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Abstract

Remanufacturability decision-making has been studied by many researchers, mostly from
business and core supply perspectives. Moreover, much of the research have been mono-
methodical which present a singular perspective and focus on the electromechanical
remanufacturing sector. Despite the importance of customer acceptance and the growing
body of research on medical devices remanufacturing, there remains a lack of evidence on
how customer considerations impact remanufacturability decision-making. Therefore, this
research aims to understand how remanufacturability decision factors can be modelled to

improve customer acceptance in the medical devices remanufacturing sector.

This research takes the form of a mixed research methodology and adopted a pragmatic
philosophical paradigm. Quantitative and qualitative approaches were used in the
explanatory sequential mixed methods research design adopted in this thesis. By employing
a quantitative mode of enquiry in the first phase, key remanufacturability decision factors
were analysed and ranked from customers’ perspective using inputs from six highly
experienced medical devices practitioners. In the second phase, a qualitative multiple case
study approach was adopted to explore the nature of remanufacturing and

remanufacturability decision-making in four companies within the medical devices sector.

This research identified seven important customer decision factors that influences
remanufacturability decision-making including quality (32.38%), price (19.00%), warranty
(15.12%), brand equity (12.24%), available information (10.61%), added value service
(6.65%) and environmental considerations (4.00%). This provided support for the
development of a framework to influence customer behaviour regarding remanufactured
medical devices. This is the first study to investigate the interactions between customer
considerations and remanufacturability decision-making in the medical devices sector.
There are several important areas where this research makes an original contribution. First,
it explores remanufacturability from multiple perspectives of the customer and the
remanufacturer through a mixed-methods design. Second, it presents a comprehensive
customer-driven remanufacturability decision framework which was validated by
practitioners. The framework presents a novel perspective on the subject and has direct
practical relevance for practitioners as it could contribute to improving customer acceptance
in this sector. Third, it presents a hierarchical analysis of decision factors based on customer
opinions in the medical devices sector. Fourth, this research provides the first investigations

into the nature of remanufacturing in the medical devices sector.
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Chapter One: Introduction

1. Chapter One: Introduction
1.1.Background

The paradigm shift from a perspective of unlimited resources and regenerative capability of
the environment towards the realisation that available resources are indeed limited is
reshaping every aspect of human lives (Garetti & Taisch, 2012). This, coupled with
increasing awareness of environmental pollution and degradation (Pawlik et al., 2013), is
leading the drive towards a circular economy. Moving from a linear to a circular economy
has the tendency to generate an overall yearly benefit of €1.8 trillion within the EU (Sundin
et al. 2020). Over the past decade, research effort in product end-of-life management
through sustainable recovery options such as reuse, repair, refurbish and remanufacture has
grown parallel to activities such as reverse logistics, and closed-loop supply chain. The
European Remanufacturing Council has forecasted an increase in the adoption of
remanufacturing over the next 10 years and forecasted a growth from €30 billion in 2020 to

€90 billion by 2030 in revenue (Sundin et al. 2020).

Remanufacturing has been defined as a sustainable manufacturing operation that returns a
used product (or core) to a condition similar to that of new, with a matching warranty
(Ijomah, 2002; Salah et al., 2021). The remanufacturing process is shown in figure 1-1.
Remanufacturing has existed for more than 80 years as a means of restoring old/used
products to as good as new performance; thereby reducing pollution and landfill impact, and
saving energy and conserving resources such as materials, labour and value associated with
original manufacturing (Ijomah, 2009; Omwando et al., 2018; Ropi et al., 2021).
Remanufacturing offers significant benefits to the environment (through lower
environmental impacts, resource, material, and energy conservation), businesses (through
return on investment, expansion to different customer groups, and regulatory alignment),
and the customers (through lower priced products). These remanufacturing benefits have
been discussed extensively in literature, especially in terms of the triple bottom lines of
sustainability: economic, environmental, and social benefits (Bras & Hammond, 1996; Q.
W. Deng et al., 2017; W. Deng, 2019; Duberg et al., 2021; Goodall, 2014; Guide, 2000;
Jensen et al., 2019; Karaulova & Bashkite, 2016; King et al., 2006; Okorie et al., 2021;
Smith & Keoleian, 2004; Zacharaki et al., 2021).



