During brace 

treatment 

Braced and observed patients 

during clinical trial (protocol) 

PedsQL (Weinstein et al., 

2013b) 

Compares 2 braces 16 questions 

using visual analogue scale 

scoring 

16 questions devised 

by author 

(Wong et al., 2008) 

Systematic review: Braced and 

observed patients 

Child Health 

Questionnaire and 

VAS 

(Maruyama et al., 

2011) 

This evaluates patients and team 

treatment process 

SRS-22 and multiple 

choice (25 questions) 

(Tavernaro et al., 

2012) 

3 questionnaires SRS-22 , BSSQ, BrQ (Aulisa et al., 2010) 

 SRS 22 and five additional 

sections focusing on patients 

attitudes, factors that motivate 

brace wear  

SRS-22 and five 

additional sections  

(Brigham and 

Armstrong, 2017) 

Post brace 

treatment 

Comparison of characteristics 

(brace versus observation)  

Characteristic 

comparison 

(measurements)  

(Danielsson et al., 

2007) 

Cross sectional evaluation after 

completing treatment 

HRQoL (Bunge et al., 2007) 

Both during 

and post 

treatment 

Cochrane included QoL 

Review 

PedSql, SRS-22, 36 

item short form 

(Negrini et al., 2015) 

3 study groups (10-16): control, 

nonsurgical and pre-surgical  

SRS-22 HRQL 

questionnaire 

(Asher et al., 2003) 

Tool 

development 

Medical outcomes survey 36 item 

short form  

 SF36 (Ware and 

Sherbourne, 1992) 

Determine feasibility of the  PedsQL 4.0 (Varni et al., 2003) 

Sociological 

factors 

Literature review Self-appraisal and 

illness behaviour 

constructs 

(Mechanic, 1995) 

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

QoL outcomes 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, 2003), the brace questionnaire (BrQ) (Vasiliadis et al., 2006) 

and the Bad Sobernheim Stress Questionnaire (BSSQ)(Botens-Helmus et al., 2006; 

Kotwicki et al., 2007). Aulisa et al., (2010) made a comparison of SRS-22, 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 SRS-22 is designed for those with the scoliotic condition and 

the BRQ was developed for those being treated with a brace. There 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   

ŜȄǇƭƻǊŀǘƛƻƴ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ŦŀŎǘƻǊǎ ƻǊ ŘŜǎƛǊŜǎΦ hǇŜƴ ŜƴŘŜŘ ǉǳŜǎǘƛƻƴǎ ŀǎƪƛƴƎ ΨƘƻǿΩ ƻǊ 

ΨǿƘȅΩ ǘƻ ŜȄplore circumstances in which adherence could be improved, what 

ƛƳǇŜŘŜǎ ǇŀǘƛŜƴǘΩǎ ŎƘƻƛŎŜ ǘƻ ǿŜŀǊ ǘƘŜ ōǊŀŎŜ ƻǊ Ƙƻǿ ǘƻ ƛƳǇǊƻǾŜ ŀŘƘŜǊŜƴŎŜ ŀǊŜ ƴƻǘ 

included and may therefore overlook individual needs in the search for broader 

themes.  

A recent study (Brigham and Armstrong, 2017) indicated that compliance with 

ōǊŀŎƛƴƎ Ƴŀȅ ōŜ ŀŦŦŜŎǘŜŘ ōȅ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŀǘǘƛǘǳŘŜ ǘƻ ǘƘŜƛǊ ŎƻƴŘƛǘƛƻƴΣ ŜȄǇŜǊƛŜƴŎŜ ƻŦ 

treatment and perceived stress. They investigated external factors and individual 

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

with AIS (Brigham and Armstrong, 2017). The study included 39 participants who 

disclosed challenging situations in which to wear the ōǊŀŎŜ ǘƻ ōŜ ΨŘǳǊƛƴƎ ǎǳƳƳŜǊΩ, 

ΨǿƘƛƭŜ ŀǘ ǎŎƘƻƻƭΩ and ΨŘǳǊƛƴƎ ǎǇƻǊǘǎ ǇǊŀŎǘƛŎŜκƎŀƳŜǎΩ and the least challenging to be 

ΨǿƘƛƭŜ ŀǘ ƘƻƳŜΩ and ΨǿƘƛƭŜ ǎƭŜŜǇƛƴƎΩ. Brigham and Armstrong (2017) reported 

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

of participants indicating it was never a problem.  

Table 1.1 show a significant proportion 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 premise that continued 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 experts in their care with 

equal authority to parental and clinical decision making.    
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Section 2.1 examined the regulations and standards for braces, indicating a 

burgeoning shift towards a user-centred design approach in medical device 

development that regulation is slow to recognise. For the design and development 

process this shift from a  linear manufacturing process to an iterative,  

individualised process that incorporates the user in the process (Winters and Story, 

2006; Norman, 2013; Ulrich and Eppinger, 2015). There has been limited research in 

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 are used 

correctly as improper use can lead to adverse effects and events (Wei-Tek Tsai et al., 

1997; Grønbæk et al., 2003; Lemke and Winters, 2008; Thimbleby, 2008). Table 2.7 

ǎǳƳƳŀǊƛǎŜǎ ŀ ǊŀƴƎŜ ƻŦ ǘƻƻƭǎ ƻǳǘƭƛƴŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ǘƻ ƳŀǇ ǇŜƻǇƭŜΩǎ ŜȄǇŜǊƛŜƴŎŜǎ 

of various medical devices.  

Table 2.7: Tools used to capture user requirements for medical devices and 

assistive technology, informed by Martin et al. (2006)   

Research method 
Research 

approach 
Topic Age group Author 

Workshops, case studies, 

interviews and co-design 

Human Factors Medical 

Devices 

Adolescents (Lang, 2012) 

Scoping study: 

questionnaire and social 

media discussion 

Sensitising pack: 

Daily tasks 

Workshop: 

Collage, Future scoping 

Co-design 

Biopsychosocial 

Medical Device Adults (Bush and ten 

Hompel, 2017) 

Workshops, 2D 

visualisations, mock-ups, 

prototypes, sketches and 

notes 

Participatory 

Co-design 

Neck orthosis Adults (Reed et al., 

2015) 

Cool wall mapping 

Body mapping 

Persona profiles 

Scenarios 

Dragons Den  

Storyboarding 

Participatory 

Co-design 

Diabetes 

support 

services 

Adolescents (Bowen et al., 

2013) 

Targeted observations and Contextual Clinical Adults (Coble et al., 
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interviews. These may be 

influenced by research 

questions 

Inquiry workstation 1997; Beyer and 

Holtzblatt, 1998) 

An extended period of time 

studying users in their own 

environment observing 

behaviour and interactions 

Ethnography Healthcare and 

medical 

education 

Adults (Goodson and 

Vassar, 2011) 

Small groups (around 8) 

discussing particular issue or 

device 

Focus Groups Healthcare Overview (McDonagh and 

Langford, 2003) 

Set of survey questions 

designed to extract specific 

information 

Questionnaires   (Boynton and 

Greenhalgh, 

2004) 

Examines actions that 

inform actions or decisions 

of a process 

Task analysis    

Garmer et al., (2002) used a Human Factors usability testing method to evaluate a 

new medical device against an existing medical device. Lin et al., (1998) used 

cognitive task analysis, consisting of bench tests and field observations to evaluate 

and re-design a drug delivery pump. The newly designed pump was presented to 

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.  

Liljegren, Osvalder and Dahlman (2000) demonstrated a combination of methods in 

an observation study of equipment use, creating environmental context maps, 

semi-structured 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 evaluate 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 the re-design 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 information, any data requires translating 

into need. Ulrich and Eppinger (2015) 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; 

* !ǾƻƛŘ ǘƘŜ ǿƻǊŘǎ ΨƳǳǎǘ ŀƴŘ ΨǎƘƻǳƭŘΩ. 

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 

framework 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 appointments (Cobetto et al., 2014). The 

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

often an issue, especially around areas of exerted pressure (Cobetto 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 pain (Dahl 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 considerable, but 

frequently overlooked. The perception of this comfort (or pain) relies on sensory 

information being relayed from the body and interacting with psychological and 

physiological attributes. Visser et al., (2012) evaluated brace discomfort using a 

visual analogue scale and pressure sensors; finding that discomfort escalated as the 

height of the corrective pad increased. Cobetto et al., (2014) compared comfort 

levels of a conventional manufacture method and a CAD/CAM developed brace. 

Both braces were fabricated using thermoforming. They used a questionnaire to 
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establish the levels of discomfort 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) used their CAD simulation model to 

calculate a constant distance of 6mm between the brace and 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 skin (Cobetto 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 forces. Figure 2.14 attempts to map the 

multitudinous factors involved and while not an exhaustive list by 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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Figure 2.14: Mapping of the factors involved in brace adherence informed by literature across medical devices and scoliosis όŀǳǘƘƻǊΩǎ mapping 

of the literature review)
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In summary, a variety of factors are important for understanding the impact an 

ƻǊǘƘƻǘƛŎ Ƙŀǎ ƻƴ ŀ ȅƻǳƴƎ ǇŜǊǎƻƴΩǎ ƭƛŦŜ ŀƴŘ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŀǾŜƴǳŜs that could be 

taken to improve this. These factors could also play a vital role in informing the 

efficient design and fabrication of the brace, a key rationale 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 is a fundamental lesson for all healthcare delivery. Figure 

2.15 shows the relationships between services and patients that interact in the 

adoption of a 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.  

 

Figure 2.15: Factors influencing the adoption of braces (medical devices) 

informed by (Santos, 2013) 

2.8 Conclusions from Part 1 ς Braces and Assistive Devices: 

Fabrication and Adherence 

The literature highlights a specific need in understanding the experiences of 

young people wearing their brace, 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 provide 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 are not able 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 individǳŀƭΩǎ ƴŜŜŘǎ ŀǊŜ 

difficult to do with a labour intensive manual method.  

The literature review has highlighted further scope for evaluation for 

understanding of the following: 

¶ Current fabrication of braces in the UK;  

¶ The process flow involved in activities for fabricating a brace and 

whether digital techniques are being utilised; 

¶ What factors contribute to young peoples, motivations for wearing their 

brace?  
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3 Literature Review Part 2 ς Disruptive 
technologies to support the 
production of customised braces 

This section of the literature review discusses digital design and manufacture 

including Additive Manufacturing (AM) and the tools utilised to support these 

processes. It discusses methods, provides examples from healthcare contexts, 

and establishes 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 fitted device requires a patient to be present for fitting and 

possible subsequent amendments should they be required. A traditional brace 

ǿƻǳƭŘ ōŜ ΨŎǊŀŦǘŜŘΩ ƛƴ ŀ ǎƛƴƎƭŜ ǇǊƻŎŜǎǎ ǘƘŀǘ ƛǎ ŀ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ŘŜǎƛƎƴ ŀƴŘ 

manufacture with subsequent amendments; replacements or adjustments 

repeating this full process. An 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 increasingly 

aging population (Guzman-Castillo et al., 2017) it may be difficult to continue to 

support labour intensive approaches of manufacture. A digital approach may be 

split into three stages: 

1. Data acquisition (3D scanning); 

2.  Computer-aided design (CAD); 

3. Manufacture (examples could include additive manufacturing (AM)/3-

Dimensional (3D) printing, 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 produced in a specialised, 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 efficiency savings.  

