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Abstract

Surgical care is a fundamental component of an effective healthcare system, yet most
people living in low and middle-income countries have no access to it. Critical to addressing
this is the ability to equip low-resource healthcare contexts with appropriate surgical
technologies. An estimated 40% of healthcare equipment is unused in these contexts, and
there is increasing recognition that new technologies must be designed specifically for them,

to provide Affordable, Available, Accessible, Appropriate and Quality solutions.

For this, researchers suggest conventional approaches to medical device design are not
appropriate, but recommended alternative approaches are in early development stages,
and since their use is rarely reported in the literature, little evidence exists with which to
improve them. This thesis addresses this paucity of evidence, and describes the integration,
implementation, and evaluation of recommended approaches to designing technologies for

low-resource healthcare contexts.

A design roadmap, and the principles of frugal innovation and participatory design are
applied to design a device for gasless laparoscopy in rural hospitals in Northeast India. The
evaluation of these approaches considers their influence on the development of the design
through a review of the design history of the device and uses an exploratory qualitative
study to understand whether the participatory approach was beneficial to the clinical

stakeholders, who were participants.

The design roadmap provided appropriate structure and advice for the design process but
requires further development. A thorough understanding of the use context, local
stakeholder participation and ability to maintain quality are important for innovating
frugally, but specific methods to guide frugal innovation are required. Clinical stakeholders
benefited from participating throughout the design process and supported the process by
revealing potential barriers to collaboration as well as potential solutions to them. The
results highlight the value and potential for using these approaches to increase global access

to surgical care.
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Chapter 1

Introduction

This chapter introduces the context within which the research project and objectives evolved.
The state of global access to surgical care and the approach taken by a Global Health
Research Group to improve this is summarised. Through involvement in this work, it became
clear to the author that the majority of surgical technologies do not meet the needs of
surgical providers in low-resource settings. Addressing these needs requires a different
design approach, which is not well understood. This becomes the justification for the aims
and objectives of this research and the methods selected to achieve them.

1.1 Context

The work described in this thesis was conducted as part of wider research into improving
surgical care in low-resource healthcare contexts (LRHCs), coordinated by the Global Health
Research Group in Surgical Technologies (GHRG-ST), which is funded by the United
Kingdom’s (UK) National Institute for Health Research (NIHR) as part of an initiative to
address ‘Global Health’ concerns across a range of clinical domains. According to the UK
government, ‘Global Health’ concerns affect people worldwide and require international

collaboration to address *.
1.1.1 Inequality and Privation in Global Access to Surgical Care

As a part of the Sustainable Development Goals (SDGs) 2, Member States of the United
Nations (UN) pledged to achieve Universal Health Coverage (UHC) by 2030. Providing
essential health services reduces morbidity and mortality for their populations and gives
them better chances of avoiding poverty and enjoying long-term economic development -
4, Surgical care is one of these essential health services >, To be effective, it must be safe,

quality, timely, accessible and affordable 7.

An estimated 5 billion people lack access to surgical care. While these people exist
worldwide, they are disproportionately concentrated in Low- and Middle- Income Countries
(LMICs), where nine in ten people cannot access surgery 3. Health burdens can be measured
in Disability-Adjusted Life Years (DALYs), which sum the number of years of life expected to
be lost and the number of years of life expected to be affected by disability for a cause .

Access to surgery could avert 77.2 million DALYs in LMICs every year °.

In sub-Saharan Africa, under the right conditions, this could cost just $33 per DALY prevented
10, In fact, one study found that almost all surgical interventions they assessed were very

cost-effective in LMICs . Despite this, the costs incurred accessing surgery in LMICs can
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cause entire households to fall below the poverty line >*2. To prevent this and achieve UHC
2, the international community must prioritize and invest in surgery 3. Financial flows into
surgery must be tracked and surgical data collected to better inform policy. And finally, we
must utilise innovation and technology to reduce costs and optimise resource allocation in

the delivery of surgical and anaesthesia care in LRHCs >3,
1.1.2 Using Innovation to Improve Access to Surgery

The GHRG-ST has supported increased use of one such innovation, gasless laparoscopy 4, as
a means of superseding laparotomy and improving surgical care in LRHCs. Laparotomy is one
of the Bellwether procedures, which all first-level hospitals should have capacity to perform
15, Where possible, it is replaced by laparoscopy, because of benefits such as shortened
hospital stays, reduced pain, smaller wounds, and overall cost savings °. For low-earning
populations, especially those with no leave or sick pay, days spent accessing surgical care
come at the cost of losing wages, so these benefits are more pronounced. However
laparoscopy is not currently feasible in many LRHCs. Conventionally, it is performed by
‘insufflating’ (inflating) the abdominal cavity using pressure-controlled carbon dioxide gas
(CO,) (termed a pneumoperitoneum) which requires use of a general anaesthetic,
monitored by an anaesthetist. This, alongside other specialist equipment and consumables
required, places a high resource requirement on the technique which is challenging to

provide in LRHCs. Hence, adoption of laparoscopy in LMICs has been slow /.

Gasless laparoscopy is an alternative method, using a device that manually lifts the

abdominal wall 8. It can be performed under spinal (rather than general) anaesthesia and

without pressurised CO; gas, thus removing the need for associated equipment: a significant

reduction in resource required. It could also reduce the risk of airborne viral transmission

during laparoscopy **2L. Scoping work conducted by GHRG-ST identified opportunities and
22

barriers to uptake of this technique *, which have formed cornerstones of the

multidisciplinary research group’s work:

e Training and proctorship %%

e Registry and long-term advocacy *

e Equipment %

The last is the focus of this work. To increase the adoption of gasless laparoscopy, it must
provide a comparable alternative to conventional laparoscopy. Studies currently report
challenges such as longer operative times and a suboptimal view of the operative scene /%,

central to which are the abdominal wall lift (AWL) devices, shown in Figure 1, which lack the
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development and innovation seen in instrumentation used for main-stream surgery %.
Accordingly, the GHRG-ST has been developing an improved AWL device, the Retractor for
Abdominal Insufflation-Less Surgery (RAIS).

- /=
a8 &l v STAAN
‘ Abdominal
. Zh " Wall Lift
V) : Device
L/

-

1 Umbilicus incision 2. Tsertring

5. Instruments inserted through
incision, into abdorminal cavity.

Figure 1: Principles of gasless laparoscopy and an existing abdominal wall lift device,
currently in use in North-east India, from Marriott Webb et al. %,

1.1.3 Designing a Technology for Global Surgery

Designing new health technologies is generally a difficult, but well-researched process.
Established frameworks can be used to guide development, from identifying innovation
opportunities through to product decommissioning *. However, designing surgical systems
for LRHCs brings additional considerations and challenges. Limited existing literature on the
topic, reviewed in Chapter 2, suggests that conventional processes are inappropriate.
Alternative approaches have been proposed but appear inchoate, leading to varied
interpretation and implementation by innovators and a lack of evidence with which to assess

or improve them.

Therefore this research explores approaches to designing surgical technologies for LRHCs.
Designing the RAIS system is used as a case-study to inform this research, providing evidence

and tangible examples of implementing the approaches. One approach, which recommends
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involving users in design, is assessed through two lenses: the impact of users on the RAIS
design, and the impact of being involved on the users themselves, which is a novel study in

this field.

1.2 Thesis Aims

The outcomes of this thesis are targeted at developing advice for innovators in designing

disruptive surgical technologies to improve global access to quality surgery.

Objective 1: Identify existing approaches to designing health technologies for LRHCs
and investigate how these have been implemented.

Objective 2: Apply selected approaches to the design of a novel surgical device for
gasless laparoscopic surgery.

Objective 3: Document the design process, gathering evidence and tangible
examples of how these approaches are implemented.

Objective 4: Critically assess the impact of the approaches on the design
development.

Objective 5: Investigate whether the selected design approaches benefitted the
clinical stakeholders involved in the process.

Objective 6: Develop evidenced recommendations for further development of these

design approaches.

1.3 Thesis Overview

The thesis is presented in 6 chapters addressing the objectives in 1.2.

Chapter 2: Literature Review

To understand the need for a different approach to designing health technologies for LRHCs,
the nuances of the design context are reviewed. Then Objective 1 is addressed by reviewing
design approaches developed specifically for this context. The results of the review inform

Chapter 3.

Chapter 3: Design Approach
A description of and rationale for the design approach selected to develop the RAIS device
is provided, which includes aspects from the ‘Design for Safe Surgery Roadmap’ 3!, frugal

innovation and participatory design.
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Chapter 4: Evaluation of the RAIS Design Development

The implementation of these design approaches is described, addressing Objective 3, and
the challenges, benefits and opportunities experienced are considered. The impact of the
approaches on the RAIS design is evaluated by examining the design development and the

findings of clinical and mechanical evaluations of prototypes, addressing Objective 4.

Chapter 5: Evaluation of User Gains from the Design Approach

An exploratory qualitative study is used to investigate clinical stakeholders’ perspectives
what they gained from being involved in designing the RAIS device (Objective 5), and what
facilitated and impeded these gains. The chapter concludes by reflecting on how the results
might be used to enhance relevant outcomes of using a participatory design approach in this

context, and hence relates the chapter content to Objective 6.

Chapter 6: Discussion, Recommendations and Conclusions

In the final chapter the learning outcomes of the project are summarised in six themes
discussing important aspects of approaching designing a device for global surgery. The
chapter concludes with recommendations for further development of the design
approaches investigated in this thesis, to increase their usefulness for designers and create

more impact on improving global access to surgery.
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Chapter 2

Literature Review

The topic of surgical technology design for LRHCs is introduced with a review of current
theories and knowledge. The first section investigates the nuances of LRHCs and why most
technologies do not meet their needs. The second reviews benefits of using established
design processes to develop health technologies and why they need adaptation for designing
solutions which do meet LRHC’s needs. Accordingly, recommended approaches to designing
technologies for LRHCs are discussed, and their use by innovators in this context reviewed. It
is concluded that to support surgical technology innovation for LRHCs these approaches need
further development, using evidence generated from implementing and evaluating them.

2.1 The Need for Innovation in Surgical Technologies

2.1.1 What is a Surgical Technology?

For the purposes of this thesis, a surgical technology or device refers to any technology used
during surgery which is intended for use on humans for a prescribed list of purposes, and
does not achieve this purpose solely through pharmacological, immunological or metabolic

means, separating them from, for example, vaccines or drugs 2.

For regulatory purposes, a surgical technology can fall into any class of medical device .
Due to a paucity of literature specifically addressing design of specifically surgical
technologies, this review considers relevant research from the wider conversation around
designing health technologies. Conversely, some findings of this research are likely to be

relevant to other health technologies.
2.1.2 Issues with Repurposing Existing Technologies

More than prohibitively high upfront costs limits the uptake of surgical technologies in
LRHCs. Even ‘free’ or donated surgical equipment is not always cost-effective 3436, About
40% of medical equipment donated to LMICs is not in use 3¢. When donors fail to consider
the context technologies will be used in or consult clinical engineering and maintenance
personnel, donations arrive without spare parts, manuals or training and soon break down
34-37 Repair can be prohibitively expensive because the necessary expertise resides on a

different continent *>*3, Equipment disposal can also be exorbitant 3,

So while cost is the most frequently considered factor in procurement planning, what most
affects successful uptake of technologies is their alignment to the deployment setting ¥.
Healthcare providers in LRHCs need technologies with technical specifications appropriate

for their context of use that they can both afford and sustain with their resources. It must
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designed for the context they work in 33749,

However LMICs only account for a small
proportion of global health research and development spending, and as almost four fifths of
all medical device sales revenue is generated in the USA and Europe, it is no surprise that
the majority of medical equipment is designed in and for western markets . This equipment
is neither appropriate nor always safe for LRHCs, whose needs are different to those of the
current majority market 3*%1, For example, a mains-supplied surgical lighthead is sufficient
in HICs, but some LRHCs experience frequent power outages, which could leave a surgeon

operating blind 3*3®, A light with a battery backup is better, but generally such needs are not

widely understood.
2.1.3 The Contexts Surgical Innovations Must Address

To understand nuances of LRHCs and their effects on technology uptake, we can look to
Health Technology Assessment (HTA). HTA is a growing field aiming to understand all the
effects, intentional or not, of implementing health technologies **. Considering the factors
summarised in Figure 2, it provides a holistic perspective into why existing technologies can

be unsuitable in LRHCs.

() @
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[ ]
Financial Cultural Environmental
Skilled human resources
Financial resources Cultural acceptance of Physical
Technology maintenance health care interventions (e.g Topography Climate)
capacity
Health care financing . . )
Civil health care and distribution Values for personal Epidemiological
infrastructure mechanisms choice, efficiency, and (e.g relative prevalence of
equity communicable vs.
Health professional non-communicable
standards Profitability of health disease, acute vs. chronic
care markets Training and education disease)

Regulatory environment

Figure 2: Contextual differences to be considered when implementing a health intervention.
Content source **

A crucial consideration is whether the healthcare infrastructure can support a technology
3743 With relatively reliable supplies of highly trained healthcare workers, consumables,
utilities and clinical engineers, High-Resource Healthcare Contexts (HRHCs) can utilise a wide
range of technologies . These technologies must conform to rigorous standards, providing
assurance they can be safely used and interact with other devices in that context #. If they
don’t, procurement and legal teams can leverage the legal system to ensure the hospital or

patient is compensated #. In contrast, infrastructure supporting LRHCs can vary radically #647
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and some operate with very little access it #2244 |n these settings, technologies designed
assuming the aforementioned infrastructure is in place can be difficult to implement 3741,
For example contracts with suppliers, manufacturers and distributors may work differently
%8 Individual settings may generate their own solutions to infrastructural challenges, which
should be taken into account: for example, in one hospital devices were cleaned and stored
in Operating Theatre (OT) corridors by cleaning staff due to lack of a sterilisation department
39 Finally, in some LRHCs resources are shared, such as specialist surgeons and equipment
12

. In such cases, portable equipment could be easier to implement: not usually a

consideration in HRHCs ¥’.

The context also influences the cost-effectiveness of health technologies 3. Both HRHCs and
LRHCs overspend on technologies that barely improve health outcomes 3. But for LRHCs
with limited health budgets the opportunity cost is greater. Non-upfront costs of
technologies can also constitute 80% of the total cost, which is often an unbudgeted
expenditure for LRHCs %8, Therefore, to be cost effective in LRHCs, technologies must address
pressing healthcare burdens * and consider costs of use, training, repair, maintenance and
disposal in that setting *3¢3°. Finally, financers of the healthcare setting varies between
governments, insurance schemes, private ownership, NGOs or even communities, and this
affects technologies prioritisation. Some may mandate selecting the cheapest technologies,
regardless of cost-effectiveness, which can complicate implementing appropriate

technologies 339°°,

Implementing health technologies requires consideration of cultural values and mechanisms
too. In some countries 80% of the population use traditional rather than modern medicine
practitioners, such as herbal healers >°1, Acceptability of modern health technologies can

44,52

vary and in some settings household or community leaders make decisions about an

individual’s treatment, not the individual >3,

Finally, the physical environment of the context must be studied. Some technologies are
sensitive to changes in altitude, humidity, temperature and air quality and can malfunction
in extreme environments 3444 The health needs of populations also change with the

physical environment >4,

2.1.4 The Need for Innovative, Global Surgical Technologies

Hence, there is demand for technologies designed to be affordable, available, appropriate,
accessible, acceptable and quality in LRHCs >°. Surgical technologies that achieve these

criteria have become attractive products in HIC markets too due to their low cost, high
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quality and robustness °®. Contradicting historical flows of medical innovation from HICs to
LMICs, this is sometimes known as reverse innovation 22°°8_ Hence, technologies designhed
for LRHCs can improve surgical care globally. The World Health Organization (WHO)
recognised this with annual calls for innovative health technologies designed for LRHCs
between 2010 and 2016 . Yet despite their potential, such innovations have had low
success rates. The most recent call identified only 39 in prototype stages and 29
commercially available technologies, reflecting a 60.7% selection rate of technologies
submitted with sufficient details and a 12% acceptance rate overall ?°. A review of health
technologies designed for LRHCs in 2013 also found few were implemented at scale, and
overall failed to address the largest health burdens in LMICs #°. This suggests even the few

innovators targeting LRHCs find designing appropriate technologies challenging.

One possible explanation is that despite progress in HTA, comprehensive data on aspects
discussed in 2.1.3 is rarely available for LRHCs !, This lack of information is a barrier to
industry investment in global health technologies ** because designers must often make
predictions using data from small samples of respondents 3¢373° This, among other aspects,
introduces risk into health technology development that the industry does not have
established strategies to mitigate. To improve the efficacy of research and development in
this sector and support organisations to innovate and commercialise surgical technologies
for LRHCs at scale, it has been suggested that specific design processes to develop LRHC-

appropriate technologies may be required .

2.2 Conventional Surgical Technology Development

This section investigates conventional approaches to designing health technologies to

understand whether they are appropriate for innovating for LRHCs.
2.2.1 Nuances of the Industry

Even for HRHCs, developing surgical technologies is a high-risk process . It is rigorously

1 Regulatory requirements are

controlled by standards and regulatory authorities
continuously evolving, requiring businesses to be flexible, innovative and to invest large
sums in new technology development 328 |t often relies on public sector input: for research,
infrastructure, funding and even to influence the market >. Furthermore, user perspectives
and expectations vary significantly and often contradict those of purchasing stakeholders *°.

Ethics are fundamental to the entire sector and must be considered throughout product
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development processes. These challenges make project failures common and expensive,

leading to price inflation of successful products 2.

2.2.2 Conventional Medical Device Development Processes

Design processes are used to navigate this complexity >°

. They often consist of a
chronological framework of and advice for completing design activities such as Quality
Function Deployment, Functional Analysis, Pugh Matrices, Design for X or Failure Mode and
Effects Analysis (FMEA). The Linear Stage-Gate process ®° and Medical Device Design for Six

61 are popular examples *°. The way in which they collect, organise and explain

Sigma
knowledge of industry experts, generated through years of successes and failures, is
invaluable °. Their use offers organisations benefits such as developing higher-impact
products and reducing risk ®2, but to be effective they must continuously evolve to keep up

with healthcare contexts and be tailored to an organisation’s resources and products %663,

2.2.3 Suitability for Use in Designing Global Surgical Technologies

Of course, there is useful content within these processes for developing technologies for
LRHCs. However, they are based on the experience of experts that have primarily or only
designed technologies for HRHCs and inherently target them. The stage-gate process is a
good example °. Similarly to others ®, the overall structure of the process is tailored to
comply with standards set by the United States Food and Drug Administration (US FDA) or
the European CE mark, which may be inadequate to regulate health technologies in LMICs,
because they do not consider the nuances of LRHCs >, The design activities created with
HRHCs in mind do not consider issues performing the same in LRHCs: for example, it suggests
assessing the financial impact of delaying product releases, which could come at great
human cost in LRHCs ®. Simply put, there are new priorities, risks, challenges and
opportunities in innovating technologies for LRHCs, making existing processes less effective
since they are no longer carefully tailored to the design context 2%, To develop

technologies for LRHCs, new approaches are required 224065,

2.3 Design Processes for Global Health Technologies

To address this, authors have undertaken developing new high-level design processes
specifically for LRHCs. Reviewing the literature revealed four such processes, which, similarly
to conventional medical device design processes, advise on overall structuring of the design

development and what activities should be performed at each stage 3186667,
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2.3.1 The Stanford Biodesign Process

The Stanford Biodesign process is the most established of these ®’. While the first edition
focuses primarily on innovation in HRHCs %, the second edition recognizes different global

contexts necessitate different design considerations.

The overall structure (Figure 3) of the process remains very similar to the edition developed
for the US market. Instead of adapting the process itself, the authors add supplementary
advice for different global healthcare markets, including a background, a discussion of
context-specific challenges and an array of tactics for innovators to utilise. For example, in
India, one should ‘search for needs in country’, ‘go deep on stakeholder analysis’ and ‘keep

innovating beyond the technology’ *’.

* Needs Finding

Ident|fy * Needs screening
Invent * Concept Generation
» Concept Screening
Implement  Strategy Development

* Business Planning

Figure 3: Stanford Biodesign Process. Adapted from ¢’

Again, this raises questions as to whether conventional medical device design processes may
be adequate for LRHCs. However what separates the Biodesign process from for example,
the Stage-Gate Model % is its focus, from project initiation, on addressing clinical needs and
creating value for stakeholders (see 2.4.1 for more on value innovation). The purchasing
power of LRHCs is low and concentrating spending where it can create the greatest health
benefit is important. Therefore, identifying a pressing clinical need to address is the first step

towards designing global health technologies. On this, many processes agree 31°866,67.69,70,

2.3.2 The Globally Responsive Device Realization Process

While less detailed, and not fully expanded upon, the ‘Globally Responsive Device

Realization’ process *® shares a similar structure with the Biodesign process . It also imparts
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advice: one should recognize the importance of local clinical stakeholder experience in both
need identification and implementation stages. The involvement of local stakeholders is a

second matter agreed upon by all processes reviewed, and is discussed further in 2.4.2.
2.3.3 The Design Thinking Process

In fact, two innovators ®%%° went so far as to utilise a ‘Design Thinking’, or human-centered
process for this design context. Not specifically intended for the design of health
technologies, this process sets out broad steps (empathize, define, ideate, prototype, test,
refine) intended to ensure continuous integration of stakeholder feedback and priorities into
a design process. Each identified that this process alone was not sufficient to guide their

t %5 However, both

development process and ensure the success of their produc
successfully adapted the ‘Design Thinking’ structure, notably implementing their products

at scale, and supplemented it with their own insights to guide future innovators.
2.3.4 The Roadmap for Design of Surgical Equipment for Safe Surgery Worldwide

In contrast to the ‘Design Thinking’ approach, which is applicable to many design contexts,
Oosting et al. (2018) developed a specific process for designing surgical devices for global
contexts: the four-phase ‘Roadmap for Design of Surgical Equipment for Safe Surgery
Worldwide’ (Design for Safe Surgery Roadmap) (Oosting et al., 2018). The roadmap (Oosting
et al., 2018) is more limited in scope than the Biodesign process, but more detailed and
specific to a healthcare context than the ‘Design Thinking’ structure, while also placing
emphasis on understanding and addressing nuances particular to LRHCs. Phase 0 of the
roadmap (Oosting et al., 2018) focuses on identifying an unmet health need and Phase 1 on
understanding the local context. Phase 2 concerns determining the design requirements and
a strategy for implementing the device. Finally, Phase 3 is to ‘Act’, engaging in co-creation

with LMIC stakeholders to produce a design and prototypes.

Collectively there is little evidence of these design processes being used in the literature,
and similarly they are infrequently cited by studies which encourage innovation for
addressing the need for appropriate technologies in LRHCs. In fact, in providing advice for
innovators in this design context, more studies describe two core principles for design, which

are discussed in the following section.

2.4 Core Principles for Designing Global Health Technologies

Several reviews identified two core tenets to designing and implementing global health

technologies, which resonate with aspects of the design processes reviewed in 2.3:
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122,37,38,40,44,49,5571 |nstead of providing

participatory design (PD) and frugal innovation (Fl) 3
step-by-step design frameworks, these concepts describe design process aims, and

principles which the designer should use to achieve them.
2.4.1 Frugal Innovation
2.4.1.1 Definition and general use

FI can refer to the process of designing frugal products or to the product itself. The FI

* 517273 s often simply described as

process, also known as ‘Jugaad’, ‘good-enough’ or ‘value
providing more value to users using less resources 22. Fls have been disruptive across
different industries, from Tata’s ‘Tata Nano’ 74, the world’s cheapest car, to the ‘Foldscope’
75, an origami microscope costing less than a dollar. According to Weyrauch and Herstatt 76,
who have, in the author’s opinion, considered definition of FI most thoroughly 7-7°, FIs have

three attributes (Figure 4) in common: “substantial cost reduction, concentration on core

functionalities, and optimised performance level” 6.

Optimized
Performance
Level

Concentration
on Core
{~—Functionality

Substantial
Cost
Reduction

Frugal Innovation

Figure 4: Principles of Frugal Innovation. Content source 7®

Hence Fl encompasses more than cost-cutting or the problematic term ‘simplification’: a
product can achieve the criteria with a complex or creative solution, but it must be low-cost
and meticulously optimised for its purpose #8! Avoiding over-design and inclusion of
unnecessary functions facilitates increased value for stakeholders over conventional

solutions &2,
2.4.1.2 Use in designing technologies for LRHCs

Several aspects of FI make it favourable for designing technologies for LRHCs. With large

gaps in access to healthcare to address, its relationship with sustainable social development
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8384 crucially without

and focus on affordability for the Base of the Pyramid is key
compromise on quality and robustness, which in healthcare is paramount. Examples of
frugal surgical innovations include adapting cheap mosquito netting to replace surgical
meshes in hernia repairs 8 and use of a flutter valve to drain fluids and air out of the thorax
57, By providing comparable performance to existing technologies at a fraction of the cost,
these innovations are disrupting the norms of innovation in the health technology sector
and have the potential to improve surgical care in both LMICs and HICs 22, Through calculated

value optimisation Fls also frequently result in lower training and maintenance needs along

with high robustness: desirable characteristics of products designed for LRHCs 2%40(p).44,57.73

While the principles and theoretical frameworks describing Fl are well-defined, methods for
implementing it are not 77779, It is described as a complex process which has implications
across all innovation functions, but there are few specific methods or design tools innovators
can use to help their surgical innovations meet the ‘frugal criteria’ and they are not typically
explored in-depth 77985 Instead, studies present varying and sometimes conflicting
common features of FIs for designers to consider: for example ‘lightweight’ or ‘adaptable’
or ‘use of local materials / manufacturing’ 798%%  These have limited practical use for
designers: while they can set the objectives for innovation, they lack the detail to help
designers prioritise these objectives according to the setting and achieve the delicate

balance of optimising performance 7.

