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Abstract

This thesis investigates the effects of additive manufacturing on supply chain risk and
resilience in the healthcare sector. The research explores the implementation of AM and its
impact on risk levels and resilience capabilities. Through a qualitative approach, including
a literature review and interviews with industry experts, the study uncovers valuable

insights.

The literature review deals with central themes from previous research and literature to
shed light on the research question that has been chosen for the thesis. The themes in the
literature review are supply chain management and strategy, centralizing and
decentralizing, and supply chain risk and resilience. Furthermore, it deals with additive
manufacturing with a comparison against traditional manufacturing, and additive
manufacturing in the health sector. The literature review emphasizes the importance of
flexibility, waste reduction, and supply chain design in building resilient supply chains.
Risk management strategies, such as robustness and resilience, are also discussed. The
literature suggests that AM can address these challenges by minimizing waste, enabling
flexibility, and expanding production capacity. Semi-structured interviews with four
healthcare industry experts provide further understanding. The findings reveal that AM
reduces waste, enables agile supply chains, and enhances transparency and visibility. It
allows in-house production, reduces dependency on external suppliers, and expands

localized manufacturing capacity.

In conclusion, this research demonstrates that AM has the potential to decrease supply
chain risk and enhance resilience in the healthcare sector. By minimizing waste, improving
flexibility and agility, and decentralizing production capacity, AM enables proactive

responses to disruptions.
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1.0 Introduction

Advancements in internet-based communication and advanced logistics have made it
possible to create increasingly lengthy and intricate multi-layered supply chains, which
have been cost-effective, so far (Aggarwal & Bohinc, 2011). At the same time supply
chain disruptions have become a large problem for many organizations, and supply chains
all over the world suffer from events like the Covid-19 pandemic, the war in Ukraine,
climate change, political regulations, terrorism, and geopolitical influences. As a result of
the pandemic, a chain of occurrences in the world markets, like supply and transportation
constraints, delay in development of infrastructure and a slowdown in manufacturing
operations happened all at once. Supply chain upheaval is affecting all industries and
sectors (Facts&Factors, 2022).

Supply chain leaders were asked to identify the vulnerabilities which were exposed during
the pandemic in a study. The findings were that 58% of the leaders answered alternate
supply sources and 56% answered raw material and inventory shortages. One of the
research findings from this study was that less than 10% of the interviewed leaders rated
their supply chain as highly resilient on a score of 1 to 5 (Berman, 2022). This clarifies the
need for research and development in this area. According to a survey conducted by the
World Economic Forum in 2013, over 80% of companies expressed concerns about the
resilience of their supply chains. Furthermore, the concept of enhancing supply chain
resilience to address disruptions has garnered significant academic support in recent times
(Tukamuhabwa et al., 2015).

Mitigating risk and disruption and enhancing resilience has become a topic of great
importance. Innovation in technology and manufacturing methods may be one way to
solve this. Additive manufacturing (AM) technologies have seen a significant increase in
usage across various industries in recent years. In the 20th century, the introduction of the
moving assembly line by Henry Ford enabled mass production of identical products.
Nowadays, additive manufacturing is allowing production of moderate to large quantities

of customized products, creating new opportunities in production paradigms and



manufacturing possibilities. Overall, additive manufacturing is providing exciting

prospects for innovation and production possibilities (Attaran, 2017b).

The technology is still in development and is not utilized to a very high degree to date.
There is still a greater potential for the use of the technology in many industries, such as
the healthcare sector, considering the disruptions in this supply chain in recent years.
During the pandemic the health sector suffered huge disruptions in the supply chain for
medical supply (Spieske et al., 2022). The Covid-19 pandemic has presented
unprecedented challenges to global supply chains due to the exponential increase in the
number of patients requiring medical attention (Manero et al., 2020). This lays the
foundation for the need for research into how to create more resilient supply chains in this
sector. The thesis will explore if additive manufacturing is the answer to mitigating risk

and creating supply chain resilience in the Healthcare sector.

The thesis will explore if additive manufacturing is the answer to mitigating risk and

creating supply chain resilience in the healthcare sector.

1.1 Motivation and Background for the Thesis

A lot of studies have addressed how additive manufacturing can be used in companies and
different industries, and some have researched the effects on risk and resilience, and how it
can create supply chain resilience. Studies have been conducted on various industries, such
as healthcare, automotive, aircraft, food etc. in both the additive manufacturing and supply
chain literature. According to the authors knowledge, this may be the first research on
what effects additive manufacturing has on risk and resilience in the Norwegian health
care supply chain. What this research will bring forth of new knowledge is what effects the
technology has on risk and resilience the Norwegian healthcare supply chain. What makes
the research problem interesting and relevant is the backdrop, which is the disruptions of
supply chains all over the world during the pandemic and other disruptive events, and the
potential which additive manufacturing inhabits. By studying this research problem, one
could find interesting results about the effects of additive manufacturing on risk and
resilience in the healthcare supply chain, but also how it can be utilized to create more

resilient supply chains in the health care sector, but also applications to other industries.



1.2 Research Problem

Based on the introduction and the background, the thesis will try to answer the following

research problem:

What are the effects of Additive Manufacturing in the Healthcare Supply Chain on Supply

Chain Risk and Resilience?

The thesis” problem statement establishes the main theme of this research, which involves
examining supply chain risk and resilience and additive manufacturing in a specific
industry through literature review and empirical investigation. By defining key concepts
such as supply chain management, risk, resilience, and additive manufacturing, the
groundwork is laid for exploring the case of additive manufacturing in the Norwegian

healthcare sector.

1.3 Structure of the Thesis

The thesis is structured in a standard way based on the guidelines from Molde University
College.

Introduction L|tere3ture Ca'se. Methodology F|n'd|ngs'and
Review Description Discussion

Figure 1: Structure of the Thesis.

2.0 Literature review

The literature review will provide a comprehensive analysis of the existing literature on
supply chain strategy, risk and resilience and additive manufacturing, drawing on relevant
research from academic books and research papers on the topics. The objective for this
review is to identify best practices for the topics and gaps in the literature. Later on, how

the proposed research will address these gaps.

2.1 Supply Chain Management

This section will begin with explaining the fundamentals of supply chain management
(SCM) and supply chain strategy with focus on lean and agility, followed by the trade-off



between centralization and decentralization, before moving on to the concept of supply

chain risk, where risk assessment and mitigation is highlighted.

Supply chain management are defined in many ways. Christopher (2005, p. 5) defines
SCM as: “The management of upstream and downstream relationships with suppliers and
customers to deliver superior customer value at less cost to the supply chain as a whole” .
Figure 2 shows a model of a traditional supply chain concept which visualizes the
definition of SCM. Each player in all these processes is a part of the network, which

together makes up the supply chain.

information flow
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Figure 2: Supply Chain Concept (Christopher, 1999).

The supply chain comprises four main elements: purchasing, operations, distribution, and
integration. Purchasing involves the identification of product suppliers, while operations
involve demand planning, forecasting and inventory management. Distribution focuses on
the movement of products, while integration aims to create an efficient supply chain
system. By reducing the need for these activities, costs can be minimized. The effective
management of supply chains has contributed to the success of some large businesses and
retailers. For example by leveraging technology to streamline inventory tracking and
restocking processes, leading to reduced costs (Thomas & Gilbert, 2014).

Supply chain management has evolved from Oliver and Webber (1982) early identification
of the concept, to meet the challenges with today’s modern economy. It has become a huge
concern for organizations due to globalization with the continuous focus on increasing
efficiency and optimization of more complex supply chain networks to maximize profits
under normal circumstances (Pires Ribeiro & Barbosa-Povoa, 2018). To handle all these

factors, it is important to have a good supply chain strategy.



2.1.1 Supply Chain Strategy

Supply chain strategy involves a collaborative effort by all firms in the supply chain to
address market demand by coordinating the delivery of products and services to the end
customer. The strategy is typically shaped by the type of product, demand patterns,
customer needs, and any related risks that could potentially cause delays in supply chain
delivery. Examples of such strategies are lean, agile, “leagile” and customized, which the

thesis will into more detail under (Johnsen et al., 2018).

The concept of lean is centered around achieving more with less. Initially, it was
introduced to enhance manufacturing performance by emphasizing material flow, pull-
strategy by reacting to customer demand, and defining value according to the customer.
However, it is also employed to eliminate waste in processes in the business. The ultimate
objective of lean is to eradicate all forms of waste in the workplace (Johnsen et al., 2018).
Types of waste are overproduction, waiting, transporting, inappropriate processing,
unnecessary inventory and motions, and defects. These are all activities that consumes
resources instead of adding value (Harrison et al., 2019). Central to lean thinking is the
zero-inventory and just-in-time (JIT) method of delivery which is used to minimize
inventory accumulation in the supply chain, and an approach to managing the supply chain
(Johnsen et al., 2018). Four principles are involved in the lean virtuous improvement
cycle: Specifying value, identifying the value stream, making value flow and pull
scheduling. These principles all build on the overall goal of striving for perfection by

eliminating waste (Harrison et al., 2019).