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

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

ƛǘ Ƙŀǎ ǘƻ ƛƴǘŜƎǊŀǘŜΦ ! ǇǊƻŘǳŎǘ ŎǳǎǘƻƳƛǎŜŘ ŦƻǊ ŀ ΨŦǊŜŜ ŀǘ ǘƘŜ Ǉƻƛƴǘ ƻŦ ŘŜƭƛǾŜǊȅΩ bI{ 

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 spinal bracing in 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. Three-dimensional (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 or fixed 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 Photoshop®. 

The literature reports examples of 3D laser scanners used to capture body data 

for creating foam torso models, both Ajemba 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 include Computer Tomography (CT) (Bibb and Winder, 
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2010), photogrammetry for facial prostheses (Eggbeer, 2008) and laser scanning 

for the development of 3D printed wrist splints (Paterson et al., 2010). 

Wong et al., (2006) summarised the benefits of 3D scanning in comparison to 

traditional techniques as: 

άŀƭƭƻǿǎ ƭŀǊƎŜǊ numbers of patients 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 

ŦƻŀƳΦέ 

Regrettably, a thorough investigation of suitable data acquisition 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.   

¢ƘŜ ǘȅǇƛŎŀƭ о5 ƭŀǎŜǊ ǎŎŀƴƴŜǊ ŎŀǇǘǳǊŜǎ ŀ ΨǇƻƛƴǘ ŎƭƻǳŘΩ ƻǊ ǾƻȄŜƭǎ όо5 ǾƻƭǳƳŜǘǊƛŎ 

pixels) of data (3D points in space referenced by their XYZ coordinate values in 

sections) (Zhang and Molenbroek, 2004; Standardization, 2010). The distance 

between these, Ǉƻƛƴǘǎ ǊŜŦŜǊ ǘƻ ǘƘŜ ǊŜǎƻƭǳǘƛƻƴΦ ¢ƘŜ ΨǇƻƛƴǘ ŎƭƻǳŘǎΩ ŀǊŜ ŎƻƴǾŜǊǘŜŘ 

ƛƴǘƻ о5 ǎǳǊŦŀŎŜǎ ǘƘǊƻǳƎƘ ŀ ƳŜǘƘƻŘ ŎŀƭƭŜŘ ΨǇƻƭȅƎƻƴƛǎŀǘƛƻƴΩ (Bibb, Eggbeer and 

Paterson, 2006)(Figure 3.1). The point cloud is then used to generate a virtual 

mesh. 

 

Figure 3.1: A triangular polygon mesh created from a point cloud. Sourced 

from (Bibb, Eggbeer and Paterson, 2006) 

Point Data Rendered Polygonised 
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It is important to check the accuracy of the data obtained. The common issues 

that may occur when scanning the torso are outlined in Table 3.1. 
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Table 3.1: Table outlining comparisons of scanning and conventional methods 

 Scanning  Manual (measurements) Manual (plaster cast) 

Stage(s) (1) torso scanning; and (2) extracting measurements via 

software. 

(1) taking anthropometric measurements 

directly 

(1) taking torso topography 

through plaster cast process 

Advantages Fairly quick to scan the trunk area and therefore individuals are not 

needed to be on site for a long time. 

 

Measurements can be extracted as the data is digitised. 

 

Measurements can be automatically documented and driven by 

software (Wong et al., 2006). 

 

Standardise fabrication process (Wong et al., 2006) 

Stored data and information for reference 

Healthcare staff can identify bone prominences 

and anatomical landmarks via palpation. 

 

Methodologies are well established in the 

literature and, once a strict protocol is 

followed, the results should have high 

reliability. 

 

Has only one stage, so time may be optimised. 

Healthcare staff can identify bone 

prominences and anatomical 

landmarks via palpation. 

 

The cast will document the 

topography of the torso and can be 

manipulated to required shape 

Disadvantages Difficult to identify the anatomical landmarks, these must be 

identified manually by palpation and marked before the scan (e.g. 

anterior-superior iliac spine and vertebrae prominence) (Pazos et al., 

2005, 2007; Wong et al., 2006). 

 

The extraction of measurements from the scan needs specific 

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

to be aligned alongside x-ray information about the vertebrae (Wong 

et al., 2006) 

 

Learning curve: training required (Wong et al., 2006) 

Time consuming in comparison to scanning, so 

participants can get fatigued. 

 

Reliability of the measurements depends on 

the experience of the healthcare staff. 

Time consuming and participants 

can get fatigued and be 

uncomfortable during the casting 

process. 

 

Reliability of the torso cast depends 

on the experience of the healthcare 

staff. 
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Wong et al., (2005)  highlighted that the time saved using CAD/CAM 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 repeatability of the measurements if more than one 

specialist is assigned to complete the work (Weiner and Lourie, 1981); 

standardisation of the capture position, orientation of scales and calibration of 

instruments  (Wong et al., 2005, 2006). The application of pressure to soft tissue 

can be an issue for replicability  (Weiner and Lourie, 1981) (a significant factor when 

considering AIS), and patients can become fatigued and therefore change the 

position of the trunk if they are not comfortable (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 dust or high levels of ambient 

light (Pazos et al., 2005); 

* Postural sway and breathing movements may affect scanning (Pazos 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 data (Standardization, 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 

scanners has been reported between 0.5-2.0 mm (Pazos et al., 2005, 2007; Wong et 

al., 2005, 2006; Ajemba et al., 2006). The ISO 20685(2010)  regulations suggest that 

before the scan itself, the calibration of the device should be performed usually on 

an object of known dimensions.  

It is important to check and build an understanding of the scanners characteristics, 

these include accuracy, and resolution, as these factors can contribute to the 

quality of the data. These sit alongside other factors such as the time 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 the addition of pads and important 

landmarks (Zaina et al., 2014).  These include BioSculptor (Finnieston, 1997), CAPOD 

systems, Clynch Technologies Inc. , IPOS (Reed, 1997), Orten (Genevois, 1997), 

Seattle Limb Systems (Dowell and Poggi, 1997) , TracerCAD system, CANFIT-PLUSϰ  

and Prosthetics Design Inc (Wong et al., 2005). Many of them are used for upper 

and lower limb prostheses and in some cases include spinal braces. A further 

example is Rodin 4D that is being utilised at some UK clinics (Figure 3.2). In this 

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

method compared to traditional methods.   

 

Figure 3.2: Demonstrating Rodin 4D CAD/CAM methodology and current 

traditional methods adapted from (Rodin4D 2009) 

This approach once completed sends a modified virtual digital torso for carving, 

either on or offsite, creating a positive foam model to be used to thermoform the 

polymer for the brace (Figure 3.3). 
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Figure 3.3: Example of carved torso from milling machine. Sourced from (Grivas 

et al., 2016) 

In comparison to plaster cast torso models the foam alternatives 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 staff, 

maintenance of machines and the use of non-biodegradable materials that can 

cause health and environmental problems (Wong et al., 2005). 

3.2 CAD (Computer-Aided Design) 

The modification of the captured 3D data would then require manipulation into a 

suitable model and data format to send to an AM system for manufacture. Table 

3.2 presents examples from relevant literature where scanning, digital 

manipulation, software adoption and manufacturing processes are investigated.  

 

 

 

 



89 
 

Table 3.2: Summary descriptions of research that uses similar design and 

fabrication approaches   

Source Designed 

object 

Software  Motivation for 

software used 

Highlights from 

research 

(Bibb, 
Eggbeer 
and 
Williams, 
2006) 

Denture 
framework 

FreeForm άLǘǎ ŎŀǇŀōƛƭƛǘȅ ƛƴ ǘƘŜ 
design of complex, 
arbitrary but well-
defined shapes that are 
required when 
designing custom 
appliances and devices 
that must fit with 
ƘǳƳŀƴ ŀƴŀǘƻƳȅέ (Bibb, 
Eggbeer and Williams, 
2006) 
 

Indicates followed 
process described in 
Williams et al., (2004) 
and was conducted 
according to established 
principles in dental 
technology. 

(Tuck et 
al., 2008) 

Aircrew 
Seating 

Raindrops 
Geomagic 
Studio 

Not provided Data cleaning; 
smoothing; creation of 
non-uniform rational B-
splines surface. 

(Pallari et 
al., 2010) 

Customised 
foot orthotic 

Magics CAD 
package 

Not provided Filtration of the data (to 
remove noise); exclusion 
of spurious material; 
distally extruding the 
surface into 5mm. 
Further actions 
performed to ensure 
functional properties of 
the foot orthotic. 

(Paterson 
et al., 
2012) 

Customised 
wrist splint 

Geomagic and 
Rhino (textiles 
Matlab) 

Systematic approach to 
develop a series of 
strategies to be used to 
fabricate via AM 

Splint characteristics 
developed and CAD 
strategies developed.  

(Eggbeer, 
2008) 

Maxillofacial 
prosthetics 

Mimics and 
Freeform 

Research exploring 
computer-aided design 
(CAD) and rapid 
prototyping (RP) 
systems for the 
fabrication of custom 
made maxillofacial 
implant 
 

CAD strategy using CT 
scan data, slices formed 
via mimics and then 
Freeform software used 
to isolate area and 
prepare a file for rapid 
prototyping 

(Rogers et 
al., 2007) 

Prosthetic 
socket 
fabrication 

Solid Freeform 
Fabrication and 
software 
programmed in 
C+  

American Academy for 
Orthotists and 
Prosthetists (AAOP) file 
exported from a 
prosthetic CAD program 
and software was 
written in C++ using the 
OpenGL graphics API for 
the Microsoft Windows 
platform 

SLS prosthetic sockets. 4 
stages of development: 
1. Single socket used for 
a feasibility test;  
2. Pilot study to test the 
clinical acceptability of 
the SLS fabricated 
socket. 3. Long-term 
durability of SLS socket 
4. Novel socket 
construction designed to 
improve socket comfort. 
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There can be significant issues with the structures of curves in the rendered image 

that may require manual manipulation (Paterson et al., 2012). These can be labour 

intensive to correct, especially on larger scale. These issues would need to be 

addressed, such as research proposing new modelling strategies that aim to reduce 

CAD restrictions for mapping complex (curved) geometries (Bingham 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 accuracy. The following features 

would need consideration: 

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

* noise reduction ς compensation for scanner error (noise) by moving points 

to statistically correct locations, normalisation of data to templates; 

* data smoothing ς smoothing of the surface to remove any errors, statistical 

correction of outlying data points; 

* boundary smoothing ς smoothing of jagged edges on the boundary by 

reconstructing the polygon mesh; 

* thickening ς to extrude or offset the surface data to produce a finite bound 

volume. 