However, studies agree on one Fl method: engaging and co-creating with ‘prosumers’, or
stakeholders, in design 2%7777°, Bringing together expertise from diverse settings and
professions can enhance a team’s ability to innovate frugally, and be fundamental to the
success of those innovations ®. Stakeholders can influence consumer behaviour whilst
adding to the design team’s competencies, facilitating new thinking 7. In fact, many frugal
surgical innovations originate in LMICs, where innovators have first-hand knowledge of

5773 Often, while a major barrier to health

LRHCs or access to stakeholders who do
technology designers in developing optimised frugal, global devices is a paucity of
information on the context of use , a barrier to frugal innovators in LRHCs developing
technologies is lack of experience in for example, navigating regulatory requirements and
certifying products 73, or a lack of resources to support a full research and development
process **. It is unsurprising then, that PD is mentioned frequently alongside FI **>® and it is

predicted that multinational corporations with operations in LMICs will accelerate frugal

technology development %,
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2.4.2 Participatory Design
2.4.2.1 Definition and general use

Central to PD is the argument that individuals should be involved in the design of systems
that they interact or produce work with %. It has different forms, including, but not limited
to, ‘co-design’, ‘co-creation’, ‘cooperative design’ and ‘design thinking’ °1, but all are linked
by a common idea. The idea is that some additional benefit, whether an improved system
performance, learning and development of participating stakeholders, or something
different, can be achieved through engaging stakeholders affected by a system’s design in
the process of designing it °2. Although frequently interpreted to mean the same, PD is
distinct from user-centred design, which is considered necessary in all health technology
development for safety reasons and can be a regulatory requirement for a medical device
design process %, Rather than collecting knowledge from stakeholders to feed into design
activities, PD projects ensure stakeholders participate in design activities themselves %%,
PD has been frequently recommended as a principle for designing appropriate technologies

83,96-99

for developing countries , and specifically for LRHCs 6971,100-102,

2.4.2.2 Evaluating PD

PDis a diverse field and the concept is interpreted, implemented and reported on differently
between and within industries. To evaluate use of it, practitioners recommend using
frameworks, which elucidate what the essential aspects of PD projects are. A number of
these have been developed °%98193:194 Of these, the PartE framework was selected to review
use of PD in global health technology design 1% because it offers a number advantages over
others. Created by technology designers, but using rigorous qualitative methods, it is
systematic and balances the focus of the evaluation between inputs, the process itself and
outcomes, while others focus purely on outcomes %1%, The developers also engaged in an

evaluation process to refine and increase the validity of the framework.

The framework splits PD into dimensions, shown in Figure 5. A PD project may display one
or many attributes within each dimension. For example, the Objective dimension of a PD
project could have three attributes: designing ‘Material Things’ (such as a rice-seeder for
visually impaired community members in rural Cambodia %8); changing ‘Organisation, Rules
and Information Flows’ (such as ensuring those community members continue to present at
community meetings and influence decision-making %) or changing ‘Mind-sets and
Paradigms (such as changing how people with disabilities are viewed by themselves and the

community %).
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Figure 5: PartE framework ** for evaluating PD initiatives. Adapted from source.

Others recognised formally searching literature concerning development of technologies for
LRHCs yields limited results, and that PD is a central focus of few studies 471, Therefore the
next sections use the PartE framework to structure a broad reflection on the involvement of
users and other stakeholders from LMICs specifically in the process of developing
technologies for LRHCs to learn about PD in this industry. Three types of studies contributed
to this. The first are case-studies, typically reflecting on a single experience of designing a
technology 101102106107 ‘A second type details an approach to developing technologies for
LRHCs, typically developed by a research collaborative or established health technology
developer, reflecting on learning across multiple projects 5869198-110 The third type reviews

projects from multiple research groups and other innovation hubs targeting LRHCs, in the

69,71 31,100

form of a systematic or informal review or via qualitative study with experts

2.4.2.3 Objective of PD in designing technologies for LRHCs

The Objective of involving stakeholders is most frequently optimisation of the health
technology, falling into the Material Things attribute. Through working with stakeholders in

LRHCs, innovators aim to reduce costs or improve alignment of devices to LRHCs 5871100

102,106-108 ' Stydies with additional objectives in the Organisation, Rules and Information and
Mind-sets and Paradigms attributes argue that involving stakeholders purely for this is
inefficient in this context. Hussain et al. 1°2 proposed that PD processes should prioritise the
product and psychological empowerment of participants equally. They, and others, argue
that for technologies to sustainably reduce global inequities in healthcare and be acceptable
to poor and marginalised communities, other objectives are important: developing and
linking up local human capacities to support technologies (such as training providers,
manufacturers, biomedical technicians and innovation hubs) >86%198-110 ' changing existing

69,109

perspectives on appropriate technologies for LRHCs and empowering local champions



-17 -

to innovate, drive and campaign for their scale-up and implementation 5869102108-110 Thjg js

a common perspective of studies built upon the experience of designing and implementing

multiple technologies.
2.4.2.4 PD Practice in designing technologies for LRHCs

The Practice dimension focuses on practical methods for involving participants in design,
which could be Well-known, Emergent or Novel. Again, most studies sit within the first
attribute, using Well-known formats of participation like interviews °86971,100,102108 " fqcg
groups %, questionnaires 8190107108 3nd clinical observation 6971100101110 agnecially in early

design process stages. Cultural probes, outcome-driven innovation 0!

and design
ethnography %11 were also used to elicit contextual information from stakeholders.
Prototype making is used infrequently in early stages °%1%2, but prototype evaluation is

common in later stages >869,71,100-102,107-109

Authors rarely mention Emergent, or context-adapted methods, but some elicited more
useful findings by briefing or training multidisciplinary stakeholders on design methods prior
to using them 100101 To gvercome language barriers, authors found visual and physical aids
(such as sketches and prototypes) and situating the device within the context (using

sketches, storyboards and role-playing) useful 591,

Notably, one author designed
‘Participatory Cards’, enabling participants unfamiliar with drawing to build sketches .
Overall, the lack of Novel and Emergent methods used seems strange. Evidence shows that
poor and marginalised communities disproportionately lack adequate healthcare *%°, and
deep understanding of these contexts is crucial for successful technology implementation.
Novel methods help ensure all participants, regardless of education, language and social

status can participate fully in the design process, and hence ensure their healthcare needs

are met, but have not been explored.
2.4.2.5 PD Interaction in designing technologies for LRHCs

Interaction refers to how PD practitioners and participants exchange and generate
knowledge. Attribute ‘a’ implies a one-way information transferral from participants to
designers, but attribute ‘b’ describes stakeholders working as a team, recognising their own
place among others in achieving project aims. In attribute ‘c’ participants are truly equal
stakeholders in the design process, contributing and collaborating proactively and
independently 1, Overall, this dimension is difficult to assess since stakeholders are not the

focus of many studies and it is unclear what individual contributions they make. However,
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Interaction between stakeholders within the studies can be inferred from the Practice

dimension.

58,100,107,108 58,69,71,100,102,108

The most popular methods — questionnaires , interviews and

Obse rvation 69,71,100,101,110

— all inherently generate one-way information flows, from
participants to designers. Stakeholders are often involved to identify healthcare needs,
collate information on contexts unfamiliar to designers and develop design requirements
that represent stakeholder needs 8100101197 These initial activities are considered the most
PD important stage, since participants can exert the most influence over the resulting device

100112 | |ater design stages, stakeholders evaluate concepts, however methods such as

surveys and questionnaires again indicate this is a one-way information flow 74197,

Some studies argue that involving participants throughout the design process as equal
partners significantly increases the value of their contributions 5869102108-110 | fact, many
consider bi-directional information flows, where participants contribute openly and co-
create solutions, necessary to ensure sustainable technology implementation in LRHCs
58,102,108 | the design of the frugal Pre-Pex device, now used at scale in district hospitals in

8 noted that strong the partnerships with local clinicians and

Rwanda, Mody et al. °
institutions formed by involving them in every design process stage engaged the interest
and creativity of local participants in implementing the device, which could affect their

motivation to remain and solve further challenges in LRHCs.
2.4.2.6 Barriers to PD in designing technologies for LRHCs

The Barriers dimension intuitively refers to impediments to implementing PD initiatives 4,
In global health technology design, authors frequently cite a lack of sustainable funding to
access stakeholders in LRHCs. This barrier has both Economic and Environmental attributes
— design teams commonly live on different continents to the settings they are designing for,

which can be remote 100102

, and justifying large travel expenses to interact with participants
is challenging 919102 One designer expressed that if not for Economic Barriers, they would
like user input into every design decision 1%, and others relied on students volunteers due
to finance constraints, causing issues when they prioritised or finished their studies and
dropped out %1% Mody et al. *® highlighted that local infrastructure could be another

Environmental PD barrier, especially in collaborating with local manufacturers, who were

limited by unreliable supply chains and distribution channels.

Possible Political Barriers include lack of institutional boards in LMICs to review clinical

studies which adds risk to conducting them with participants in LRHCs *8, and obtaining the
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buy-in of multidisciplinary participants, from users to policy-makers, with different ideas and
objectives %1% However Holeman and Kane ® see this as intrinsic to the need for PD,
because through collaborating as equal stakeholders both the product and these different
perspectives can be adapted simultaneously until they converge into a universally
acceptable solution. Social Barriers to participation often only became evident when, like
this, participants worked together over extended periods. Hussain et al. 1°2 noticed that
social structures could hide voices, for example, when children defer to parents opinions.

101 when

These participants can make valuable contributions, as discovered by Gheorghe
evaluating individual diaries that clinical staff filled in (a cultural probes method). These
participants did not contribute in front seniors but provided invaluable insights when asked
privately. Language Barriers also caused misunderstandings and important factors to be

overlooked, even when translators were used 2.

Finally, Individual Barriers to PD mostly centred around clinical participants having busy,
unpredictable schedules, and even ‘burning out’ 8190101 According to some designers, their
frustrations using low-fidelity prototypes or with the progress of designs stemmed from
their lack of design process experience of Individuals 1. Overall, no studies directly asked
participants what Barriers to PD they experienced, so, as with the other dimensions in the

framework, these Barriers represent the designer’s perspective only.
2.4.2.7 Representation of PD participants in designing technologies for LRHCs

Representation encourages reflection on which stakeholders are recruited and their ability
to influence PD decisions. In attribute ‘a’ one stakeholder attempts to represent the
interests of many without their explicit permission, in ‘b’ individuals represent themselves
and in ‘c’ a representative has explicit permission to represent others, whether voluntary or
enforced (paid) 1. The Representation of stakeholders in decision-making was difficult to

ascertain in almost all studies.

Again, the popular methods of interviews, questionnaires and observation to involve
stakeholders suggests they were able to inform decisions, but were infrequently involved in
the decision-making process itself . For example, stakeholders are often asked to evaluate
prototypes, but rarely to create or change them themselves, or to select final concepts 1.
Sometimes this falls into attribute ‘c’ Entrusted or Delegated Representation: by

participating in an interview or workshop, the interviewee gives permission for the

interviewer to represent their voice in decisions %197,
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Observation, however, comes under attribute ‘a’ because the participants lack a voice in

what information is recorded or how it is construed %°

so the observer Appropriates that
stakeholder’s voice in decisions. Another study interviewed ‘proxy users’ from HRHCs
instead of stakeholders working in LRHCs to inform design decisions: another example of
attribute ‘a’, and something they found problematic since proxy users held different views
to users in LRHCs %, When Representation falls into this attribute, PD is not necessarily
democratic and becomes subject to the designer’s biases. Appropriating participant’s
experiences from texts or experts can smooth-over important factors . One study argued
that in the complex design context of global health technologies, it cannot compensate for

embedding the everyday experience of stakeholders into the design process, which truly

grounds the product in local contexts .

There are also examples of the final attribute, Direct, Autonomous Representation. In two
studies, ‘core teams’ of collaborators involved clinicians and biomedical engineers from the
target LRHC, suggesting they directly influenced decisions %1% |n another, participants
created their own designs, which were transformed into higher-fidelity prototypes by the
designer to achieve participant priorities 2. Again, Holeman and Kane ® consider this
important for developing disruptive health technologies, as it ensures as many concepts as
possible are explored without bias before a solution is agreed upon. As discussed, excellent
FIs in global surgery often originate from innovators in low-resource contexts 8. Therefore
this attribute of Representation in design stages such idea-generation and iterative design
and development % is thought to result in more disruptive and appropriate, acceptable,

affordable, available, accessible and quality technologies 3859100,
2.4.2.3 Impact of using PD in designing technologies for LRHCs

The final PD dimension is Impact, which could be Short-term or Small-scale Changes, Long-

104

term or Large-scale Changes, or Unintended or Indirect Changes ***. Many studies progressed

71,101,106,107.109 o formal clinical trials >%71100108  Degpite

technologies through user testing
promising results, these Impacts are attribute ‘a’, Short-term and Small Scale Changes, until
they are implemented sustainably in LRHCs. While predicting the future of these

technologies is difficult, reviews suggest most are never implemented at scale %72,

However, studies also attempted achieving Long-term and Large Scale impacts 869108110,

Mody et al. *® described a low-cost technology’s incorporation into the National HIV
Prevention Strategy in Rwanda, training over 50 healthcare professionals in its use and

engaging local teams to ensure its sustainable implementation. This work even increased
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demand for male circumcision amongst young people. Ayah et al. 1°® saw through drafting
of novel national medical device standards and built innovation capacity and networks in
Kenya. Evidently, Impacts must be weighed against the level of funding, and to say which
project had the most Impact and why is not possible with the level of evidence presented in
manuscripts. It is however, of interest to note that many Long-term Impacts identified are
related to capacity, partnerships and skills developed innovating technologies 869:102108-110,
Holeman and Kane ® considered these outcomes necessary to enable longer-term and
larger-scale impact of health technologies, since they must be continually evaluated and

updated to adapt to ever-changing needs.

Finally, the Impact of PD on participants was only considered by one study 2

, which argued
that empowering outcomes of a design process were of equal value to the product
outcomes, but still did not formally evaluate them. While many studies highlighted the

importance of involving participants from LRHCs in PD 586%107,108

, only two reflected on the
extent they were able to participate in the design process %1% The ‘Global Health
Technology 2.0’ research and development model described assessing projects on the level
of cocreation achieved but further detail was missing 1°°. Hussain et al. reflected that they
did not achieve true co-creation and participants needed training to become equal
stakeholders. When compared to greater PD literature, the lack of evaluation any Indirect
Impacts on participants is striking 9>°%%, |t has also been argued that stakeholders should

set aims and outcomes for measuring the Impact of innovations on target contexts 1%, but

this has not been practiced in global health technology design.
2.4.2.7 Overall themes in PD practice

There are certainly benefits to involving participants from LMICs in the design process such
as improved alighment of a health technology to a LRHC 3% and innovative, frugal designs
8,109 which are well-understood and sought after by PD practitioners in the field. However
within each dimension, participation most frequently sits within the first attribute of the

Part-E framework 1%

, indicating tendency towards a ‘light touch’ involvement of participants
from LMICs. They rarely become fully integrated into the team and instead take the role of
informants and reviewers. Whether an explicit choice, or a result of the frequently

t 101108 3nd studies

mentioned Barriers of funding and travel, some argue this is insufficien
leaning towards increased participation, especially through manufacturing and
implementation stages, see great benefit in doing so %%, This co-creative approach can
remove Political and Social Barriers to collaboration, increasing democracy and rendering

multidisciplinary participants and designers equal stakeholders in the process and product
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5869102 gych projects can emerge with well-placed advocates to drive successful

implementation of the project outcomes %. Similar benefits have also been identified in

wider medical device design literature 3112113

and the beneficial impact of sustained
interaction and collaboration between HIC and LMIC students is recognised by biomedical

engineering courses at universities despite high costs of transferring students 109110114115,

However, the paucity of studies rigorously evaluating participation in global health
technology design means few conclusions can be drawn about PD in this context. While in
wider PD literature there is evidence of such benefits and studies which rigorously evaluate
the effect of the dimensions similar to those described in the PartE framework %2, global
health technology design projects rarely do. Beyond anecdotal evidence, exactly which,
when and how stakeholders are involved, and what effect this creates has not been directly
studied. Sustainable improvement to the design and uptake of appropriate technologies and
access to safe surgery in LMICs could make vast improvements to quality of life for the
majority of the world’s population. To know what level of participation is right for each
project, for the context of designing devices for global surgery and for achieving this aim,

more rigorous evaluation of PD in global health technology design projects is needed.

2.5 Summary

Developing surgical technologies for LRHCs may be more difficult than conventional surgical
technology design, since the ‘design space’ or number of viable design options is much
reduced, due to resource constraints and fewer acceptable combinations of three variables
(cost, robustness and maintenance) 316, This review established that to cope with this
challenge, improve adoption of surgical technologies in LRHCs and increase access to surgery

globally, they must be designed using different approaches.

To address Objective 1 of the thesis, existing approaches to designing surgical technologies
for LRHCs were reviewed. Significantly less experience in, research into, and guidance for
global health technology design was identified in the literature than for conventional health
technology design. Four design processes and two core principles addressing design for
LRHCs were identified. Investigation revealed little evidence of design processes being
implemented and that they are in relatively early development stages. Furthermore, the
principles of Fl and PD are interpreted and implemented differently by innovators and do
not provide adequate structure or methods to aid in achieving the objectives they set out.

In general, relevant projects have been criticised in systematic reviews for their diverse and
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often poorly articulated or incomplete methodologies, lack of rigorously evaluated

outcomes and an abundance of grey literature *7%,

Without the same guidance that conventional medical device designers rely on, innovators
must currently investigate how they should design their products as well as determining
what their design will be. To address the paucity of evidence with which to develop and
refine recommended approaches, this work sets out to describe implementing them in the
design of a device for gasless laparoscopic surgery and to evaluate the benefits, challenges,
opportunities and risks incurred. In particular, to address the lack of rigour in PD evaluation
in this context, an attempt will be made to systematically describe and evaluate

participation, and investigate benefits for the product and participants.

It may not be prudent or possible to set out a complete, structured design process for global
surgical technology design. Each project must design for a different context and regulatory
environment and may come with individual challenges and opportunities. Therefore the
ultimate aim of this work is to begin building knowledge and evidence that innovators can
use to predict some of these aspects, and develop proactive strategies to address them.
Using this knowledge to mitigate project risk and increase impact of their surgical
technologies, innovators can further improve global access to surgical care and contribute

towards achieving UHC %113,
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Chapter 3

Design Approach

This chapter describes the design approach pursued, providing a rationale for the main and
supplementary activities planned for developing the design of a device for gasless
laparoscopic surgery.

Work contributing to this chapter was published in the International Journal of Surgery

Global Health:

Marriott Webb, M., Bridges, P., Aruparayil, N., Mishra, A., Bains, L., Hall, R., Gnanaraj, J., &
Culmer, P. (2021). Designing devices for global surgery: Evaluation of participatory and

frugal design methods. 1JS Global Health, 4(1), e50

3.1 Introduction

The previous chapter revealed three key design approaches to the development of
technologies for LHRCs: design processes suitable or even specifically developed for this

design context, frugal innovation and participatory design.

These approaches complement rather than compete with one another. In fact, in some ways
they are indivisible. The principles of FI help innovators set design objectives and priorities
to develop disruptive global surgical technologies, but design processes and PD provide
means to achieve those objectives. Design processes for LRHCs encourage use of PD, but
reviewing use of PD in this context revealed that not only is it resource-hungry and
interpreted and implemented in different ways, but the impacts of using it are rarely
evaluated. Advice for designers on how to specifically structure and implement PD to
achieve desired outcomes it is needed, which design processes may be able to provide.
Hence, it is possible and even desirable to implement the three approaches simultaneously.
Therefore this research project explores integrating them to design a device for gasless

laparoscopic surgery — the Retractor for Abdominal Insufflation-less Surgery (RAIS).

Literature surrounding these approaches has been criticised for lacking clear methodology.
Integrating them could make drawing distinct boundaries between them, and articulating
how each has been implemented and what impact that has had, challenging. Therefore, this
chapter aims to describe the plans made prior to designing the RAIS device for implementing

these approaches to facilitate a structured, critical evaluation of each.
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3.2 Planning the RAIS Design Process

3.2.1 Design Process Selection

Design processes can help organisations achieve greater impact with their products, and
navigate risky and complex innovation sectors such as medical device design 3%, To be

effective, they must be tailored to the organisation, product and resources available ©,

Four relevant processes to this design context were identified and compared in 2.3. With
the aim of the wider research project being to meet the pressing clinical need within an
ambitious timescale, investigating more than one process and comparing the designs
developed was not possible. Therefore, based on the rationale in the following paragraphs,
the Design for Safe Surgery Roadmap 3! was selected to structure the approach to designing

the RAIS device.

The roadmap (Oosting et al., 2018) is more limited in scope than design processes employed
for HRHCs. Comparing the level of detail to, for example, the Linear Life Cycle Model 18 as
in Figure 6, makes this evident. The roadmap describes four phases in developing a surgical
technology, but rather than fully defining completion criteria for the phases, or mandating
design activities to complete within them, the roadmap presents general advice and some
relevant examples. The user must consider how these examples translate to their own
innovation development, and plan their own activities in each phase. This is particularly true
for the latter two phases of the roadmap, while the first two phases provide more detailed

guidance.

This detail scarcity forms part of the rationale for its selection over other relevant processes
for designing the RAIS device. The process has less overhead than more complex schemes
like Biodesign Process ©, and is thus feasible to implement as part of a small team, with
limited timescales and resources available. These are crucial considerations for ensuring a
design process enhances, rather than exhausts, the capabilities of an organization 712 |t
is also tailored specifically for designing a surgical technology in a LRHC: the precise design
context of the RAIS device. Finally, being in the early stages of development and yet to be
implemented widely, the roadmap needs the community of innovators in global surgery to
use, reflect upon, and improve it. In this way its strengths and weaknesses can be established
and its continuous evolution initiated. Evidence of its use may encourage others to
implement and disseminate it further. Therefore, providing a detailed account and

evaluation of implementing the Design for Safe Surgery Roadmap 3! supplemented with



-26-

tangible examples to demonstrate its use and impact on the RAIS design development forms

a useful contribution towards the literature and the objectives of this thesis.

Global Medical Device Development: Design for Safe Surgery Roadmap

¢ Research surounding medical needs
* NGOs

e Local end-users

* WHO document 'Managing the
Mismatch'

* Capability Driven Design

e Semi-structured interviews, site
visits and surveys based around key
aspects

* Consult general device requirements
common in LMIC settings

* Consider innovative implementation
strategies that ensure device upkeep

¢ Co-create with local stakeholders

» Establish partnerships with NGOs,
local universities or hospitals

» Creativity and resourcefulness rather
than technical sophistication

Conventional Medical Device Development: Linear Life Cycle Model

* Benchmarking
e« Technology roadmaps
*Research and Development Ideation etc.

«Theory of Inventive Problem Solving (TRIZ)
*Simulation and optimisation
*Risk Management etc.

= e Training plans

«Control plans
*Mistake-proofing etc.

*Pugh Concept Selection
*Failure Mode and Effect Analysis (FMEA)
*Process management etc.

* Statistical Process Control
*Taguchi Method
*Robust Design

* Quality Function Deployment

* Axiomatic design
* Functional analysis etc.

*Robust design «Quality in after-sale service
*Change management *Risk management
*Hypothesis testing etc

*Design verification
«Design validation
* Process capability etc.

* Service quality
*Risk management

Figure 6: Comparison of the Design for Safe Surgery Roadmap 3! and the Linear Life Cycle
Model 118, Adapted from sources.

3.2.2 Design Process Structure

As discussed in the previous section, the roadmap does not present a complete guide to
developing a surgical technology. This section details how the RAIS team planned and

selected design activities within each roadmap phase.

Firstly, the design project ambitions spanned beyond the scope of the roadmap: past
prototyping and testing; into manufacture, application for regulatory approval and clinical
trials in India. Therefore an additional ‘Design to Manufacture’ phase was included, as shown
in Phase 4 of Figure 7. Some organisations may involve manufacturers earlier, perhaps to
create prototypes in Phase 3, and therefore design to manufacture may not constitute a
distinct phase in every design process. However the RAIS team could utilise in-house
prototyping capabilities, so manufacturer involvement was purposefully delayed until

clinicians had tested and approved the design. This would facilitate rapid changes to
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prototypes and iteration throughout Phase 3 of the roadmap. With advancements in and

reduced costs of rapid prototyping %, this is feasible for many organisations.

2238 +

Principles of Participatory Design and Frugal Innovation

Phase 0

Phase 3

Identify a Need Act

for Surgical
Equipment

Determine the
Implementation
Strategy and the
Design
Requirements

Design to
Manufacture

Design for Safe Surgery Roadmap
U U

\_

Figure 7: The RAIS Design process, developed using the Design for Safe Surgery Roadmap 3!
and principles of Frugal Innovation and Participatory Design

3.2.3 Integrating Participatory Design and Frugal Innovation

The team used the principles of PD and Fl to guide activities within the roadmap, as

described in the following sections.
3.2.3.1 Frugal Innovation

While there are few specific methods for designing Fls, they must meet three criteria:
substantial cost reduction, focus on core functionality and optimised performance level 7®.
Co-creating with users is recommended 7°, as well as prioritising numerous frugal

characteristics .