The impact of remanufacturing as an important approach to sustainable development has
been well documented in literature (Gehin, Zwolinski, and Brissaud 2008; Gunasekara,
Gamage, and Punchihewa 2020). However, any end-of-life recovery strategy may well
become a deterrent for sustainability if customer acceptance is low. Alongside customers,
the original equipment manufacturer (OEM) and the external remanufacturer (ER) are the

key stakeholders whose requirements are critical in remanufacturability decisions.

Core (used product)) - e
collection > Disassembly
\ 4 i
Cleaning ~ |-=-=-==-=-=--=-=-=-=- !
Y Wastes
disposal/recycling
Inspection
\ 4
Sorting ~ fr--e-mm-mmemmonooeed .

v v i

New component | > Component Component |
manufacturing replacement remanufacturing
\ 4
Reassembly

\ 4

Sale of
Product testing remanufactured

product

Figure 1-1: The remanufacturing process

1.2.What is remanufacturability decision-making?

The term “remanufacturability decision-making” is used to describe the process whereby
decision makers in remanufacturing businesses assess whether, or not, a product can and
should be remanufactured (X. Zhang et al., 2021). In other words, remanufacturability

decision-making is product-based and it focuses on assessing both the viability and



feasibility of remanufacturing a product or specific product categories (M. Ding & Zhang,
2021; Omwando et al., 2018a; Otieno et al., 2020). This area of remanufacturing research is
not new, and researchers have proposed criteria, tools and methods that can be used during
the decision process. The earliest recorded work on remanufacturability decision-making
was by Amezquita et al., in 1995 which assessed remanufacturability solely from a design
perspective (Amezquita et al. 1995). This was immediately followed by research by Bras
and Hammond in 1996 which introduced the design for remanufacturing as a key
remanufacturability consideration (Bras and Hammond 1996). Over the years, design

considerations have been a driving factor for remanufacturability.

However, with the growth of remanufacturing research, remanufacturability considerations
have greatly expanded. They cover other factors across the entire remanufacturing business.
The shift from a solely design-based remanufacturability decision-making to a broader
multi-factor decision process was first discussed by (Guide 2000). Some of the
remanufacturability decision factors that have been discussed in literature include quality,
quantity and timing of returns (Farahani et al., 2020; Panagiotidou et al., 2017; Sun et al.,
2018), reverse logistics considerations (Qiu et al., 2018; Erfan, Ghomi and Sajadieh, 2021),
disassembly issues (Fang et al., 2015; Schéfer et al., 2020), product durability and material
quality (J. Liu et al., 2022; S. Zhao et al.,, 2021), market demands and economic
considerations (Afshar-Bakeshloo et al., 2021; Y. Zheng et al., 2022), and environmental
considerations (X. Zhang et al., 2020; H. Zheng et al., 2019). The wide range of factors that
are considered during remanufacturability decision-making reflects the change from
assessing remanufacturability from the remanufacturer’ single stakeholder perspective to a
more comprehensive multi-stakeholder viewpoint. A consequence is the continuous
optimisation and improvement of the decision process, and the inclusion of more factors to

improve the effectiveness of remanufacturing decision systems for the decision makers.

Although the importance of considering stakeholder factors during remanufacturability
decision-making has often been discussed (Ostlin, Sundin, and Bjérkman 2009; Guide
2000), there is lack of a comprehensive understanding of how the requirements of the
different stakeholders have been considered in the remanufacturability decision process,
particularly within the medical devices remanufacturing sector. Further, consideration of
customer requirements during the assessment of product remanufacturability has not been
well established in literature despite the criticality of customer acceptance to the success of

remanufacturing business (Barker & Zabinsky, 2008; Eze et al., 2019; Guidat et al., 2020).