CAD software that allows the transformation of 3D scan data into parametric 

models generally allows this type of data manipulation. According to Bibb et al., 

(2006a) to be used successfully in AM, the rendered files should not contain gaps 

between facets (triangles, 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 communicated to the 

machines. STL (Stereolithography) is a file format for computerςaided drafting 

software supported by many software packages used for rapid prototyping and 

computer aided manufacturing (ASTM, 2013).  The data is a polygonal mesh 

consisting of a number of triangular facets used to define 3D geometry. However, 

this method has limitations with regard to more complex curved geometry, due to 
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the high facet count required. This leads to trade-offs with resolution and 

erroneous features like gaps and folding introduced into the render. This method 

also lacks property information such as colour, texture or material type (Kumar and 

Dutta, 1997). The more recent STL 2.0 format can store more of this information 

and allow greater accuracy for curved topology through curvature-based triangles 

(Hiller and Lipson, 2009).  

For geometric surface modelling there are two primary forms that consist of Non-

Uniform Rational Basis Splines (NURBS) and polygon 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 lines), while NURB objects are multidimensional. For example, for 

the creation of a simple sphere, a NURBS surface (as it is a patch-based modelling 

system) is patched together in a way in which the boundaries will be invisible, 

sometimes this can be problematic to represent and frequently demanding to 

compute (Mortenson, 2006; Bingham et al., 2007). The sphere in this case will be 

composed of curves 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 encounter, especially 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 manipulation 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. Autodesk T-Splines is a plug-in extension for Rhinoceros 5.0 that 

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

Other CAD/CAM strategies have been reported in Johnson et al., (2013) using a 

graphical generative approach in developing AM scale links for stab resistant body 

armour. Oxman (2011) used the Objet Connexϰ multimaterial polyjet AM system to 
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integrate both hard and soft materials to promote or restrict movement in 

ǊŜǎǇƻƴǎŜ ǘƻ ŀ ǇŀǘƛŜƴǘΩǎ Ǉŀƛƴ ƳŀǇ ƪƴƻǿƴ ŀǎ Ψ/ŀǊǇŜƭ {ƪƛƴΩΦ LƴǘŜƎǊŀǘƛƴƎ ǘƘŜǎŜ ŘƛǎǇŀǊŀǘŜ 

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 investigated software-modelling devices for other areas of the 

body. The feasibility of using Laser Sintering (LS) for the manufacture of lower limb 

prosthetic sockets showed that difficulties were encountered when trying to find 

suitable software tools (Rogers et al., 2007). In the context of maxillofacial 

prosthetics, Eggbeer (2008) indicated that no one piece of software was suitable for 

the design.  

This highlights an issue 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 depend on the suitability of the software. The concern 

with transferring data to a third party would be the problems associated with 

miscommunication that could lead to incorrect brace design. Moreover, the in-

depth training that would be required for practitioners 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 practitioners to use, enabling them to 

design the splint themselves. There were also additional steps for adding multi-

material options for added functionality. The Objet350 /ƻƴƴŜȄоϰ AM printer also 

allowed the ability to integrate multicolour, multimaterial properties that 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 fabricate parts directly from 3D digital data (Hopkinson et al., 

2006). AM is the collective term assigned to a group of manufacturing processes 
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that fabricate three-dimensional parts directly from a CAD file through an additive 

or layer-by-layer approach using either liquid, powder or filament material to form 

components or finished products for end-use. The ASTM Technical Committee that 

develops AM standards defines it as άŀ ǇǊƻŎŜǎǎ ƻŦ ƧƻƛƴƛƴƎ ƳŀǘŜǊƛŀƭǎ ǘƻ ƳŀƪŜ ƻōƧŜŎǘǎ 

from 3D model data, usually layer upon layer, as opposed to subtractive 

maƴǳŦŀŎǘǳǊƛƴƎ ƳŜǘƘƻŘƻƭƻƎƛŜǎέ (ASTM, 2012). These methods enable more cost and 

resource efficient processes on a much smaller production level (Ford and 

Despeisse, 2016).  

There are significant difficulties in introducing AM into a process without 

understanding the methodological limitations. 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 integration. Depending 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 differences. Figure 3.4 presents a framework outlining the 

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

and manufacture process.   
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Figure 3.4: Design for Additive Manufacturing Framework (Pradel et al., 2018) 

The functional properties of a brace manufactured by AM can depend on a variety 

of factors that include the material, the orientation of the part on a build platform 

ƻŦ ǘƘŜ !a ƳŀŎƘƛƴŜΣ ǘƘŜ ǎǇŜŜŘ ǘƘŜ !a ƳŀŎƘƛƴŜ ōǳƛƭŘǎ ǘƘŜ ǇŀǊǘΣ ǘƘŜ ƳŀŎƘƛƴŜΩǎ 

accuracy and resolution and the post processing techniques used. 

Other factors that can affect the build of 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 quantity of 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 materials (Hopkinson and Dicknes, 

2003). Hague et al., (2003) suggested this limitation is partly because the demand 

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

time intensify.     

According to Williams and Panchal (2003), the 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 number of 

parts produced per year.  

Examples of AM work in healthcare are in their infancy but include building custom 

hearing aids (Phonak, 2014), insoles (Griffiths, 2018), wrist splints (Oxman, 2011; 

Paterson et al., 2012; Evill, 2013)(Figure 3.5) and ankle-foot orthoses (Pallari et al., 

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

maxillofacial prosthetics (Eggbeer, 2008; Peel and Eggbeer, 2016). 

 

Figure 3.5: Wrist splint examples Dr. Abby Paterson [Sourced from (Paterson et 

al., 2012)], Denis Karasahin from 2014 [Sourced from 

http://www.formakers.eu/project -1117-deniz-karasahin-osteoid-medical-cast-

attachable-bone-stimulator accessed on 1/12/2017] and Jake Evill [Sourced 

from(Evill, 2013)] 

Other exŀƳǇƭŜǎ ƛƴŎƭǳŘŜ ǘƘŜ ǇƻƭȅƧŜǘ ǇǊƛƴǘƛƴƎ ƻŦ ǘƘŜ о5 ǇǊƛƴǘŜŘ Ψ·¸½ ǎƘƻŜ ǇǊƻƧŜŎǘΩ 

that looks to create seamless shoes (Stewart, 2015). This project worked alongside 

a podiatrist and used the multi-material properties of AM to create a seamless shoe, 

which incorporated different structures into the sole and upper to provide both 

comfort and function. 

These advances suggest an AM brace could incorporate multi-material properties in 

the initial build and cut out the need to apply post processing straps and pads as 

seen in traditional build pathways.   

http://www.formakers.eu/project-1117-deniz-karasahin-osteoid-medical-cast-attachable-bone-stimulator
http://www.formakers.eu/project-1117-deniz-karasahin-osteoid-medical-cast-attachable-bone-stimulator
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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 extrusion-based modelling 

systems (ASTM, 2013).  They use filament stored on a spool, which is heated in a 

chamber and extruded to form the layers of the building object (Gibson et al., 2010). 

They can have dual extrusion in which a secondary nozzle can produce support 

material, alternative colour or alternative material. The filaments commonly used 

are ABS ς Acrylonitrile Butadiene Styrene, Polycarbonate (PC), PC-ABS a blend, or 

PLA ς polyactide acid. FDM builds on a platform moving in the Z direction. There 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., 2011). The surface quality may 

show a layered appearance and strategies to assist with this may reduce the 

strength of the material (Hopkinson and Dicknes, 2003; Gibson et al., 2010). Build 

orientation as highlighted by Gibson et al., (2010) is a potential limitation as 

building in the Z direction may affect the inter-layer strength of the part and 

compromise the mechanical properties compared to building in the XY plane.  

Recent examples of AM torso braces include work from Dr. Leoncini who utilised 

torso scan data and fabricated a brace as one continuous object using a large scale 

FDM printer (the DeltaWasp 40 70 seen in Figure 3.6). 

 

Figure 3.6Υ 9ȄŀƳǇƭŜ ƻŦ 5ǊΦ [ŜƻƴŎƛƴƛΩǎ ǎŎƻƭƛƻǎƛǎ ōǊŀŎŜǎΦ {ƻǳǊŎŜŘ ŦǊƻƳ 

[www.wasproject.it/w/en/3d -printing-and-the-medical-application-lelio-

leoncinis-amazing-creations-using-wasp-3d-printers/ accessed on 9/1/2017] 

https://3dprint.com/wp-content/uploads/2016/11/Cheneau7.jpg
https://3dprint.com/wp-content/uploads/2016/11/Cheneau.jpg
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This method allowed the construction of the brace in one piece and takes 

advantage of the ability to create ventilation using AM technology using a filament 

that is compliant with the requirements of EN ISO 10993-5(2018) certifying 

suitability for skin contact.   

Another example is a custom made brace for a Paralympic fencer in {ǘǊŀǘŀǎȅǎΩ 

Nylon 12 project allowing the athlete the ability to train and compete with a back 

support that was smaller, more flexible and lightweight then existing solutions 

(Figure 3.7).  

 

Figure 3.7: Custom made back brace for Paralympic fencer. Sourced from 

[http://blog.stratasys.com/2016/09/16/3d-printed-brace-paralympic-fencer/ 

accessed 9/1/2017] 

Both braces have received  positive individual feedback but currently there is no 

record of Dr. [ŜƻŎƛƴƛΩǎ ōǊŀŎŜǎ ōŜƛƴƎ ŜǾŀƭǳŀǘŜŘ ƛƴ ŎƭƛƴƛŎŀƭ ǘǊƛŀƭǎΣ ǇŜŜǊ ǊŜǾƛŜǿŜŘΣ or any 

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

3.3.2 Braces fabricated using Laser Sintering/Selective Laser Sintering 

(LS/SLS) 

Laser Sintering (LS) EOS GmbH Electro Optical Systems or Selective Laser Sintering 

(SLS®) 3D Systems Inc. use polyamide or nylon powdered polymer-based materials 

(Petrovic et al., 2011). A thin layer of powder is dispersed across the top of a 

platform in the build chamber; the printer preheats the powder to a temperature 

just below the melting point of the raw material. A laser scans cross-sections of the 

3D model, 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 one layer in the build chamber with a roller applying a new layer 

of powder on the top, repeating the process until the object is complete (Gibson et 

al., 2010). The powder is dispersed from a feed cartridge over the platform whilst 

being kept evenly distributed with a roller (Gibson et al., 2010). This is a popular 

method for making products because it can provide strong, durable, and functional 

end-use products, although usually in only one material. This process also requires 

less post-processing compared to methods that use support structures.  