Establishing a lean supply chain requires more collaborative buyer-supplier relationships.
The concept of lean supply partnerships has gained momentum as part of a transition
towards collaborative relationships that foster procurement and logistics efficiency and
effectiveness. Firms enter into closer long-term commitments and trust-based relationships
all across the supply chain due to the opportunity to contribute and benefit from process
improvements (Johnsen et al., 2018). A question that has been raised is whether a lean
strategy is still suitable or adequate for industries experiencing escalating levels of

turbulence and volatility in the market (Johnsen et al., 2018).



An agile supply chain can adapt to the evolving market needs as product life cycles
shorten, and global economic and competitive factors cause uncertainty, requiring a high
level of maneuverability. An agile supply strategy embodies the focus on time-based
competition, where the ability to respond promptly to customer demands is deemed a
competitive advantage (Christopher, 2000). Supply chain agility is the ability to swiftly
adapt to unforeseen changes in supply or demand. Key components of agility are visibility
and velocity. Visibility entails having a clear view of upstream and downstream
inventories, demand, supply chain conditions, production, and purchasing, as well as
internal visibility through clear communication and agreements. This requires close
collaboration with customers and suppliers, as well as internal integration. VVelocity, on the
other hand, is the distance over time, which refers to the end-to-end pipeline time which is
the time it takes to move products and materials from one end of the supply chain to the
other. To improve velocity, time must be reduced through streamlined processes, reduced

in-bound lead times, and non-value added time reduction (Christopher & Peck, 2004).

Flexibility is also a crucial characteristic of agile organizations and supply chains. Supply
chain flexibility is composed of four factors: (1) System: Redundancy in capacity and
inventory, and multiple sourcing, (2) Coordination and integration of systems and
outsourcing, (3) Modularization/standardization of product and postponement (4) Process:
Flexible and real-time based production/warehousing systems (Ivanov et al., 2014). It has
its roots in flexible manufacturing systems as a business concept. These systems use
cutting-edge machine technology that can provide a wide range of product variety to fulfill
customer demands, e.g. additive manufacturing and other technologies (Johnsen et al.,
2018). The capability to customize products at a local level implies that a greater degree of
variety can be provided at a reduced overall cost, making it feasible to adopt "mass-
customization” strategies (Christopher & Towill, 2000). Agile supply chains must have the
ability to handle fluctuations in demand over time. Agility enhances the supply chain's
ability to respond to actual customer demand rather than relying solely on forecast-based
information. Inventory in an agile supply chain should be kept in a generic form, such as
standard or semi-finished products, until the final customer requirements and order
destination are determined. This approach is known as postponement or final configuration
(Christopher, 2000).



The restricted visibility of actual demand is a significant challenge for many supply chains.
Because there are multiple levels of inventory between the production point and the end
market, these supply chains are often driven by forecasting instead of actual demand. The
decoupling point, where the market pull meets upstream push, is the level where actual
demand enters the supply chain. This concept was formerly known as the order penetration
point. The concern lies not in the extent of order penetration, but in the level of visibility
for actual demand (Christopher & Towill, 2000).

Supply chains are now constructed as a federation of partners connected as a network,
resulting in a new form of market competition known as "network competition”. In the
current competitive global markets, sustainable and competitive advantage can be achieved
by utilizing the unique strengths and capabilities of network partners to improve
responsiveness to market demands. Electronic Data Interchange (EDI) and the Internet
have allowed network partners to access and use the same data on real demand, resulting

in the creation of virtual supply chains. Rather than being inventory-based, virtual supply
chains rely on information sharing facilitated by information technology. However, to fully
benefit from shared information, process integration is required. This involves
collaborative work between buyers and suppliers, joint product development, common

systems, and shared information (Christopher & Towill, 2000).

The characteristics discussed over are essential to an agile supply chain, as shown in the

figure below.

Market

sensitive

Figure 3: The Information Based Agile Supply Chain (Harrison et al., 1999).



A significant distinction between the two is that a lean strategy is related to level
scheduling, while an agile strategy involves reserving capacity to handle volatile demand.
Some argue that leanness is an element of agility in some circumstances (Christopher &
Towill, 2000). A concept that has emerged from these two strategies is called “leagile”.
Instead of looking at the supply chain as lean or agile in isolation, one can see it as a
blended or hybrid strategy, combining elements from both approaches. A “leagile” strategy
implies that the supply chain is agile enough to respond to the actual demand, with product
availability and short delivery lead times, supported by information transparency, serves as

a crucial market advantage (Christopher & Towill, 2000).

The Pareto principle, or 80/20 rule, says that 80% of the total volume is generated from
20% of the products. The principle can be used to determine the supply chain strategy,
blending lean and agile. The way the top 20% of products by volume are handled should
differ from managing the remaining 80%. Generally, the top 20% is more predictable,
while the 80% tends to be less predictable. Thus, lean manufacturing and distribution
principles are more applicable to the top 20%, while the remaining 80% needs a more agile

management approach (Christopher & Towill, 2001).

2.1.2 Centralized or Decentralized Purchasing

When it comes to the organizational design of purchasing, or the purchasing strategy, a
crucial consideration is whether to prioritize centralization or decentralization.
Centralization emphasizes global coordination, integration, and synergy across various
organizational units, while decentralization emphasizes flexibility and adaptability to local

conditions (Johnsen et al., 2018).

By implementing a centralized purchasing function, organizations can realize synergies
across multiple business units. These purchasing synergies refer to the performance
improvement that results from combining forces, information, knowledge, and functional
resources from two or more purchasing units. Consolidating expenditures and suppliers
can lead to improved deals through increased economies of scale and scope. In addition,
organizations should strive to standardize product components and parts to enable
economies of scale. By merging fragmented purchases, many organizations have created

value and achieved significant savings (Johnsen et al., 2018).



Decentralized purchasing can leverage knowledge of local supply market conditions. Local
sourcing has the potential to decrease transaction and transportation costs, while also
having a positive impact on sustainability by reducing environmental effects. In situations
where an organization has a wide range of purchase categories and is naturally
decentralized, there may be reluctance to centralize power as local units possess superior
knowledge of local supply markets and can often make better deals themselves. However,
a decentralized purchasing organization can lead to competition for resources between
units instead of collaboration and synergy (Johnsen et al., 2018). The table under shows

advantages and disadvantages of decentralized purchasing.

Advantages Disadvantages

e Less bureaucracy and more e Decreased bargaining power due to
streamlined purchasing procedures lack of economies of scale

e Accountability for profit centers e Inconsistent strategies, policies,

e Alignment with local requirements and codes of conduct between
and suppliers business units

e Motivation of local buyers e Limited synergy and knowledge

e Improved ability to respond to exchange
local conditions e Duplicate efforts resulting in

wastage of resources

Table 1. Advantages and Disadvantages of Decentralized Purchasing (Johnsen et al.,
2018).

Ultimately, the decision to prioritize one approach over the other depends on the specific
needs and goals of the organization. Advantages and disadvantages of centralization and
decentralization of manufacturing in the healthcare context will be presented in more detail

later in the paper.

2.1.3 Supply Chain Risk

Businesses are constantly surrounded by risk, both internally and externally. It is how the
company deals with risk that is decisive for the effect it has on operations and its supply
chain. As the thesis covered in the introduction, today's companies experience risks from
factors such as natural disasters, pandemics, market-related conditions, war, political

sanctions, trade wars and many other factors. Risk can come in the form of disruptive



events for companies that cause unrest in operations and supply chain. If the company has
not taken steps to prepare for risk, it will most likely be vulnerable to such disturbances,

and it will therefore have a much greater impact on the company.

In recent decades, supply chain risk management has received increased attention due to
several factors. Globalization has increased the length and complexity of supply chains,
and thus their exposure and vulnerability to risk. Various industry trends have also made
the topic of managing risk become increasingly important, such as firms' high dependence
on outsourcing, reliance on suppliers for specialized capabilities, and the growing use of
information technology to coordinate and manage the extended supply chain (Narasimhan
& Talluri, 2009). In addition, the Lean management philosophy has been adopted to a
large extent in SCM, which has made supply chains more vulnerable during unwanted
incidents due to the reduction of redundancies. Pettit et al. (2010) argues that globalized
supply chains, specialized factories, centralized distribution, increased outsourcing,
reduced supplier base, increased volatility of demand, and technological innovations are
factors contributing to potential disruptions. We have also seen that close and strategic
buyer-supplier relationships in some cases are no longer enough to ensure supply in times
of crisis (Behzadi et al., 2017).

A traditional risk management process involves a continuous cycle of hazard
identification, risk assessment, control analysis, selection and implementation of measures
and review. While risks can often be quantified using historical data, evaluating risks
involves making assumptions based on subjective information. Building a holistic supply
chain risk management program that encompasses supply, products, demand, and
information management by integrating risk management techniques could be a good
solution. However, applying this approach to every link in a global supply chain for all

potential disruptive causes would be a huge task (Pettit et al., 2010).