Aspects of FI must be considered in every design phase. In Phase 0 of the roadmap, a
pressing surgical need should be identified. Fls can improve surgical care globally 8, and this
potential to create large-scale impact should be considered when selecting a need to
address in order to create maximum impact on global surgical care. In Phase 1, the innovator
develops an understanding of LRHCs. Understanding users is a key component of this, and
Fls must optimise value for them 7°. Therefore the data collected in this phase is crucial to

76,86
’

innovate frugally. Fl also sets key design priorities, such as low cost and robustness and

therefore must be considered when setting requirements in Phase 2. To achieve an
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optimised functionality and performance level 7%, one should work closely and iteratively

with local stakeholders 7°

, Which is the basis of Phase 3. Finally, to keep costs low,
consideration of manufacturer capabilities and supply is essential, and therefore focus on Fl
must be maintained throughout Phase 4 75?1, Hence consideration of Fl was planned in

every phase of the RAIS design approach, shown in Figure 7.
3.2.3.2 Participatory Design

Reviewing use of PD in technology design for LHRCs revealed most organisations took a ‘light
touch’ approach to each Part-E framework dimension 1%, and that participation occurred
mostly in initial and evaluation design phases. However, some studies highlighted benefits

to involving participants throughout the design process (see 2.4.2).

Experience of the GHRG-ST in LRHCs in Northeast India indicated that the design team would
be unfamiliar with the context. Peer-reviewed literature concerning gasless laparoscopy is
also relatively scare also provided limited useful information for designers ?2. However, the
GHRG-ST had developed links with surgeons based in India who were passionate about and
working to disseminate the technique more widely. Considering these challenges and
opportunities, the team decided participation should be maximised. In terms of the Part-E
framework, this meant focusing on overcoming Barriers to PD, and targeting attributes such
as Direct and Autonomous in the Representation dimension, and ‘Collaborative
Contributions’ in the Interaction dimension. The Objective of using PD would be to design
the RAIS device, falling into the Material Things attribute, and the prior experience of the
team working with participants suggested Well-known formats of Practice would be
appropriate, since all participants were qualified clinicians and all team members spoke
English as a common language, reducing the difficulty of overcoming commonly-cited Social

and Political PD Barriers such as differences in language or education 1%,

Therefore plans were made to integrate PD into every roadmap phase (see Figure 7). This
approach would also facilitate investigation of what value involving participants in a
‘thorough, sustained’ approach might add for an organisation, participants, and the resulting
technology, by evaluating the PD outcomes for intended Short-term and Long-term Changes

(see Chapter 4), as well as Indirect and Unintended Impacts (see Chapter 5) 104,

3.3 Method Selection

In this section, the methods selected by the design team to guide work within each phase of

the roadmap are discussed.
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3.3.1 Phase 0: Identify a Need for Surgical Equipment

The roadmap advises considering local knowledge of end-users when selecting a need to
address; a sentiment echoed by PD and Fl practitioners ®*7°. The need to develop a new
device for gasless surgery was identified using the findings of primary research and literature
reviews conducted by the GHRG-ST 2%, The primary research comprised of dialogue with
stakeholders in LRHCs in Northeast India and involvement in their work to train rural
surgeons in gasless laparoscopy ?%. On a thorough review of the need to improve the
technology supporting this surgical technique, underpinned by consultation with local

stakeholders, the team resolved to address it.
3.3.2 Phase 1: Understand the Context of Global Surgery

In this phase, the roadmap suggests using qualitative methods to gather information on key
aspects of the LRHC of interest presented by the roadmap, or to populate existing

frameworks created to aid innovators in defining the context 2.

With little peer-reviewed information on the context available, the team planned qualitative
research to obtain the required design information. This paucity of existing data introduced
some risk into the design process since there was little to verify the team’s findings against.
Several measures were planned to mitigate this risk. Firstly, the team reviewed the
important contextual aspects described by the roadmap to develop appropriate interview
questions 31. While online interviews were one option, others have found engaging users
with devices in a simulated or real environment of use can elicit more active contributions
and useful information from them 1%, Therefore interviews, surgical observations and group
discussions in the design context were planned. The team were still concerned about
overlooking key contextual factors or assigning non-representative value on them based on

input from limited user, but to mitigate this possibility PD was planned in later design phases.

After reviewing suitable methods for summarising the contextual findings from 8%, 3
regularly-updated parameter diagram (p-diagram) was selected. P-diagrams are used in
‘Robust’ or ‘Six-Sigma’ Design 26, In other design contexts, the tool is often used in early
design phases to capture system details: the inputs, design controls, ideal functions, ‘error
states’ and variations which could affect system performance ?°. The system within which
the RAIS system must perform (in a low-resource operating theatre) is complex and can vary
significantly, so the p-diagram was considered appropriate to capture data collected from
qualitative methods concerning required device functions, design inputs, uncertainties and

known failure modes (such as experiences of the device obstructing surgery, causing patient
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harm, or being unavailable to rural surgeons). Hence, the P-diagram could be used to
construct a holistic view of the design challenge for the designers to refer to, and also to
initiate consideration of risk, safety and device quality, providing a basis for future

documents used in regulatory submission, such as FMEA %,

Hence, planned activities in this phase, which aims to answer a number of questions on the
surgical context, comprised primary qualitative research, sustained participation of clinical

stakeholders and use of a P-diagram.
3.3.3 Phase 2: Determine the Implementation Strategy and Design Requirements

After understanding the clinical need and context, an implementation strategy and series of
design requirements should be developed. To guide innovators in this phase, The Design for
Safe Surgery Roadmap 3! provides example requirements and implementation strategies for
a global surgical context. It does not advise on how to approach selecting the right
requirements or strategy for the technology. Therefore, methods of developing these were
selected by the design team based on prior experience, with the aim of integrating the

principles of PD and Fl into the phase.

Developing accurate requirements is essential to design safety and greatly influences the
product development ¥, Developing a feasible implementation strategy requires
consideration of team resources, including those available to the clinical participants.
Therefore, it was considered necessary to convene a workshop to collaboratively agree on
requirements and an implementation strategy with clinical participants local to the design
context. Others have shown that involving users in the early stages of design for LHRCs
increases their influence on the design 7* and that well-planned workshops can be effective
in elucidating relevant contextual information and engaging the creative capacity of
participants 9190128 Ensuring they could represent themselves in decision making was also
intended to help achieve the desired attributes within the Representation and Interaction
dimensions of PD. The p-diagram would be used to summarise the requirements and

additional information on the design context generated in this session.

Hence, activities in this phase were centred around one, day-long workshop and use of a P-
diagram to summarise outputs. Since the Barrier of geographical distance separated the
clinical participants and design team, plans were made to maximise this opportunity to
collaborate in person. Since stakeholders in LMICs often have the most innovative frugal

ideas %!, the workshop would also be used to initiate Phase 3 of the design process by



-31-

brainstorming, selecting and refining concepts for the device with the participants. Further

Phase 3 activities are discussed in the next section.
3.3.4 Phase 3: Act

For this iterative phase of design, prototyping and testing, the roadmap provides little
advice. While co-creation with local stakeholders in recommended, how and to what extent
this should be enacted is not discussed. Therefore the team selected an established model

used in conventional medical device design to augment this phase: the waterfall model '%°.

Reflecting on the importance of ensuring the safety of surgical innovations for LHRCs, the
design team selected this approach to structure Phase 3 to support ensuring all design flaws
and risks to patient safety were recognised and addressed prior to application for regulatory
approval and clinical trials. The model, shown in Figure 8, addresses this by structuring the
129

technical development process with iterative design verification and validation

Alexander and Clarkson % defined verification and validation:

“Verification... is concerned with ensuring that, as the design and
implementation develop, the output from each phase fulfils the
requirements specified in the output of the previous phase...”

“Validation... is concerned with demonstrating the consistency
and completeness of a design with respect to the initial ideas of
what the system should do” (p. 197)
With the aim of achieving a safe and controlled design process which embeds PD, the
waterfall model was used to develop a verification plan, where LMIC-based clinical
participants could discuss, evaluate and ideate concepts in regular, structured stages. These
opportunities would largely take the form of online meetings due to geographical distance,

but one in-person visit to assess a physical prototype was also planned.
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Figure 8: Waterfall Model 1%, Adapted from source.
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The waterfall model also contains a validation step. Validation of medical devices designed
for LRHCs must be carried out in those settings. As discussed in 2.1.3, the nuances of LRHCs
affect technology performance. Therefore, testing in that context may reveal insights critical
to the safety, performance and feasibility of implementing a technology there 2% and
medical technologies must be tested with end-users in a context which represents the true
context of use. However, this incurs additional considerations ?2. Low-resource centres can
be far apart and operate on minimal staffing, making it resource-intensive to involve large
numbers of users in validation. Therefore plans to take advantage of an opportunity for the
design to be tested by a numerous end-users at a rural surgery conference in India were
made 32, If the final design was positively received by end-users this would be an end-point
to the ‘Act’ phase. It also provided an opportunity to assess the design process was in

producing a concept that met the requirements of end-users and target context.

Activities in this phase therefore comprised of a brainstorming workshop and structured
prototype verification and validation opportunities, all of which involved clinical participants

from LMICs.
3.3.5 Phase 4: Design to Manufacture

This phase was defined by the design team, since it surpassed the reach of the roadmap. In
2.1.2, barriers to the uptake of technologies in LRHCs were identified, such as access to spare
parts, maintenance and repair services. Access to these is largely influenced by the
manufacturer, and to overcome these barriers innovators should work with local
manufacturers 52°8108  Following these recommendations, plans for this phase included
selecting an in-country manufacturing partner with an understanding of LRHCs and the need
for access to spare parts and repair in remote areas, as well as experience in local regulatory

processes for medical devices.

Therefore activities planned in this phase included involving local clinical participants in
identifying an in-country manufacturing partner, and working closely with them to produce
a series of prototypes for iterative evaluation and refinement by clinical participants.
Through discussion, collaboration and compromise between designers, manufacturers and
clinicians, the aim of the phase would be to arrive at a design feasible to manufacture at a
frugal cost and quality, whilst satisfying the requirements agreed in Phase 2 and meeting

approval criteria set out by regulatory authorities for use in clinical trials.
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3.4 Summary

This chapter addressed Objective 2 of the thesis by planning the implementation of selected
design approaches to design the RAIS device for gasless laparoscopy. The methods utilised

to implement the approaches were articulated in detail.

Overall the roadmap provided invaluable structure to plan the design approach and establish
what resources might be needed at each stage. It also provided sufficient detail to help select
methods and plan activities within Phases 0 and 1. However, the team found the roadmap
provided little advice for approaching Phases 2 onwards. Of course, to make best use of the
different resources, experience and opportunities available to specific organisations, the
flexibility of the roadmap may be appropriate >3, However the designer is left to compare
a large number of design tools and methods available with little guidance on which might be

118 and

helpful in this context, which can be a significant task. In this instance, the P-diagram
waterfall model 32 were selected by the design team based on prior experience, but it is
likely that many other, and potentially more appropriate, design tools could be substituted
in their place. In these phases, considering the principles of PD and Fl and provided more

guidance on selecting rational design methods and strategies for this context.

This chapter laid foundations for a detailed evaluation of the usefulness of the approaches
selected and how their use affected the RAIS design, which follows in the next chapter. An
evaluation of the implementation and outcomes of these approaches will provide evidence

useful for developing and refining them.
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Chapter 4

Evaluation of the RAIS Design Development

Using the integrated design approach described in Chapter 3, with the extended ‘Design for
Safe Surgery Roadmap providing an overarching structure to the process, the team designed
a lift device for gasless laparoscopic surgery. In each design process phase, this chapter
discusses the challenges, benefits and opportunities identified implementing the selected
approaches. Through evaluating their impact on the RAIS device design, the chapter aims to
provide evidence which can be used to further develop and refine these approaches for
innovating global surgical technologies.

Work contributing to this chapter was published in the International Journal of Surgery

Global Health:

Marriott Webb, M., Bridges, P., Aruparayil, N., Mishra, A., Bains, L., Hall, R., Gnanaraj, J., &
Culmer, P. (2021). Designing devices for global surgery: Evaluation of participatory and

frugal design methods. 1JS Global Health, 4(1), e50

4.1 Introduction

In this chapter the design activities and outcomes within each of the Phases 0-4 of RAIS
design process (see Figure 7) are discussed. The insights and challenges gained through
implementing each phase and through integrating PD and Fl into the approach are
described. The text in sections 4.2 - 4.6 contains this narrative and critical evaluation. To
provide an overview of the process, an annotated timeline (see Figure 9 for overview, and
Figure 10 for detail) of the design Phases 1-4 is provided, highlighting the iterative evolution

of the RAIS device.

s

Design Output I Design Activity

Figure 9: Overview of design process activities and RAIS design development (low detail
level)
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4.2 Phase 0: Identify a Need for Surgical Equipment

4.2.1 Phase Activities

As described in 3.3.1, primary research, literature reviews and consultation with local
stakeholders and end-users in Northeast India, conducted by members of the GHRG-ST,

comprised this phase 142223123,
4.2.2 Phase Outcomes

From the phase activities, both the compelling clinical need and a potential solution was
identified: to improve the provision of laparoscopic surgery for patients in remote areas of
Northeast India using gasless laparoscopy, facilitated by AWL devices. Research to identify
the clinical need informed the team on the ‘Surgical Barriers for patients in LMICs’ 3! and
how they might be overcome using gasless laparoscopy. In Northeast India, use of surgical
services is positively correlated with proximity to the service and financial status of patients
123 Conventional laparoscopy via pneumoperitoneum is expensive, largely due to equipment
costs 33134 and facilities offering it are typically far from patients in remote areas. Gasless
laparoscopy has potential to both significantly reduce costs and enable laparoscopy in

remote facilities, while retaining the key benefits of conventional laparoscopy for patients

14,122

Hence, gasless laparoscopy satisfies two Fl criteria. Compared to conventional laparoscopy,
it offers a substantial cost reduction, whilst affording patients the same, or even increased

benefits 12

. However, its disruptive potential has not yet materialised. Stakeholders
discussed several aspects which limited its wider adoption, including the third criteria for FI:
the performance level of current AWL devices. Despite iterative improvements made °
these require further development. Therefore, with the support of local stakeholders
involved in disseminating the gasless technique, the design team resolved to redesign the

AWL device.
4.2.3 Phase Evaluation

In this phase, the roadmap proved useful to the design team, who on its advice, identified
the need through consultation with local stakeholders. The team also found an
understanding of ‘Surgical barriers for patients in LMICs’, which in the roadmap is not
explored until the next phase of development, was instrumental in selecting this need over

others, because of the solution’s potential to overcome these barriers and increase surgical
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access in LRHCs, which is central to the GHRG-ST’s aims (see Chapter 1). The FI principles
also influenced need selection. There are many surgical needs in LRHCs, so the team chose
to target one with a potential solution meeting the frugal criteria, with aim of achieving
disruptive surgical care improvement 76, Establishing the focus on PD at this early stage was
useful too, as the design team could identify and begin discussions with potential

collaborators.

While the advice presented by the roadmap in this phase is useful, considering aspects of
PD, Fl and the next phase of the roadmap helped the design team to select this need. While
the roadmap highlights some Fls in the introduction, it does not reference what criteria can

be used to identify them, which the team found useful in this phase.

4.3 Phase 1: Understand the Context of Global Surgery

e ]

I
|

'

I
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B

As described in 3.3.2, the design team planned qualitative methods such as interviews, focus

4.3.1 Phase Activities

groups and observation to research key aspects of the surgical context 3. Surgeons
performing gasless laparoscopy in Northeast India are few in number and typically work in
remote locations 2* so performing these posed a challenge. The design team identified an
opportunity to interact with a relatively large number of end-users during their attendance

at a gasless laparoscopy training course 124,

Product designers performed ten individual, semi-structured interviews with attendees,
examiners and facilitators at the event. They observed four live surgical demonstrations of
the technique and culminated the research with a group discussion (see Activity 1, Figure
10). Throughout these interactions, they identified stakeholders interested in being involved
further in the design project as participants. Then the compiled contextual information,

informally collected as notes, videos, pictures, sketches and transcripts was presented to the
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the p-diagram, discussed in the following sections.

4.3.2 Phase Outcomes

The contextual information collected is summarised as the ‘Inputs’, ‘Sources of Variation’

and ‘Error States’ components of the P-Diagram (see Figure 11).

Sources of Variation
Patient

Abdominal wall weight
Abdominal wall stiffness
Adhesions

Size of abdominal cavity
Surgical area of interest
Distance from facility
Access to transport
Ability to pay
Manufacture

Tolerance variation

Raw material property
variation

Variation in manual
processes e.g. welding

Surgical Environment
OTT dimensions

OTT rail type

Imaging equipment
Laparoscopic tools
Diathermy instruments
Sterilisation equipment
Sterilisation method
Number of assistants
Power supply
Temperature

Clean water supply
Wear

Frequency of use
Patient anthropometrics
Method of use

Error State Cause
Insufficient lift
Surgeon unable Tenting

to view / treat
surgical area of
interest

Obstruction to camera view
Insufficient space to insert camera
Device obstructs instruments (internal)
Device obstructs surgeon (external)

Mechanical failure
of GILLS

Poor design, insufficient safety factor applied
Manufacture anomaly
Fatigue under repeated loading

equipment
Damage during transit
Mechanical or chemical damage from repeated
sterilisation

OT failure Bed rails deform under load applied by GILLS device

Harm to patient

Pressure exceeds recommended maximum on abdominal
wall created by lifter during normal operation

Pressure exceeds recommended maximum on abdominal
wall created by lifter due to 'wobble' of device

Internal damage from surgical instruments due to 'wobble'
Electric shock or burn caused by build-up of charge in
internal component

Harm to Surgeon

Electric shock or burn caused by build-up of charge in

/ Assistant surgical table / other conductive areas in operating
environment.

Operators cannot Assembly too complex

set up Small parts are easily lost and spares not provided

equipment Assembly requires more than two operators

Operators are not adequately trained
Assembly not compatible with surgical table
Sterilisation not possible in rural setting

Surgeon cannot
adjust equipment

Contact with adjustment device compromises sterility
Adjustment requires force or handling not suited to one
operator

Clinicians Storage
Training Transport
Strength Maintenance procedures
Dexterity Lubrication frequency
Height Lubricant
User preferences Replacement of worn parts
Grip size
Sources of
Variation Error
States
Surgeon
Assistant(s) Design Ideal )
Patient Control Function
Surgical Environment Factors

Surgeon cannot
access equipment

Equipment is too expensive
Equipment is not portable
Hospital decides not to invest -poorly presented product

Product cannot be
repaired in-country

Parts are bespoke or require specialist manufacturing
equipment / foreign supplier
Spare parts not provided or available for surgeons to buy

Figure 11: Contextual Insights gained during Phase 1 of designing the RAIS device,
summarised as the ‘Inputs’, ‘Sources of Variation’ and ‘Error States’ of the RAIS device
p-diagram

4.3.2.1 P-Diagram: Inputs

Interviews with end-users revealed that to operate using an AWL device, the minimum
required inputs are a patient, a surgeon with laparoscopic training, at least one operating
theatre (OT) assistant and sterile OT with certain equipment available. These formed the

‘Inputs’ section of the P-diagram in Figure 11.
4.3.2.2 P-Diagram: Sources of variation

The ‘Sources of Variation’ section was populated with factors considered likely to vary and

affect the AWL device performance. During interviews, asking multiple end-users to describe
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aspects within the ‘Structures of the Healthcare System’ component of the context 3!
revealed insights about different surgical environments and the technologies and resources
available to them. For example, end-users highlighted that their Operating Theatre Tables
(OTTs) could be donated or bought second hand, and conformed to various national
specifications. While they couldn’t provide details of these, their input catalysed further
useful data collection. Figure 12 details the results of the team’s research on the dimensions

of OTT accessory rails by country of manufacture.

“Personally, | use autoclave... know of others who use chemical solution”
“Locking system needs to be universal as tables differ”

“Bed widths differ”

«—>
Section A-A h
Standard Cross-Section [ w (mm) [ h (mm)
Denyers Rectangular 6.40 38.10
Europe Rectangular 10.00 25.00
Japan Rectangular 9.00 32.00
United Kingdom Rectangular 6.40 31.80
Swiss Rectangular 10.00 30.00
United States Rectangular 9.50 28.50

136

Figure 12: Variation in OTT Accessory Rails

Another ‘Source of Variation’ interviews revealed was how much end-users might use and
maintain the device, affecting its wear over time. In some instances end-users had no

biomedical staff or formally trained OT assistants to assist with device maintenance.

“Lots of operations in a day”
“It needs to be portable so you can take it to pop-up surgeries”

“Maintenance is carried out as and when needed”

4.3.2.3 P-Diagram: Error States

The ‘Error States’ section was populated with ways in which the device could fall short of
the requirements of the end-users and LRHCs *2. Error states relating to ‘Structures of the
Healthcare System’ 3! were also identified during interviews. Discussing factors that might

prevent users from purchasing technologies revealed new insights. While some explained
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they could only purchase the cheapest technologies available, others thought hospitals

would invest in ‘attractive’, well-made and robust technologies.

Further error states relating to ‘Aspects of Safe Surgery’ 3, were elicited by asking new end-
users to review an existing AWL device as experts trained them to use it on a simulated
abdominal wall. New users highlighted the size and weight as a barrier to them transporting
it easily and sterilising it using small ‘flash’ autoclaves. Instead a nurse would need to scrub
the device by hand using harsh chemicals. Experienced users explained that its size also
made it difficult to store sterile, and without a dedicated case, it was usually stored wrapped
in drapes - something new users hadn’t yet considered. While new users were pleased the
existing device seemed difficult to damage, experienced users highlighted issues with joint

wear, which sometimes slipped or became stuck.

More error states materialised through observation, supplemented with sketching and
discussion. For example, while end-users were achieving an operable view during live
surgery, the designers observed device adjustment required multiple assistants. When
prompted, end-users revealed that the lifting handle was non-sterile and the sterile position-
locking lever was out of the surgeon’s reach, so getting an operable view required co-
ordination of sterile and non-sterile assistants. Since many had few trained assistants who
were usually needed elsewhere, this was frustrating. End-users also drew annotated
sketches of the surgical instrument positioning for different operations to show how the
device could obstruct surgical tasks. These ‘error states’ highlighted potential safety issues

and opportunities for RAIS to increase value for the user.
4.3.3 Phase Evaluation
4.3.3.1 Design for Safe Surgery Roadmap

The Design for Safe Surgery Roadmap provided useful guidance to structure phase activities,
giving detailed information on key research topics such as aspects of safe surgery and the
healthcare system structure 3!. Our experience confirmed the proposed research methods,
such as semi-structured interviews and site visits, were appropriate for a high-level mapping
of the context and gaining novel insights into the research topics discussed. However subtle,
but crucial insights were identified by augmenting interviews with sketching, handling
existing equipment and observing live surgeries. These techniques were especially useful for
identifying error states: an important first step towards ensuring the quality, safety and

enhanced value for users of RAIS in a LRHC.
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End-users also offered diverse information and opinions about the LRHCs they operate in,
highlighting the importance of obtaining multiple perspectives at this early stage. Hearing
diverse perspectives from new and experienced end-users, as well as technical staff, was
critical. This was facilitated by attending a training camp, which ultimately provided
excellent interactive information-gathering opportunities for designers. The team reflected
on the importance of being resourceful and innovative in data collection methods in this
context and felt the roadmap could provide advice on or examples of this. Others have
identified similar opportunities to obtain input from multiple remote end-users, such as

conferences or surveys (R. Oosting et al., 2020).

A final suggestion for roadmap enhancement would be to investigate ways of summarising
and presenting the data collected in this phase, which can be extensive. The P-diagram was
useful for preparing the knowledge for translation into an appropriate design, but other

methods could be even more suitable.
4.3.3.1 Participatory Design

In this phase Interaction with stakeholders mostly constituted ‘Contribution of Resources
and Information’. However the data volume collected meant that some aspects of the
context were overlooked or misinterpreted. At this stage both end-users and designers were
unaware of what knowledge was relevant for designers. Therefore this phase also
highlighted inadequacy of such Interaction and the importance of local stakeholder
participation throughout all roadmap phases to continue progressing contextual
understanding. Collecting data through qualitative methods in this phase provided an ideal

opportunity to identify stakeholders interested in participating further.
4.3.3.2 Frugal Innovation

Activities in this phase revealed opportunities to increase the value of RAIS for end-users
and enhance its frugality. However, while a broad overview of the context was obtained, the
methods employed did not help quantify variation within it, which is necessary to optimise

6. While qualitative

innovation performance, functions and cost (the frugal criteria)
methods are excellent for uncovering unknowns they can become unwieldy when used to
collect quantitative data. Therefore these activities were more appropriate identifying areas

where quantitative data may be needed for frugal optimisation than for collecting the data.
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4.4 Phase 2: Determining Design Requirements and Implementation

strategy

4.4.1 Phase Activities

The team planned building the requirements and implementation strategy as a collaborative
process. Participants identified during Phase 1 convened with the design team for a day-long
workshop to translate information gathered in Phases 0 and 1 into the Phase 2 outputs (see

Figure 10, Activity 2).