The internal structure of a volume even if made in one material can have multiple 

properties as shown in a lattice structured chair designed by Lillian Van Daal which 

used biomimicry principles (Van Daal, 2015) . The strength of the internal structure 

of the chair is controlled via the density of the lattice form, areas that required 

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 Dr. Kenneth Trauner, UNYQ Design, Inc. (UNYQ) in 

partnership with 3D Systems (2014) (Figure 3.8) and Andiamo (Figure 3.9). 3D 

Systems, Inc. (3D Systems) within a US market, demonstrated in a small sample that 

treating scoliosis using a more aesthetic approach to bracing was positively 

received by patients (3D Systems, 2014). However, while there is no independently 

published or peer reviewed material to corroborate these claims, the design of AM 

spinal braces by forefront manufacturers shows the feasibility of designing a 

functional and aesthetic spinal brace.  
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Figure 3.8: Scoliosis Brace designed by Scott 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 ability to 

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 

framework and test the potential for improving fit, design, compliance and user 

interaction.   

 

Figure 3.9: Andiamo example of spinal brace. Sourced from (Parvez, 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 long-term conditions such as scoliosis and both use scanned data as the starting 

point for creating the custom-made 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 regard to 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 seen in Figure 3.9. 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 material may be under more pressure.  

¦b¸v !ƭƛƎƴϰ ŎƻƭƭŀōƻǊŀǘƛƻƴ ōŜǘǿŜŜƴ CǊŀƴŎŜǎ .ƛǘƻƴƛΩǎ ǎǘǳŘƛƻ ŀƴŘ LƴǘŜƭ ŘŜƳƻƴǎǘǊŀǘŜŘ 

the advantage of being able to design ventilation into the build through complex 

patterning (Figure 3.10). 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 improve fit and 

function and in turn treatment outcomes. The brace is designed from algorithms 

inspired by the Boston Brace system and its three-point mechanism, and their 

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

the Boston Brace (Figure 3.10).  

 

Figure 3.10Υ ¦b¸v !ƭƛƎƴϰ ōǊŀŎŜ ƛƴ ǇŀǊǘƴŜǊǎƘƛǇ ǿƛǘƘ CǊŀƴŎƛǎ .ƛǘƻƴƛΦ {ƻǳǊŎŜŘ ŦǊƻƳ 

(Howarth, 2016) 

This example takes advantage of the minimal structure needed to support the 

intended job of the brace; a more complex 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 at a fashion 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 have clinical 

benefit as randomised clinical trials have not been undertaken.  

3.3.3 Material Jetting (Polyjet) 

The polyjet 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 area (Gibson et al., 

2010; ASTM, 2013).  This method also builds in the Z direction from a print head 

containing several nozzles to print the desired materials from their cartridges and 

support material (Gibson et al., 2010). The benefit of this system is the capability of 

printing several material compositions in one build process (Gibson et al., 2010).   

The use of multiple materials within wrist splints for arthritis (Paterson et al., 2012) 

ŀƴŘ tǊƻŦΦ bŜǊƛ hȄƳŀƴΩǎ ƳǳƭǘƛƳŀǘŜǊƛŀƭ ŀǇǇǊƻŀŎƘ ǘƻ ƳŀǇǇƛƴƎ ǇŀǘƛŜƴǘΩǎ Ǉŀƛƴ ƳŀǇ 

(Oxman, 2011) utilised these material jetting systems and demonstrated the ability 

to vary properties of hard and softer material in a part.  

AM builds of spinal braces are already in limited clinical testing and while in its 

infancy, there is considerable scope for this technology to address some of the 

limitations of current braces. Each of the examples shown above tackle separate 

issues or champion specific improvements; there is no system that has addressed 

all the issues young people face with their braces, indeed the designs shown 

previously have largely overlooked co-design or consulting AIS patients.    

There are advantages and disadvantages to these AM processes; one of 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. However, 

design solutions may be used to overcome this problem. The comparisons of the 
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AM methods outlined in Table 3.3 highlight limitations with build size and the 

importance that surface finish may have for custom braces.  

Table 3.3: Advantages and disadvantages AM methods outlines informed by 

(Bibb, Eggbeer and Paterson, 2006; Petrovic et al., 2011; Ford and Despeisse, 

2016) 

Method Advantages Challenges Additional Information 
Fused 
Deposition 
Modelling 
(FDM) 

¶ Relatively cheap to 
buy and run 

¶ Reliable 

¶ Clean and Safe 
Process 

¶ Very strong, tough 
models 

¶ Medical Standard 
materials 

¶ Can be sterilised 

¶ Poorer accuracy 
and surface finish 
compared with 
other methods like 
stereolithography 

¶ Small features are 
difficult 

¶ Opaque materials 

¶ This process has machines that 
can print the size of a full brace 
such as Delta Wasp 40 70, 
BigRepOne, Tractus 3D etc. 
Typical build size is 20cm x 
20cm x 20cm. 

¶ Surface finish is of significant 
importance due to close 
proximity to the body and 
clothes.  

¶ Waste material could be re-
used into other filament 

Laser 
Sintering 
(LS)/Selective 
Laser 
Sintering 
(SLS) 

¶ Strong tough 

models 

¶ Reasonably 

accurate 

¶ Nature of the 

method allows for 

reuse of waste 

material  

 

¶ High cost of 
machine and 
materials 

¶ Large machine  

¶ Materials not 
suited to 
sterilisation 

¶ Post processing 
required for 
surface finish 

¶ Surface quality is significant 
with materials and the 
smoothness of finish is 
desirable  

¶ Range of colour is an important 
factor for customisation 

¶ This process lends itself to 
compact builds for example 
panelling  

¶ Re-uses the material in terms of 
material sustainability  

¶ Typical build size 30cm x 30 cm 
x 30cm (Up to 75cm x 55cm x 
55 cm) 

Material 
Jetting 
(Polyjet) 

¶ Range of machines 
sizes and costs 

¶ Easy to use 

¶ Suitable for office 
environments 

¶ Thin layers 

¶ High resolution, 
good accuracy 

¶ Transparent 
models possible 

¶ Medically 
appropriate 
materials available 

¶ Wide range of 
materials 

¶ Multiple material 
builds 

¶ Colour builds 

¶ High cost of 
machines and 
materials and 
replacement 
jetting heads 

¶ Limitation of size of machine 

¶ Surface finish is smooth but 
material definition over a 
period of  prolonged wear is 
unknown  

¶ Typical build size 38cm x 25 cm 
x 20 cm (Up to 100cm x 80cm x 
50 cm). Larger machine higher 
cost of machine, materials, and 
maintenance.  

 



103 
 

The brace can be under immense load in terms of providing the forces to stabilise 

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 the thesis highlights current examples and 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 recent developments 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 using AM 

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 using conventional 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 conventional methods 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 

prescription 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 3 ςIncluding 
young people in co-design & research 

The last section of the literature review ōŜƎƛƴǎ ǿƛǘƘ ŀ ŦƻŎǳǎ ƻƴ ȅƻǳƴƎ ǇŜƻǇƭŜΩǎ 

participation in research and methods to working with them as research partners. It 

also 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 young people in healthcare and design research. Part one highlighted 

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

are typically aged 10-18 and research has often used tools designed for adults or 

quantitative instruments that assess broad themes.  

4.1 Definitions of adolescence 

One of the difficulties of adolescent inclusion as participants is the variation and 

lack of agreement in the literature about defining the age parameters of this target 

group. The definitions and suggested frameworks 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 inconsistencies 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): 10-20 years and The American 

Academy of Paediatrics: 14-21 years. Esmond (2000) and Petersen and Leffert 

(1995) defined adolescence  in respect to the physical changes that can occur 

during puberty (11-15 years of age) onto adulthood.  

A suggested framework for defining or bracketing adolescence is that physical, 

pubertal events in early adolescent years as well as psychological processes such as 

developing independence and self-confidence 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 homogenous 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 parents (McDonagh, 2000).  

Figure 4.1 summarises key developmental milestones from childhood to 

adolescence through to adulthood from a research inclusion perspective. The 

developmental milestones achieved during adolescence complement other facets 

of maturation such as autonomy, decision-making, and self-identity. 

 

Figure 4.1: Adolescent development 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 the age brackets seen in (Table 4.1)  

(Petersen and Leffert, 1995; Dashiff, 2001; RCN, 2004). The breakdown of stages 

are roughly mapped to school years and similarities exist across several models, 

with the Royal College of Nursing (RCN) (2004) 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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Table 4.1: The development phases of adolescence (Petersen et al., 1995; Dashiff, 2001; RCN, 2004; Lang, 2012) 

ADOLESCENCE EARLY MID LATE 

(Dashiff, 2001) 10-14 years 15-17 years 18-20 years 

Biological/physical -Early pubertal development in girls and negative psychological 
adjustment in girls. 
-Advances in muscle development and increased self-esteem in 
boys. 

  

Psychological/cognitive Concrete reasoning - less likely to think about the future 
consequences of their decisions. 

 Independence of thought and emotional investment in 
abstract ideas. 

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

 

(Christie and Viner, 
2005) 

 10-13 years 14-16 years 17-19 years 

Biological/physical Early puberty: 
Girls: breast and pubic hair development, start of growth spurt.  
Boys: testicular enlargement, start of genital growth. 

Mid-late puberty: 
Girls: end of growth spurt; menarche; 
development of female body shape with fat 
deposition. 

End of puberty: 
Boys: continued increase in muscle bulk and body hair. 

Psychological/cognitive -Concrete thinking but early moral concepts  
-Progression of sexual identity development (sexual orientation)  
-Possible homosexual peer interest 
-Reassessment of body image. 

-Abstract thinking, but self-ǎǘƛƭƭ ǎŜŜƴ ŀǎ ΨōǳƭƭŜǘ 
ǇǊƻƻŦΩ 
-Growing verbal abilities 
-Identification of law with morality 
-Start of fervent ideology (religious, political) 

-Complex abstract thinking 
-Identification of difference between law and morality 
-Increased impulse control  
-Further development of personal identity 
-Further development or rejection of religious and 
political ideology  

Social -Emotional separation from parents  
-Start of strong peer identification  
- Early exploratory behaviours (smoking, violence) 

-Emotional separation from parents  
-Strong peer identification 
- Increased health risk (smoking, alcohol etc.) 
-Heterosexual peer interest 
-Early vocational plans 

-Development of social autonomy 
-Intimate relationships 
-Development of vocational capability and financial 
independence 

(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 and 
the full implications of their medical condition. 
-The importance of assessing a young personΩǎ understanding and 
providing information and education about services.  
-Concept of seeing professionals on their own gradually 
introduced to give the individual and family time to adjust. 