Assessing risk is crucial in the uncertain era of the global economy, where supply chain
design must account for demand unpredictability. Demand uncertainty can pose two types
of risks: the risk of failing to meet unexpected demand on time, and the opposite risk of
overestimating demand, leading to excessive inventory costs. Apart from demand risks,
other general risks like unreliable vendors, delayed shipments, and natural disasters must

also be considered (Zsidisin & Ritchie, 2009). There are two main categories of risks that
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affect SCM, which is internal and external risk. The first category pertains to coordinating
supply and demand, such as issues with inventory control and stock-outs. The second
category relates to disruptions and delays to regular supply chain activities, such as natural
disasters, civil unrest, and ethical issues in the workforce (Kleindorfer & Saad, 2005). In
risk assessment, it is crucial to identify the types of risks involved, their impact, and
probability of occurrence, and to determine their significance to the overall business
(Johnsen et al., 2018).

A standard way to assess risk is to use a risk matrix, which categorizes the identified risks
in terms of impact and probability. This is a tool for assessing each risk factor so that
managers can rank them and visualize what the biggest vulnerabilities for the supply chain
is, evaluate them, and put in place action plans to take steps before the problem occurs.
Mathematically, risk is the product of the likelihood of an event occurring and the potential
severity of its impact. Where likelihood refers to the probability or chance that an event
will occur, and severity refers to the degree of harm or damage that would result from the
event. By combining these two factors, we can measure the overall level of risk associated
with a particular event or situation. The higher the likelihood and severity of an event, the
greater the risk, and the more vulnerable the system or entity is to that event (Pettit et al.,
2010). Establishing a community within the supply chain is crucial to mitigating supply
chain risks by facilitating information exchange between its members, according to
Christopher and Peck (2004).

As pointed out earlier in the thesis, supply chain risk can be categorized into internal and
external risk, but Christopher and Peck (2004) divides external risk into two categories,
external to the firm and external to the supply chain. This builds on Christopher's statement
that it is now supply chains that compete, not individual companies. The three categories
can be sub-divided into a total of five categories: Internal risk, which includes process and
control risk, external risk to the firm which includes demand and supply, and external risk
to the network which includes environmental risks (Christopher & Peck, 2004). Risk can
further come from a variety of reason and sources as seen in the figure below which shows

supply chain risks and their drivers.
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Category of Risk Drivers of Risk

Disruptions = Natural disaster
m Labor dispute
= Supplier bankruptcy
= War and terrorism
» Dependency on a single source of supply as well as the
capacity and responsiveness of alternative suppliers

Delays m High capacity utilization at supply source
u Inflexibility of supply source
= Poor quality or yield at supply source
m Excessive handling due to border crossings or to change
in transportation modes

Systems = Information infrastructure breakdown
= System integration or extensive systems networking
= E-commerce

Forecast m Inaccurate forecasts due to long lead times, seasonality,
product variety, short life cycles, small customer base
u “Bullwhip effect” or information distortion due to sales
promotions, incentives, lack of supply-chain visibility and
exaggeration of demand in times of product shortage

Intellectual Property m Vertical integration of supply chain
m Global outsourcing and markets

Procurement = Exchange rate risk
m Percentage of a key component or raw material procured
from a single source
m Industrywide capacity utilization
m Long-term versus short-term contracts

Receivables = Number of customers
= Financial strength of customers

Inventory = Rate of product obsolescence
= Inventory holding cost
» Product value
= Demand and supply uncer tainty

Capacity m Cost of capacity
= Capacity flexibility

Table 2: Supply Chain Risks and their Drivers (Chopra & Sodhi, 2004).

Supply chain disruptions have been defined as “unplanned and unanticipated events that
disrupt the normal flow of goods and materials within a supply chain” (Macdonald &
Corsi, 2013, p. 2). In the context of healthcare, disruptions can be defined as unexpected
events that have the potential to hinder the provision of healthcare services to patients
(Mandal, 2017). Mitigation, preparation and management of supply chain disruptions is
especially important in the healthcare supply chain, because of the consequences for
human lives and safety if it fails (Spieske et al., 2022). The way risk and disruptions
propagate in the supply chain is called the Ripple Effect. The Ripple Effect is described as
the effect of a disruption on supply chain performance, as well as its propagation through
the structural design and planning parameters of the chain (Ivanov et al., 2014). The Ripple
Effect is interesting for understanding how risk and disruptions works, and thereby how to

manage the risk.

There are several classifications, frameworks and models offering ideas for risk mitigation
strategies. One of the simplest and most effective ways to "buy time" in the event of a
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supply chain disruption is to increase the level of inventory. For predictable lower value
products, decentralizing inventory has the benefit of spreading the risk across multiple
production locations. However, for more complex products, holding more inventory may

not be cost-effective, and alternative options must be explored (Johnsen et al., 2018):

e Increasing supplier redundancy through multi-sourcing is an effective way to
reduce the risk of disruption in the supply chain. Multi-sourcing involves having
backup suppliers to rely on in case of any disruption in the regular supply chain.

e Expanding production capacity is a long-term solution that requires additional
investment in the supply base. Decentralized capacity with low costs should be
prioritized for predictable demand, while centralized capacity should be established
for more unpredictable demand.

¢ When market unpredictability grows, pooling or aggregating demand can be a
useful strategy. This enables suppliers to leverage economies of scale where
possible and apply smoothing techniques over time to balance production.

e To improve supply chain responsiveness due to system delays, companies can
implement strategies like Efficient Consumer Response (ECR) and Build-to-Order
(BTO). This requires better coordination between suppliers and manufacturers, as
well as investing in integrated IT systems. Flexibility can be increased by reducing
the time needed for suppliers to switch from one product to another based on

customer demand. This is especially crucial for low-volume, unpredictable items.

The figure under shows how various mitigation strategies works on the different categories

of risk as presented earlier.
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Figure 4: Assessing the Impact of Various Mitigation Strategies (Chopra & Sodhi, 2004).

Even with precise assessment tools and good strategies, it is not certain that one will
always be able to maneuver away from all the risks that the supply chain faces. As we
have seen with the pandemic, we cannot prepare for all disruptions. We do not simply
know everything that is going to happen in the future, and the business environment is
rapidly changing. Therefore, companies must prepare for the unknown, or the black swan
scenarios. Traditionally, black swan supply chain events have been linked to improbable,
rare or unlikely occurrences that often comes without a warning, that can have significant,
and sometimes even catastrophic, impacts on businesses (Aggarwal & Bohinc, 2011).
Black swans are scenarios like the Covid-19 pandemic, or the blockage of the Suez Canal
for six days in March 2021 by the Ever Given, a container ship that run aground in the
canal. Both events disrupted the global supply chain. The latter caused major delays in the
global trade, huge costs, and affected various businesses all over the world. The cost of the
blockage was estimated at $9.6 billion to the global economy (Lee & Wong, 2021). It is
therefore important to think beyond risk assessment and mitigation and focus on building
robust and resilient supply chains that can withstand disruptive events such as black swan
scenarios. Thus, the thesis will describe and explore the concept of supply chain resilience

in the next segment.
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2.2 Supply Chain Resilience

This chapter will focus on defining supply chain resilience, its importance, and

characteristics and frameworks for enhancing resilience.

As the thesis described in the previous chapter, managing and mitigating risk is of great
importance for businesses in today’s turbulent and volatile markets. But, the conventional
risk assessment approach is insufficient to address unforeseeable events. The concept of
supply chain resilience can bridge these gaps and complement the current risk
management programs and business continuity planning methods, making it possible for a
supply chain to withstand unexpected disruptions and gain a competitive advantage (Pettit
et al., 2010). Christopher and Peck (2004) also argues that creating more resilient supply
chain may be the answer to overcoming these obstacles. Since the 2000”s supply chain
resilience has been studied on a larger scale in the scientific literature (Tukamuhabwa et
al., 2015). Some crucial episodes, from both the economic and industrial point of view

account for some of the reason for this trend (Bevilacqua et al., 2019).

There are many definitions of supply chain resilience in the scientific literature. A
common view of the term resilience refers to the capacity to endure and bounce back from
disruptions, as well as the capacity to adjust to shifting circumstances. Christopher and
Peck (2004, p. 2) defines resilience in a short and precise manner as: "The ability of a
system to return to its original state or move to a new, more desirable state after being
disturbed”. A more detailed definition, which also takes into account the supply chain
perspective is: “The adaptive capability of a supply chain to prepare for and/or respond to
disruptions, to make a timely and cost effective recovery, and therefore progress to a post-
disruption state of operations — ideally, a better state than prior to the disruption”
(Tukamuhabwa et al., 2015, p. 1). Instead of bouncing back to an “old normal” after
disruption, lvanov (2022), like the definitions, argues that firms can adapt Supply Chain
Viability, which involves adaptation to a “new normal” to survive in radically changed
conditions. Common for the definitions is the terms “disturbed” or “disruption”. These
terms are essential in the study of resilience because it is what creates the need to build

resilient supply chains.
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Risk management strategies can be divided into two categories, either robust or resilient. A
robust supply chain can withstand disturbances, retain its original structure, and remain
functional in the face of uncertainties. Whereas a resilient supply chain can quickly return
to its original condition, or to a new and more preferred state after it has been disturbed
(Behzadi et al., 2017). Both robustness and resilience are key capabilities for successful

supply chain risk management (Ivanov et al., 2014).