Team resources, feasible timescales and contextual information were discussed to elucidate
potential opportunities and challenges in implementing the device, and a high-level
implementation strategy developed. Then product designers presented the contextual
information gathered in Phase 1. Reflecting on the frugal principle of core functionality-focus
76 the workshop attendees listed the minimum and ‘ideal world’ device functions separately
to understand which were essential, and which should only be included if they increased
value for users significantly. All were summarised in the ‘Ideal Function’ P-diagram section
(see Figure 13). The workshop concluded with product designers leading a brainstorming
session, where all participants were encouraged to generate original, ‘blue sky’ design ideas,
which were sketched, broken down and then dismissed or developed further collaboratively.
Using these quick-fire concept reviews the team formalised the design space into ‘Control

Factors’ for the P-diagram (see Figure 13).
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Design Control Factor: Sources of
e.g. Variation Error
h States
OTT Attachment
Grip mechanism
Geometry
Materials Design Ideal
Tolerances Control Runction
Manufacture Factors
Frame
Joint types
Number of joints e.g.
Locking mechanisms b Enables view of operative field com parable
Geometry < to pneum operitoneum method
Materials — o _
e . Easy to maintain and spare parts readily
Manufacture available / repair possible in rural
Operator Training setting,
Assembly procedure
Surgucal procedure = e.g.
Maintenance procedure n .
Storage procedure % Incorporatesretraction system for organs
Transport instructions / packaging o Incorporates support for imaging equipm ent
e.t.c. or includes imaging equipm ent

Figure 13: Requirements developed and results of group solution brainstorming,
summarised as the ‘Design Control Factors’ and ‘Ideal Function’ of the RAIS device P-
diagram.

4.4.2 Phase Outcomes
4.4.2.1 Implementation strategy

The agreed implementation strategy targeted remote areas because of their current inability
to offer laparoscopic surgery and the enhanced benefits it offers for daily wage labourers.
Research revealed laparoscopic training is limited in this setting, which the strategy
reflected: the device would need to be implemented alongside training, likely to be funded
by grants. Local stakeholders agreed that device cost reduction could facilitate them training
more surgeons to further disseminate the technology. Visibility and awareness of the
technology was also identified as a limiting factor in its adoption. Local stakeholders also
advised providing more evidence of its effectiveness and feasibility in remote settings was
needed, which they were well-positioned to investigate. Therefore identifying partners to
collaborate with concerning training and dissemination of gasless laparoscopy also became

central to the implementation strategy.
4.4.2.2 P-Diagram: Ideal Function

Following a review of the contextual information and implementation strategy, the team
agreed on 18 minimum functional requirements for RAIS and 4 additional ‘desirable’

requirements. For example, a functional requirement for RAIS to ‘provide a view equivalent
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to laparoscopy via pneumoperitoneum’ was introduced as a result of the implementation
strategy. To tackle the challenge of increasing global visibility of gasless laparoscopy, the
device needed to address concerns currently limiting uptake of the technology such as

1377139 3nd high training requirements 4°. The four ‘desirable’

limited operating field of vision
requirements were non-functional, such as ‘Incorporates retraction system for organs’. With
no evidence of existing retraction systems being used with AWL devices, the value this might
add for the user was unknown, but stakeholders speculated that it could reduce the issue of
organs being ‘sucked’ towards the abdominal wall and reducing the operating vision and

space for the surgeon (see Figure 14). Once investigated further, this requirement could be

included or dismissed based on whether it met frugal criteria.

a. Pneumoperitoneum method b. Gasless method:

\\ft force

Pressure acts equally in all directions, Suction created by lifting abdominal wall
pushing organs away from the abdominal wall  pulls organs towards abdominal wall,
reducing space

Figure 14: Operating view and space comparison: Pneumoperitoneum vs Gasless

The brainstorming session continued to reveal additional requirements. For example, a
designer suggested supporting the abdominal wall weight using the ceiling or floor. Clinical
stakeholders quickly dismissed this, explaining the surgeon had to tilt the OT to move the
patients’ internal organs, whilst maintaining the lift and view inside the abdominal cavity.
This became a functional requirement. The session also helped designers assign value to
requirements and prioritise them. For example, ideas for internal components were
discussed which could improve the view, but were mostly rejected by stakeholders based
on their difficulty to clean, which took priority for minimising infection risks. Requirements

could also be refined during this session: by discussing with participants exactly how they
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would transport RAIS, the ‘portability’ requirement for the device was refined to specify a

maximum weight and dimensions to ensure it could be transported as plane hand-luggage.

The team also developed requirements which were discovered to be inaccurate later in the
design process. For example, to minimise equipment down-time in remote facilities the
team set a requirement that RAIS could be repaired with basic manufacturing equipment,
which had a significant impact on the design, but later the team learned that many remote

areas did not have these capabilities and this aspect did not add value for them.
4.4.2.3 P-Diagram: Design Control Factors

With iterative, participatory dissection of the requirements and solutions brainstormed, the
device was progressively broken down into modular components: an attachment system, an
internal component, a frame and a lift mechanism. These became the high-level design
control factors, and several potential solutions were developed for each. Clinical
stakeholders generated innovative ideas in this session such as an oval-shaped and a
rotating, double-helix version of the internal component for enhancing the view, both of

which were developed to become a part of the final RAIS system.
4.4.3 Phase Evaluation
4.4.3.1 Design for Safe Surgery Roadmap

Advice provided by the roadmap, such as to consider the implementation strategy in this
phase because it influenced the requirements, was useful because it ensured the team
prioritised requirements such as the surgical view. The example design requirements it

provided were also confirmed as appropriate for the RAIS device by the contextual findings

31

However, the team found the advice insufficient to decide what factors to consider when
developing an implementation strategy, what data to collect or even how detailed the
strategy should be. What requirements are suitable (e.g. functional, performance) was also
unclear, or how they should be prioritised, ranked or refined. It is well known that designers
commonly make a multitude of different errors during requirements-setting ', and that
requirements have a great deal of impact on what designs are produced 2”142, but there is
little in the roadmap to help designers develop a good set of them. Overall, the roadmap
seems to under-assign importance to this phase, which has huge influence over the resulting
design, and provides examples rather than suggesting methods for approaching the

activities, despite the availability of existing methods 3,
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4.4.3.2PD

The PD approach helped fill gaps in the roadmap’s advice. Involving local stakeholders in
plans and decision making for the implementation strategy invoked invaluable contributions
from them, such as performing studies to enhance the visibility of gasless laparoscopy 4.
Open brainstorming, sketching and discussing concepts with local stakeholders also revealed
new contextual insights and helped assign value to requirements in a similar way to methods
like the ‘Bollywood Technique’ **, The emphasis placed on facilitating ‘Direct, Autonomous’
Representation of stakeholders, and Interactions in the ‘collaborative contributions’
attribute in this phase was really useful for understanding the design space further.

Participants also had innovative ideas which enhanced the RAIS design.
4.4.3.3 Frugal Innovation

In this phase the ‘concentration on core functionalities’ 7 aspect of Fl encouraged the team
to identify minimum functional requirements and include or dismiss other requirements
based on the value they added for users. To achieve the second criteria, ‘optimised
performance level’ 76, targeted data collection is necessary and this encouraged the team to
challenge requirements at this stage, and establish exact performance needs, such as
specific portability requirements. During the brainstorming session, all three criteria helped

the team select which concepts to develop further in Phase 3 7°.

3u 5 | 6
pre —

4.5 Phase 3: Act

Phase 3 spanned 5 months before the validation step (Activity 6, Figure 10). Activities 3, 4
and 5 in Figure 10 show the three verification loops implemented within this phase,

highlighting the impact input from participating stakeholders had on the RAIS design.
4.5.1 Clinical Verification: Loop 1

This section refers to the first iteration of the waterfall verification loop (see Figure 8).
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4.5.1.1 Activities

In the first verification loop (See Figure 10, Activity 3), the design input was the P-Diagram
developed during the previous phase and ideas generated through brainstorming. The
design process comprised of designers and engineers presenting bi-weekly updates to local
stakeholders via video-conferencing to obtain feedback as the ideas were developed into
Computer-Aided Design (CAD) models and low-fidelity prototypes. The feedback was used
to iteratively improve the design. Hence, the concepts were developed into the loop design

output: a medium-fidelity prototype containing all functional aspects of the design.
4.5.1.2 Outcomes

The ideas, feedback and knowledge of participants influenced the design significantly in this
phase. For example, several joint configurations could enable the device to reach the correct
position despite sources of variation such as bed size and patient anthropometrics.
Presented with several options (Activity 3, Figure 10), participants selected the tubular
telescopic design, which offered minimal obstruction and useful flexibility in device
positioning for them. Without this input, the designers would have selected an option which
was cheaper to manufacture or inherently stronger, but had less user value. Participants’
knowledge also helped identify Fl opportunities. For example, the rail variation shown in
Figure 13 made designing a lightweight, low-cost universal attachment challenging, but by
asking participants about other accessories clamped to the rails, the designers identified that
all OTs had lithotomy poles, attached to the table using rail clamps. Therefore the approach
pursued was to enable users to use their existing rail clamps to attach the RAIS device, a

solution to variation and reduced cost for users.

4.5.2 Clinical Verification: Loop 2

This section refers to the second iteration of the waterfall verification loop (see Figure 8).
4.5.2.1 Activities

In the second design verification loop (see Figure 10, Activity 4), design input was provided
by a participating local stakeholder visiting the UK, who assessed the medium-fidelity
prototype using a simulated abdominal wall and OTT. The design process involved a design
team workshop to ideate solutions for addressing concerns in the user feedback. Iterative
prototyping using 3D printing was used to rapidly test and refine new concepts (see Figure
15). The design output was a high-fidelity prototype with additional 3D-printed options for

several parts.
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Figure 15: Examples of rapid prototyping used to develop RAIS concepts

4.5.2.2 Outcomes

In particular, the feedback from the in-person assessment highlighted two crucial flaws in
the RAIS system which were overlooked by participants interacting via video-conferencing.
The first flaw related to usability. The user highlighted that the device did not afford
sufficient flexibility for positioning and lifting the internal component. The second related to
the OTT attachment system, because the user disagreed with participants who had advised
that remote facilities would have an appropriate rail clamp with which to attach the RAIS
device to their OTT. Through the interdisciplinary workshop and iterative 3D printing, the
team developed solutions which afforded more flexibility on device positioning and OTT

attachment. The improved designs are shown as the output of Activity 4 in Figure 10.
4.5.3 Clinical Verification: Loop 3

This section refers to the third iteration of the waterfall verification loop (see Figure 8).
4.5.3.1 Activities

In the third design verification loop (see Figure 10, Activity 5), design input came from a
surgeon based in the UK with experience in gasless surgery, or a ‘proxy user’ 1, While others
have cautioned against verifying designs with users not based in LRHCs, in this case the
modified aspects required in-person assessment because they had been previously
overlooked by stakeholders interacting via video conferencing. The proxy user assessed the
device by performing a simulated laparoscopic procedure using the device on a cadaveric

model. The design process comprised of engineers and designers refining 3D printed parts



-51-

to enable manufacture in stainless steel and the design output was a complete high-fidelity

prototype suitable for travel to remote locations in India and testing with end-users.
4.5.3.2 Outcomes

This verification loop did not catalyse design changes. While the proxy user feedback
suggested the proposed design changes solved issues highlighted in the previous loop, the

team resolved to get feedback from end-users in LRHCs before further design modification.
4.5.4 Clinical Validation

Ethical approval for the cadaveric study at ARSICON 2019 was granted by Martin Luther
Christian University in Shillong, India (Ref: VI/I(8)/UREC/EA/272/2015-6116) and approved
by the Faculty of Medicine and Health Research Committee at the University of Leeds in the
UK (Ref: MREC 19-029). Informed, written consent was obtained from all participants in the
study.

A cohort of end-users in LRHCs participated in the RAIS clinical validation (See Figure 10,
Activity 6). They used the high-fidelity prototype on cadaver models at a surgical workshop
arranged by the team to take place at a rural surgery conference. Informed, written consent

was obtained from all validation study participants.

4.5.4.1 Activities

First, each participant was briefed on the project and workshop purpose and given an
instruction sheet (see Appendix A) and an opportunity to ask questions. Participants were
then shown snapshots of the design progression and watched a video demonstration of how
to assemble and use RAIS. They then performed two surgical tasks: 1) assembling the RAIS
prototype and 2) using it to perform a simulated diagnostic laparoscopy on a cadaver model.
Next, they were interviewed. During this recorded, semi-structured session, participants
filled out National Aeronautics and Space Administration Task Load Index (NASA TLX) for
both surgical tasks and answered a questionnaire on the feasibility of using RAIS in the LRHC

they worked in.

The NASA TLX was selected to evaluate the usability and suitability of the device developed
for its end-users. It has been used extensively in medical device development *> and
accounts for the additional dimensions of frustration and performance when compared to
other workload analysis techniques *®. The questionnaire comprised nine statements, each
followed by a seven-point Likert Scale, which ranged from “Strongly Disagree” to “Strongly
Agree”. Each statement enquired whether a commonly-cited challenge of using medical

equipment in LRHCs (see 2.1.3) had been successfully mitigated by the RAIS design. The
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questionnaire concluded with open questions for participants to share further barriers to
using RAIS in LRHCs and any ideas, comments or relevant information. For the full
questionnaire and TLX, see Appendix A. The investigation purpose was gain feedback on an
initial prototype from users to move forward with and improve the design, not establish
definitively whether the device met requirements, and therefore no formal statistical

analysis was performed on the results.
4.5.4.2 Outcomes

Most validation study participants (total n=13) were general surgeons with previous
experience of performing gasless laparoscopy in rural or low-resource settings (n=9). Other
participants (n=4) included a General Practitioner, a Registered Nurse and two surgeons

without prior experience in gasless laparoscopy.

The NASA TLX results indicated the device was easy to learn and use. For both workshop
tasks using the RAIS device, participants reported low averages on all of the six NASA TLX
subscales, indicating a low overall user workload in performing each surgical task on the
cadavers, and a high user performance. For device assembly, the unweighted average was
5.5(0.9,10.1) on a scale of 1 to 21 and for device use to perform an AWL, 6.0 (1.2, 10.8). The
95% confidence intervals for the mean are large, which is expected due to the small sample
size. However, the confidence interval upper extremes still lie below the workload scale
midpoint, demonstrating RAIS’ usability. The outliers shown in Figure 6, which indicate high
workload, were correlated to participantswith no experience performing gasless

laparoscopy, which requires formal training 4.

The questionnaire results, summarized in Figure 16, strongly suggest the team produced a
surgical device appropriate for a LRHC using the selected methods. Participants who
disagreed with the first statement ‘I have experience working in a rural or low-resource
hospital’ (n=1) were discounted from the results analysis. On average, participants gave the
device normalized scores of 90.5/100 (86.1, 94.9) over eight statements. In question 5,
participants rated their disagreement/agreement with the statement: ‘A rural or low-
resource hospital could repair this device’. This was the most controversial questionnaire
statement, with the lowest average and most variable participant scores. When probed on
answers, three of the four participants who were unsure or disagreed with the statement
explained they could seek advice from local mechanics who could perhaps perform basic
repairs, but ultimately there were no mechanics, engineers or manufacturers in their

proximity that had experience with medical devices. User would feel uncomfortable trusting
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local mechanics with a surgical device they could not easily replace. Hence, the

questionnaire also revealed that one requirement set in Phase 2 was inappropriate.
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Figure 16: User Testing Results: a) Usability Study b) Rural Facility Suitability Questionnaire

It was recognised that several forms of response bias could have affected the usability and
guestionnaire results. It is widely acknowledged during product testing that informants
often tell designers what they think they want to hear, a form of social desirability response
bias 7. This effect can be augmented by the presence of a foreign interviewer or an
interviewer with a perceived as having a higher social status than the interviewee %, To
mitigate the bias the team selected a member of the design team considered less-qualified
(Postgraduate, 1yr experience) than most study participants (mostly practicing surgeons,

8+yrs experience) to perform the interviews. To further mitigate this effect, during the
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briefing, cadaveric workshop and interviews investigators communicated that the purpose
of the study was to identify flaws in RAIS and ways to improve the design and encouraged
participants to answer honestly and discuss their criticisms of their design. Despite these

efforts, there is likely to be remaining bias causing participants to over-score RAIS.

Nonetheless, throughout the interviews and in response to the questionnaire’s open
qguestions, participants also communicated ideas for improving RAIS and highlighted
potential flaws. All statements of this nature were recorded, and distilled into a list by the
author. Similar statements were grouped and the frequency aspects were mentioned was
recorded. Design actions were developed from this feedback (Figure 17). New contextual
insights were discovered too, such as difficulties communicating effectively during surgery
with nurses and assistants, who sometimes had no formal training and spoke different
languages. New flaws identified included aspects such as the potential to compromise
sterility by tearing gloves on the device moving parts. Therefore the activities helped identify

potential improvements to increase value for users without incurring additional expense.
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Figure 17: A summary of design changes and actions generated as a result of end-user
feedback on RAIS Prototype 1



-55-

4.5.5 Phase Outcomes

In the ‘Act’ phase of the design process, the team developed a new concept to meet the
clinical, contextual and user requirements for an AWL device for gasless laparoscopy in
LRHCs. The outcomes were a high-fidelity prototype which was well-received by users, as

well as a set of ideas for small improvements to the design.
4.5.6 Phase Evaluation

4.5.6.1 Design for Safe Surgery Roadmap

The iterative local end-user involvement and focus on resourcefulness and creativity rather
than technical sophistication advocated by the roadmap 3! helped designers avoid potential
pitfalls and develop a FI. Every verification or validation stage, even with the same end-users,
resulted in ideas for design improvement, exemplifying the need for iteration. However, the
roadmap provided little advice on methods for verification and validation. The team found
interaction via video conferencing led to design over-simplification, since stakeholders could
not pick up on usability aspects. An improved roadmap could highlight the benefits and
drawbacks of using both virtual and in-person methods, and emphasize the need for both.
The roadmap also suggested forming collaborations with local universities in this phase 3.
Indeed, stakeholders based at universities provided most of the iterative feedback. With
experience in gasless laparoscopy and reliable access to video conferencing, they provided
frequent valuable feedback. However, not being based in remote facilities, they overlooked
some aspects related to those settings. Therefore ensuring end-users in remote facilities
also had the opportunity to assess the RAIS design was important to supplement their

contributions.

Finally, the roadmap did not provide sufficient advice on validating devices for LRHCs. On
reflection, the validation event yielded a rich translation of quantitative and qualitative
design information from end-users to designers. The workshop and study design were
considered integral to this success. The initial briefing of participants to give them an
overview of the process so far helped participants to understand the objectives of the
project and stimulated critical thinking early on, with surgeons asking questions and offering
opinions before even using the prototype. The open hands on evaluation in pairs gave
surgeons an opportunity to thoroughly inspect the prototype and test it to their own
specification, whilst also helping them to obtain an understanding of any potential
difficulties for an operating theatre assistant through role play. Finally, the individual semi-

structured interviews gave surgeons the opportunity to give both qualitative and
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guantitative feedback, whilst the author was able to obtain a comprehensive understanding
of their answers by prompting participants to discuss their scores. The timing of this
milestone, which was planned within the first 5 months of the project commencing, enabled
the design team to make changes to the device design based on the information gathered
relatively easily, whilst in a stage prior to manufacturer involvement or regulatory
submission. Consideration of bias in such studies is also vital 1*”*, and not highlighted by

the roadmap 3.
4.5.6.2 PD

Reviewing studies involving users in designing devices for LRHCs revealed most thought it
best to prioritise involving them in early design phases. In the first verification loop, the
design team focused purely on achieving the priorities and requirements set out by the
participating local stakeholder, rather than considering technical feasibility, so they had
almost complete control over the design direction. Technical aspects such as manufacturing
feasibility and strength were prioritised afterwards, once the desired functionality had been
achieved. Therefore later verification loops did require less user input. However, the
validation stage revealed that user input could still add significantly to the design process,
and that to get useful feedback, ensuring stakeholders feel comfortable criticising the design
is an important consideration. Therefore the design team again found their sustained
approach to PD vyielded significant rewards. As with previous phases, the importance of

consulting a variety of stakeholders was evident.
4.5.6.3 Frugal Innovation

Within each design verification loop, focus on the Fl criteria helped guide the design process
and select concepts, since there were many solutions for achieving requirements. Instead of
aiming to impress users from the beginning, typically the team would first present the
simplest, low-cost solutions, and then refine them based on iterative feedback from
participants. Having users invested in the project enabled this, as they did not lose
confidence when low-tech designs were presented to them 1%, providing the design team
with the opportunity optimise performance. This iterative participant feedback was crucial
in developing the frugality of the device. Even in the final validation stage, end-users came
up with further frugal ideas and ways to increase value for them without affecting the design

cost or complexity.

Optimising the device performance also required use of sophisticated optimisation

methods. For example, the design team relied heavily on use of FEA to optimise the device
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for requirements such as lightweight and low cost, while maintaining robustness and

appropriate safety factors.

4.6 Phase 4: Design to Manufacture

8 9

=) -

4.6.1 Phase Activities

In this phase, the team planned to identify an appropriate in-country manufacturing partner
and produce a final RAIS device suitable for testing in human clinical trials. Together with
participating local stakeholders, the team established criteria to select a manufacturing
partner. In addition to capabilities in manufacturing and undergoing regulatory approval of
new medical devices, willingness to participate in bi-directional discussions to refine the
design for low-cost manufacture and produce iterative prototypes, similarly to clinical
stakeholders, was desired. Understanding of the needs of LRHCs and an ability to supply
product aftercare or spare parts to them was also necessary. Several manufacturers meeting
these criteria were contacted, and site visits were arranged by members of the team in the
product design industry to select a partner. During these visits, the team presented an
overview of the device, highlighting key areas of manufacturing complexity, and provided

several physical parts for the manufacturer to assess.

Due to the COVID-19 pandemic, all further activities involving stakeholders in India were
conducted via video conferencing. Therefore the design to manufacture process comprised
of bi-weekly online meetings between the design team and manufacturers, each focused on
one aspect of the design. Local stakeholders participated to explain concepts and assess
initial prototypes. The phase culminated with a live, online cadaveric demonstration of the

first prototype to local clinical stakeholders, who provided feedback via a survey.
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4.6.2 Phase Outcomes

The team met with three potential manufacturers to discuss developing the RAIS device.
After these discussions, which involved and in-depth discussion of the project aims and
expectations, all three manufacturers expressed an interest. However, one manufacturer
stood out due to their obvious enthusiasm and understanding of the aims of the project, as

well as personal experience of remote healthcare centres.

Following the bi-weekly meeting process, the manufacturer made several improvements to
the device for users. For example, being aware of difficulties transporting and storing
equipment, they developed a transport case that contained laser-marked positions for each
component, to help users with assembly and disassembly and prevent them from losing
parts (Activity 7, Figure 10). Understanding the focus on low cost but high quality, they
worked closely with the design team and clinical stakeholders to make improvements in part
strength, reduce manufacturing complexity and achieve clinical requirements. For example,
through several design iterations, they designed manufacture of the lift assembly as one
component (Activity 8, Figure 10), while retaining all the features required by clinical
stakeholders. These innovations enabled the team to achieve the cost goals set out at the

beginning of the project.

Through the online, interactive cadaveric evaluation session, involving the design team,
manufacturers and clinical participants, stakeholders were able to identify enduring flaws in
the prototype and suggest improvements. Participant survey feedback was positive,
however they emphasized that without using the device in person, they could not be sure it

was adequate, so the results had limited use.
4.6.2 Phase Evaluation
4.6.2.1 Participatory design

In identifying and selecting a manufacturing partner, participants and product design
industry partners were indispensable, providing experience in industry and the local context.
The sustained approach to involving local stakeholders meant in this phase participants
could help optimise prototypes by testing them and highlighting when small modifications
made for manufacture affected device performance or function significantly. They explained
and demonstrated to manufacturers why complex manufacturing features were necessary
and facilitated achieving the best compromises between manufacturing complexity and
functionality. The online cadaveric evaluation showed that participants can provide useful

contributions via video conferencing, but also reiterated the findings of phase 3, showing it
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cannot substitute interacting with the device in a real clinical environment. Clinical

stakeholders expressed this using the feedback survey.
4.6.2.2 Frugal Innovation

Working with a manufacturer with understanding of LRHCs helped further optimise the RAIS’
value for users, who expressed great satisfaction with the manufacturer’s custom case for

storing and transporting the device (Activity 7, Figure 10).

4.7 Summary

This chapter investigated Objectives 3 and 4 of the thesis. By providing a detailed account
and tangible examples of implementing the integrated approach developed in Chapter 3,
the work here addresses the paucity of evidence relating to use of these approaches in
designing technologies for global surgery. The systematic evaluation of work completed and
the progression of the RAIS device design in each phase shows how each was influenced by

the Design for Safe Surgery Roadmap and the principles of Fl and PD.

The major limitation of the work in this chapter is that it only reflects on the effect of the
approaches on the technology designed. While, as discussed, this was the primary aim of
the project, it has also been argued that when using a PD approach, especially one which
aimed to involve participants as more than just informants on the design context, the effect

of this approach on the participants must also be evaluated °>1°2,

Therefore, prior to discussing the overall suitability of and suggestions for improving the
design approaches investigated, which relates to Objective 6 and is addressed in Chapter 6,
the next chapter presents the results of a study investigating how clinical stakeholders

benefitted from being involved in designing the RAIS device.
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Chapter 5

Evaluation of User Gains from the Design Approach

Chapter 5 considers the effect of the design approach on the clinical stakeholders involved,
to complement Chapter 4 which evaluated how it affected the RAIS design. An exploratory
qualitative study, comprising of five semi-structured interviews with clinical stakeholders
who participated in the design of RAIS, is described. The study investigates what clinical
stakeholders gained from being involved and what affected these gains in terms of
facilitating or impeding them. Evaluating these ‘Indirect, Unintended’ impacts in addition to
the intentional impact (on the RAIS design) provides a more holistic insight into the potential
benefits of involving users in designing technologies for global surgery.