-Young person and family understanding of 
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 confident 
about leaving paediatric system  
-Young person should have 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  
(Oates, 2011) 

Key Stage 3 
Transitional Assessments 
(Years 7,8 and 9 in 
English and Welsh) 

Key Stage 4 
GSCEs 
(Years 10 and 11 in English and Welsh Schools) 

College 
A-levels and further education or  
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 blending between 

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 is a complex 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 alcohol is restricted to those 

over 21 years of age and the age of sexual consent ranges from 14-18 across 

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 them as adults. 

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 their actions.  

Adolescence is a critical period of time where health behaviours develop and have 

long reaching consequences for adulthood (Holmbeck, 2002). In recent years, 

ȅƻǳƴƎ ǇŜƻǇƭŜΩǎ ƘŜŀƭǘƘŎŀǊŜ ƴŜŜŘǎ ƘŀǾŜ ǊŜŎŜƛǾŜŘ ƳƻǊŜ ŀǘǘŜƴǘƛƻƴΣ ǇǊƻƳǇǘƛƴƎ ǘƘŜ 

need for developmentally appropriate healthcare for young people (Sawyer et al., 

2012; Ambresin et al., 2013; Viner, 2013; Farre et al., 2014). There is also a need to 

support young people in their role as participants in research and ensuring this 

support is handled appropriately throughout the process (Farre et al., 2014).   

The intricacies of adolescence should not be a barrier to their inclusion in research 

that involves issues relating to their age group.  

Autonomy, as desired by adolescents, is examined by Goossens (2006) and he infers 

three constructs of autonomy (behavioural, emotional and value) which also 
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support gaining independence as a significant contributor for the transition to being 

an adult, these principles are summarised in Table 4.2. Establishing and maintaining 

autonomy in areas like healthcare are increasingly seen as beneficial both to health 

outcomes but also to the overall well-being of the adolescent.    

Table 4.2: Three constructs of Autonomy (Goossens, 2006) 

Behavioural  Emotional  Value (also known as cognitive) 

¢ƘŜ ǊŜƎǳƭŀǘƛƻƴ ƻŦ ƻƴŜΩǎ ƻǿƴ 

behaviour and decision-

making. 

The de-idolisation of parental 

figures as they develop concept 

of parents as individuals who 

have a life of their own and 

relinquishing of dependencies 

on them. 

¢ƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ƻƴŜΩǎ ƻǿƴ 

morals and system of values. Also 

described as cognitive in which 

subjective sense of control over 

ƻƴŜΩǎ ƭƛŦŜΣ ƧǳŘƎŜƳŜƴǘǎ ŀƴŘ ŎƘƻƛŎŜǎ 

ŀǊŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ƻƴŜΩǎ ƻǿƴ 

individually held principles rather 

than the expectation of others 

(Collins et al., 1997). 

 

4.2 Employing participatory and design method approaches 

User Centred Design (UCD) is a framework that ensures the needs of the user are a 

core part of the design process (Abras et al., 2004) and is included in ISO 9241-210 

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

ƛƴŦƻǊƳŀǘƛƻƴ ǘƻ ǘŜǎǘƛƴƎ ƻǊ ŜǾŀƭǳŀǘƛƴƎ ŀ ǇǊƻŘǳŎǘ ŦǊƻƳ ǘƘŜ ǳǎŜǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜΦ ¢ƘŜ Ǝƻŀƭ 

is to attempt to improve 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 in (Figure 4.2). 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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Figure 4.2: User Centred Design process adapted from ISO 9241-210 (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 (1991) examined what factors influenced this assessment 

via what they called a paradigm of usability. This model outlined the 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 

(Figure 4.3) the authors suggest critical factors, linked in the form of a trade-off, 

influence the acceptance of a product or service. Factors involved in this trade-off 

are: 

* Utility - will they be able to use the product or service successfully?; 

* Usability - will the product or service do what is needed functionally?; 

* 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 illustrates how an adequate balance of factors contribute to the decision 

making (Figure 4.3).  

 

Figure 4.3: 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 device (Jordan, 

1997, 2002; Congress et al., 2007). There is considerable literature exploring the 

emotional connection users develop with devices such as: 

* Design for emotion (Norman, 2002, 2004; Forlizzi et al., 2003; McDonagh et 

al., 2004; McDonagh et al., 2009); 

* Design for happiness (Hofstetter et al., 2006; Khalid, 2006);  

* Persuasive design (Lilley, 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 

demands. Participatory 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 where co-ŘŜǎƛƎƴ ƻǊ άŎƻƭƭŜŎǘƛǾŜ ŎǊŜŀǘƛǾƛǘȅέ 
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(Sanders and Stappers, 2014) can occur throughout the whole design process or 

ŦǊƻƳ ǘƘŜ ΨŦǳȊȊȅ Ŧƻƴǘ ŜƴŘΩ ǘƻ ǘƘŜ ΨǇƻǎǘ ŘŜǎƛƎƴ ǇƘŀǎŜΩ (Sanders and Stappers, 2008).   

Sleeswijk Visser et al., (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.   

Figure 4.4 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 purpose; 

* Adapted - methods borrowed form adjoining disciplines and modified as 

required; 

* Innovative methods - emerging, creative design methods which Hanington 

(2003) describes as participatory in nature and creatively engaging.  

 

Figure 4.4: Example of an array of research methods. Sourced from (Hanington, 

2003) 

In addition to the type of tools employed in this type of research Suri (2003) 

indicated that different techniques could provide significant benefit:  
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* Generative - human-centred 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 - estimating the scale and potential of opportunities even when 

most variables are unknown.  

Participatory and creative methods such as co-design or cultural probes are ways of 

conducting ǊŜǎŜŀǊŎƘ ǿƛǘƘ ǇŜƻǇƭŜ ǊŀǘƘŜǊ ǘƘŀƴ ŀōƻǳǘ ǘƘŜƳ ǘƻ άbring the people we 

serve through design directly into the design process in order to ensure that we can 

meet their needs and dreams for the futureΦέ (Sanders and Stappers, 2012:14).  

4.2.1 Participatory Design 

Participatory Design (PD) places people that use or are involved in a process 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 desires (Sanders, 2002; 

Ehn, 2008; Simonsen and Robertson, 2012). Participatory designers are also known 

as stakeholders and may include researchers, patients, health professionals, service 

managers and designers. The engagement of those who 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 of new ideas; 

* Real time knowledge synthesis; 

* Eliciting and embodying tacit, experiential knowledge. 

Participatory design is a democratic approach founded on compromise not 

consensus (Large et al., 2007). Participatory Design employs many techniques 

examples include interactive experimentation, modelling, testing and learning by 

doing (Sanoff, 2007).  
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Shah and Robinson (2007) also investigated the benefits and barriers 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 (1986) defined a particular group of people who encounter making decisions 

ŀƴŘ ƴŜŜŘǎ ǇǊƛƻǊ ǘƻ ƳŀǊƪŜǘǇƭŀŎŜ ŜƴŎƻǳƴǘŜǊǎ ŀǎ άlead usersέΦ ¢ƘŜ ƭƛǘŜǊŀǘǳǊŜ Ƙŀǎ 

several examples of where lead users have contributed significantly to 

technological developments and evaluation of technology (Hippel, 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 them (Herstatt and Von 

Hippel, 1997). Translating this approach to young people has been less well 

adopted but there are a number of research studies that used co-design or involved 

young people and they are summarised in Table 4.3.
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 Table 4.3: Research approaches inclusive of young people 

  Research Techniques Research approach  Topic Age Group 

(yrs) 

 

Author 

  

Approaches 

including  

young 

people  

as 
participants 

Designing multimedia software project: field notes, video, 
interviews, pre and post-tests assessing students 

Pupils as Designers 
(children as designers) 

Multimedia/Education 10-12 
(mixed) 

(Kafai et al., 
1997) 

KidsStory: Evaluation, brainstorming and education 
methods. Low-tech prototyping and participatory design, 
observation note-taking 

Adaption of cooperative 
inquiry (children as 
partners) 

Storytelling 5-7 
(mixed) 

(Taxen et al., 
2001) 

Literature ς outlining many methods of using children as 
user, tester, informant and design  partner 

Cooperative inquiry 
Contextual inquiry 

Various Various (Druin, 2002)  

pOwerball: contextual interviews and naturalistic 
observations 

Informant Design Augmented reality 
computer game 

8-14 
(mixed) 

(Brederode et 
al., 2005) 

Observations, in-depth interviews 
Content analysis, comparative analysis  
Story competition 
Usage scenarios 
Web based storytelling environment  

Participatory Mobile multimedia 9-18 
(females)  

(Isomursu et al., 
2002) 

Open design sessions: Focus group 
Workshop settings 

Participatory Educational computer 
games 

12-16 (Danielsson and 
Wiberg, 2006) 

Informal discussions, Story-boarding, Scenario mapping, 
Evaluating prototypes  

Narrated Centred 
Informant Design   

Educational computer 
game 

13-15 
(mixed) 

(Waraich and 
Wilson, 2005) 

Comic strip, animations, Drawing, 
 

Participatory  E-learning product 13-17 
(mixed) 

(Mazzone et al., 
2008) 

Field studies - observational and interview 
Low fidelity prototypes and scenarios 
User trials low fidelity mock ups 

Ethnographic Concept mobile phone 16-19 (Berg et al., 
2003) 
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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 and other participatory approaches (Sanders, 

2002; Olsson et al., 2007; Sanoff, 2007).  

Human Computer Interaction (HCI) is a growing area of research concerned with 

ǇŜƻǇƭŜΩǎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ŎƻƳǇǳǘƛƴƎ ŀƴŘ ǘŜŎƘƴƻƭƻƎȅΦ wŜǎŜŀǊŎƘ Ƙŀǎ ǎƘƻǿƴ ǘƘŀǘ 

including participants in more of an active role assists in building and shaping 

effective technology (Obradovich & Woods 1996; Muller 2003). Conversations 

where participants can contribute to discussions with low-fidelity prototypes can 

benefit the research outputs (Druin, 2002). Druin (2002) also demonstrated that the 

roles of user, tester, informant and design partner are interchangeble and 

understanding how they can benefit a project is essential. (Fails et al., 2012) 

mapped some of these roles and they are expanded Figure 4.5. 