Several articles highlight different characteristics that are important to develop to create
resilience in the supply chain. Christopher and Peck (2004) argues that resilience involves
flexibility and agility, and its effects go beyond merely redesigning processes to making
critical choices on procurement and forming more cooperative supply chain partnerships
that are built on enhanced transparency of data. Patel et al. (2022) mentions three
capacities that are central for a resilient supply chain. These are absorptive, adaptive, and
restorative capacity. Redundancy, collaboration, and robustness are highlighted as
important characteristics of resilience in another study (Zamiela et al., 2022).
Collaboration is a recurring subject, as the concept of collaborative supplier relationships
was mentioned earlier in the thesis. Scholten and Schilder (2015) highlights efficiency,
redundancy, collaboration, flexibility, velocity, and visibility as reoccurring terms in their
review of literature that deals with supply chain resilience. However, it is a trade-off
between efficiency, flexibility, and resilience, which is highly relevant in practice as it is
challenging to create resilience at the same time as maintaining efficiency and keeping
costs down (lvanov et al., 2014). This trade-off is also discussed by Christopher and Peck
(2004). Traditionally, having excess capacity was viewed as wasteful and undesirable.
However, strategically placing additional capacity and inventory at critical points can be

highly advantageous in building supply chain resilience.

Traditionally SCM has been focused on Design-for-Efficiency and Responsiveness. On the
other hand, the Design-for-Resilience approach involves designing supply chains and
operations to withstand severe and unforeseen disruptions, and to recover quickly when
faced with such disruptions. The Design-for-Resilience approach primarily focuses on
three key resilience assets or capabilities: Redundancies, which include measures such as
risk-mitigating inventories, backup supply and transportation infrastructure, and
subcontracting capacities. Furthermore, real-time monitoring and visibility systems that

rely on data-driven insights are important. Lastly, flexibility and contingency recovery
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plans that can help organizations respond effectively to disruptions and rapidly recover

from them (Ivanov, 2022).

Christopher and Peck (2004) have established a framework for building a resilient supply
chain consisting of four principles: (1) Firms can proactively incorporate resilience into a
system before a disruption occurs through supply chain engineering. (2) Risk identification
and management require close collaboration among stakeholders. (3) Agility is necessary
to have quick responsiveness to unexpected events. (4) Creating a risk management culture
is crucial. Secondary factors like availability, efficiency, flexibility, redundancy, velocity,
and visibility are also considered as significant characteristics, and are factors that help to
influence these four principles. The main findings of Christopher and Peck (2004), that
supply chain resilience is achieved by focusing on combining a lean strategy with agility
and flexibility, is backed up by multiple studies, among others by Mensah and Merkuryev
(2014).

Pettit et al. (2010) have also developed a framework for supply chain resilience, as seen in
the figure below. They identified 14 capabilities that enhance the resilience of a supply
chain. These include sourcing and order fulfillment flexibility, capacity, efficiency,
visibility, adaptability, anticipation, recovery, dispersion, collaboration, organization,

market position, security, and financial strength.

SUPPLY CHAIN RESILIENCE FRAMEWORK
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Figure 5: Supply Chain Resilience Framework (Pettit et al., 2010).

17



In the framework it is laid down as a premise that as the capabilities of a supply chain
increase and vulnerabilities decrease, the level of resilience increases. Here, supply chain
capabilities refer to the qualities that enable a business to anticipate and effectively manage
disruptions. These capabilities may prevent a disruption from occurring, such as
implementing security measures. They may also mitigate the effects of a disruption, e.g. by
having emergency supplies readily available. Finally, these capabilities may enable a
business to adapt and recover quickly in the aftermath of a disruption. As sees in the
figure, there are three potential states with each its own results. Two of them leads to
“unbalanced resilience”, while one leads to "balanced resilience". The state of "balanced
resilience”, or the “zone of resilience” can be achieved by developing capabilities that
effectively address the vulnerabilities in a specific supply chain, while also considering the
level of investment required and associated risks. “Balanced resilience” results in

improved performance for the supply chain (Pettit et al., 2010).

Ivanov et al. (2014) have made a framework for resilience that consists of four focus areas,
two in pre-disruption state and two in post-disruption state. The focus areas before
disruption includes preparedness with risk monitoring and control, and mitigation by
creating structural and parametric robustness. After disruption the focus in on stabilization
with operation preservation and contingency plan execution, and recovery through
adaptation and long-term impact minimization. All focus areas are operationalized through

use of business processes, supply chain models and IT.

There are three primary dimensions of supply chain resilience, according to Naghshineh
and Carvalho (2022). Namely proactive capability, supply chain design, and reactive
capabilities. Additive Manufacturing can enhance supply chain readiness and improve
responsiveness by accelerating product time-to-market or manufacturing speed. The
deployment of AM systems to locations requiring emergency supplies with shorter
turnaround times can further improve supply chain agility. Additionally, supply chain
complexity can be reduced through effective supply chain design, which can boost a
company's supply chain resilience by reducing vulnerability. Utilizing additive

manufacturing can also lead to reduced dependence on suppliers of complex components.

A multi-layered protection framework has been developed to ensure resilience in medical

product supply chains. The investment in measures is considered crucial to safeguard
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patients from the adverse effects of medical product shortages, and thereby ensure public
health during both regular and emergency situations. Incorporating resilience into medical
supply chains is a complex and challenging reliability problem as there are multiple
available resilience options that interconnect in intricate ways (NASEM, 2022). This

complexity can be attributed to three key factors:

Medical supply chains involve numerous components, including people, processes,
technologies, and policies, making them complex systems. Thus, enhancing resilience can
be achieved through various approaches that target different aspects of the supply chain
(Hopp et al., 2022). Employing multiple protection layers is an effective way to improve
reliability, as stated by The Redundancy Principle. (Hopp & Lovejoy, 2013). Additionally,
measures to increase resilience can be implemented at various stages in the timeline since

disruptive events and their consequences evolve over time.

The framework initially consists of three protective layers, which are categorized as
mitigation, preparedness, and response. These phases align with the standard emergency
response phases defined by FEMA (2021). Mitigation is carried out before an emergency
and aims to prevent future emergencies or minimize their impact. Measures for mitigation
include hardening and diversification. Preparedness measures are also implemented before
an emergency and aim to prepare for handling an emergency. Relevant measures for
preparedness include inventory stockpiling, capacity buffering, contingency planning, and
readiness. Response measures take place during an emergency and focus on responding
safely to the emergency (FEMA, 2021). It includes reducing demand and/or increasing
supply, and prophylaxis activities such as front-line, last-mile measures that immediately
resolve the issue to protect human lives during a shortage. The development of such
solutions exploded during the pandemic (NASEM, 2022). During the early stages of the
Covid-19, 3D-printed components were used to modify ventilators, allowing multiple

patients to share a single machine, as a demand reduction measure (Ayyildiz et al., 2020).

A fourth phase is also included in the framework, recovery, which is measures after the
emergency (FEMA, 2021). However, recovery has been replaced with awareness, which
serves as the foundation for the three layers of defense described earlier. It is believed that
awareness is crucial for building resilience in a medical product supply chain. It involves

having the necessary information for assessing, mitigating, preparing, and responding to
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risks by the right individuals. The effectiveness of mitigation measures determines whether
a potential trigger event will lead to an actual supply chain disruption. If the multiple
layers of protection fail, a disruptive trigger event can cause harm to the patients (Hopp et
al., 2022).

Identifying which medical products are critical to the supply chain is crucial as it
determines where to emphasize necessary resilience measures. It is essential to note that
there is no universal approach to enhancing supply chain resilience for all medical
products. Different product supply chains, markets, and risk profiles require tailored
interventions. The critical challenge lies in selecting cost-effective measures that match
each product. Allowing the market to provide actions enables market competition and
innovation to generate optimal solutions, making research on the role of additive

manufacturing in this context significant (NASEM, 2022).