5.1 Introduction

As discussed in 2.4.2.3, the Objective of using PD to design technologies for LRHCs is most
commonly to improve or reduce the cost of the technology 1. Indeed, this was the Objective
of using a PD approach to design RAIS, and Chapter 4 highlighted its significant influence on
the design development. However in wider PD literature, while prototypes, products or

design concepts are still the most frequently evaluated Impact of PD projects 9104

, some
projects prioritise gains for the participants, such as their psychological empowerment or

up-skilling 105149,

Several studies have argued that PD practitioners developing global medical technologies
should prioritise participant gains #5102, adapting their Objectives and overall approach to
focus on mutual learning and developing local innovation capacities in LRHCs 8. Yet PD
participants are also likely to be surgical technology users in LRHCs, who are often in short
supply, so it could be argued that use of their time should be minimised. PD can also be
resource-intensive for organisations °2. To justify using PD, it is important to be able to
consider all the benefits of using it and be able to maximise outcomes. Critically lacking in
literature is evidence of how participants benefit from PD approaches in this context and
how these gains can be impelled. To lay the foundations for addressing the paucity of
evidence in this area, an exploratory qualitative study was performed. The study aimed to

answer two research questions:

1. What did clinical stakeholders gain from being involved in designing RAIS?
2. What affected these gains, in terms of facilitating or impeding them?

To investigate these research questions, 5 clinical stakeholders who participated in designing
RAIS were interviewed. The results are intended to initiate and inform future studies by
increasing understanding of concepts related to the Impacts of PD in this context %4,

Evidence from this and further studies could be used by organisations to achieve more
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impact in increasing global access to surgery when using a PD approach to designing global

surgical technologies.

5.2 Method

Exploratory studies often warrant using a qualitative approach, and in particular, semi-
structured interviews. This method allows the researcher to explore thoughts, beliefs and
feelings of participants, and delve more deeply into personal topics and reflection by asking
follow-up questions to seek detail or clarification. They are especially useful for identifying

150

new phenomena *° and are commonly used to evaluate the outcomes of PD projects for

participants 2%103 \which can be hard to measure 1

. Hence they are particularly
appropriate for exploratory research into the ‘Unintended or Indirect Changes’ attribute of

the Impact of a PD approach 104151,
5.2.1 Recruitment and Consent

Ethical approval for this study was granted by the Faculty of Engineering and Physical
Sciences Research Ethics Committee at the University of Leeds in the UK (Ref: MEEC 20-023).

Informed, written consent was obtained from all participants in the study.

A sample of six clinical participants involved in the RAIS design process were purposively
recruited for the study 1°2. The participants selected were those involved in the project most
frequently, and hence likely to have experienced impacts from being involved. The selection
process also included an aspect of maximum variation sampling: to the best of the author’s
knowledge, the sample contained participants who had different experiences of the process
and were likely to provide different insights. They had different clinical roles and varying

levels of previous experience designing technologies.

Participants were recruited via email and provided with an information sheet (Appendix B).
No participants declined to be interviewed, but the final interview did not take place as the
author concluded that data saturation had been reached. An overview of the participants
interviewed is provided in Table 1. All participants have been given pseudonyms to protect

their identities.
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Table 1: Overview of Participants and Interviews

Pseudonym | Activity Design Interview
Participation experience | Duration

(see timeline)

Arpit 1-4, 6-10 Low 30:44
Bahar 1-4, 6-10 Low 37:35
Chaman 1,5,7,8,10 High 42:28
Danvir 1,7 High 39:59
Ebrahim 1-10 Low 38:46

5.2.1 Data Collection

Participants were interviewed by the author. Since she had worked closely with participants,
it was recognised that they might more likely to withhold criticisms or exaggerate gains
during interviews. However, the professional relationship between the author and
participants had been built around participants evaluating designs and concepts the author
had developed, and it was felt that a trust had been developed where participants knew
they could be critical and were actively encouraged to be so. Since her participation in the
project was imminently ending and participants were aware that the author was junior to
them in both age and profession, they had less reason to withhold frustrations. Furthermore,
the author’s in-depth knowledge and experience of the design process was considered an
advantage in that it could allow her to pick up on subtle aspects. To reduce the potentially
biasing effect of the author’s previous experience and knowledge of the interviewees and
design process on the collection of results, the author performed extensive research into
interviewing techniques and reviewed the interview topic guide (Appendix C) and example
guestions with an experienced qualitative researcher in PD projects, with no prior

involvement in the RAIS project.

Others have reflected that the timing of interviews affects the data collected, the advantage
of ‘sooner’ being that participants remember events more clearly, and ‘later’ being that
longer-term gains can be assessed °3. However, longer-term gains are often difficult to
unequivocally attribute to the PD approach since unrelated factors are likely to influence the
participant’s perspective over a number of years 3. Therefore, the interviews were
conducted at the end of Phase 4, 1 year and 9 months after the project commenced, whilst

participants memories were likely to be clear.
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Interviews were arranged at the convenience of participants and conducted using video-
conferencing, which is considered equivalent or even superior to other interviewing
methods %, Participants were interviewed individually, since it was felt this would make
them more comfortable discussing personal feelings, and each was recorded with verbal and
written permission. The topic guide (Appendix C) was based on an existing study with similar
aims 195153 and adapted to be more appropriate for this study’s aims and participants
through an iterative process including two pilot interviews with a non-clinical RAIS team
member and another colleague. Each interview began with a discussion of the interview
purpose, emphasizing that the focus was to examine how being involved had affected them
personally. Once the interviewer felt the participants understood this aspect, she asked
several ‘warm-up’ questions focused on the aspects below considered likely to affect their

personal gains, to put participants at ease and add context to their responses.

1. Currentrole
2. Previous experience designing technology

Then, the following topic areas were discussed.

Motivations for participating

Feelings about personal contribution to and influence on the project
New knowledge and skills acquired

New possibilities emerged

New outlook on healthcare technology or own practice

Personal gains from participating in the project

Overall assessment of participation in the project

NoukwhNeE

During the interviews, participants were encouraged to speak about anything else they felt
was relevant. Specific questions were adapted throughout the interviews based on the

responses of participants.

5.2.3 Data Analysis

Extensive reading informed the process employed to thematically analyse the data 1>>1%7,

Interviews were transcribed by the author, helping to familiarise her with the data and form
initial ideas of what might be relevant to the research question. Then the transcripts were
reviewed to replace content which could be used to identify participants with pseudonyms.
The transcripts were then analysed separately by the author and an additional coder, who,
in contrast to the author’s engineering background, had a clinical background and no prior
experience of the RAIS project or participants. The complete analysis process is shown in

Figure 18.
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Figure 18: Thematic analysis process employed on the interview transcripts

The coding process was primarily inductive '°8, The transcripts were searched in terms of
gains, frustrations, impediments and facilitators, to answer the pre-determined research
questions in 5.1. Each coder reviewed transcripts independently and selected quotes
relevant to the aims of the study. Each quote was assigned one or more evaluation codes,
which were iteratively refined during the coding process. Code frequency was recorded. The
coders individually reviewed their codes and organised them into categories. At this stage,
the coders met to compare their categories, discussing their content and what each
contributed in knowledge towards the research question. Through this discussion, the
coders refined the 25 categories into 3 overarching themes with coherence, clear
boundaries and enough meaningful data to support each conclusion, evidenced using code

frequencies.

5.3 Results

Through the analysis process, 3 themes were developed:

e Motivations and Expectations
e Ways of Working, Collaborating and Communicating
e Acquiring Skills, Diversifying Careers and Expanding Networks

‘Motivations and Expectations’, explores the relationship between why clinical stakeholders
became involved in designing RAIS, what they expected to gain from it for themselves and

how that may have affected what they did gain. The second, ‘Ways of Working, Collaborating
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and Communicating’ discusses how working within the RAIS team influenced the way
participants approach their work, particularly with others, and how the approach taken to
involving and communicating with participants may have influenced that. The final theme
‘Acquiring Skills, Diversifying Careers and Expanding Networks’ focuses on changes and new
opportunities described by participants affecting their skills and careers, and what aspects

of designing RAIS catalysed these.

5.3.1 Motivations and Expectations

Unanimously, participants considered helping others a significant personal goal, and
altruism as their primary motivation for being involved in designing RAIS. The prospect of
creating benefit for others drew them to the project, rather than an opportunity to further
their own fortunes, particularly since it focused on addressing the needs of those they

considered less fortunate than themselves.

“this whole idea of being part of a collaborative project, where the ideas
and vision is driven by those who are going to use it was very
appealing” - Ebrahim

“daily wage workers... why not give them the advantage of minimal
access surgery through the gasless device” - Bahar

“the purpose to join this technology development of a device was to
increase its accessibility... so more people can use it... we are looking for
the developing countries... many areas in Africa.... Southeast Asia...” -
Chaman

Of course, actions are rarely entirely selfless, and most participants expressed a sense of
purpose, satisfaction and enjoyment gained through working on the project to help others.
Arpit, Bahar and Ebrahim, who were involved in all design stages (Table 1), reflected that
since this aim was shared by everyone, it also helped to unite team members from different
professions and cultures. Chaman and Danvir, who had previous design experience, noted
that this did not always happen, and that conflicts in objectives between themselves, whose
priority was to provide the best solution for patients and surgeons, and engineers or
manufacturers, whom they perceived as primarily wanting to make money, could make

collaboration difficult.

“you know, you have a keen interest in doing surgery and finding
solutions so you're seeing every day that okay, we are taking one step
or multiple steps in a day, sometimes, towards that. That's a very
fulfilling kind of feeling.” - Arpit

“everybody was just on the same level... focused... making sure we get
this project done and come up with this new device” - Ebrahim
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“their motive is primarily making money... they said 30% of the money
comes from disposables... but we insisted that, see we are doing it for a
resource-poor setting... there is no point in adding something
unnecessarily disposable... it may not have a huge market, but still, it
will serve the purpose...” - Chaman

Hence, a focus on user needs facilitated the forging of strong partnerships and associated
benefits which are discussed further in the following two themes. On the other hand,
perhaps this focus was so unmitigated that participants did not consider how they could
benefit from being involved. Certainly, participants found it difficult to talk about personal
gains. At the start of the interviews, when answering a question about the impact of some
aspect on themselves, they would frequently drift back to discussing how that aspect
affected RAIS instead, despite repeated emphasis that the interview was about how the
process affected them personally. Ebrahim felt that considering personal gains might have

even negatively impacted the project.

“I didn't get involved in this project, first of all, for personal gains, you
know... one of the biggest barriers is when your personal gains come in
the way... your personal biases come in....” - Ebrahim

Interestingly, since participant motivations and expectations revolved primarily around
helping others, so did most frustrations discussed by participants. Participants expressed
dissatisfaction when their expectations of helping others were not met, for instance when
they felt progress was too slow or the project hadn’t yet had the impact they hoped. Some
frustration with timescales was expressed by three of the five participants. Danvir
highlighted that perhaps this frustration occurred when it was felt that team members based
in HICs did not understand how pressing the need for the technology was, or feel enough

urgency to implement it.

“I was expecting by this time there will be at least 10-12 centres in
India... we’re not there yet” - Arpit

5.3.2 Ways of Working, Collaborating and Communicating

Despite limited motivation to further their personal interests, participants became more

introspective further into the interviews, and began to articulate more personal gains.

“my purpose of getting involved was to, for... patients who are in the
global south to benefit, for the collaborators to benefit, but eventually
some of the other benefits has come to me as well and | wouldn't deny

that” - Ebrahim

In particular, the three participants involved in the most design activities and decision-

making, Arpit, Bahar and Ebrahim (Table 1), described how working on the project
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heightened their awareness and appreciation of the benefits of multidisciplinary
collaboration. They developed interpersonal skills for teamwork, such as recognising the
benefit of listening to and considering the ideas and perspectives of others and the value of

their own contributions and role in the team.

“I think whenever you are starting working in a team with different skill
sets and different, you know, viewpoints, one thing it teaches you is that
you have to listen to others viewpoint and sometimes they are so much
you know more learned... now | listen to others, and you know, try to
have their version, their viewpoint on everything, so | think, | think that
makes me a better team person” - Arpit

“Teamwork... brilliant, | think | have been repeating this again and
again, but that is the most important thing which | have learnt” - Bahar

Arpit, Bahar and Ebrahim also described how they planned to or had already begun to use
this interpersonal learning and newfound enthusiasm for collaboration to pass on their
knowledge to others, and create changes to their workplaces and the way they approached

solving problems.

“engineer people let's say they're working in health domain, they will do
finding solutions on their own, without having any understanding about
health, and the health people also will be finding the solution to the
same problem with no contact with design and interviewing people.
And now it shows me that, how stupid is that” - Arpit

“the way we have approached this designing process...I'm going to use
it for future works... using that same experience of working with a group
of collaborators who come with different backgrounds” - Ebrahim

Chaman and Danvir highlighted the value of these skills by describing the inherent conflicts
they had previously experienced between the priorities of engineering and clinical
stakeholders in a team, and the importance of understanding one another’s perspective to

resolve these and make the right compromises.

“We need to sort of come with a compromise, okay, so, we accept the
sort of thing. So there is a lot of disconnect between the clinicians and
the designers... learning has to be both ways, so the engineers need to
learn what the actual need of the clinicians are, the clinicians also need

to learn what is possible or not possible” - Chaman

However, whilst there were learning opportunities from working in this multidisciplinary
team, these differences in professional and cultural backgrounds were a potential source of
conflict. Clinical stakeholders described frustrations which centred on idiosyncrasies in
paperwork and regulation between countries, with different ways of planning work and with

the pace of work.
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“in India, the pushy kind of system works better. It will be, okay, from

tomorrow we have to do it, very tomorrow we have to do it. Whereas,

right, there [in the UK] it's like okay, the timeline is next week or next
next week or this month” - Arpit

“when you're doing it [designing medical devices] with the team like a
big University then you need to go by the standard protocols and all
those things... nothing much is happening for quite a long time” -
Chaman

In particular, most participants based in India felt that their need to test prototypes in person
in a clinical setting to provide accurate feedback was not fully understood or provided for by
other stakeholders in the team, causing some frustration. Arpit and Chaman went on to
highlight that they felt this lack of opportunity to test prototypes in person, which they
attributed in part to the team being based across two continents, had limited the
contributions they could make, and as a result Chaman was anxious about the quality of the
final device. They felt their contributions were less valuable online and that limited their

ability to be a part of the team.

“Had it been in, let’s say the same country, we could have, | think, done
much better” - Arpit

“that's one problem we have with any of the company, they don't like
us, keeping on changing the design or altering it because it makes it
difficult for them, especially if they're considering producing in bulk and
so on. But then before that actually when saying the final word, it's
without using in different types of patients. It's again difficult to say
that well okay this is the final and we don't want to make any more
changes” - Chaman

Influences on the way they worked and collaborated were only discussed by Arpit, Bahar
and Ebrahim, who were involved in all design stages and decisions making and also had little
previous experience in design (Table 1). These participants reflected on how regular
communication from the design team to keep them up to date, having iterative
opportunities to provide feedback and being involved in decision making and planning were

factors that enhanced their experience of multidisciplinary collaboration.

“I have seen some teams failing because of this thing, either timelines
are too short, so timeline is decided by one person or one portion of
people, whereas others might, are not able to follow that” - Arpit

“you are also giving us the feedback at every level. Now | will label it
as... as a formative assessment... involving us... at every point,
whenever you're raising some points or taking our feedback” - Bahar

Being involved in this way helped not only reduce frustrations centred around their influence

on the device, but made them feel valued and recognise that their contributions were
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important, even if their ideas did not materialise in the final product. In particular,
participants reflected on the role of good leadership and an ethos of equal stakeholder-ship
recognised and practised by all team members, in improving their confidence and perceived

performance throughout the project.

“if, let's say, they [my contributions] were rejected, they were rejected
with a valid reason... til the point where | also said yes, it makes sense.”
- Arpit

“I had that, that unique advantage... | was able to raise pertinent
questions... that helped the engineering team and the design team” -
Bahar

“being valued was very important for every team member so, so | think
because of that everybody felt that I, | can contribute more, over and
above what | would have contributed because I'm being valued for who
I am, not, irrespective of my background or my professional
achievements of whatever you know, big or small.”

“the dynamics between the group was very useful because everybody
ensured that everyone felt that they were part of the team”

- Ebrahim

5.3.3 Acquiring Skills, Diversifying Careers and Expanding Networks

As well as interpersonal skills, four of the five participants learnt new technical skills. They
described increased knowledge of engineering and design considerations, some of which
they felt were useful in their current roles, such as knowing different types of materials
which could withstand autoclaving. Through observing the team evaluating different designs
with users, they gained an appreciation of the importance of fine detail and investigating
norms in design. Arpit, Bahar and Ebrahim described developing a more critical mind-set
surrounding healthcare technologies, and becoming more aware of opportunities for
innovation and ways to improve their practice. They also gained awareness of the wider
context of healthcare technology design, becoming more interested in aspects such as

manufacturing, implementing and diffusing technology in LRHCs.

“I think it has helped me to push my innovative ideas that | would have
otherwise not used... | felt that | could do this... come up with ideas...
I've never engaged in the sort of activity before... because everything is
just sort of given to you, that this is what are you going to do” -
Ebrahim

Danvir and Arpit also revealed they had existing career aspirations or personal interests in
biomedical technology, which they were able to explore further through being involved in

the project. For both, utilising links with team members and the wider global health
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community led to career developments. For example, as a part of the project, one
participant was able to complete a course in biomedical engineering designed specifically
for LRHCs. Other participants made new links through the project with members of the
international community interested in gasless surgery and RAIS, facilitating new
collaborations and research opportunities, although it should be noted that some of these
opportunities were also likely to be linked to their involvement in other projects with the

GHRG-ST, rather than specifically designing RAIS.

“it’s... kind of a dream that one day we will work with such a team and
we've designed something, and have something of our own, and when
we saw this happening with RAIS and this team, | think there was no, no
way | could have said no to this” - Arpit

Using the skills and knowledge obtained through designing RAIS, some participants even
began to initiate their own innovation projects. Through these, and through disseminating
their experience designing RAIS at events and conferences, participants shared their

knowledge of designing for LRHCs to a much wider community.

“I got a glimpse into the world of designing and thanks to your team
that we have started evolving, looking for more... low cost innovations
and solutions...things which can we can start at our Institute and pass

on across... colleagues... peers... other medical colleges...” - Bahar

Again, these gains had links to the way participants were involved, with opportunity to skill-
share with, observe and be immersed in the practice of designers and engineers being
crucial. Participants also reflected that maintaining an open mind-set and building
meaningful, supportive relationships with other team members enhanced these learning

and skill-sharing opportunities.

“one thing | have learned with this thing that whenever you sit with the
new people with new or different kind of skill sets the learning curve
certainly takes a upward, you know, rise” - Arpit

“The development of you know, very easy rapport... every person was
very much approachable” - Bahar

5.4 Discussion

The purpose of this study was to explore whether clinical stakeholders made personal gains

from being involved in designing RAIS, and what facilitated or impeded those gains.

Despite approaching the thematic analysis of the transcripts from very different

backgrounds, with one coder having no prior experience of the project or stakeholders
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involved, the two coders identified extremely similar codes and categories. The iterative
process of refining these into three themes was straightforward and both felt satisfied that

their categories and codes could be described fully within these.

The first theme, ‘Motivations and Expectations’ explored the significance of motivations and
expectations in influencing participant gains. The responses of participants indicated that a
shared goal and focus on user needs was important for experiencing gains from achieving
personal goals, forging strong links between the team and for the motivation and enjoyment
of clinical stakeholders. However, these motivations were central to frustrations
experienced by clinical stakeholders too. Interestingly, as well as not having considered gains
for themselves, when asked about disadvantages to themselves from participating,
participants also had very little to say. Perhaps as well as personal gains, they consider
personal drawbacks to themselves as less important than this goal of helping others. It was
recognised throughout the project that participants gave their time generously, and it seems
natural that if they felt they were making personal sacrifices for the project, then delays or
barriers to them achieving their goal of helping others might cause frustration. In addition
to this, participants frequently expressed not expecting or desiring to gain for themselves.
This raises the questions as to whether there is indeed any benefit, for clinical stakeholders,
resulting from being involved through different stages of the project, or whether it is more

likely to result in them making personal sacrifices.

However, the second theme, ‘Ways of Working, Collaborating and Communicating’
highlighted opportunities for clinical stakeholders to learn new ways of working and
collaborating arising from working closely with others in an interdisciplinary, multinational
team. This environment catalysed interpersonal skill development for some participants,
who had already begun to implement and use what they learnt to make changes to their
day-to-day roles. Participants who did feel that they had gained in this area reflected that
these gains were linked to the way they were involved. The project emphasis on frequent
and sustained communication, a non-hierarchical team structure and ensuring everyone
was recognised for their contributions in outputs were praised. Indeed, participants that
were not involved in this way and purely provided feedback on prototypes expressed more
dissatisfaction with outcomes and didn’t describe any interpersonal skill development.
Rather than gains, they described frustrations regarding difficulties collaborating across two
continents and several disciplines. In fact, all participants that were geographically separated

from the design team agreed they needed further opportunities to evaluate prototypes in
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person to feel that their contributions were worthwhile and accurate, highlighting a key

barrier to PD frequently mentioned by practitioners in this context 1,

The final theme, ‘Acquiring Skills, Diversifying Careers and Expanding Networks’ highlighted
how using innovation skills and knowledge developed through working closely and skill-
sharing with engineers and designers on RAIS, participants were able to make useful gains
towards achieving their career ambitions, creating and even leading new innovation projects
in global health. Networking facilitated by the project led to new collaborations and
opportunities too. The gains described in this section were primarily driven by the
stakeholders themselves rather than being intentional outcomes of the project, but again,
involvement in the project provided a useful environment with opportunities that
stakeholders were able to use to their personal advantage. Notably, all participants were
passionate about directing gains they made to further their impact on improving global
surgical care and all were enthused at the prospect of, or already developing, more low-cost,
robust surgical technologies. Gains described in this theme were particularly useful for
participants based at Universities, who gained skills, knowledge and networks to diversify
their careers and initiate their own global innovation projects. Others have advocated for
the forming of collaborations between universities, manufacturers and other stakeholders,
similarly to the RAIS project, since they can provide an excellent environment for in-country
for innovation 31108110,

Overall, participants described several ‘Unintended or Indirect’ Impacts from being involved
in designing RAIS from which they benefitted, mostly arising from the opportunity to work
and skill-share within an international, multidisciplinary team. However working across large
physical distances, slow timescales and perceived lack of influence on the design could lead
to frustration rather than gains for participants. Furthermore, all the gains described by
participants can only be indirectly attributed to being involved in the project, since they were
primarily driven and achieved by the participants themselves and were not intentional
outcomes of their involvement. However, in general there was a marked difference between
the gains and frustrations described by participants involved in all design stages, and those
involved purely in evaluation stages (Table 1). The design team’s efforts to communicate,
co-create and commend contributions were considered important by participants involved
in all stages to the gains they experienced, as well as having opportunities to iteratively test

prototypes in person.

The study does not provide a representative view of all participants involved in the RAIS

project, and since the findings are based on a single data collection method, they cannot be
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used to confirm any hypothesis. Of course, there is also likely to be a level of subjectivity to
the results, but it is a unique study in the fact that it does investigate the perspectives of
clinical stakeholders on this subject. The outcomes indicate that gains for clinical
stakeholders may be worth investigating further, especially since some of the gains clinical
stakeholders made while designing RAIS could help them to create long-term impacts by
developing their own local surgical technology innovation capabilities. Focusing on
developing innovation capabilities within LMICs themselves may help to overcome some of
the most difficult aspects of designing in this context, such as working across large physical
distances and gaining an understanding of unfamiliar contexts. Ensuring clinical stakeholders
make relevant gains may also help to reduce their frustration with outcomes, as typically,
medical device design is risky and projects often span many years >*. Their continued support

2258 and may help scale-up and implement

can be vital in disseminating new technologies
them. Therefore, while the magnanimous attitude of clinical stakeholders facilitated
improvement of RAIS and strengthened the team, perhaps considering what they can gain
from being involved is important too, especially since the gains made by stakeholders in this

instance may help improve surgical care in LMICs even further in the future.

5.5 Summary

This addressed Objective 5 of the thesis, using three themes to discuss how the approach
used to design RAIS benefitted the participants involved. These themes, developed through
thematic analysis of semi-structured interviews with clinical stakeholder involved in the

project, were:

e Motivations and Expectations

e Ways of Working, Collaborating and Communicating

e Acquiring Skills, Diversifying Careers and Expanding Networks
The themes also revealed some key factors, such as implementing an ethos of equal
stakeholder-ship within the team, might have been important in facilitating or impeding
stakeholder gains. Combined with evidence of how the design approach influenced the
development of the RAIS technology, detailed in the previous chapter, the results of this
chapter are useful for discussing the merit of the approaches used to design RAIS, and make

suggestions for their development in the next chapter, which concludes the thesis.
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Chapter 6

Discussion, Recommendations and Conclusions

In this chapter, the insights gained from selecting, implementing and evaluating the design
approaches used to develop the RAIS device are discussed. The outcomes of this work form
a set of recommendations, intended to guide designers and organisations through the
process of innovating surgical technologies for LRHCs. The thesis concludes with suggestions
for future work in this area.