 

Figure 4.5: 5ƛƳŜƴǎƛƻƴǎ ƻŦ ŎƘƛƭŘǊŜƴΩǎ ƛƴǾƻƭǾŜƳŜƴǘ ƛƴ ǊŜǎŜŀǊŎƘΦ {ƻǳǊŎŜŘ ŦǊƻƳ (Fails 

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

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

Ψperson centredΩ ƻǊ ΨƘǳƳŀƴ ŎŜƴǘǊŜŘΩ approaches (Tritter and Brittain, 2006). This is 
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illustrated by the increasing number of citizen science projects and involving the 

public in steering groups and oversight committees (Follett and Strezov, 2015).  

/ƻƎƴƛǘƛǾŜ ŜƳǇŀǘƘȅ ƻǊ άintellectually taking the role or perspective of another personέ 

(Gladstein, 1983) ŀƭƭƻǿǎ ǊŜǎŜŀǊŎƘŜǊǎ ŀƴŘ ŘŜǎƛƎƴŜǊǎ ǘƻ ōŜŎƻƳŜ άcloser to the user 

through respectful curiosity, genuine understanding, and suspension of judgmentέ 

(McDonagh et al., 2009). Empathetic approaches develop greater understanding 

and insight of participants interactions with their braces and sensitises the 

ǊŜǎŜŀǊŎƘŜǊ ǘƻ ǘƘŜ ǳǎŜǊǎΩ ƴŜŜŘǎ (Fairburn et al., 2016). 

Skogsrød (2014) identified 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 be vitally important to the 

perception of medical or assistive devices. Wilkinson and De Angeli (2014) proposed 

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 experience of the product illustrating attractive 

ǘƘƛƴƎǎ Ŏŀƴ άwork betterέ (Norman, 2002). The ability to quantify aesthetics is 

difficult, Norman (2002) argues that as emotional beings, whether unconsciously or 

not, we judge the appearance of things and therefore aesthetics should be 

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 Co-design approaches 

Co-design refers to the creativity of designers, young people and their families (not 

trained in design), working together in the design development process (Sanders, 

Stappers 2008). An overview of this process is presented in Figure 4.6. 
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Figure 4.6: Co-design framework adapted from (Morales 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 not, can create conflict or diminish trust. Users may believe they 

cannot contribute to the design process (Von Hippel 2005). The process can also be 

time consuming for the researcher.  

However despite these limitations, co-design 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., 2015). If the outcomes are unsuitable, 

or there needs to be re-definition, 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 seek to make positive social 

change. There are advantages and disadvantages in using co-design methods in 

research. A limitation is the inability to observe participants fully due to the nature 

of the role changing from researcher to co-partner during the process (Tan and 

Szebeko, 2009). In traditional research there are clear distinguishable roles of 

participant and researcher, this changes where co-design breaks down these roles 

and existing power structures (Sanders and Stappers, 2008). 

Co-design shifts ōŜǘǿŜŜƴ άwhat is needed?έ ŀƴŘ άwhat can be built?έ ōŜŎƻƳƛƴƎ ŀ 

pragmatic approach (De Couvreur and Goossens, 2011). An incremental approach 

makes use of low end prototyping to transƭŀǘŜ ǘƘŜ ǇŀǊǘƛŎƛǇŀƴǘǎΩ ŦŜŜŘōŀŎƪ (De 

Couvreur et al., 2011). De Couvreur and Goossens (2011) refer to this as 

incremental adaptation where a prototype meets user and user meets prototype 

displayed in Figure 4.7. 
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Figure 4.7: Incremental adaption. Sourced from (De Couvreur and Goossens, 

2011) 

An ideal point where technology and users would meet will likely never be reached, 

as there are ever-changing skills, requirements, and technologies. This process 

should be a continuous dialogue between patient, clinicians, designer and 

engineers so that innovation is continuous.  

The successful implementation of co-design in medical research can create 

successful outcomes such as the Alzheimer 100 project (Tan and Szebeko, 2009) 

where better care systems were developed for people with dementia. This research 

used various tools such as communication platforms, storytelling, and a co-design 

event. The authors outlined the importance of establishing who and what role 

stakeholders will have in the co-design process. They also highlighted the 

importance of aligning ethical practices and ethical committees (Tan 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 applications have seen in recent years an increasing use of 

participatory and co-design methods to improve medical services. This transitions 

users towards being be an integral part of improving and innovating processes 

(Bate and Robert, 2006). Co-design methods in healthcare services have been used 

in a variety of ways. Mockford et 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 clinical 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.  

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

to assist in re-designing services via input from patients. Bate & Robert (2006) drew 

together examples of design science and experience based design approaches, 

changing the traditional view of the user as passive towards being 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 design new hospitals 

(Bate and Robert, 2006).   

Young people while often overlooked, are important actors in understanding their 

brace experience and what factors affect their adherence. Through co-design 

approaches, young people could be empowered and increase their voice in 

development of future digital interventions which may provide new understanding 

in their motivations for brace adherence.  

Table 4.4 outlines techniques for co-design methods developed by (Mazzone, 2012), 

the evaluation of their positives and negatives as well as the suggested stage of 

application of use.   
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Table 4.4: Table showing co-design methods in gathering data and their selected phase of scope. Sourced from (Mazzone, 2012) 

Technique Overview Design 
Phase 

Application examples Skills required Positives Negatives 

Brainstorming Relaxed informal approach to  
gathering ideas (more or less 
constrained) 

Generation Talked, written, drawn (Sluis-
Thiescheffer et al., 2007) 

Linguistic, 
interpersonal 

Technique that generates ideas quickly It is important to understand the context 
from the children to avoid 
misinterpretation 

Card-sorting Organise categories (information or 
navigation) 

Exploration Visual card sorting, card sorting  (Joly et 
al., 2009; Spencer, 2009) 

Logic LƴǎƛƎƘǘ ǘƻ ŎƘƛƭŘǊŜƴΩǎ ǇŜǊŎŜǇǘƛƻƴǎ ƻŦ ǘƘŜ 
world around them 

Detailed explanations would be required 
to place context and the analysis is time-
consuming 

Generation 

Evaluation 

Contextual 
inquiry 

DŀǘƘŜǊ ȅƻǳƴƎ ǇŜƻǇƭŜΩǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎ 
and perception of the concept 

Exploration Young people make observations, take 
notes interact in context (Druin, 1999) 

Linguistic, 
interpersonal 

Experience context in respects to the 
ȅƻǳƴƎ ǇŜǊǎƻƴΩǎ ǇŜǊǎǇŜŎǘƛǾŜ 

Need detailed explanations to 
understand the perception made 

Cultural 
probes 

Provoke inspiration - handing to the 
children for home 

Exploration Playful probes (Gaver et al., 1999; 
Bernhaupt et al., 2007), photographs 

 9ȄǇŜǊƛŜƴŎŜ ŎƻƴǘŜȄǘ ŦǊƻƳ ȅƻǳƴƎ ǇŜǊǎƻƴΩǎ 
perspective 

Can be time consuming for producing 
and analysing. Inspiration needs 
interpreting 

Evaluation 

Diaries Young people report on daily activities 
in context 

Exploration Written, visual (drawing, photos) Linguistic, 
interpersonal 

Gather in-depth information over a long 
period of time. Relatively easy for young 
people to complete 

Time consuming analysis 

Drawing Visualisation of ideas Generation Free drawing, drawing intervention for 
evaluation (Xu et al., 2009) 

Spatial/Visual Familiar to young people; easy to 
communicate their ideas; keeps a level 
of imagination/abstract 

Need detailed explanation from young 
people to avoid misinterpreting the 
drawings 

Evaluation 

Focus Group Gathering collective opinions and 
ideas 

Exploration Group discussion, guided discussion 
(Hennessy and Heary, 2005) 

Linguistic, 
interpersonal 

Allow detailed exploration in little time Group dynamics and leader effects 

Generation 

Future scoping Envisioning future proof scenarios Generation (Kensing and Madsen, 1992)  Good for generating ideas Less concrete results 

Interviews DŀǘƘŜǊƛƴƎ ȅƻǳƴƎ ǇŜƻǇƭŜΩs 
thoughts/ideas on a topic 

Exploration  Linguistic, 
interpersonal 

Explore details. No need to have specific 
literacy 

Time consuming 
Care taken in avoiding bias Evaluation 

Prototype Represent and explore ideas and 
concepts 

Exploration 3d drawn (Muller, 2003) Bodily 
kinaesthetic 

Engaging: allow role play; allow thinking 
of practical constraints 

Depends on materials available and 
manuals skills. Analysis time consuming Generation 

Scenarios Stories describing use cases. Including 
events, settings, tools, actors 

Generation Written (Carroll, 2000) Logic; Linguistic; 
kinaesthetic (3d); 
spatial/visual 

Structured and contextualised 
information 

Needs narrative and linguistic skills 

Evaluation 

Sketching Detailed drawing of concept Generation Drawing, text, labels (Hemmert et al., 
2010) 

Spatial/visual More informative than drawing Abstract thinking required 

Storyboarding Visual representation of scenario Generation Comic boarding and 3d Logic; 
spatial/visual/3d 

Visualise use in context Needs visual and construction skills 

Technology 
immersion 

Observe children using technology 
freely 

Exploration (Druin, 1999)  Provides idea on how children use 
technology ( in short time frame) 

Technology availability 

Evaluation 
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4.3 The involvement of young people in the research 

Involving young people in research studies requires careful consideration for the 

research design and the communication with participants so that they understand 

their involvement (Alderson, 2007).   

The use of age appropriate tools including language and imagery to ensure 

adolescents can engage them with the research in a more accessible way. Literature 

that demonstrates this includes KidStory (Stanton et al., 2004) and (Hanna et al., 

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

assent materials and usability testing. ¢ƘŜȅ ŦƻǳƴŘ ΨǇƭŀȅΩ ǘƻ ōŜ ŀƴ ƛƳǇƻǊǘŀƴǘ 

characteristic for engaging and retaining younƎ ǇŜƻǇƭŜΩǎ ƛƴǾƻƭǾŜƳŜƴǘ ŀƴŘ ŜƴǎǳǊŜ ŀƎŜ 

appropriate engagement. Young people are attracted to methods that would allow 

them to enjoy the activities and have fun (Hill, 2006).  

ΨtƭŀȅΩ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ŀǎ ŀ ŘƻƳŀƛƴ ǿƘŜǊŜ ŎƻƳƳƻƴ ǇŀǘǘŜǊƴs of adult power 

hierarchy are suspended and a more equal domain is experienced (Hart, 2008).  

Kidstory (Stanton et al., 2004) presented 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 stories (Bayon et al., 2003; Stanton et al., 2004). 

There are several resources for developing instruments for working with children 

and adolescents including FDA guidance (U.S. Food & Drug Administration, 2010).  