The popularity of the resilience subject has not has not become any less after Covid-19, as
supply chains worldwide has seen the importance of preparing for disruption. Ivanov
(2022) have developed a framework for “Lean resilience” called the AURA framework
(Active Usage of Resilience Assets), which is a framework for post Covid-19 supply chain
management. The AURA framework redefines resilience as an active and value-generating
component of operations management, rather than a passive defense against rare and
disruptive events. The framework is divided into five main areas: Plan, source, make,
deliver, and return. The plan area involves supply network design with consideration of
structural shifts, disruption analytics and the use of digital platforms. Next, the source
phase involves active integration of backup suppliers in everyday business, product
substitution, and supplier collaboration platforms. The make phase includes using capacity
agility, e.g. flexible lines, for resilience, using postponement for resilience, and adapting
Industry 4.0 and additive manufacturing. The deliver area involves decentralized logistics
structures, omni-channel distribution, and the use of blockchain and tracking technologies
for resilience. Last, the return phase includes contingency sourcing with recycled

materials, and closed-loop supply chain as a resilience asset (Ivanov, 2022).
By comparing the literature, it is clear that flexibility, agility, and visibility are essential for

achieving supply chain resilience for an organization. Companies need to develop a

comprehensive understanding of how the entire supply chain functions before any
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unforeseen events occur in order to build resilience into their operations and systems.
Successful supply chains rely on transparency of supply and demand information (Johnsen
et al., 2018). Technology such as Enterprise Resource Planning (ERP) systems, blockchain
technology and radio frequency identification (RFID) enables a higher degree of supply
chain visibility. Although supply chain technologies have advanced to a point where
companies are expected to have good visibility of their goods throughout the supply chain,
the complexity of global supply networks means that in reality, firms do not have
anywhere near perfect visibility. The consequence of this is that companies lose sight of
critical issues such as the origin of the products and what it actually contains (Johnsen et
al., 2018).

2.3 Additive Manufacturing

This chapter defines additive manufacturing, highlights the main technology with its
characteristics, comparing it to traditional manufacturing, explores its impact on the supply
chain, and identifies advantages and limitations. Further it explores AM in the healthcare

context and its implementation challenges in this industry.

Additive manufacturing (AM) is defined by ISO/ASTM, which makes international
industry standards, as the “process of joining materials to make parts from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing and formative
manufacturing technologies” (ISO/ASTM, 2021, p. 1). The terms additive manufacturing
and 3D-printing are often used interchangeably in the industry, where AM is the broader
and more comprehensive term. They both refer to the technology of creating a final three-
dimensional object from the bottom up by adding layers of material upon each other
(Attaran, 2020). The printers commonly use a movable inkjet print head to distribute
material over a build area, which allows for the creation of various products and services
for customers (Harrison et al., 2019). Various materials such as polymers, metals, plastics,
resins, rubbers, composites, ceramics, concrete, and even organic substances can be used
in AM. To achieve this, most commercial 3D printers use computer-aided design (CAD) to
translate the design into a three-dimensional object, where the CAD serves as a guide for
the 3D printer (Attaran, 2020).

According to ISO/ASTM International standard, there are seven categories of AM

processes:
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Binder jetting is an AM process that involves selectively depositing a liquid
bonding agent to join powdered materials (ISO/ASTM, 2021). This process can be
utilized with a broad range of high-productivity powders and successfully
processed materials such as metals, polymers, and ceramics. Nonetheless, creating
printing and post-processing techniques that optimize part performance is still a
challenge (Ziaee & Crane, 2019).

Direct energy deposition employs focused thermal energy to melt and fuse
materials during deposition. The energy source, which can be a laser, electron
beam, or plasma arc, is concentrated to melt the materials being deposited
(ISO/ASTM, 2021). This method typically uses metals in either wire or powder
form and is the second most widely used among different metal printing
technologies (Dutta, 2020).

. Vat photopolymerization involves selectively curing liquid photopolymer in a vat
using light-activated polymerization (ISO/ASTM, 2021). Photopolymerization is
categorized into three groups based on the curing methods: cured with a laser
(Stereolithography (SLA)), cured with a projector (Digital Light Processing
(DLP)), and cured with LEDs and oxygen (Continuous Digital Light Process
(CDLP) / Continuous Liquid Interface Production (CLIP)) (Pagac et al., 2021)
Material jetting involves selectively depositing droplets of build material, such as
photopolymer and wax (ISO/ASTM, 2021). This technology is widely employed
across various industries as it can produce parts relatively quickly. Material jetting
can print parts with higher accuracy in relation to dimensions and lower surface
roughness compared to other polymeric material printing technologies such as
FDM and SLA (Gdlcan et al., 2021).

Material extrusion involves dispensing material selectively through a nozzle or
orifice (ISO/ASTM, 2021). It is the second most widely used AM process. Material
extrusion is a fast and cost-effective method for producing parts using a wide range
of materials, including commaodities, engineering materials, high-performance
thermoplastics, composites, and functional materials. It is not well-suited for
producing intricate or miniaturized parts (Hsiang Loh et al., 2020).

Powder bed fusion is an process where thermal energy selectively fuses specific
regions of a powder bed (ISO/ASTM, 2021). This process is suitable for polymers

and metals, and less to ceramics and composites. The most promising area for
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research and development in this field is laser-based powder bed fusion with
metals. Laser-based powder bed fusion has a higher cooling rate and produces
better surface finishes compared to other AM processes (Sun et al., 2017).

7. Sheet lamination involves bonding sheets of material to create an object
(ISO/ASTM, 2021). While it was among the first AM techniques to be
commercialized, it has not gained widespread success in the market. One of the
drawbacks of this method is that each layer requires a full sheet of material, which
can result in high material waste if the build volume is not fully utilized (Gibson et
al., 2021).

The emergence of AM technology has begun to disrupt the traditional processes of product
design, manufacturing, and distribution, as it offers a financially feasible option for
decentralized production. This technology also enables customers to participate in the
design and manufacturing process at the point of consumption. For instance, hospitals are
utilizing bio-printing to offer bone engineering services in-house, which simplifies the
medical supply chain and enhances the success rate of surgical procedures (Harrison et al.,
2019).

Initially, the primary advantage of the first 3D printing machines was the decreased time
required for product development of prototypes. However, current advancements in this
technology have enabled the creation of complete products or parts, assisting multiple
industries in minimizing production time, improving efficiency, and cutting costs. AM can
now be integrated into various stages of the conventional supply chain, and streamline
operations by producing more complex components in close proximity to the end customer
(Attaran, 2020).

The vast range of printers and materials available in AM has resulted in a wide range of
shapes, sizes, and applications. It is possible to print objects as small as microscopic
structures or as large as aircraft wings or even entire houses. The versatility of the
technology has led to numerous applications for AM, each with unique implications for
agile manufacturing: Prototyping, spare parts (equipment and components), low-volume

products, and customized products (Harrison et al., 2019).
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AM also causes significant changes in how supply chains deliver value. A variety of
industries, such as aerospace, healthcare, automotive, military, and food, are actively
utilizing the technology to gain a competitive advantage, despite being relatively new to
many businesses. The flexibility, speed, and relatively lower cost of producing small
quantities with AM is supporting the shift of the customer order decoupling point
upstream, leading to reduced production time and enables customized solutions. AM also
supports the production of more complex products with fewer components than traditional
manufacturing methods, resulting in reduced inventory costs and the number of suppliers
needed. Suppliers of previously outsourced parts gets displaced with vendors of printers

and printing material when bringing the manufacturing in-house (Harrison et al., 2019).

2.3.1 Traditional Manufacturing vs. Additive Manufacturing

Traditional, or conventional, manufacturing (TM) methods involve reducing an object
through cutting, milling, and turning to create a final product, which can be called
subtractive manufacturing (Harrison et al., 2019). This is an energy- and resource-
intensive manufacturing processes that often leave behind a good deal of unused material
and waste in the process (Peng et al., 2018). However, this manufacturing process is
usually much faster and cheaper in mass production (Haleem & Javaid, 2020). Additive
manufacturing builds objects up from scratch, layer by layer, which in turn reduces the
amount of material required in the supply chain and leaves very little excess material and
waste (Peng et al., 2018). Haleem and Javaid (2020) also argues that AM has less energy

consumption and less material waste in production.

The design process for an AM product does not require any tools or fixtures. With
proficient computer skills, the design and development time is typically shorter than TM,
the responsiveness between design and product increases, and the manufacturer can easily
make modifications to the product. However, skilled human resources are typically
required for designing products and operating AM machines. Interruptions during the
production process are generally not feasible, as any breakage can lead to damage and

waste of the parts being printed (Haleem & Javaid, 2020).
AM technology allows for cost-effective production of small batches and provides

opportunities for cost-effective customization of products and parts. On the other hand, the

manufacturing expenses for each item may be significantly higher since the materials used
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could be expensive and lack the benefits of economies of scale. Additionally, post-
processing can further contribute to the overall cost of the product (Haleem & Javaid,
2020). Experts generally agree that AM is not a direct competitor but rather a
complementary approach to high-volume manufacturing in various sectors. The high
output per hour and low unit costs of mass production is hard to match (Harrison et al.,
2019).