However, there have been some indications of customers’ impacts on remanufacturing
decision processes (Boorsma et al., 2020; Li et al., 2017; Schmidt et al., 2015). The direction
of existing literature reveals the growing need to put the customers at the foreground of the
decision-making process. This approach has been suggested for remanufacturing sectors
with high customer safety and quality requirements such as the medical devices industry
(Barker & Zabinsky, 2008; Eze et al., 2019). However, there is little published data on both
medical devices remanufacturing and customer considerations in remanufacturability

decision-making.
1.3.Research overview

The goal of this PhD research is to connect two areas of remanufacturing research —
customer research and research on remanufacturability decision-making. These research
areas have been separated in existing literature, as if the remanufacturing business can exist
without the customers. However, by bridging the gap between the remanufacturing decision
makers and the customers, this research provides an opportunity to improve customer

acceptance of remanufacturing, especially in sectors where acceptance is currently low.

The medical devices sector presents a fascinating application for this research within the
remanufacturing domain. Eze ef al., (2020) suggested that customer considerations play a
big role in this sector (Eze et al., 2020). However, there is currently no research to back up
this assertion. Moreover, the acceptance of remanufactured products in this sector is
currently low, with remanufacturing intensity in the medical devices sector being as low as
0.5% (USITC 2012). Therefore, this PhD research, which explores how customer
considerations drive remanufacturability decision-making, would be very useful in driving

the growth of remanufacturing in the medical devices sector.
1.4.Research question
The main question answered in this thesis is:

How can remanufacturability decision be modelled to improve customer acceptance in the

medical devices remanufacturing sector?

This question was broken down into seven (7) simpler questions so that they can be more

directly investigated. They are listed below:

RQI1: What is the relationship between remanufacturability decision-making and

customer acceptance?



RO2:

RO3:

RO4:
RO5:

What are the key decision factors for assessing remanufacturability and how do
they influence customer acceptance?

What is the relative importance of decision factors that affect customer acceptance
of remanufactured medical devices?

What is the nature of remanufacturing in the medical devices sector?

What are the key decision factors that are currently used in medical devices sector

to assess remanufacturability and how can this be improved?

RQ6: How can the new knowledge be presented to others?
RQ7: Is the new knowledge valid?

This research highlights the importance of incorporating customer considerations in

remanu

facturability decision-making. This research proposes that if a customer-driven

approach to remanufacturability decision-making is taken, the effectiveness of the decision

process

1.5.

and overall acceptance of remanufactured products can be optimised.

Beneficiaries

The research reported in this thesis benefits practitioners in the remanufacturing industry

and academics who are involved in teaching and research. The following benefits are

reported:

1.5.

1. Academics

This thesis provides:

1.5.

an up-to-date review of remanufacturability decision-making

the state-of-art in medical devices remanufacturing

a clear and comprehensive description of remanufacturing activities in the medical
devices sector

a customer-driven remanufacturability decision framework which can be used for

teaching and research purposes.

2. Industry

This thesis proposes:

A comprehensive customer-driven remanufacturability decision framework that can
support practitioner in their decision process and can improve their relationship
between relevant stakeholders.

Identifies specific issues in the medical devices remanufacturing sector.



1.6.Research scope
1.6.1. General research focus

This PhD was initially intended to focus on the research area of “remanufacturability
decision-making”, with the aim of advancing knowledge in this area. However, after
comprehensive and systematic literature reviews, this PhD project was designed to adopt
mixed methods research to bring together three areas of remanufacturing:
“remanufacturability decision-making” and “customer considerations” while focusing on
the “medical devices remanufacturing” sector, as shown in figure 1-2. Bringing together

these three has a wide-ranging importance in literature.

Remanufacturability decision-
making

Customer considerations

Medical devices

‘ remanufacturing

Figure 1-2: PhD research focus

At the core level, this research focuses on remanufacturability decision-making, and seeks
to build on what is currently known in this area. The importance of performing a
comprehensive remanufacturability assessment prior to reman