Many attributes of methods and techniques for designing with children or other user 

groups grew from the experiences of adult participants. A participant group provides 

specific expertise although there may sometimes be similarities and differences in 

groups (Fails et al., 2012). Children are the experts at what it is like 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 co-design process. Therefore 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. 

Table 4.4 highlights the differing cognitive, social, emotional and communication 

abilities that develop during adolescence that differ to adults (Lerner et al., 2002; 

McDonagh, 2005). These differences are an important consideration to inform the 

design of suitable research instruments for adolescents. Across the adolescent age 

range there will be different levels of cognition (Alderson, 2007) and abstract 

concepts may need to be explained in a more concrete manner (Lerner et al., 2002). 

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

(Fails et al., 2012)Φ ¸ƻǳƴƎ ǇŜƻǇƭŜǎΩ ŀǘǘŜƴǘƛƻƴ ǎǇŀƴ Ƴŀȅ ōŜ ǎƘƻǊǘŜǊ ŀƴŘ ǘƘŜǊŜŦƻǊŜ 

engaging their interest 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). These 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 group dynamics where it is perceived that 

adults working in groups tend to work as peers (Fails et al., 2012), there may be 

power structures when working with adolescents. Examples of relationship 

hierarchy: teacher-student, parent-child, where the power structure indicates adults 

may have more power than child has or define what is appropriate. For successful 

collaboration a pre-supposed power structures need to be removed, so all young 

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 fundamental and democratic right (Hart, 2013). Hart 

(1992) illustrated hierarchical levels of participatory engagement for young people 

(seen in Figure 4.8) which outlined the superiority of different types of interaction. 
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Figure 4.8: Hart Ladder of participation. Sourced from (Hart, 1992) 

The lower sections of the ladder (manipulation, decoration, and tokenism) are not 

considered participative. Underlying concepts of participation refer to the power 

relations young people have with adults/researchers/organisations. Lansdown 

(2001) argues that for young people to truly participative there would need to be 

some relinquishing of power structure by adults.   

HartΩǎ (1992) model outlines the roles for ȅƻǳƴƎ ǇŜƻǇƭŜΩǎ ǇŀǊǘƛŎƛǇŀǘƛƻƴ ǊŜǉǳƛǊƛƴƎ ǘƘŜ 

following to be understood as ΨŀǎǎƛƎƴŜŘ ōǳǘ ƛƴŦƻǊƳŜŘΩ: 

* the children understand the intentions of the project; 

* 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 research with young people are being 

inclusive, how and when participants are integrated into the research study and in 

what capacity is their involvement (Cassim and Dong, 2007). Partnering with young 
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people in research requires that their input is not only listened to and considered 

but acted upon (Knopf et al., 2008). Coad and Shaw (2008) indicated that there 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  

άŜƴŘ ǳǎŜǊǎ ŀǊŜ ƳƻǊŜ ƛƴǾƻƭǾŜŘ ƛƴ ŘŜǎƛƎƴ ŀƴŘ ŘŜǾŜƭƻǇƳŜƴǘ ǘƘŀƴ ƛǎ the case in 

conventional treatments....and this approach supplements the knowledge of 

engineers and professional designers with the work domain knowledge of the end 

users themselves, for a better more informed and efficient development ǇǊƻŎŜǎǎέ 

(Pew and Mavor, 2007).   

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

ǇŜƻǇƭŜ ŀǊŜ ƻǳǘǿŜƛƎƘŜŘ ōȅ ǘƘŜ Ǝŀƛƴǎ ƳŀŘŜ ǘƻ ǘƘŜ ǊŜǎŜŀǊŎƘΦ ¢ƘŜ ΨƳƻǎŀƛŎ ŀǇǇǊƻŀŎƘΩΣ 

one that ǳǘƛƭƛǎŜŘ ƳǳƭǘƛǇƭŜ ŘƻƳŀƛƴǎ Ƙŀǎ ŀ ƎǊŜŀǘŜǊ ŎƘŀƴŎŜ ƻŦ ǇƭŀȅƛƴƎ ǘƻ ȅƻǳƴƎ ǇŜƻǇƭŜΩǎ 

ǎǘǊŜƴƎǘƘǎΦ ¢ƘŜǊŜ ŀǊŜ ƳŜǘƘƻŘǎ ǘƘŀǘ Ƴŀȅ ƴƻǘ ōŜ ŀǎ ǳǎŜŦǳƭ ƛƴ ŜƭƛŎƛǘƛƴƎ ȅƻǳƴƎ ǇŜƻǇƭŜΩǎ 

ǊŜǎǇƻƴǎŜǎ ŦƻǊ ŜȄŀƳǇƭŜ ΨǿǊƛǘǘŜƴ ƛƴǘŜǊǾƛŜǿ ƳŜǘƘƻŘǎΩΦ ¢ƘŜǊŜŦƻǊŜΣ ŀ ƪŜȅ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƛǎ 

developing approaches 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 participants think 

you want to hear.   

Different forms of participation with young people will be appropriate in different 

circumstances. Lansdown (2001) categorised alternative typologies of participation 

into three types: 

* 'consultative processes', which involve adults obtaining information from 

children; 

* 'participative initiatives', which enable children to be involved in the 

development of policies and services; 

* 'self-advocacy projects', which aim to enable children to identify their own 

goals and initiatives (Lansdown, 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 relationships 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.  

Developing 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 an issue; 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 with an 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, ignored 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 incentive to maintaining treatment compliance and having an engaged, 

educated, and satisfied clinical cohort. Furthermore, listening to and engaging with 

young people who are undertaking long-term treatments will empower them to take 

increased ownership of their conditions and lives, provide them with greater 

autonomy and independence, as well as show them that their needs are being 



127 
 

recognised. In an increasingly technical and stratified health care system having the 

ability to assess, understand and react to the perspectives of young people will be 

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

4.5 Research Aims and Objectives    

The aim of the research investigation was to evaluate the feasibility of a digital 

intervention of additive manufacturing (AM) for brace fabrication and understand 

how the changes in adolescence can be managed in braces that account for 

temporal and individual needs. A digitised approach considers the following steps: 

¶ Capturing the surface topography of the torso; 

¶ Manipulation of the mesh data within 3D CAD Software to generate a 

suitable brace design; 

¶ AM methods for fabrication. 

The literature review highlighted gaps in existing knowledge, where there is limited 

understanding of ȅƻǳƴƎ ǇŜƻǇƭŜΩǎ ƳƻǘƛǾŀǘƛƻƴǎ for wearing their brace, appreciation 

of their changing individual needs and how they would be motivated to personalise 

their brace.  

The following objectives outline the specific steps taken in investigating these aims: 

Research objective 1a: Review current methods, techniques 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); 

Review objective 1b: Determine, analyse, and map out the process of brace 

development in the consultation/treatment process; 

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

people to be included in the brace design process;  

Research objective 2b: Understand the involvement of adolescents in the brace 

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

or improve conventional methods of brace manufacture; 

Research objective 4: Investigate the integration 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 and co-design approach 

with stakeholders including 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 and comparison 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 how this 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 evaluation from the Medical Devices 

Directive (MDD). 
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5 Methodology 
5.1 Introduction 

This chapter discusses the nature of the research conducted in this study with a 

particular focus on the relevant epistemological stances, theoretical perspectives, 

and methodology. This chapter reviews methods developed for use in Chapters 6, 7 

and 8 that include the generative toolkit, workshops, and observations.  

The literature review highlighted gaps in knowledge relating to the fabrication 

process of a brace and patƛŜƴǘǎΩ ŜȄǇŜǊƛŜƴŎŜǎ of bracing ǘƘŀǘ ŜȄǇƭƻǊŜ ǘƘŜ ΨƘƻǿΩ ŀƴŘ 

ΨǿƘȅΩ ƻŦ ǘƘƛǎ ǘǊŜŀǘƳŜƴǘ ǿƛǘƘƛƴ ǘƘŜ ¦YΦ ¢ƘŜ ŜȄǇƭƻǊŀǘƛƻƴ ŀƴŘ ǎŜƴǎŜ ƳŀǇǇƛƴƎ ƻŦ ǘƘŜ 

fabrication practice of a brace, their medical application, functionality, and the 

condition of Adolescent Idiopathic Scoliosis (AIS) informs 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. 

¦ƴŘŜǊǎǘŀƴŘƛƴƎ ǇŀǘƛŜƴǘǎΩ ǇŜǊǎǇŜŎǘƛǾŜǎ ƻŦ ōǊŀŎƛƴƎ ƛƴ ƻǊŘŜǊ ǘƻ inform the digital 

interventions and co-design 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 clinical literature highlighted the difficulties faced with making 

comparisons of braces through clinical trials with inconsistent inclusion criteria and 

outcome measures. The development of standardised guidelines has assisted in 

providing some commonalities between braces and 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 

assist adherence to prescribed braces with Brigham and Armstrong (2017) being a 

recent addition to this literature. This doctoral research seeks to understand young 

ǇŜƻǇƭŜΩǎ ƳƻǘƛǾŀǘƛƻƴǎ ŦƻǊ ǿŜŀǊƛƴƎ ǘƘŜƛǊ ōǊŀŎŜΣ ǘƘŜƛǊ ŎƘŀƴƎƛƴƎ ƛƴŘƛǾƛŘǳŀƭ ƴŜŜŘǎΣ ŀƴŘ 

whether suggested digital interventions can address those needs.  
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The initial exploratory work will investigate the following:  

* Determining the factors associated with the fabrication of braces within NHS 

clinics; 

* Identification of positive and negative factors that influence the adherence of 

young people wearing 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 manufacturers, through formal and informal 

conversations, exploring the experience of brace manufacture for AIS, 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 insight 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 of 

this as a manufacturing method for spinal braces.  

The processes involved in the research study are outlined in Figure 5.1, which 

visually describes the interplay between study requirements.  
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Figure 5.1: Diagram mapping out the research investigation 

5.3 Characteristics of research  

Research can be classified in a number of different ways. Crotty (1998) characterised 

research into four elŜƳŜƴǘǎ ǘƻ ǎǳǇǇƻǊǘ ǘƘŜ ǇǊƻŎŜǎǎ ƻŦ άscaffolding, not an 

edificeέ(Crotty, 1998:2ς3): 

* άaŜǘƘƻŘǎΥ ǘƘŜ ǘŜŎƘƴƛǉǳŜǎ ƻǊ ǇǊƻŎŜŘǳǊŜǎ ǳǎŜŘ ǘƻ ƎŀǘƘŜǊ ŀƴŘ ŀƴŀƭȅǎŜ Řŀǘŀ 

related to some research question or hypothesis; 

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

choice and use of methods to the desired outcomes; 

* Theoretical perspective: the philosophical stance information the 

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

logic and criteria; 

* Epistemology: the theory of knowledge embedded in the theoretical 

ǇŜǊǎǇŜŎǘƛǾŜ ŀƴŘ ǘƘŜǊŜōȅ ƛƴ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅέ(Crotty, 1998). 
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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 the 

literature rather than from a pre-hypothesised 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). Sutton and Staw (1995:375) ƛƴŘƛŎŀǘŜ ǘƘŀǘ άtheory is about 

the connection between phenomena, a story about why events, structure and 

thoughts occurέΦ 

Crotty (1998) presented three epistemological stances for research as objectivism, 

constructionism and subjectivism. In 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 through the generative 

toolkit, workshops, and visual schematics 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 making of the toolkit 

and materials for workshops rather than being direct research outputs. 