The following figure provides a comparison between TM supply chain and AM supply
chain. In TM, material resource providers supply materials to part and component
manufacturers, who then pass on these parts to an assembly plant. The final product is then
sent to retailers or distributors. Any disruptions during the manufacturing or assembly
process could lead to delays in delivering products to retailers or distributors, unless the
system has redundancy built in. In contrast, AM with localized production is less
vulnerable to such disruptions. Firstly, there may not be any need for assembling parts or
components. Secondly, a disruption in the manufacturing process does not affect all
retailers or distributors. The utilization of AM can potentially lead to significant changes in
the manufacturing supply chain, resulting in decreased dependence on SCM. By bringing
production closer to consumers, the number of links in the SC can be reduced (Thomas &
Gilbert, 2014).

Traditional Additive
Manufacturing Manufacturing
Material _Resource PR P
Providers g 4 / \
Manufacturing of 0000 <—> 0000
Parts and J Localized Production
Components | 00000000 00000000

Assembly of Parts

)
and Components / \
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Distribution 00000000

Figure 6: Traditional Manufacturing Compared to Additive Manufacturing Supply Chain
(Thomas & Gilbert, 2014).
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If AM is used to reduce the number of supply chain links and bring production closer to
consumers, it could decrease the vulnerability to disasters and disruptions. In any product's
supply chain, every factory and warehouse present a potential point where a disruption
could delay or halt production and delivery. A shorter supply chain with fewer links
implies fewer points of potential disruption. Furthermore, if production is decentralized
and brought closer to consumers, it may result in several facilities manufacturing a few
products rather than a few facilities producing many products. Disruptions in the supply
chain may then only have local impact rather than regional or national effects (Thomas &
Gilbert, 2014).

Multiple studies show that AM has the potential of altering supply chains and logistics
(Attaran, 2017a; Chen, 2016; Kuba¢ & Kodym, 2017). Some common factors in the
literature shows that AM can reduce inventories, safety stocks, lead time, waste, and
complexity. Inventory and safety stock can be reduced or eliminated by building up digital
storage of designs instead of having expensive warehouses with a lot of inventory. This
greatly reduces costs for warehouses and inventory, as all parts and products can be stored
digitally and be produced with AM when needed, i.e. on-demand. Furthermore, it can
impact supply chains by increasing the speed of product development and production
flexibility, reducing economic lot size, and decreasing material waste (Attaran, 2017a).
AM has the potential to reduce supply chain- and logistics complexity in various ways
(Kuba¢ & Kodym, 2017). One significant benefit of the technology is consolidating
multiple components into a single product, resulting in reduced inventory complexity. AM
can also eliminate the need for assembly and pre-assembly steps, reducing the number of
suppliers and processes needed. Additionally, product customization through 3D printing
can lead to cost reduction and increased profits by engaging customers in the design and
production stages, providing tailored offers to each customer, and quickly adapting to

changes in the market (Attaran, 2017a).

The impact of AM has the potential to be very disruptive on the setup of global supply
chains. The technology can eliminate the need for high volume production facilities and
low-level assembly workers, which can dramatically reduce supply chain costs.
Manufacturing can occur almost anywhere at the same cost, making it financially
inefficient to transport products across the globe. This is at the same time somewhat
contradictory to the fact that mass production is difficult to match economically, as
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previously pointed out. As a result, manufacturing reflow and supply chain transformation

can lead to a reduction in global freight volume, significantly affecting the logistics
industry (Chen, 2016).

The figure under shows advantages and disruptions with additive manufacturing in the

supply chain.

Advantages

Disruptions

Industrial Efficiency: The use of AM
enables consumers to print parts to fix
their items, transforming them into
micro-manufacturers. This has the
potential to improve industrial
efficiency.

Component Manufacturing: Industries
that require small quantities of
components that must meet precise
specifications can benefit from AM.
Printing Complete Systems: With the
multi-material capability of AM, it is
possible to print complete systems or
subsystems. This feature is especially
useful as most finished products are
made from more than one material.
Quiality Improvement: The potential
for quality improvement is a key
advantage of AM. Companies can also
enhance their aftermarket services as
consumers become producers.
Modifications and Redesigns without
Penalties: 3D printing facilitates design
and innovation without time or cost

penalties. Engineers can try multiple

Mass Customization: AM supports
production of customized products,
which can enhance customer
satisfaction while minimizing waste.
Disruptive Market Entry: The benefits
of AM can potentially reduce the cost
of market entry for new competitors.
Decentralized and Localized
Production: AM permits localized
production, reducing reliance on
centralized supply chains. This enables
products to be manufactured on-site or
nearby, lowering lead times,
transportation costs, and the risk of
supply chain disruptions. The efficacy
and efficiency of localized supply
chains were demonstrated during the
Covid-19 pandemic.

On-Demand Manufacturing: AM
facilitates on-demand production,
allowing for products to be
manufactured only when needed. This
minimizes the need for large
inventories that are costly and time-

consuming to manage.
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iterations simultaneously with minimal | ¢ Reduced Lead Times: AM can

additional costs. significantly decrease lead times to

e Increased Supply Chain Efficiency: produce spare parts, replacement
The real-time visibility to production components, and obsolete parts. This
and receipt of parts provided by 3D ensures that products can be repaired
printing can minimize general or maintained quickly, reducing
manufacturing time and cost, leading downtime and increasing product
to increased supply chain proficiency. availability.

e Environmentally Sustainable Practices:
AM leaves a smaller environmental
footprint by minimizing waste as only
necessary materials are used.

Table 3: Advantages and Disruptions of AM (Attaran, 2017b; 2020)

In conclusion, AM has the potential to enhance resilience in SCM by minimizing the risk
of supply chain disruptions, cutting lead times, and enhancing overall efficiency and
effectiveness. Nevertheless, it is worth noting that AM does not provide the perfect
solution to these problems, and there are still obstacles to be overcome, including quality
control, regulatory compliance, and cost-effectiveness (Attaran, 2020). It exists several
obstacles in adopting AM in a manner that would enable its substantial and rapid
expansion. Size restrictions, slow production time, high cost of printing equipment,
regulation implications, and the high need for post-processing are some of them (Attaran,
2017b). There is also implications in adaptation of new technology for many organizations
(Holmstrom & Gutowski, 2017).

2.3.2 Additive Manufacturing in Healthcare

The healthcare sector has significant potential for transformation, and the utilization of
AM in the medical field is expected to expand. AM is already being employed in
manufacturing of medical products. While this market is still in its early stages, there is
high anticipation of successful implementation in the medical industry. In 2012, the AM
market in the medical segment was valued at $11 million. As the technology becomes
more affordable with time, it is projected to reach $1.9 billion by 2025 (Attaran, 2017b).
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The medical field has discovered innovative ways to utilize AM, and one of the initial
transformations that AM brought to the medical industry was the creation of custom
implants like hearing aids and prosthetics (Berman, 2012). With the aid of computer-aided
design software and AM, practitioners can now scan a patient, manufacture a personalized
implant or prosthetic, and fit the patient with a customized component that meets their
specific needs (Attaran, 2017b). AM is being used in a variety of applications in the
medical field. For example, medical models, implants, tools, instruments and parts for
medical devices, medical aids, supportive guides, splints and prostheses, and
biomanufacturing. Selecting the appropriate printing technology is crucial for
manufacturing medical devices using AM. Among the most used AM processes for
medical devices are stereolithography (SLA), selective laser sintering (SLS), and fused
deposition modeling (FDM) for plastic parts, while direct metal laser sintering (DMLS)

and selective laser melting (SLM) are preferred for metal parts (Salmi, 2021).

With AM, replacement parts can be easily manufactured on-demand, and improved
preventive maintenance can be achieved with 3D printed spare parts. The technology
enables local distributors and service providers in remote locations to print parts, removing
restrictions on goods delivery. This shortens the supply chain and increases cost savings,
as there is no longer a need for inventory shipping and stockpiling. The need for large bulk
inventories become unnecessary as this technology enters the mainstream medical industry
(Attaran, 2017b).

In the medical field, where each patient or customer is unique, AM has considerable
potential in developing small quantities of personalized and customized solutions with
relatively low costs compared to other manufacturing processes (Berman, 2012). A
literature review done by Salmi (2021) shows that the benefits of AM in medical fields are
many of the same as the literature depicts for general supply chains. Additionally, the
medical field reaps benefits like improved medical outcome, decreased radiation exposure,
digital storage, reduction of manual work, fully automated and digitized manufacturing,
enablement of surgeon as designer, innovation potential, and the ability to use different
materials and make complex geometries. Attaran (2017b) also mentions reduced surgery
time and cost, reducing the risk of post-operative complications, and reduced lead-time as
benefits of AM in healthcare. The potential for AM to enhance the design and
development of medical parts and products is significant. AM technology can improve
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design accuracy, reliability, and ease while also enhancing the performance of medical
parts through the use of innovative and unique designs and high-quality materials (Haleem
& Javaid, 2020).

It also exists significant barriers in the adoption of AM in medical supply chain. The most
critical barriers are lack of a variety of materials, lack of education and training to workers
and designers, and limitations in production technology. The findings are useful insight
because it portrays significant barriers in in the adoption of AM in the sector of the thesis.
The results from the study suggests that the managers should emphasize the technological

and organizational barriers more (Choudhary et al., 2021).