Work contributing to this chapter was published in the International Journal of Surgery

Global Health:

Marriott Webb, M., Bridges, P., Aruparayil, N., Mishra, A., Bains, L., Hall, R., Gnanaraj, J., &
Culmer, P. (2021). Designing devices for global surgery: Evaluation of participatory and
frugal design methods. 1JS Global Health, 4(1), e50

6.1 Introduction

This thesis aimed to investigate approaches to innovating global surgical technologies, which
is a fundamental strategical aspect of addressing inequalities in access to surgical care 2. In
this concluding chapter the insights gained developing RAIS and evaluating the design
approaches pursued are discussed. Six themes for best practice were identified by
scrutinising all learning outcomes from the design process and performing an iterative
categorisation process, with feedback from design, engineering and clinical stakeholders
involved in the project. They findings complement that of wider literature appraising design
of technologies for LRHCs. The findings can be used by researchers and innovators to
consider ways of developing design approaches further, to better support innovation of
frugal surgical technologies and create more disruptive impact on increasing global access

to quality surgical care.

6.2 Participatory Design and Stakeholder Engagement: Early, Often,

Sustained

As discussed in Chapter 3, the PD approach planned focused on an ethos of embedding
stakeholders local to the design context within the team, to enhance their Representation
and Interaction within the project. The aim was to ‘design with’, rather than ‘design for’ this

group. Chapters 3, 4 and 5 highlighted how this subtle distinction influenced the design
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methods selected, the technology designed and the experience of and gains for clinical

stakeholders involved.

Key challenges and opportunities in implementing this approach were identified. Engaging
the ‘right’ stakeholders, or an appropriate cross-section of them, is critical to both fully
define the design context and maximise positive outcomes from PD. Chapter 5 indicated that
clinical stakeholders based at universities in LMICs, rather than working in LRHCs, could
benefit more from being involved. In our experience these ‘proxy users’ were able to
provide more regular input and are well placed to translate their gains from PD into further
positive impacts %, However, Chapter 4 showed their input should supplement, not
substitute, input from end-users living and working in LRHCs, since proxy users cannot
always provide the same in-depth knowledge of these contexts. It also highlighted that it is
desirable to have multiple representatives from each discipline (e.g. surgeons, nurses,
researchers) to increase creativity, ideas and contextual knowledge, and decrease the risk

of over-reliance on individual opinion which may not be representative.

Stakeholder input must also be strategically planned. The initial design phases may require
more in terms of numbers of local stakeholders and frequency of their input, to build a base
of contextual knowledge and inform early project decisions. Involving local stakeholders in
these decisions helps focus the project where it can create impact and builds trust between
collaborators, which Chapter 5 showed may be necessary to overcome barriers such as
professional and cultural differences. Convening the design team with many local
stakeholders within the target context is therefore an ideal means to both start the design
process and begin building team dynamics which promote multi-directional flows of
information and equal representation and stakeholder-ship. This should be sustained
throughout the design process. All stakeholders can, and should, contribute to innovation
and idea generation 1%, Their iterative input in multidisciplinary design sessions can also help
inform decisions, resolve uncertainties and optimise design functionality. In our experience,
they provided invaluable insights throughout the design to manufacture phase and their
contributions as advocates and champions for the gasless surgical technique are central to
the implementation strategy for RAIS. Their input also facilitated in-country device clinical
evaluation. Hence, clinical stakeholders can become champions for new technologies and
be fundamental to propelling the device throughout its dissemination into clinical use and

adoption %,
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Finally, building strong partnerships with stakeholders local to LMICs throughout the project
can support development of local and international networks with the capacity to innovate
and evaluate further innovative, frugal surgical technologies within LMICs. Therefore
considering and prioritising stakeholder gains from being involved could increase the impact

of the PD approach on increasing access to and quality of surgical care globally.

6.3 Communication

This project also underlined the importance of good communication in PD. In this case-study
the need was amplified by working across different disciplines and continents. This is a
potential source of conflict, especially when expectations of the project and motivations for

being involved differ.

The design team discovered effective strategies for communicating with end-users, such as
use of semi-structured interviews, making use of follow up questions to clarify concepts and
to learn about nuances and obscurities of performing surgery in remote contexts. Interacting
with physical prototypes and live sketching greatly enhanced data collection and
understanding between all team members during such interviews and group discussions.
These hands-on methods necessitated in-person meetings, often in a real or simulated
clinical setting, which clinical stakeholders all agreed was essential for them to thoroughly
assess designs. However in this design context meeting in person can be time- and resource-
hungry, so the unique opportunities it provides should be taken advantage of by conducting
interactive activities that are challenging to perform virtually (such as live surgical
demonstrations). Such interactions may also be crucial in initiating strong collaborative
relationships, which can then be maintained using remote communication methods such as

video conferencing on a regular basis.

When used to supplement in-person activities, remote communication tools such as email,
video conferencing and informal instant messaging tools were essential in facilitating
sustained collaboration and an active team dynamic over large physical distances. In
particular, video conferencing enables stakeholders to view and control CAD models as well
as sketch their own ideas. While in our experience this is not a substitute for testing devices
in a clinical environment, it did help convey complex concepts and gave stakeholders more
agency in the design process, since they were able to participate effectively in design

sessions more regularly.
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The team’s overall approach to interdisciplinary collaboration, which prioritised aspects of
communication such as listening to and recognising each other’s contributions, and involving
everyone in planning, updates and decision-making, was important in mitigating potential
frustrations of clinical stakeholders. They valued this approach and several participants

began to implement aspects of it within their own roles and encouraged others to use it.

6.4 Design Tools

The Design for Safe Surgery Roadmap 3! provides a general framework for design, within
which it is useful to select specific methods and tools to address each phase of the process,

as appropriate to the project.

While some progress has been made on developing novel methods for LMIC-centred design,
their focus has been on earlier phases of the design process. For example, methods to aid
definition of healthcare needs in ‘Phase 0’ are well-developed, and need selection can be
based on existing research or evidence gathered using techniques such as Outcome Driven
Innovation or Activity Theory 38103159 Similarly, detailed methods are available to coordinate
contextual mapping in ‘Phase 1’ of the design process 389101, However, to advise on later
design challenges, such as developing design requirements, studies commonly present
generalised design requirements for medical devices in LMICs, rather than developing
device-specific guidance 33137384 Most critically, there is a paucity of information on how
to ‘act’ within the iterative design process described in Phase 3. PD and Fl are particularly
relevant in these stages, however few studies report the challenges of adopting the
approaches in low-resource settings, for instance the practicalities of obtaining feedback
from LMIC stakeholders or methods for implementing the principles of frugal engineering
83,101,102 Finally, whilst it is agreed that surgical technologies developed for LMICs should be
of comparable quality to those developed for HICs, the roadmap does not suggest use of

methods to implement quality control or manage design risks 3.

Our experience found that employing techniques more commonly associated with design in
HICs can provide valuable structure to guide work in these later phases. For example, the P-
diagram used to summarise the surgical system within which the RAIS device must perform
was useful throughout later phases of the design process, for developing and assessing
concepts. The waterfall model used to structure stakeholder input enabled timely feedback
on design iterations and this formative approach was appreciated by designers and clinical

stakeholders alike. In each verification loop, the input from the HIC and LMIC users and
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stakeholders revealed additional nuances of the surgical procedure and context, highlighted
flaws in the design concepts developed and helped form ideas to eliminate them before the
validation phase. As reflected earlier, conducting in-person workshops at key points was
invaluable for optimising the design, and was considered elementary by stakeholders for

design validation.

Risk evaluation methods such as FMEA help designers to manage and mitigate adverse
events in many established design process models ®. In the case study, these evaluation and
feedback sessions structured using the waterfall model highlighted many risks previously
unknown to the design team, which were recorded as error states in the P-diagram. In future
stages of design, such as optimisation, well-recorded discussions during verification and
validation sessions could be used to form the basis for FMEA and promote early design focus

on safety and quality.

6.5 Frugal Innovation in a Complex Environment

By definition, Fl involves a substantial cost reduction, typically through streamlining of
functionality to achieve an optimised and appropriate performance level 78, In this context
it should be noted that when reducing costs, consideration of contextual influences such as
the cost incurred by performing maintenance, procuring spare parts, equipment down-time,

prolonged hospital stays for patients and training staff is essential.

The lack of dedicated methods to help the team innovate frugally led to the team developing
their own strategy, of first setting out absolute minimal functional requirements to achieve,
designing a solution, and then iteratively improving its value for stakeholders by carefully
considering their feedback on prototypes. The team found the ‘three defining criteria’ of Fl
76 helped them select concepts, and felt there is certainly scope to formalise this into a

concept-selection tool for Fl, similar to Quality Function Deployment or a Pugh Matrix °,

The team learnt that Fl requires in-depth knowledge of the context, and in particular how it
affects the value of different device functions for end-users. Information to make design
decisions can be sparse and the surgical context designed for can vary considerably in LMICs.
Without specific information about these varying factors it is impossible to optimise design
performance and value for users. Therefore, the knowledge of local stakeholders is also

essential to reveal opportunities for Fl. Our experience also revealed that they had valuable
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frugal ideas, which their involvement in the project helped them to recognise the quality of.

They began to utilise these to innovate their own frugal surgical devices.

6.6 Responsible Innovation

While cost reduction is a component of Fl, the team found that in this context it cannot be
the primary focus of the project. Chapter 5 revealed the importance of a shared objective in
designing a device which improves global access to surgery, especially in terms of
overcoming barriers to collaboration between professionals from different fields.
Addressing the needs of patients and end-users must be paramount and the innovation
process must not negatively impact the quality of the care provided. While some may
consider this a luxury of research, Fls do not need to compromise on quality to be profitable
7%, Both corporations and universities with funded research initiatives have a part to play in
global surgical innovation °%. Of course, funded projects are well-positioned to make frugal
surgical technologies more attractive for future commercial translation by assuming a
portion of the risks in early stage technology development 7. With this in mind, perhaps
they may also give consideration to ensuring that stakeholders local to LMICs gain from
being involved in design. Developing local innovation capacities in LMICs and linking up
manufacturers, universities, innovators, end-users and policy-makers may ultimately be the

most efficient way to address inequities in access to surgery across the world ,

6.7 The Value of Using a Roadmap

Chapters 3 and 4 reported how the “Design for Safe Surgery Roadmap” 3!

was adapted and
implemented to design the RAIS device. A key strength of the roadmap was its specific
recommendations for designing in this context. A prime example is the encouragement to
co-create with local stakeholders in Phase 3. Chapter 4 revealed that the structured input of
local stakeholders throughout our iterative design process had been instrumental in
identifying and resolving major design flaws, ultimately producing an appropriate design for
a low-resource context. This enabled the team to undertake a full design process and
achieve a system ready for clinical evaluation and future surgical use. While the potential

pitfalls were many, the participation and engagement of the multidisciplinary team were at

the heart of this success.

While the roadmap did not address the challenges of selecting appropriate methods with

which to complete each stage of the design process, perhaps the high-level nature of the
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roadmap was appropriate, considering how varied contexts which global surgical devices
target are, and how flexible the approach must be to succeed in each 3!. However, a
fundamental impetus for using detailed medical device development models that do
recommend specific methods (e.g. DFSS %) is to manage risk and ensure the safety of the
devices produced %+1¢1, which is not directly addressed by the roadmap. For example, there
is no mention of aspects such as quality management systems, which are feasible to
implement, even for small and mid-sized enterprises and universities, especially if
stakeholder resources are pooled %11, A selection of carefully developed and evaluated
design tools could help designers manage aspects such as risk or failure modes and aid them

in producing frugal, participatory designs.

Finally, while the roadmap 3! provides structure for the initial phases of design, models such
as the DFSS 118 extend beyond this point of development to consider aspects including design
for manufacture, regulatory approval, training, maintenance, packaging and disposal.
Furthermore, there is growing recognition that designers (specifically in the medical device
industry) should move toward circular life-cycle models, which require detailed
consideration of resource consumption, re-use and disposal within the design process 162,
These considerations are important in design for LMICs and for HICs, and may ultimately
help generate even more appropriate solutions for LRHCs in LMICs. Equally, this may differ
according to the context, so further guidance for global surgical device designers in later

design phases should be investigated. Some of this work is underway .

6.8 Recommendations

Therefore, from this work, the authors propose 11 recommendations for innovators to
enhance the roadmap 3! and integrate Fl and PD in the context of innovating surgical devices

for LRHCs:
Participatory Design and Stakeholder Engagement: Early, Often, Sustained

1. Prioritize input from a variety of stakeholders based in LMICs in the initial design
phases.

2. Collaborate with local stakeholders throughout the design process, including later
phases such as design to manufacture, as equal stakeholders to innovate disruptive
frugal designs and create more impact on global access to surgery by supporting
development of innovation networks and capacities within LMICs.

3. Work with local manufacturers where possible, especially those with experience of
LRHCs.

Communication
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4. Use interactive, in-person methods in early design stages to learn about the context
and form collaborative relationships with end-users.

5. Validation should include practical activities with stakeholders based in LRHCs, in
contexts which emulate the surgical LRHC.

Design Tools

6. Semi-structured feedback methods are invaluable for capturing and analysing the
contextual knowledge of stakeholders and their feedback in later verification and
validation activities.

7. Adopt system-based techniques (e.g. P-diagrams) to capture unfamiliar and complex
contexts and requirements.

8. Adopt conventional design process models to structure and control risk within the
technical development process, ensuring stakeholders based in LMICs verify designs.

Frugal Innovation in a Complex Environment

9. Generate well-researched requirements to inform frugal idea generation, and re-
evaluate these regularly as the project progresses and understanding of the context
improves. Avoid over-constraining the design space with excessive or redundant
requirements.

Responsible Innovation

10. In this context improving access to quality surgical care must be a priority over cost
reduction.

The Value of Using a Roadmap

11. The Design for Safe Surgery Roadmap provides a valuable high-level tool for
structuring initial design phases.

6.9 Conclusions

This work produced desirable outcomes. The approach undertaken resulted in development
of new surgical technology which is ready to undergo clinical trials and regulatory approval,
and has drawn attention from further stakeholders in LMICs and HICs alike who are
motivated and well-positioned to disseminate it and the gasless surgical technique further.

163 and such

The device and multidisciplinary approach to designing it has captured attention
outputs have drawn further attention to the need for development of technologies for
global surgery, which is becoming ever more pressing due to the increasing health burden

created by non-communicable diseases 3.

Of course, there are limitations to this research. While the future of the RAIS device seems
promising, there are hurdles to overcome before it and the gasless laparoscopic technique

are implemented at scale. Reflections on its progression in the long term may provide even
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further food for thought in relation to the recommendations presented in this thesis. There
is certainly more to learn about how these approaches affect the device and stakeholders

involved in the long-term.

A strength of this research was the exploratory study into Impacts on participating
stakeholders, discussed in Chapter 6. The semi-structured interviews elicited new findings,
previously wholly undetected by the research team, which can be used to reflect upon and
improve our approach to future projects. Evidence of such impacts is scarce in the literature
and could also be valuable in providing additional impetus for others to use PD for designing
surgical technologies for LRHCs. However, it was felt this study could have been improved.
Pilot interviews with other, non-clinical stakeholders in the design team indicated that they
also gained as much, if not more than the clinical stakeholders from being involved. Their
inclusion in the study may have helped perform a more complete assessment of the value
of opportunities for bi-directional learning created by working within global,

multidisciplinary networks of innovators.

This frames another limitation of this work. Designing surgical devices is typically a time-
consuming and complex process involving many stakeholders. Evaluating the entire
development of a device requires a detailed analysis of a great deal of work complete by a
large team. This is likely to be a major barrier for others attempting to carry out research
similar to that described in this thesis, and especially for anyone attempting to compare
multiple projects, which is needed to provide enough evidence to confirm or deny many
hypotheses. While the objectives of this work were achieved and it provides a detailed case-
study for others to consider, it is of limited used if it cannot be compared and contrasted
with others. While an overview of an entire design process provides useful detail, this work
could have benefitted from a more detailed look into some individual aspects of the design
process. Further development of these approaches will require input from many

stakeholders across the global health and design communities.

6.10 Further Work

To build on and help othersimplement the recommendations in section 6.8, further research
is required. Firstly, there is scope to improve design processes for global surgical devices,
such as the roadmap employed in this work. Future studies could use risk analysis methods
such as the ‘Process Failure Mode and Effect Analysis’ tool 1°* to understand and reduce risks

in the process of designing technologies within this particular design context. With further
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evaluation of the risks and opportunities specific to this design context, design processes
such as the ‘Design for Safe Surgery Roadmap’ could be optimised for generating high-

quality, disruptive technologies 3.

Secondly, the team found that Fl in this context requires great skill in navigating complex
and generally poorly-understood healthcare environments, and dedication to iteratively
optimising the value of an innovation in that context. A perfect balance of quality,
performance, functionality and cost must be struck. To aid innovators in achieving this,
further work should investigate and adapt design methods to help generate Fls, helping
designers to make the right design decisions to create disruptive technologies. For example,
Quality Function Deployment and Pugh matrices could be used to prioritise functionalities

and select the right concepts 30160,

Finally, there is little existing advice on how to implement a PD approach in this context.
Future work should aim to provide more evidence of the benefits of using a co-creative
approach 1® and what methods are effective in generating outcomes which can foster the
development of local innovation capacity in LMICs 1%°, To generate this evidence, innovators
should use PD evaluation frameworks such as the Part-E framework %, or other established
PD evaluation tools %1%, to plan to target objectives in more than just the ‘Material Things’
attribute, implement appropriate attributes within each dimension to help achieve those
objectives, and perform systematic evaluations of the PD outcomes. Using these innovative
frameworks to holistically evaluate PD throughout the design process, innovators can
demonstrate the benefits of this approach over others %8, This will help to increase
knowledge of the opportunities and challenges and how to maximise outcomes for the
benefit of increasing global access to surgery. Ultimately, well-thought out and implemented
PD projects could be used to pull together all the components of the machinery needed to
create a production line of frugal surgical innovations, such as the RAIS device, in LMICs, and

hence improve the quality of and access to surgical care globally.



10.

11.

-84 -

Bibliography

Department of Health. Health Is Global: A UK Government Strategy 2008-13. HM
Government; 2008. Accessed November 6, 2021.
https://webarchive.nationalarchives.gov.uk/20130105191920/http://www.dh.gov.

uk/en/Publicationsandstatistics/Publications/PublicationsPolicyAndGuidance/DH_0
88702

World Health Organization. Health in 2015: From MDGs, Millennium Development
Goals to SDGs, Sustainable Development Goals. World Health Organization; 2015.

Meara JG, Leather AJM, Hagander L, et al. Global Surgery 2030: evidence and
solutions for achieving health, welfare, and economic development. The Lancet.
2015;386(9993):569-624. doi:10.1016/50140-6736(15)60160-X

World Health Organization. Universal health coverage (UHC). Published 2021.
Accessed June 11, 2021. https://www.who.int/news-room/fact-
sheets/detail/universal-health-coverage-(uhc)

Rose J, Chang DC, Weiser TG, Kassebaum NJ, Bickler SW. The Role of Surgery in Global
Health: Analysis of United States Inpatient Procedure Frequency by Condition Using
the Global Burden of Disease 2010 Framework. PLOS ONE. 2014;9(2):e89693.
doi:10.1371/journal.pone.0089693

Rose J, Weiser TG, Hider P, Wilson L, Gruen RL, Bickler SW. Estimated need for surgery
worldwide based on prevalence of diseases: a modelling strategy for the WHO Global
Health Estimate. The Lancet Global Health. 2015;3(52):513-520. doi:10.1016/52214-
109X(15)70087-2

World Health Organization. WHA68.15: Strengthening Emergency and Essential
Surgical Care and Anaesthesia as a Component of Universal Health Coverage. World
Health Organization; 2015. Accessed June 14, 2021.
https://apps.who.int/gb/ebwha/pdf_files/WHA68/A68 R15-en.pdf

World Health Organization. WHO | Metrics: Disability-Adjusted Life Year (DALY).
WHO. Published 2019. Accessed November 10, 2020.
https://www.who.int/healthinfo/global_burden_disease/metrics_daly/en/

Bickler SN, Weiser TG, Kassebaum N, et al. Global Burden of Surgical Conditions. In:
Debas HT, Donkor P, Gawande A, Jamison DT, Kruk ME, Mock CN, eds. Essential
Surgery: Disease Control Priorities. Vol 1. 3rd ed. The International Bank for
Reconstruction and Development / The World Bank; 2015:19-40. Accessed February
25, 2021. http://www.ncbi.nlm.nih.gov/books/NBK333518/

Debas HT, Gosselin R, McCord C, Thind A. Surgery. In: Jamison DT, Breman JG,
Measham AR, et al., eds. Disease Control Priorities in Developing Countries. 2nd ed.
World Bank; 2006:1245-1259. Accessed November 10, 2020.
http://www.ncbi.nlm.nih.gov/books/NBK11719/

Chao TE, Sharma K, Mandigo M, et al. Cost-effectiveness of surgery and its policy
implications for global health: a systematic review and analysis. The Lancet Global
Health. 2014;2(6):e334-e345. doi:10.1016/52214-109X(14)70213-X



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

-85-

Raykar NP, Yorlets RR, Liu C, et al. The How Project: understanding contextual
challenges to global surgical care provision in low-resource settings. BMJ Global
Health. 2016;1(4):e000075. doi:10.1136/bmjgh-2016-000075

Price R, Makasa E, Hollands M. World Health Assembly Resolution WHA68.15:
“Strengthening Emergency and Essential Surgical Care and Anesthesia as a
Component of Universal Health Coverage” —Addressing the Public Health Gaps
Arising from Lack of Safe, Affordable and Accessible Surgical and Anesthetic Services.
World J Surg. 2015;39(9):2115-2125. doi:10.1007/s00268-015-3153-y

Mishra A, Bains L, Jesudin G, Aruparayil N, Singh R, Shashi. Evaluation of Gasless
Laparoscopy as a Tool for Minimal Access Surgery in Low-to Middle-Income
Countries: A Phase Il Noninferiority Randomized Controlled Study. J Am Coll Surg.
2020;231(5):511-519. doi:10.1016/j.jamcollsurg.2020.07.783

O’Neill KM, Greenberg SLM, Cherian M, et al. Bellwether Procedures for Monitoring
and Planning Essential Surgical Care in Low- and Middle-Income Countries: Caesarean
Delivery, Laparotomy, and Treatment of Open Fractures. World J Surg.
2016;40(11):2611-2619. doi:10.1007/s00268-016-3614-y

Hayashi H, Ozaki N, Ogawa K, et al. Assessing the economic advantage of laparoscopic
vs. open approaches for colorectal cancer by a propensity score matching analysis.
Surg Today. 2018;48(4):439-448. d0i:10.1007/s00595-017-1606-7

Choy |, Kitto S, Adu-Aryee N, Okrainec A. Barriers to the uptake of laparoscopic
surgery in a lower-middle-income country. Surg Endosc. 2013;27(11):4009-4015.
doi:10.1007/s00464-013-3019-z

Paolucci V, Schaeff B, Gutt CN, Encke A. The gasless laparoscopic cholecystectomy.
Endosc Surg Allied Technol. 1995;3(1):76-80.

Kamer E, Colak T. What to Do When A Patient Infected With COVID-19 Needs An
Operation: A Pre-surgery, Peri-surgery and Post-surgery Guide. tjcd. 2020;30(1):1-8.
doi:10.4274/tjcd.galenos.2020.2020-3-7

Zheng MH, Boni L, Fingerhut A. Minimally Invasive Surgery and the Novel Coronavirus
Outbreak: Lessons Learned in China and Italy. Ann Surg. 2020;272(1):e5-e6.
doi:10.1097/SLA.0000000000003924

Gnanaraj J, Aruparayil N, Reemst P. Revisiting gasless laparoscopic surgeries for
possible benefits during and after the COVID-19 pandemic. Trop Doct.
2021;51(1):123-123. doi:10.1177/0049475520945444

Bolton WS, Aruparayil N, Quyn A, et al. Disseminating technology in global surgery.
BrJ Surg. 2019;106(2):e34-e43. doi:10.1002/bjs.11036

Wilkinson E, Aruparayil N, Gnanaraj J, et al. Barriers and facilitators of laparoscopic
surgical training in rural north-east India: a qualitative study. /JS Global Health.
2020;3(6):€29. d0i:10.1097/GH9.0000000000000029

Wilkinson E, Aruparayil N, Gnanaraj J, Brown J, Jayne D. Barriers to training in
laparoscopic surgery in low- and middle-income countries: A systematic review. Trop
Doct. 2021;51(2). d0i:10.1177/0049475521998186



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

-86 -

NIHR GHRG-ST. Gas Insufflation Less Laparoscopic Surgery (GILLS) Registry. NIHR
Global Health Resarch Group. Published 2018. Accessed June 8, 2021.
https://ghrgst.nihr.ac.uk/gas-insufflation-less-laparoscopic-surgery-gills-registry/

Marriott Webb M, Bridges P, Aruparayil N, et al. Designing devices for global surgery:
evaluation of participatory and frugal design methods. /S Global Health.
2021;4(1):e50. doi:10.1097/GH9.0000000000000050

Ren H, Tong Y, Ding X-B, et al. Abdominal wall-lifting versus CO2 pneumoperitoneum
in laparoscopy: a review and meta-analysis. Int J Clin Exp Med. 2014,7(6):1558-1568.