¢ƘŜƻǊŜǘƛŎŀƭ ǇŜǊǎǇŜŎǘƛǾŜǎ ŘŜŦƛƴŜŘ ƛƴ /ǊƻǘǘȅΩǎ ŦǊŀƳŜǿƻǊƪ ŀǊŜ ǇƘƛƭƻǎƻǇƘƛŎŀƭ ǎǘŀƴŎŜǎ 

that inform the methodology and include the following:  

* positivism, post-positivism associated  with objectivist epistemology, 

objective and detached from the objects of the research (Crotty, 1998); 

* interpretivism, associated with  constructionist epistemological stances 

understanding process rather than explaining fact (Bryman, 2012) and can be 

associated mainly with qualitative approaches in research (Ritchie et al., 

2013); 

* critical and post-modern perspectives that challenge other perspectives; 

* 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). Shalin (1986) ŘŜǎŎǊƛōŜǎ ƛǘ ŀǎ άōǊƛƳƳƛƴƎ 

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 healthcare practitioners 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 reflective ŀŎǘǎ Ŏŀƴ ƛƴŦƻǊƳ ΨǎŜƴǎŜ ƳŀƪƛƴƎΩ. Sense making can 

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 

ΨǎƛǘǳŀǘŜŘΩ ŀƴŘ ǘƘŀǘ ǘƘŜ ǎǳōƧŜŎǘ ƻǊ ǇƘŜƴƻƳŜƴŀ ŀǊŜ ǊŜƭŀǘŜŘ ŀǘ ŀ ǇŀǊǘƛŎǳƭŀǊ Ǉƻƛƴǘ ƻŦ 

context and time.  

ά²Ƙŀǘ ƛǎ ŘŜǎƛƎƴŀǘŜŘ ōȅ ǘƘŜ ǿƻǊŘ ΨǎƛǘǳŀǘƛƻƴΩ ƛǎ ƴƻǘ ŀ ǎƛƴƎƭŜ ƻōƧŜŎǘ ƻǊ ŜǾŜƴǘ ƻǊ ǎŜǘ ƻŦ 

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 

ŀ ǎƛǘǳŀǘƛƻƴΦέ (Dewey, 1998:66ς67).   

There are multiple realities of AIS experienced by young people, whether related to 

their condition (AIS), brace treatment or the manufacture of their brace. Identifying 

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

ǘǊŜŀǘƳŜƴǘ ŜȄǇŜǊƛŜƴŎŜǎ ǊŜǾŜŀƭǎ άunderlying patterns and order of the social worldέ 

(Morgan, 1980:609).  

¢ƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ƛǎ ǘƘŜ Ψstrategy plan of action, process or designΩ ƭȅƛƴƎ ōŜƘƛƴŘ ǘƘŜ 

choice and use of particular methods (Crotty 1998:3).  

5.5 Design Science Methodology 

The methodology framing this study that rationalises the methods and tools used is 

design science.  
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Design science research is motivated by introducing new artefacts. The process for 

building these artefacts is a desire to improve an environment they are situated 

(Simon, 1997). The term design science is used, as the objective of the research is to 

develop valid and reliable knowledge to be used in designing solutions to problems 

(Vaishnavi and William Kuechler, 2007). It can begin by identifying a problem or 

opportunity in an environment (Hevner, 2007). 

 ¢ƘŜ ǇǊƻōƭŜƳ ǎƻƭǾƛƴƎ ŀǎǇŜŎǘ ƻŦǘŜƴ ǎƘƛŦǘǎ ōŜǘǿŜŜƴ ǘƘŜ ΨŘŜǎƛƎƴ ǇǊƻŎŜǎǎŜǎΩ and the 

ΨŘŜǎƛƎƴŜŘ ŀǊǘŜŦŀŎǘǎΩ for complex problems. The evaluation of this artefact provides 

feedback and improves understanding of the problem in order to either improve the 

ΨŘŜǎƛƎƴ ǇǊƻŎŜǎǎΩ ƻǊ ΨŘŜǎƛƎƴŜŘ ǇǊƻŘǳŎǘΩ (Hevner et al., 2004). This loop of building and 

evaluating continues iteratively before the final artefact is generated (Markus et al., 

2002). Thus, the research can evolve both a designed process and a designed 

artefact.  

March and Smith (1995) design science framework identified two design processes 

and four design artefacts. The two design processes are build and evaluate and the 

artefacts are constructs, models, methods and instantiations (March and Smith, 

1995). Constructs or concepts refer to possible problems, specifications of their 

solutions and how they are communicated (Schon, 1983). These constructs are 

demonstrating a real world situation. A method refers to a series of steps to perform 

ŀ ǘŀǎƪ ŀƴŘ ƛǘǎ ƛƳǇŀŎǘ  ƻƴ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ƛǘΩǎ ǳǎŜǊǎ (Voordijk, 2009).  

Hevner (2007) outlined a similar approach in his design science framework (Figure 

5.2) visualising more directly the iterative nature of the processes involved.  

In these frameworks, the outputs return to their environment to be 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?) and performance that 

limits its use in practice (Hevner, 2007).  
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Figure 5.2: Design Science Research Cycles. Sourced from (Hevner, 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 theories (Iivari, 2007) and additional 

sources of creative insights (Csikszentmihalyi, 1996). Several authors have proposed 

detailed taxonomies for classifying different types of solution concepts or design 

propositions (Vincenti, 1993; Mitcham, 1994; March and Smith, 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 not be considered action research (Burstein and Gregor, 

1999).   

5.6 Methods - Immersion: mapping out current manufacture process   

A useful process to aid understanding is immersion in and observation 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 and photographs 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 in the literature 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 objective 1a: Review current methods, techniques 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 3: Investigate suitable 3D CAD strategies, which could replicate 

or improve conventional methods of brace manufacture 

Research objective 4: Investigate the integration of additional features to the 

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

The use of 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. The use 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 conceived.  

The design and development process of a brace is complex and the simplification of 

activities into a model requires a step-wise approach of review, aligned to 

observations and contextual enquiry in order to ensure the artefacts (activity 

diagrams) demonstrate their context (Eckert and Clarkson, 2005; Gericke et al., 

2016). Although capturing the complexity 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 involved (Blessing, 1995).  
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Gericke et al., (2016) framework outlined the underlying decisions that could 

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 diagrams provide a descriptive analysis of a current fabrication process 

allowing articulation and discussion for digital interventions. The models applicability, 

practicability, coherence, ease of use and limitations are discussed in Chapter 6. An 

element of the models coherency and communication comes from its notation. 

There are different arrays of modelling languages, textual and graphical with 

examples observed in medical device literature (Table 5.1): 

Table 5.1: Examples of process modelling languages  

Modelling Language Description Author 

BPMN ς Business Process 

Modelling Notation  

Graphical modelling process for business 

process; coordinating the sequence of 

processes and messages flowing between 

different stakeholders in a related set of 

activities.  

(Miers and White, 2008) 

Flowchart Diagrammatic representing a step by step 

solution to a given problem. The flow of this 

process is represented by arrows in 

particular directions and boxes highlight 

various operations in the process.  

(Madison, 2005) 

UML - Unified modelling 

language 

Visual modelling language. It has been used 

to construct, specify and visualise and 

document artefacts.  

(Rumbaugh et al., 1999) 
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The selection of 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 assist in the development of a 

descriptive emulation of the 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 across 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 time. The 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 hand crafted custom-made 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 literature discussed in Chapter 4 showed the importance of the design of 

suitable research instruments to engage young people. This research needs to 

ǎǘƛƳǳƭŀǘŜ ŘƛǎŎǳǎǎƛƻƴ ŀǊƻǳƴŘ ȅƻǳƴƎ ǇŜƻǇƭŜΩǎ ŜȄǇŜǊƛŜƴŎŜǎ ƻŦ ǿŜŀǊƛƴƎ ǘƘŜƛǊ ōǊŀŎŜΦ 

What affects their adherence, and how 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 2a: Develop suitable research instruments to engage young 

people to be included in the brace design process. 
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Research objective 2b: Understand the involvement of adolescents in the brace 

design process 

Due to the exploratory and descriptive nature of this research (Robson, 2002) data 

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 phenomena and qualitative research (Denzin and 

Lincoln, 2005). 

The design of these research instruments was important in building an 

understanding of these factors so that criteria could be developed to make sense of 

and synthesise the data.   

Generative techniques can assist in the development of richer understanding of 

ǇŜƻǇƭŜΩǎ ŜȄǇŜǊƛŜƴŎŜǎΣ ƴƻǘ Ƨǳǎǘ ǿƘŀǘ ǘƘŜȅ ŀƭǊŜŀŘȅ ƪƴƻǿ ōǳǘ ŀƭǎƻ Ƙƻǿ ǘƘŜȅ ŦŜŜƭ ƻǊ 

what they would prefer or wish it could be. Traditional user study techniques of 

observations, interviews and focus groups  (Hanington, 2003) build understanding 

about the current context uncovering explicit knowledge rather than  developing 

future scenarios or hypotheticals.  

The tacit knowledge and latent needs that people experience can be difficult to 

notate (Sleeswijk Visser et al., 2005). Tacit knowledge is that which people act with 

but cannot express into words (Polanyi, 2005). Latent needs are those which people 

may not be aware of just yet (Wagner and Hansen, 2004; Martin et al., 2006; Zhou et 

al., 2015). Sleeswijk Visser et al., (2005) access (Figure 5.3) 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 

overt and 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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Figure 5.3: Levels 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 (non-designers) to be involved in the front end of design 

and express their own ideas on aspects that affected their life or future (Sanders and 

Stappers, 2014). 

Generative toolkits are typically used in facilitated group sessions and the data 

(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 

approaches (Sanders and Stappers, 2014). Mattelmäki (2005) describes the use of 

design probes as a technique to develop a dialogue with future users.  

An important difference when comparing the two tools is the 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, 2004) and generative toolkits follow a more 

deliberately steered process of participation delving 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 method (Boehner et al., 2007) others have demonstrated them to 








































































































































































































































































































































































































