Ensuring that AM products meet the required quality and regulatory standards remains a
significant challenge in the healthcare sector. To overcome this challenge, rigorous testing
and validation processes are necessary to ensure the safety and efficacy of products
intended for use in clinical settings. To ensure compliance with regulatory guidelines, it
must establish a quality management system (QMS) for 3D printed medical devices. This
system includes a set of policies, procedures, forms, and work instructions, along with the

necessary resources (Haleem & Javaid, 2020).

Despite these challenges, the use of AM in the healthcare supply chain has the potential to
revolutionize the design, production, and distribution of medical devices. However,
additional research and development efforts are necessary to unlock the full potential of

this technology in the healthcare industry.

Hospitals can incorporate AM into their ecosystem either with centralized or decentralized
manufacturing. By facilitating the production line, a hospital can go from a customer to a
manufacturer (Terkaj & Tolio, 2019). In a centralized model, hospitals depend on external
suppliers to provide them with the required products. Relevant personnel place orders for
the necessary items, which are then manufactured and delivered to the hospitals. This
approach does not require any investment in manufacturing facilities, and suppliers handle
the regulatory approval process. However, there are some drawbacks to this method.
Hospitals lose control and rely on suppliers, which can lead to increased lead times and

higher final costs for the products and parts (Pettersson et al., 2019).
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A decentralized manufacturing model involves having production facilities and equipment
located within the hospital. Studies have demonstrated that integrating AM technology
with a multidisciplinary team possessing valuable experience and clinical knowledge can
lead to fast response times. However, achieving desired outcomes would depend on having
trained personnel within the hospital who can operate AM technology. Additionally, the
hospital would need to take responsibility for obtaining regulatory approvals for printed
parts (Calvo-Haro et al., 2021). A decentralized production system offers several potential
benefits, such as reduced inventory management and logistical information system needs
(Khajavi et al., 2018).

The Covid-19 pandemic highlighted the importance of distributed production in the
healthcare system, marking a paradigm shift in the industry (Perez-Mafanes et al., 2021).
In the event of a global crisis or other unexpected events, localized production reduces the
risk of supply chain disruption. However, a successful in-house 3D capacity is dependent
on satisfactory economics as a key factor. The costs of buying AM machines of the needed

quality for manufacturing of medical parts can be significant (Haleem & Javaid, 2020).

An alternative option is to leverage the existing local production capacity. Currently, there
are numerous external entities possessing 3D printers with the ability to produce medical
equipment on demand. Many of these entities are organized in clusters, where they
exchange knowledge and experiences while benefiting from being part of the group.
Utilizing the capacity of these clusters and AM-companies could provide a solution for
generating the necessary capacity to produce medical equipment in times of crisis, thus
aiding in the preparedness of the healthcare supply chain and increasing its resilience.
However, obtaining approvals and qualifications and regulating the process to ensure

patient safety in hospitals remain a challenge.

3.0 Case Description

Several Norwegian healthcare organizations are now using 3D printing as an aid in various
forms of surgery. The medical technical department at Haukeland University Hospital in
Bergen has used 3D printing since 2015, as the first to use it in the Norwegian health
sector. Oslo University Hospital, Rikshospitalet, Helgeland Hospital, Leerdal hospital and

other hospitals have recently also purchased 3D printers (Stormo, 2021).
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The Norwegian health sector is divided into four health organizations, according to
geographical division, hence Health South-East, West, Mid-Norway, and North. The case
for the research is the implementation and use of AM in two different regions, specifically
in the regions Health South-East and West, which is the regions with the most users. The
two biggest hospitals in Norway are located in these regions, which is Haukeland
University Hospital and Oslo University Hospital. In 2021, Haukeland University Hospital
had around 984,000 patient encounters, 40,000 operations were performed, and they have
around 13,000 employees in 229 occupational groups (Helse-Bergen, 2022). Oslo
University Hospital carries out around 1,2 million patient treatments a year, and with its
24,000 employees it is the largest hospital in Europe, and one of the largest in the world
measured by the number of employees (Oslo-universitetssykehus, 2023). The research will
study the use of AM in the regions, and the perceived benefits, limitations, and

implications of the technology as the effects.

3.1 The Healthcare Sector

The healthcare sector is a rather unique industry due to its nature, which is to treat people
with illnesses, injuries, or other ailments in the best possible way, and as effectively as
possible. This creates a great need for all equipment to always be in place, which in turn
creates pressure on the supply chain. There are both private and public health clinics, but
in Norway it is most relevant to talk about the public sector because that is where the
majority of medical treatment takes place in Norway. Compared to a normal business,
public hospitals stand out in that the purpose is not to make as much money as possible,
but to treat all patients effectively and in a good way. However, it is worth noting that they
also have a financial responsibility for their operations. This means that the starting point
for running a hospital, with associated operations such as managing the supply chain, is
different from running a commercial business. Because of the criticality in a hospitals
function, on could argue that the importance of the healthcare supply chain to work is even

bigger than of a commercial business.

There are unique challenges and considerations in the healthcare sector. The literature
notes that the healthcare supply chain is characterized by a high degree of complexity,
uncertainty, and interdependence. Planning how many people need treatment in the various

areas is very difficult, and it is therefore challenging to forecast demand for the hospital's
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services (Landry & Beaulieu, 2013). The visualization displayed below depicts a
healthcare supply chain with the external and internal chain, however, it can often be a lot

more actors and links than what is shown here.

External chain Internal chain
Vendors Manufacturers Distributors Hospital Nursing units Points of care
Central -
storeroom

Figure 7: Healthcare supply chain design (Landry & Beaulieu, 2013).

The medical sector is a huge buyer and customer for many supplier firms. Norway's
healthcare system spent approximately NOK 387 billion in 2020, of which 49% was spent
on medical treatment and rehabilitation, and 11% was spent on medicines and medical
consumables (Monsrud, 2021). Sykehusinnkjgp HF is the organization that provides
procurement for the Norwegian healthcare institutions above a certain value limit and
works as a centralized purchasing function. The organization is owned by the four health
organizations, Health South-east, West, Mid-Norway and North. In its strategic plan for
2020-2023, it states, among other things, that the organization must ensure delivery
capability and security of supply as one of the purchasing areas of focus. However, this is
not explicitly clear in the report from which this information is taken. The reason for this is
probably that the strategy report was made and published before the Covid-19 pandemic
hit Health Norway (Sykehusinnkjep-HF, 2020).

4.0 Methods and Data

In this chapter, the methodological approach used in this paper is outlined, including the
framework and concepts employed to address the research problem. Information regarding
data collection and the qualitative approach taken is also presented. The research strategy,
design, approach, methodological choices, and data collection techniques are all selected

based on their suitability for the thesis and research question.
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4.1 Methodology

The research problem lays the foundation for which methods to choose, and the "who,
what, when, where and how" approach guides the choices for how to carry out the
research. The research strategy acts as the underlying philosophy and framework for the
entire research process, while the research design is the roadmap that connects the
philosophical beliefs to particular methods. The choices of methods leads to specific

techniques used for gathering and analyzing data (Saunders et al., 2016).

4.1.1 Research Strategy

A research strategy outlines the general approach for conducting business research. Two
main approaches are commonly used: quantitative and qualitative research. In a
quantitative research strategy, data is collected and analyzed through quantification. It
relies on deductive reasoning to connect theory and research and considers social reality as
objective, external, and independent of social actors. In contrast, a qualitative research
strategy focuses on words rather than numbers when collecting and analyzing data. It
utilizes inductive reasoning to connect theory and research and perceives social reality as

inherently dynamic and constantly evolving due to social interactions (Bell et al., 2018).

The aim of this study is to investigate the impact of AM on risk and resilience in the
supply chain of hospitals, and the research problem is more suitable for qualitative
methods. The goal of this study is not limited to confirming the existing literature, but also
to reveal new findings, aligning with the inductive research approach. As the study relies
on participants' interpretations of their experiences and observations of AM use, a
qualitative research strategy is appropriate for gaining deep insights and understanding of

the phenomenon.

4.1.2 Research Design

The framework for collecting and analyzing data is described by the research design,
which reflects the decisions made regarding the research process. There are five types of
research design: experimental design, cross-sectional design, longitudinal design, case
study design, and comparative design (Bell et al., 2018). Research design can also be
categorized into three types: exploratory, descriptive, and explanatory studies. An

exploratory study is conducted to gain a better understanding of a problem. A descriptive
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study aims to provide a detailed profile of events, persons, or situations, and is often a
component of an explanatory study. Finally, an explanatory study seeks to identify and

explain the relationship between variables (Saunders et al., 2016).

In this study, the comparative design is selected as the primary research design. Since
respondents in the two regions, or cases, will have distinct perceptions and experiences
with the implementation and use of AM, it is interesting to compare different cases and
evaluate what is unique and what is common among them. The comparison logic suggests

that contrasting cases help in better understanding social phenomena (Bell et al., 2018).