Uen Y-H, Chen Y, Kuo C-Y, Wen K-C, Koay L-B. Randomized trial of low-pressure
carbon dioxide-elicited pneumoperitoneum versus abdominal wall lifting for
laparoscopic cholecystectomy. J Chin Med Assoc. 2007;70(8):324-330.
doi:10.1016/51726-4901(08)70013-3

World Health Organization. WHO Compendium of Innovative Health Technologies for
Low-Resource Settings: 2016-2017: Medical Devices, EHealth/MHealth, Medical
Simulation Devices, Personal Protective Equipment, Assistive Products, Other
Technologies. World Health Organization; 2018. Accessed June 11, 2021.
https://apps.who.int/iris/handle/10665/274893

Ozel T, Bartolo PJ, Ceretti E, Gay J de C. 2.1 Medical Device Development (MDD). In:
Rodriguez CA, Lopes da Silva JV, eds. Biomedical Devices - Design, Prototyping, and
Manufacturing. John Wiley & Sons; 2017:23-29.
https://app.knovel.com/hotlink/pdf/id:kt011HHHQI/biomedical-devices-
design/medical-device-development

Oosting RM, Dankelman J, Wauben LSGL, Madete J, Groen RS. Roadmap for Design
of Surgical Equipment for Safe Surgery Worldwide. In: 2018 IEEE Global Humanitarian
Technology Conference (GHTC) Proceedings. IEEE; 2018:1-8.
doi:10.1109/GHTC.2018.8601913

GHTF Study Group 1. Information Document Concerning the Definition of the Term
“Medical Device.” Global Harmonisation Task Force; 2005. Accessed November 25,
2020. http://www.imdrf.org/docs/ghtf/final/sg1/technical-docs/ghtf-sg1-n29r16-
2005-definition-medical-device-050520.pdf

Aronson JK, Heneghan C, Ferner RE. Medical Devices: Definition, Classification, and
Regulatory Implications. Drug Saf. 2020;43(2):83-93. do0i:10.1007/s40264-019-
00878-3

Marks IH, Thomas H, Bakhet M, Fitzgerald E. Medical equipment donation in low-
resource settings: a review of the literature and guidelines for surgery and
anaesthesia in low-income and middle-income countries. BMJ Glob Health.
2019;4(5):e001785. doi:10.1136/bmjgh-2019-001785

Mullally S, Frize M. Survey of clinical engineering effectiveness in developing world
hospitals: Equipment resources, procurement and donations. In: 2008 30th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society.
IEEE; 2008:4499-4502. doi:10.1109/IEMBS.2008.4650212



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

-87 -

Perry L, Malkin R. Effectiveness of medical equipment donations to improve health
systems: how much medical equipment is broken in the developing world? Med Biol
Eng Comput. 2011;49(7):719-722. doi:10.1007/s11517-011-0786-3

Diaconu K, Chen Y-F, Cummins C, Jimenez Moyao G, Manaseki-Holland S, Lilford R.
Methods for medical device and equipment procurement and prioritization within
low- and middle-income countries: findings of a systematic literature review.
Globalization and Health. 2017;13(1):59. doi:10.1186/s12992-017-0280-2

World Health Organization, ed. Medical Devices: Managing the Mismatch: An
Outcome of the Priority Medical Devices Project. World Health Organization; 2010.

Oosting RM, Wauben LSGL, Mwaura SW, Madete JK, Groen RS, Dankelman J. Barriers
to availability of surgical equipment in Kenya: a surgical equipment journey approach.
GlobalCE. 2019;1(2):35-42. doi:10.31354/globalce.v1i2.61

Vasan A, Friend J. Medical Devices for Low- and Middle-Income Countries: A Review
and Directions for Development. J Med Device. 2020;14(1):010803.
doi:10.1115/1.4045910

World Health Organization D of EHT. Landscape Analysis of Barriers to Developing or
Adapting Technologies for Global Health Purposes. World Health Organization; 2010.

World Health Organization. World Health Organization: 2015 Global Survey on Health
Technology Assessment by National Authorities. Main Findings. World Health
Organization; 2015. https://www.who.int/publications/i/item/9789241509749

World Health Organization. Health Technology Assessment of Medical Devices. World
Health Organization; 2011.

Howitt P, Darzi A, Yang G-Z, et al. Technologies for global health. The Lancet.
2012;380(9840):507-535. doi:10.1016/50140-6736(12)61127-1

World Health Organization. Global Atlas of Medical Devices. World Health
Organization; 2017. Accessed June 11, 2021.
https://apps.who.int/iris/handle/10665/255181

Di Cesare M, Khang Y-H, Asaria P, et al. Inequalities in non-communicable diseases
and effective responses. Lancet. 2013;381(9866):585-597. doi:10.1016/50140-
6736(12)61851-0

Murphy GA, Asiki G, Ekoru K, et al. Sociodemographic distribution of non-
communicable disease risk factors in rural Uganda: a cross-sectional study. Int J
Epidemiol. 2013;42(6):1740-1753. doi:10.1093/ije/dyt184

Malkin R, von Oldenburg Beer K. Diffusion of Novel Healthcare Technologies to
Resource  Poor  Settings. Ann  Biomed Eng. 2013;41(9):1841-1850.
doi:10.1007/s10439-013-0750-5

Sabet Sarvestani A, Sienko KH. Medical device landscape for communicable and
noncommunicable diseases in low-income countries. Globalization and Health.
2018;14(1):65. doi:10.1186/s12992-018-0355-8



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

-88 -

Schieber G, Baeza C, Kress D, Maier M. Financing Health Systems in the 21st Century.
In: Jamison DT, Breman JG, Measham AR, et al., eds. Disease Control Priorities in
Developing Countries. 2nd ed. World Bank; 2006:225-242. Accessed November 22,
2020. http://www.ncbi.nlm.nih.gov/books/NBK11772/

World Trade Organization, World Health Organization, World Intellectual Property
Organization. Promoting Access to Medical Technologies and Innovation:
Intersections Between Public Health, Intellectual Property and Trade. 2nd ed. WTO;
2013. doi:10.30875/63a4aab5-en

Groen RS, Sriram VM, Kamara TB, Kushner AL, Blok L. Individual and community
perceptions of surgical care in Sierra Leone. Trop Med Int Health. 2014;19(1):107-
116. doi:10.1111/tmi.12215

Richards E, Theobald S, George A, et al. Going beyond the surface: Gendered intra-
household bargaining as a social determinant of child health and nutrition in low and
middle income countries. Social Science & Medicine. 2013;95:24-33.
doi:10.1016/j.socscimed.2012.06.015

Yen IH, Syme SL. The social environment and health: a discussion of the epidemiologic
literature. Annu Rev Public Health. 1999;20:287-308.
doi:10.1146/annurev.publhealth.20.1.287

World Health Organization. Local Production and Technology Transfer to Increase
Access to Medical Devices: Addressing the Barriers and Challenges in Low- and
Middle-Income Countries. World Health Organization; 2012. Accessed June 11, 2021.
https://apps.who.int/iris/handle/10665/336774

Bhatti YA, Prime M, Harris M, et al. The search for the holy grail: frugal innovation in
healthcare from low-income or middle-income countries for reverse innovation to
developed countries. BMJ Innovations. 2017;3(4):212-220. doi:10.1136/bmjinnov-
2016-000186

Cotton M, Henry JA, Hasek L. Value innovation: an important aspect of global surgical
care. Globalization and Health. 2014;10(1):1. doi:10.1186/1744-8603-10-1

Mody GN, Mutabazi V, Zurovcik DR, et al. Design, testing, and scale-up of medical
devices for global health: negative pressure wound therapy and non-surgical male
circumcision in Rwanda. Global Health. 2015;11(1):20. doi:10.1186/s12992-015-
0101-4

Maresova P, Klimova B, Honegr J, Kuca K, Ibrahim WNH, Selamat A. Medical Device
Development Process, and Associated Risks and Legislative Aspects-Systematic
Review. Front Public Health. 2020;8(308). doi:10.3389/fpubh.2020.00308

Pietzsch JB, Shluzas LA, Paté-Cornell ME, Yock PG, Linehan JH. Stage-Gate Process for
the Development of Medical Devices. J Med Devices. 2009;3(2):021004.
doi:10.1115/1.3148836

El-Haik B, Mekki KS. Medical Device Design for Six Sigma: A Road Map for Safety and
Effectiveness. 2nd edition. Wiley-Interscience; 2008.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

-89 -

O’Connor P. Implementing a stage-gate process: A multi-company perspective.
Journal of Product Innovation Management. 1994;11(3):183-200. doi:10.1016/0737-
6782(94)90002-7

Unger D, Eppinger S. Improving product development process design: a method for
managing information flows, risks, and iterations. Journal of Engineering Design.
2011;22(10):689-699. doi:10.1080/09544828.2010.524886

Medina LA, Kremer GEO, Wysk RA. Supporting medical device development: a
standard product design process model. Journal of Engineering Design.
2013;24(2):83-119. doi:10.1080/09544828.2012.676635

Neighbour R, Eltringham R. The design of medical equipment for low income
countries (dual standards or common sense). In: 7th International Conference on
Appropriate Healthcare Technologies for Developing Countries. IET, 2012:1-4.
do0i:10.1049/cp.2012.1462

Gupta R, Patel R, Murty N, Panicker R, Chen J. Developing sustainable global health
technologies: insight from an initiative to address neonatal hypothermia. J Public
Health Policy. 2015;36(1):24-40. doi:10.1057/jphp.2014.44

Yock PG, Zenios S, Makower J, et al. Biodesign: The Process of Innovating Medical
Technologies. 2nd ed. Cambridge University Press; 2015.

Zenios S, Makower J, Yock P, et al. Biodesign: The Process of Innovating Medical
Technologies. 1st ed. Cambridge University Press; 2009.

Holeman I, Kane D. Human-centered design for global health equity. Inf Technol Dev.
2019;26(3):477-505. doi:10.1080/02681102.2019.1667289

Jiehui J, Kandachar P. New market, new challenge, new opportunity (1) -Overview of
China rural healthcare design methodology. In: 2008 30th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society. IEEE; 2008:1579-
1582. doi:10.1109/IEMBS.2008.4649473

Aranda-Jan CB, Cruickshank H, Moultrie J. Putting medical devices in context: a
systematic review of evidence on design targeting low-resource settings.
International Journal of Design Engineering. 2015;6(2):140-163.
doi:10.1504/1JDE.2015.076379

Prabhu J, Jain S. Innovation and entrepreneurship in India: Understanding jugaad.
Asia Pac J Manag. 2015;32(4):843-868. doi:10.1007/s10490-015-9445-9

Verma S. Frugal innovation in medical devices: Key to growth in emerging economies.
Journal of Medical Marketing. 2017;16(2):66-73. doi:10.1177/1745790418764994

Palepu K, Anand BN, Tahilyani R. Tata Nano - The People’s Car. Social Science
Research Network; 2011. Accessed June 5, 2021.
https://papers.ssrn.com/abstract=1997165

Cybulski JS, Clements J, Prakash M. Foldscope: Origami-Based Paper Microscope.
PLOS ONE. 2014;9(6):€98781. doi:10.1371/journal.pone.0098781



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

-90-

Weyrauch T, Herstatt C. What is frugal innovation? Three defining criteria. Journal of
Frugal Innovation. 2016;2(1):1. doi:10.1186/s40669-016-0005-y

Bhatti Y, Basu RR, Barron D, Ventresca MJ. Frugal Innovation: Models, Means,
Methods. Cambridge University Press; 2018.

Hossain M. Frugal innovation: A review and research agenda. Journal of Cleaner
Production. 2018;182:926-936. doi:10.1016/j.jclepro.2018.02.091

Radjou N, Prabhu J, Ahuja S. Jugaad Innovation: Think Frugal, Be Flexible, Generate
Breakthrough Growth. Jossey-Bass; 2012.

Malkin RA. Design of Health Care Technologies for the Developing World. Annual
Review of Biomedical Engineering. 2007;9(1):567-587.
doi:10.1146/annurev.bioeng.9.060906.151913

Steyn A, Cassels-Brown A, Chang D, et al. Frugal innovation for global surgery:
leveraging lessons from low- and middle-income countries to optimise resource use
and promote value-based care. Bulletin. 2020;102(5):198-200.
doi:10.1308/rcsbull.2020.150

Tongaonkar R, Reddy B, Mehta V, Singh N, Shivade S. Preliminary Multicentric Trial of
Cheap Indigenous Mosquito-Net Cloth for Tension-free Hernia Repair. Indian Journal
of Surgery (ISSN: 0972-2068) Vol 65 Num 1. 2003;65(1):9-14.

Jagtap S. Design and poverty: a review of contexts, roles of poor people, and
methods. Res Eng Design. 2019;30(1):41-62. doi:10.1007/s00163-018-0294-7

Khan R. How Frugal Innovation Promotes Social Sustainability. Sustainability.
2016;8(10):1034. doi:10.3390/s5u8101034

Weyrauch T, Herstatt C, Tietze F. The Objective—Conflict—Resolution Approach: A
Novel Approach for Developing Radical and Frugal Innovation. IEEE Transactions on
Engineering Management. 2021;68(3):699-712. doi:10.1109/TEM.2020.3000924

Basu RR, Banerjee PM, Sweeny EG. Frugal Innovation: Core Competencies to Address
Global Sustainability. Journal of Management for Global Sustainability. 2013;1(2):63-
82. doi:10.13185/JM2013.01204

Kumar N, Puranam P. Frugal engineering: An emerging innovation paradigm. Ivey
Business Journal. Published March 1, 2012. Accessed June 7, 2021.
https://iveybusinessjournal.com/publication/frugal-engineering-an-emerging-
innovation-paradigm/

Crisp N. Mutual learning and reverse innovation—where next? Globalization and
Health. 2014;10(1):14. doi:10.1186/1744-8603-10-14

Aranda-lan C, Jagtap S, Moultrie J. Towards A Framework for Holistic Contextual
Design for Low-Resource Settings. International Journal of Design. 2016;10:43-63.
doi:10.17863/CAM.7254

Hartson R, Pyla P. Chapter 19 - Background: Design. In: Hartson R, Pyla P, eds. The UX
Book (Second Edition). Morgan Kaufmann; 2019:397-401. doi:10.1016/B978-0-12-
805342-3.00019-9



91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

-91 -

Smith RC, Bossen C, Kanstrup AM. Participatory design in an era of participation.
CoDesign. 2017;13(2):65-69. doi:10.1080/15710882.2017.1310466

Bossen C, Dindler C, Iversen OS. Evaluation in participatory design: a literature survey.
In: Proceedings of the 14th Participatory Design Conference: Full Papers - Volume 1.
PDC '16. Association for Computing Machinery; 2016:151-160.
do0i:10.1145/2940299.2940303

Gosbee J. Human factors engineering and patient safety. Qual Saf Health Care.
2002;11(4):352-354. doi:10.1136/ghc.11.4.352

Powers DM, Greenberg N. Development and use of analytical quality specifications
in the in vitro diagnostics medical device industry. Scand J Clin Lab Invest.
1999;59(7):539-543. d0i:10.1080/00365519950185319

Sanders EB-N, Stappers PJ. Co-creation and the new landscapes of design. CoDesign.
2008;4(1):5-18. doi:10.1080/15710880701875068

Braa J, Monteiro E, Sahay S. Networks of Action: Sustainable Health Information
Systems across Developing Countries. MIS Quarterly. 2004;28(3):337-362.
doi:10.2307/25148643

Dearden A, Rizvi H. Participatory design and participatory development: a
comparative review. In: PDC ’08: Proceedings of the Tenth Anniversary Conference on
Participatory Design 2008. Indiana University; 2008. Accessed June 11, 2021.
http://www.pdc2008.org/

Drain A, Shekar A, Grigg N. Insights, Solutions and Empowerment: a framework for
evaluating participatory design. CoDesign. 2018;0(0):1-21.
doi:10.1080/15710882.2018.1540641

Free MJ. Achieving appropriate design and widespread use of health care
technologies in the developing world. International Journal of Gynecology &
Obstetrics. 2004;85(S1):53-S13. doi:https://doi.org/10.1016/].ijgo.2004.01.009

Coulentianos MJ, Rodriguez-Calero |, Daly SR, Sienko KH. Global health front-end
medical device design: The use of prototypes to engage stakeholders. Development
Engineering. 2020;5:100055. doi:10.1016/j.deveng.2020.100055

Gheorghe F. Participatory design methods for medical device innovation in Uganda.
Published online 2018. doi:10.14288/1.0371901

Hussain S, Sanders EB-N, Steinert M. Participatory Design with Marginalized People
in Developing Countries: Challenges and Opportunities Experienced in a Field Study
in Cambodia. International Journal of Design. 2012;6(2):91-109.

Frauenberger C, Good J, Fitzpatrick G, Iversen OS. In pursuit of rigour and
accountability in participatory design. International Journal of Human-Computer
Studies. 2015;74:93-106. doi:10.1016/j.ijhcs.2014.09.004

Gerrard V, Sosa R. Examining participation. In: Proceedings of the 13th Participatory
Design Conference: Research Papers - Volume 1. PDC’14. Association for Computing
Machinery; 2014:111-120. doi:10.1145/2661435.2661451



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

-92-

Bossen C, Dindler C, lversen OS. Impediments to user gains: experiences from a
critical participatory design project. In: Proceedings of the 12th Participatory Design
Conference: Research Papers - Volume 1. PDC ’12. Association for Computing
Machinery; 2012:31-40. doi:10.1145/2347635.2347641

Juarez A, Maynard K, Skerrett E, et al. AutoSyP: A Low-Cost, Low-Power Syringe Pump
for Use in Low-Resource Settings. Am J Trop Med Hyg. 2016;95(4):964-969.
doi:10.4269/ajtmh.16-0285

Oosting R, Ouweltjes K, Hoeboer MDB, et al. A Context-specific Design of an
Electrosurgical Unit and Monopolar Handheld to Enhance Global Access to Surgical
Care: a Design Approach Based On Contextual Factors. Journal of Medical Devices.
2020;14(1):011106. d0i:10.1115/1.4045966

Ayah R, Ong’ech J, Mbugua EM, Kosgei RC, Waller K, Gathara D. Responding to
maternal, neonatal and child health equipment needs in Kenya: a model for an
innovation ecosystem leveraging on collaborations and partnerships. BM)J
Innovations. 2020;6(3):85-91. doi:10.1136/bmjinnov-2019-000391

Caldwell A, Young A, Gomez-Marquez J, Olson KR. Global Health Technology 2.0. IEEE
Pulse. 2011;2(4):63-67. doi:10.1109/MPUL.2011.941459

Ploss B, Douglas TS, Glucksberg M, et al. Part II: U.S.—Sub-Saharan Africa Educational
Partnerships for Medical Device Design. Ann Biomed Eng. 2017;45(11):2489-2493.
doi:10.1007/s10439-017-1898-1

Mohedas |, Sarvestani AS, Daly S, Sienko K. Applying Design Ethnography to Product
Evaluation: A Case Example of a Medical Device in a Low-Resource Setting. In:
Proceedings of the 20th International Conference on Engineering Design (ICED15). Vol
1. ICED; 2015. Accessed June 17, 2021. /paper/APPLYING-DESIGN-ETHNOGRAPHY-
TO-PRODUCT-EVALUATION%3A-Mohedas-
Sarvestani/a72b6e65719ab3974fc5e12c0d398a6f38cc2f09

Shah SGS, Robinson |. Benefits of and barriers to involving users in medical device
technology development and evaluation. Int J Technol Assess Health Care.
2007;23(1):131-137. doi:10.1017/50266462307051677

Sinha SR, Barry M. Health Technologies and Innovation in the Global Health Arena. N
EnglJ Med. 2011;365(9):779-782. doi:http://dx.doi.org/10.1056/NEJMp1108040

Gheorghe F, Hodgson AJ, Loos HFMV der. IMPROVING OUTCOMES IN STUDENT
DESIGN COURSES THROUGH QUALITATIVE USER RESEARCH AND CONTEXTUAL
IMMERSION. In: Proceedings of the Canadian Engineering Education Association
(CEEA). CEEA/ACEG; 2013:e152. doi:10.24908/pceea.v0i0.4801

Sienko KH, Kaufmann EE, Musaazi ME, Sabet Sarvestani A, Obed S. Obstetrics-based
clinical immersion of a multinational team of biomedical engineering students in
Ghana. International Journal of Gynecology & Obstetrics. 2014;127(2):218-220.
doi:10.1016/].ijg0.2014.06.012

Bergmann JHM, Noble A, Thompson M. Why is Designing for Developing Countries
More Challenging? Modelling the Product Design Domain for Medical Devices.
Procedia Manufacturing. 2015;3:5693-5698. doi:10.1016/j.promfg.2015.07.792



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

-93-

Bergsland J, Elle OJ, Fosse E. Barriers to medical device innovation. Med Devices
(Auckl). 2014;7:205-209. doi:10.2147/MDER.S543369

El-Haik B, Mekki M. Medical Device Design Quality. In: Medical Device Design for Six
Sigma. John Wiley & Sons, Ltd; 2008:1-24. doi:10.1002/9780470264003.ch1

O’Shea C. MEDICAL DEVICE DESIGN WITHIN THE 1SO13485 FRAMEWORK. Published
online 2017. https://cora.ucc.ie/handle/10468/3630

Campbell I, Bourell D, Gibson |. Additive manufacturing: rapid prototyping comes of
age. Rapid Prototyping Journal. 2012;18(4):255-258.
doi:10.1108/13552541211231563

Arasaratnam A, Humphreys G. Emerging economies drive frugal innovation. Bull
World Health Organ. 2013;91(1):6-7. doi:10.2471/BLT.13.020113

Shoman H, Sandler S, Peters A, et al. Safety and efficiency of gasless laparoscopy: a
systematic review protocol. Systematic Reviews. 2020;9(1):98. doi:10.1186/s13643-
020-01365-y

Ensor T, Virk A, Aruparayil N. Factors influencing use of essential surgical services in
North-East India: a cross-sectional study of obstetric and gynaecological surgery. BMJ
Open. 2020;10(10):e038470. doi:10.1136/bmjopen-2020-038470

NIHR GHRG-ST. TARGET Project. NIHR Global Health Resarch Group. Published 2019.
Accessed November 26, 2020. https://ghrgst.nihr.ac.uk/projects/project-rural-surg/

Mink A. Design for Well-Being: An Approach for Understanding Users’ Lives in Design
for Development. Published online November 11, 2016. doi:10.4233/uuid:264107d4-
30bc-414c-b1d4-34f48aedabd8

Yang K, El-Haik B. Design for Six Sigma: Roadmap to Product Development. 2nd ed.
McGraw-Hill; 2009.

Goguen JA, Linde C. Techniques for Requirements Elicitation. In: [1993] Proceedings
of the IEEE International Symposium on Requirements Engineering. Vol 1. IEEE;
1993:152-164. doi:10.1109/ISRE.1993.324822

Drain A, Shekar A, Grigg N. ‘Involve me and I'll understand’: creative capacity building
for participatory design with rural Cambodian farmers. CoDesign. 2019;15(2):110-
127. doi:10.1080/15710882.2017.1399147

Center for Devices and Radiological Health. Design Control Guidance For Medical
Device Manufacturers. US Food and Drug Administration; 1997. Accessed August 10,
2020. https://www.fda.gov/regulatory-information/search-fda-guidance-
documents/design-control-guidance-medical-device-manufacturers

Alexander K, Clarkson PJ. A validation model for the medical devices industry. Journal
of Engineering Design. 2002;13(3):197-204. doi:10.1080/09544820110108890

NIHR GHRG-ST. ARSICON 2019. NIHR Global Health Resarch Group. Published
December 10, 20109. Accessed November 26, 2020.
https://ghrgst.nihr.ac.uk/news/arsicon-2019/



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

-94 -

Health C for D and R. Design Control Guidance For Medical Device Manufacturers.
U.S. Food and Drug Administration. Published March 18, 2020. Accessed November
25, 2020. https://www.fda.gov/regulatory-information/search-fda-guidance-
documents/design-control-guidance-medical-device-manufacturers

Alfa-Wali M, Osaghae S. Practice, training and safety of laparoscopic surgery in low
and middle-income countries. World J Gastrointest Surg. 2017;9(1):13-18.
doi:10.4240/wjgs.v9.i1.13

Rosenbaum AJ, Maine RG. Improving Access to Laparoscopy in Low-Resource
Settings. Ann Glob Health. 2019;85(1):114. doi:10.5334/aogh.2573

Gnanaraj J, Rhodes M. Laparoscopic surgery in middle- and low-income countries:
gasless lift laparoscopic surgery. Surg Endosc. 2016;30(5):2151-2154.
doi:10.1007/s00464-015-4433-1

Allen Medical. Allen® Clamps Comparison. Hillrom; 2014. Accessed September 6,
2021. https://denyers.com.au/wp-
content/uploads/2014/12/allen_medical_clamps.pdf

Nakamura H, Kobori Y, Goseki N, et al. Fishing-rod-type abdominal wall lifter for
gasless laparoscopic surgery. Surg Endosc. 1996;10(9):944-946.
doi:10.1007/BF00188492

Lukban JC, Jaeger J, Hammond KC, LoBraico DA, Gordon AM, Graebe RA. Gasless
versus conventional laparoscopy. N J Med. 2000;97(5):29-34.

Lee SC, Kim KY, Yoon SN, Kim BC, Kim JW. Feasibility of Gasless Laparoscopy-Assisted
Transumbilical Appendectomy: Early Experience. Journal of Laparoendoscopic &
Advanced Surgical Techniques. 2014;24(8):538-542. doi:10.1089/lap.2013.0575

Freed JS, Landrigan P. Gasless Laparoscopy: A Double-Edged Sword in the Developing
World. Journal of the American College of Surgeons. 2021;232(5):799.
doi:10.1016/j.jamcollsurg.2021.01.006

Thompson MK. A Classification of Procedural Errors in the Definition of Functional
Requirements in Axiomatic Design Theory. In: Proceedings of the 7th International
Conference on Axiomatic Design. Vol 7. ICAD; 2013:107-112. Accessed May 17, 2021.
https://orbit.dtu.dk/en/publications/a-classification-of-procedural-errors-in-the-
definition-of-functi

Worinkeng E, Joshi S, Summers JD. An experimental study: analyzing requirement
type influence on novelty and variety of generated solutions. International Journal of
Design Creativity and Innovation. 2015;3(2):61-77.
doi:10.1080/21650349.2014.909294

Cross N. Engineering Design Methods: Strategies for Product Design. 5th ed. John
Wiley & Sons; 2021.

Chavan A, Gorney D, Prabhu B, Arora S. COVER STORYThe washing machine that ate
my sari---mistakes in cross-cultural design. Interactions. 2009;16(1):26-31.
doi:10.1145/1456202.1456209



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

-95-

Hart SG. Nasa-Task Load Index (NASA-TLX); 20 Years Later. In: Proceedings of the
Human Factors and Ergonomics Society Annual Meeting. Vol 50. HFES; 2006:904-908.
doi:10.1177/154193120605000909

Huggins A, Claudio D. A performance comparison between the subjective workload
analysis technique and the NASA-TLX in a healthcare setting. lISE Transactions on
Healthcare Systems Engineering. 2018;8(1):59-71.
doi:10.1080/24725579.2017.1418765

Furnham A. Response bias, social desirability and dissimulation. Personality and
Individual Differences. 1986;7(3):385-400. doi:10.1016/0191-8869(86)90014-0

Dell N, Vaidyanathan V, Medhi |, Cutrell E, Thies W. “Yours is better!”: participant
response bias in HCI. In: Proceedings of the 2012 ACM Annual Conference on Human
Factors in Computing Systems - CHI ‘12. ACM Press; 2012:1321.
doi:10.1145/2207676.2208589

Garde JA, van der Voort MC. Participants’ view on personal gains and PD process. In:
Proceedings of the 13th Participatory Design Conference: Short Papers, Industry
Cases, Workshop Descriptions, Doctoral Consortium Papers, and Keynote Abstracts.
Vol 2. PDC ’‘14. Association for Computing Machinery; 2014:79-82.
doi:10.1145/2662155.2662194

Daly S, McGowan A, Papalambros P. Using qualitative research methods in
engineering design research. In: DS 75-2: Proceedings of the 19th International
Conference on Engineering Design (ICED13). Vol 2. The Design Society; 2013:203-212.
Accessed May 7, 2021.
https://www.designsociety.org/publication/34891/Using+qualitative+research+met
hods+in+engineering+design+research

Delonckheere M, Vaughn LM. Semistructured interviewing in primary care research:
a balance of relationship and rigour. Family Medicine and Community Health.
2019;7(2):e000057. doi:10.1136/fmch-2018-000057

Etikan I, Musa SA, Alkassim RS. Comparison of Convenience Sampling and Purposive
Sampling. American Journal of Theoretical and Applied Statistics. 2015;5(1):1.
doi:10.11648/j.ajtas.20160501.11

Bossen C, Dindler C, Iversen OS. User gains and PD aims: assessment from a
participatory design project. In: Proceedings of the 11th Biennial Participatory Design
Conference. PDC ’10. Association for Computing Machinery; 2010:141-150.
doi:10.1145/1900441.1900461

Archibald MM, Ambagtsheer RC, Casey MG, Lawless M. Using Zoom
Videoconferencing for Qualitative Data Collection: Perceptions and Experiences of
Researchers and Participants. International Journal of Qualitative Methods.
2019;18:1609406919874596. doi:10.1177/1609406919874596

Braun V, Clarke V. Thematic analysis. In: APA Handbook of Research Methods in
Psychology, Vol 2: Research Designs: Quantitative, Qualitative, Neuropsychological,
and Biological. APA handbooks in psychology®. American Psychological Association;
2012:57-71. doi:10.1037/13620-004



156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

-96 -

Maguire M, Delahunt B. Doing a thematic analysis: A practical, step-by-step guide for
learning and teaching scholars. AISHE-J. 2017;9(3). Accessed May 27, 2021.
https://ojs.aishe.org/index.php/aishe-j/article/view/335

Tuckett AG. Applying thematic analysis theory to practice: A researcher’s experience.
Contemporary Nurse. 2005;19(1-2):75-87. d0i:10.5172/conu.19.1-2.75

Thomas DR. A General Inductive Approach for Analyzing Qualitative Evaluation Data.
American Journal of Evaluation. 2006;27(2):237-246.
doi:10.1177/1098214005283748

Rismani S, Ratto M, Van der Loos HFM. Use of activity theory-based need finding for
biomedical device development. In: 2016 38th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (EMBC). |EEE; 2016:4341-4344.
doi:10.1109/EMBC.2016.7591688

El-Haik B, Mekki M. Quality Function Deployment. In: Medical Device Design for Six
Sigma. John Wiley & Sons, Ltd; 2008:159-176. doi:10.1002/9780470264003.ch8

Murphy WH. Small and mid-sized enterprises (SMEs) quality management (QM)
research (1990-2014): a revealing look at QM'’s vital role in making SMEs stronger.
Journal of Small Business &  Entrepreneurship. 2016;28(5):345-360.
doi:10.1080/08276331.2016.1166554

Kane GM, Bakker CA, Balkenende AR. Towards design strategies for circular medical
products. Resources, Conservation and  Recycling. 2018;135:38-47.
doi:10.1016/j.resconrec.2017.07.030

Hall R. Supporting Role. newdesign magazine. 2019;Healthcare Solutions(140):56-57.

Kirkire MS, Rane SB, Jadhav JR. Risk management in medical product development
process using traditional FMEA and fuzzy linguistic approach: a case study. J Ind Eng
Int. 2015;11(4):595-611. doi:10.1007/s40092-015-0113-y

Clifford KL, Zaman MH. Engineering, global health, and inclusive innovation: focus on
partnership, system strengthening, and local impact for SDGs. Global Health Action.
2016;9(1):30175. doi:10.3402/gha.v9.30175



-97 -

Appendix A

Instruction Sheet, NASA TLX and

Questionnaire for Validation Study
L !1

Project RAIS

Background

The Gas Insufflation-Less Laparoscopic Surgery (GILLS) technique enables surgeons in
rural areas of India to perform minimally invasive surgery. It can be performed without
general anesthetic as well as the carbon dioxide gas and expensive surgical instruments
required for minimally invasive surgery using gas insufflation, which often rural hospitals
cannot access. The current abdominal wall-lifting device (right) has shown the GILLS
procedure to be safe and effective and is used by rural surgeons in Northeast India.

The NIHR Global Health Research Group - Surgical Technologies (GHRG-ST),
based at the University of Leeds, has collaborated with partners in India and
the UK to develop a new device. Our aim is to improve the device so that is
better-suited to a rural facility (e.g transportable, sterilisable in a flash
autoclave, easy to repair) and is easier for the surgeon to use. The GHRG-ST
is also investigating the best ways in which High-Income Countries and Low
and Middle-Income Countries can work together to design medical devices
that work for low-resource environments.

Our new device and its method of use will be presented to you in a video. We would like
to gather information on how easy it is to set up and use for a surgical procedure. We
will do this by filming you setting up and using the device on a cadaveric abdominal wall,
and asking you some questions. This is not a test and you may ask for help at any time.

Current STAAN abdominal wall-
lifting device

New RAIS abdominal wall-lifting
device
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Instructions

If you wish to take part in the study, you must sign a consent form with an Investigator first. The
Investigator will ask for a few details from you, and give you a randomized number to protect your data.
Please write your number on the next sheet of paper in the box provided.

Video Demonstration

1.
2.

Head over to the ‘RAIS’ station.
Please watch the video introduction showing how to assemble and use the device carefully

Device Assembly

1.

First watch the demonstrator assemble the device. Then assemble it yourself, remembering that:

a) You are the operating surgeon.

b) The piece that clamps to the surgical table is non-sterile, but imagine the rest of the device has been
sterilized in a flash autoclave.

c) You do not need to assemble the ring piece and the clamp piece yet (which attach the device to the
cadaver and the surgical table)

Carry the assembled device over to the cadaver and attach it to the table.
Complete the appropriate NASA Task Load Index overleaf

Cadaveric abdominal wall lift

Nowuhs~wN

9.

Check that an investigator is with you to help and guide you. You may ask the investigator to help you perform
tasks as you would a surgical assistant or nurse.

Position the device a suitable height above the incision at the Umbilicus of the cadaver.

Insert the ring piece into the incision.

Attach the ring piece to the rest of the device and tighten in position.

Perform the lift of the abdominal wall.

Insert the scope to show you the operative field of view that you are achieving inside the patient on the screen.
Remove the scope, reduce the lift slightly and then move the ring inside the patient to adjust the view of the
operative field. Increase the lift slightly again and insert the scope to look around.

Lower the lift and remove the ring from the patient.

Complete the appropriate NASA Task Load Index overleaf

Rural Facility Questionnaire

Finally, answer the questions on the last page of the booklet about your experience in rural facilities in India and
abroad. A member of the research team will assist with answering your questions and may ask supplementary
questions to gain further detail during the process.

Any questions, just ask!

Global Health Research Group
N I H R National Institute
for Health Research

UNIVERSITY OF LEEDS

Surgical Technologies
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Trial Participant Number:

DEVICE ASSEMBLY

Figure 8.6

NASA Task Load Index

Hart and Staveland’s NASA Task Load Index (TLX) method assesses
work load on five 7-point scales. Increments of high, medium and low
estimates for each point result in 21 gradations on the scales.

Mame ‘Task Cate

Mental Demand How mentally demanding was the task?
TAENEERER IR AN RN
Wary Low Viery High

Physical Demand How physically demanding was the task?

EEEEEEEEEEANEEER NN
Very Low Very High

Temporal Demand How hurried or rushed was the pace of the task?

BARNEEANEARE T NSNS

Very Low Very High

Performance How successful were you in accomplishing what
you were asked to do?

TN 0 N (0 N A O O N A O 1 O O O

Perfact Failure

Effort How hard did you have to work to accomplish
your level of performance?

SEAEETEEER IS ENEENE

Very Low Very High

Frustration How insecure, discouraged, irritated, stressed,
and annoyed wereyou?

BN ERSE RN NN RETERER
Very Low Very High
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CADAVERIC LIFT PROCEDURE

Figure 8.6

NASA Task Load Index

Hart and Staveland'’s NASA Task Load Index (TLX) method assesses
work load on five 7-point scales. increments of high, medium and low
estimates for each point result in 21 gradations on the scales.

—

Mame Task Cate

Mental Demand How mentally demanding was the task?
Litv bl
Very Low Veery High

Physical Demand How physically demanding was the task?

Ll L
Very Low Very High

Temporal Demand How hurried or rushed was the pace of the task?

RIRIERNEANEE NSNS
Very Low Very High

Performance How successiul were you in accomplishing what
you were asked to do?

it ipwiiliiioiigiiy

Perfect Failure

Effort How hard did you have to work to accomplish
your level of performance?

SEIEETENER IEAAENEENE

Very Low Very High

Frustration How insecure, discouraged, irritated, stressed,
and annoyed wereyou?

SRR ENS NN SRS ERERY
Very Low Very High
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Please mark your level of agreement using a ‘circle’ with the following statements
using your experience and knowledge of a rural/low-resource hospital setting.

1. Ihave experience working in a rural or low-resource hospital

Strongly . More or Less . More or Strongly
D A
Disagree Isagree Disagree Undecided Less Agree gree Agree

2. Arural or low-resource hospital could attach this device to the operating room table

| M L M |
S'Frong Y Disagree °fe ortess Undecided ore or Agree Strongly
Disagree Disagree Less Agree Agree

3. Arural or low-resource hospital could set up and use this device with the normal number
of surgical assistants/nurses available

St I M L M St |
'rong Y Disagree °fe ortess Undecided ore or Agree ronely
Disagree Disagree Less Agree Agree

4. This device could be cleaned and sterilised at a rural or low-resource hospital

| M L M |
S'Frong Y Disagree °fe ortess Undecided ore or Agree Strongly
Disagree Disagree Less Agree Agree

5. A-rural or low-resource hospital could maintain this device

S'Frongly Disagree More or Less Undecided More or Agree Strongly
Disagree Disagree Less Agree Agree

6. Arural or low-resource hospital could repair this device

SFroneg Disagree More or Less Undecided More or Agree Strongly
Disagree Disagree Less Agree Agree

7. This device could be transported between rural hospitals

S'Frongly Disagree More or Less Undecided More or Agree Strongly
Disagree Disagree Less Agree Agree

8. Asurgeon in a rural or low-resource hospital could learn how to use this device

SFroneg Disagree More or Less Undecided More or Agree Strongly
Disagree Disagree Less Agree Agree

9. Overall, this device is suited to use in a rural or low-resource hospital

S'Frongly Disagree More or Less Undecided More or Agree Strongly
Disagree Disagree Less Agree Agree
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Please use the scale from 1-7 to mark which of the two different abdominal wall-lift devices for GILLS
performs better in each of the following areas using your experience and knowledge.

10. Which system is easier to assemble?

STAAN Undecided RA.IS
Device Device
1 2 3 4 5 6 7

11. Which device is easier to perform the abdominal wall lift with?

STAAN Undecided RA.IS
Device Device
1 2 3 4 5 6 7

12. Which device is easier to clean and sterilise?

STAAN Undecided RA.IS
Device Device
1 2 3 4 5 6 7

13. Which system would you find easier to transport and move around?

STAAN Undecided RA.IS
Device Device
1 2 3 4 5 6 7

14. Which device would you prefer to use in rural surgery?

STAAN Undecided RA.IS
Device Device
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Please tell us about any other barriers you think may prevent this device being used in a
rural hospital.

Please use the space below to provide any additional comments, ideas or relevant
information you would like to tell us.
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Appendix B

Participant Information Sheet for
Participant Gains Study

[ {30000
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Designing Devices for Global Surgery:
Evaluation of Stakeholder Gains from the RAIS

Design Process

You are being invited to take part in a research study. Before you decide
it is important for you to understand why the research is being done
and what it will involve. Please take time to read the following
information carefully and discuss it with others if you wish. Ask us if
there is anything that is not clear or if you would like more information.
Take time to decide whether or not you wish to take part.

Study Introduction

Project RAIS is summarized on Page 4. Through the design of the RAIS
device, different stakeholders, such as yourself, have been involved in
designing the device. A timeline of stakeholder involvement in the
design process can be found in the supplementary document:
recruitment poster.

e The top half of each page of the Design Timeline shows who
was involved, when they were involved, and what activities they
were involved in.

e The bottom half of each page of the Design Timeline shows how
the design changed after the stakeholders were involved.

This study focuses on the design process and stakeholders involved in
the development of RAIS, not the RAIS device itself.

1

Ball joint expands,
contracts and slips

Difficult to

transport “It's heavy”

User Needs
o “Doesn’t fit in a
% /%\ flash autoclave”
Y

Bed rail bends,
ausing device to
lean

Many levers,
operated by
assistant

[ Design Process ]
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Study Information

Study Purpose

We are beginning to evaluate the outcomes of the design project. As well as assessing the RAIS device itself, we would
like hear about the experience of stakeholders involved in the design process, and in particular anything stakeholders
may have gained from being involved in designing the RAIS device. This will help us understand how involving
multidisciplinary stakeholders in designing devices for global surgery affects the stakeholders themselves, and their
thoughts and feelings about being involved.

Why have | been chosen?

You are being asked to participate in this study because you were involved in the design of the RAIS device, in one or
more of the stages in the Design Timeline (p. 5-7).

We are interested in anything you might have to say about your feelings about being involved in the design process,
whether you personally gained anything from participating and why / why not.

Do | have to take part?

It is up to you to decide whether or not to take part. If you do decide to take part you will be given this information
sheet to keep (and be asked to sign a consent form). You can still withdraw from the study at any time before the
interview without it affecting any benefits that you are entitled to in any way. You do not have to give a reason.

What will happen if | take part?
If you would like to participate in this study, you will be asked to complete one short interview. This will be conducted
via Zoom or Microsoft Teams. To complete the interview, you must have:

v" A device with a microphone (e.g. laptop, tablet, smartphone)
v" Internet connection

The interviews will take place in March 2021, but the time and date can be arranged according to your schedule.

Interview Process

1. If you decide to participate, first you will be asked to sign a consent form (see page 5). Please read this before
the interview, and if you have any questions please contact the investigator (see contact details below).
The investigator will contact you to arrange a suitable day and time for the interview.
Before the interview, you will be sent a secure Zoom or Microsoft Teams meeting link.
When the meeting starts, the interviewer will check audio quality and ask your consent to record the session.
The interviewer will ask you a number of questions about your experience of the RAIS design process, and any
effect it has had on you. You can expect the interview to last about 20-30 minutes, but there is no time limit.
When you are ready, the interviewer will conclude the interview.
An anonymous transcript of the interview will be reviewed by the principle investigator and one other

vk wnN

N o

investigator to discover themes about stakeholder experiences participating in this project.

8. Some of your words may be directly quoted in published works, namely the principal investigators thesis. You
can still withdraw your responses from the data collected at any time up until the thesis is submitted (30
June).

If you have any questions about participating or would like any further information, please contact one of the
investigators using the following details:

Primary contact email: M.MarriottWebb@Ieeds.ac.uk
Secondary contact email: P.R.Culmer@Ieeds.ac.uk
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Study Information

What are the possible benefits of taking part?

There are no immediate benefits to people participating in the project. It is hoped that this study will be used to refine
and improve future design processes for designing and implementing surgical devices suitable for low-resource
settings, and hence accelerate the development and uptake of innovative surgical devices in low-resource settings.

What are the possible disadvantages and risks of taking part?

There are no reasonably foreseeable disadvantages to taking part. You will be asked a number of questions about your
personal experience relating to participating in the design of the RAIS device. Your responses will not affect your
current involvement in the RAIS project or any other project associated with the GHRG-ST. You may withdraw from the
study at any time up until you have participated in an interview, and following that you may withdraw your data from
the study up until the 30" June if you wish to.

Use and dissemination of research data

The research data will be analyzed at the University of Leeds following the study. The results may be published in peer-
reviewed journals and international conferences, and will form a chapter of the principal investigator’s thesis focused
on the design of surgical devices for low-resource settings using participatory methods. We will take steps wherever
possible to anonymize the research data so that you will not be identified in any reports or publications. Any personal
data, such as contact information, that we collect about you during the course of the research will be kept strictly
confidential and will be stored separately from the research data.

What will happen to my personal information?

All personal data will be regarded as confidential and will be handled accordingly. Participants will receive a 2 digit
identification number in order of their enrolment, and this number will be linked to any personal details collected on a
password-protected computer at the University of Leeds. This data will only be accessed by approved research staff
working on the study. All hard copies of study documents and written consent forms will be kept in a locked cabinet in
a locked office.

Will | be recorded, and how will the recorded media be used?

Research data collected as audio or video files for future evaluation will also be stored on a secure, encrypted
computer at the University of Leeds, and will only be correlated to the participant identification number. The recorded
audio files from the interviews will be transcribed by the investigator for use in thematic analysis. Your anonymized
responses may be quoted for research purposes in future publications. No other use will be made of them without
your written permission, and no one outside the project will be allowed access to the original recordings.

Thank you for reading!

(l trusted by Global Health Research Group
)\ o Orthopaedics Surgical Technologies



RAIS is a next-generation surgical-lift system for GILLS
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The RAIS system delivers:

« Designed for LMICs and low-resource settings
« Faster and more intuitive set up

« Easily disassembled for (flash) autoclave

» Low weight and rugged for transportation

« Improved surgical usability

» Surgeon-controlled lift (no need for scrub nurse)
« Cost effective manufacture and repair

Current status:

* Pre-clinical prototype complete

« Currently undergoing cadaveric trials
« Design-to-manufacture complete

« Technical and design files maintained
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A clinical need to improve global access to surgery:

+ Gas Insufflation-Less Laparoscopic Surgery (GILLS)
enables laparoscopic surgery in low-resource settings

+ Existing instrumentation is immature, G

Ba/l joint expands

limiting growth of GILLS “Doesnt fitin a et

flash autoclave™

e Multiple levers.
- to operate

“Canonlybe used
for BMl under 25"

Bed rall bends,
causing device
1o lean

Responsible R&D process

* Designed to address stakeholder needs in LMICs
* Developed with a multi-disciplinary team:

UK & India; Academia, Clinical & Industry
«Evaluated in cadaveric studies with rural surgeons
*Engineered for standards compliance
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School of Mechanical Engineering

Consent to take part in: Designing Devices for Global Surgery: Evaluation of
Stakeholder Gains from the RAIS Design Process

UNIVERSITY OF LEEDS

Add your initials next
to the statement if
you agree

| confirm that | have read and understand the information sheet dated
22.02.21 explaining the above research project and | have had the
opportunity to ask questions about the project.

| understand that my participation is voluntary and that | am free to
withdraw at any time without giving any reason and without there being any
negative consequences. In addition, should | not wish to answer any
particular question or questions, | am free to decline.

Please contact Millie Marriott Webb if you would like to withdraw your data
from the study at any time before the 30" June.

Email: M.MarriottWebb@Ileeds.ac.uk
Phone: +44 (113) 34 32141

If you choose to withdraw from the study, your responses and personal
information will be permanently deleted and omitted from any current
publications. It will not be included in any future publications or research.

| understand that members of the research team may have access to my
anonymised responses. | understand that my name will not be linked with
the research materials, and | will not be identified or identifiable in the
report or reports that result from the research.

| understand that the data collected from me may be stored and used in
relevant future research in an anonymised form.

| agree to take part in the above research project and will inform the lead
researcher should my contact details change.

Name of participant

Participant’s signature

Date

Name of lead researcher

Signature

Date
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Appendix C

Interview Topic Guide for
Participant Gains Study
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Designing Devices for Global Surgery:
Evaluation of Stakeholder Gains from the RAIS
Design Process

Questions will be adapted based on interview progression and emerging themes.

Stage Topic

Participant should have already returned signed consent form, but ask if they have any further
guestions. Do you give your consent for me to record this interview?

Explain reasons for conducting the study to set the discussion focus. Explain interview format.
For example:

1) This is a very early-stage, exploratory study, in which | want to have an open discussion
about whether you think there have been any advantages or disadvantages for yourself
from being involved in designing the RAIS device and talk about the reasons for that.

Study 2) I'd like to stress that your responses will be anonymised and | will not discuss them with

Explanation anyone, so please say your true thoughts.

3) [I've prepared seven topics and some questions to help stimulate our discussion.

4) You also don’t need to answer any questions that you don’t want to — just tell me to
move on. You can take your time to understand the questions and form your answers.

5) Some of what we will talk about happened some time ago, so | have made a timeline to
help stimulate your memories about your involvement in the project, which | can share
on the screen if helpful for you.

6) Feel free to ask me any questions as we go along too, especially if anything is unclear.

7) Do you have any initial questions for me?
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Stage Topic Example Questions

Could you briefly describe to me what your job typically involves you doing?

Current role Have you ever been involved in designing something as a part of a group before

Warm u and previous this project? In particular, designing something that affects you — like a new
P participatory healthcare technology, or a new space for your community, or even a new

experience system of working e.g. an operating theatre process.
What was your role in it?
Why did you first become involved in designing the RAIS device?
Do you remember how you felt about being involved in designing the RAIS
device then?

Motivations Was there anything in particular that made you want to be involved in

for designing the RAIS device?

participating
Is there anything that you think made you a good person to be involved in
designing the RAIS device, perhaps over someone else?
Was there anything that made you not want to be a part of designing the RAIS
device, or anything stopping you from being involved?

. What do you feel you contributed to the project?
Feelings about you you oy pro)
I

perso.na . How important do you think your contributions were?

contribution

to and . . -

. Do you think you could have contributed more? How? Why didn’t you?

influence on

. th ject . N .
Detailed © projec Do you feel like any of your contributions weren’t recognised?
Exploration Have you acquired new skills or knowledge as a result of your involvement in

designing the RAIS device? What are they?

N
k:c\)NwIedge What was the most important thing you’ve learnt or discovered? What else did
and skills you learn?

ired . . .
acquire Have you applied any of the skills or knowledge you have gained so far?

Have you passed on that skill or knowledge to any others?

New Has being involved in designing the RAIS device opened up any new possibilities
possibilities foryou?
emerged

New outlook
on healthcare
technology or
own practice

Has participating in the project changed the way you view healthcare
technologies at all?

Has that had any impact how you work at all, or how you view your role?
Has that made any change for your organisation / practice?

What about for others around you?
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Personal gains
from
participating
in the project

At this stage, is there anything else you thing you have gained from beings
involved in designing the RAIS device?

Could you have gained more?

Is there anything that prevented you gaining personally from the project?

Summarise
and reflect

Overall
assessment of
participation
in the project

What is your overall assessment of your experience participating in this
project?

What is the most important outcome of the project for you? How will that
affect you?

What was the least important outcome of the project to you?

If the device doesn’t reach a stage where it can be distributed and sold to low-
resource hospitals, will the project have had any impact?

Could this have been different? How?

Is there anything | haven’t asked you that you’d like to say?
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