4.1.3 Sampling

To obtain a comprehensive understanding of the different aspects and perspectives, a non-
probability sampling technique is suitable for selecting the appropriate participants, instead
of a probabilistic sampling method. Purposive sampling, a non-probability sampling
technique, is used to identify participants for data collection. Purposive sampling is a
method that involves selecting samples based on the subjective judgment of the researcher
rather than random selection. Because the research has a clear objective, strategic selection
of participants that are qualified is seen as necessary to gather the required data to answer
the research question. The research question and the amount of people who has insight into
this topic is rather limited, so it is not that many respondents to choose from. The sampling
method is appropriate to use when the research is time-limited, such as the work on the
master's thesis (Bell et al., 2018).

The target population for this research consists of individuals who are involved with AM
technology or work within the supply chain of a hospital in one of the selected regions in
Norway, and the selection of informants is based on this criterion. This allows the research
to obtain data both from those who work specifically with AM in the hospitals, and those

who work closely with the supply chain and see the challenges there.

A total of four respondents is selected for this research. Two from each of the health
organizations Health South-East and West. The interviewees were both found and
contacted through online research based on the target population and the criteria set for the
selection. Through their role from working with AM in a hospital or within the supply

chain, they have valuable knowledge and insights which makes them qualified to give
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insights for the research. Respondents are kept anonymous in order to comply with data
protection rules in accordance with the GDPR, and throughout the process, privacy is

taken into account. The participants are listed in the table below.

Respondent Region Role

1 West Supply Manager

2 West Engineer

3 South-East Doctor in specialization
4 South-East Engineer

Table 4: List of Participants.

4.1.4 Data collection

Interviews are a widely used technique for collecting qualitative data. They allow
researchers to gather information about individuals' beliefs, feelings, and motivations.
There are three types of interviews: structured, semi-structured, and unstructured. For
qualitative research, semi-structured and unstructured interviews are appropriate. In an
unstructured interview, there are usually no prepared questions, and the interviewee guides
the conversation in any direction they seem relevant. In a semi-structured interview, the
researcher provides an interview guide with some prepared questions on the topic.
However, the interviewee can rearrange the order of the questions and add additional ones
if they feel it is appropriate (Bell et al., 2018). Both types of interviews offer flexibility
during the process. The main difference is that data analysis from unstructured interviews
can be challenging since the data can vary significantly across interviews. Therefore, for
comparative research, it is better to follow a guide to some extent to ensure that the

researcher obtains comparable data (Saunders et al., 2016).

The study's primary data was obtained by conducting semi-structured interviews with the
chosen participants. Prior to the interviews, an interview guide comprising of 10 questions
was created, drawing upon the literature review and theoretical framework. The interview
guide facilitates structure and enables the interviewees to prepare adequately to answer the
questions. Due to the unavailability of some interviewees for a physical meeting and the
long distances involved, the interviews were conducted online via video. Moreover, with
the increasing use of video meetings, it no longer poses a significant obstacle for execution

of the interviews and the quality of the data. Follow-up questions were asked during the
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interviews based on the interviewees' answers. The process of the interviews and data
processing are all following the current data protection rules in accordance with the

GDPR. After the interview process were finished, the interviews were transcribed.

In the case of this study, there was some uncertainty as to whether the processing of
information in the interviews could be considered processing of personal data or not. In
GDPR Article 4 no. 1, personal data is defined as "any information about an identified or
identifiable physical person [...], an identifiable physical person is a person who can be
directly or indirectly identified" (Personopplysningsloven, 2018). Information that can
identify a person directly, for example name, age, and social security number, had no
impact on the results of this study. Thus, it was not necessary to collect such data.
However, the uncertainty fell on whether the information that needed to be collected could
in any way identify a person in an indirect way. The information about which region the
interviewees work in and what role they have is not enough to identify them, and therefore

safeguards the anonymity of all respondents.

In order to provide participants with an understanding of the study, the interview began
with a brief overview of the thesis and the main context of the interview. The interview
guide consists of an introductory question, structured questions on the various topics
supply chain risk, resilience and AM, and some finishing questions. The introductory
questions aimed to gain insight into the participants' background and experience with AM
or the healthcare supply chain. The questions were categorized based on the different

topics in the thesis.

4.1.5 Data Analysis

Qualitative data analysis is a systematic process where researchers organize and transform
collected information to interpret and comprehend the studied phenomenon. Information
collected through interviews often contains in-depth text that is rich in content. However,
identifying analytical paths in all the data can be challenging. Coding is a crucial process
adopted by most qualitative data analysts for interpretation and transformation. One of the
most widely used methods for qualitative data analysis is thematic analysis (Bell et al.,
2018).
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Thematic analysis is a systematic approach used to identify, organize, and provide insights
into patterns of meaning within a dataset. The method's accessibility and flexibility are its
main advantages. Thematic analysis can be applied to both inductive and deductive
approaches, allowing for the extraction of sufficient details from complex data and the
exploration of various perspectives. For this thesis, inductive thematic analysis is the
appropriate method for identifying perceived experiences and observations of AM
technology's hospital use and its impact on risk and resilience. The six steps of inductive
thematic analysis include familiarizing oneself with the data, generating initial codes,
searching for themes, reviewing potential themes, defining and naming themes, and
producing the report. The data analysis for this research follows this method (Braun &
Clarke, 2012).

4.1.6 Validity and Reliability

Validity and reliability are essential aspects of all types of research. However, in
qualitative research, the researcher's subjectivity can often cloud data interpretation,

making these aspects even more critical (Brink, 1993).

Validity in research refers to the accuracy and truthfulness of scientific findings. A valid
study should reflect what actually exists. Researchers verify and check data, analysis, and
interpretations to ensure their accuracy. To test the validity of the research, four commonly
used tests are construct validity, internal validity, external validity, and reliability
(Saunders et al., 2016).

Construct validity involves identifying the specific operational measures for the concepts
under study. To ensure that the research satisfies construct validity, the concept must be
defined in a manner that enables comparison with existing literature, which is done in this
study (Saunders et al., 2016).

Internal validity refers to the accuracy of research findings in reflecting reality, without
any influence of extraneous variables (Brink, 1993). To ensure internal validity in this
research, the findings of the study are evaluated by the respondents themselves through
respondent validation, which involves checking the research results after conducting
interviews. The research is also peer-reviewed, as it has been regularly followed up by an

academic supervisor.
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External validity concerns generalization and the legitimacy of applying these reflections
of reality across groups (Brink, 1993). For this study, the concepts and purpose are well
defined, but it is still a narrow area and few respondents from just two areas. Therefore, the
outcome may be completely different elsewhere, which may contribute to making the
research less transferable. Qualitative research can be contextually unique and research-
oriented, making it challenging to achieve high external validity. Consequently, the study's

limitations include a small sample size and a limited number of respondents.

Reliability is related to the consistency, stability, and repeatability of the informant's
accounts, as well as the investigator's capability to accurately collect and record
information. Reliability indicates that the data gathered in a study can be duplicated with
consistent outcomes (Brink, 1993). Recording the entire process in an accessible manner
ensures that it can be reviewed by peers for auditing purposes (Bell et al., 2018). This
study must be free from any researcher or participant errors or biases. The setup ensures
that participants can respond to questions freely and that the interview environment is
secure. Furthermore, the researcher has no vested interest in pointing the research towards
any particular direction. Additionally, the content of this study will be reviewed
consecutively by the supervisor, and by graders through a written submission and an oral

presentation at the end of the work.

5.0 Results and Discussion

The following chapter will present the results from the qualitative interviews and the data
that is gathered in the research and discuss it against the literature presented earlier in the
thesis. The discussion is based on trying to answer the research question for the thesis. The
results and discussion chapter are divided according to the thematic analysis of the data,
and it is presented according to the topics in the literature. The order of the topics has
nevertheless been changed to make the discussion flow more naturally, and it starts with
additive manufacturing, and moves on to risk and resilience, before gathering the threads

at the end with a summary.

It is worth noting that the role and field of the respondents are quite different, which means

they have different areas of expertise and knowledge. Interviewee 1 is a supply manager
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and works with supply and preparedness, so it is natural that this person has more insight
into the supply chain field, which is highly relevant for the field of the thesis. The others
have more specific knowledge about the medical field and the use of AM in the healthcare

sector.

5.1 Additive Manufacturing

Additive manufacturing is mostly applied for production of customized models, tools and
equipment, and special parts and spare parts in both healthcare regions. Protective
equipment, valve parts and various objects for the hospital's operation are other popular
areas of use according to several of the interviewees. Interviewee 3 told that “it is
especially used for parts where there are problems getting them, or it is extremely
expensive, mostly out of warranty period, so there is no risk in producing ourselves ”. Both
regions utilize the AM capacity for a broad range of products, and the scope of the use is
increasing. New solutions are constantly being developed, and those involved are
becoming increasingly competent at designing and producing new components. Medical
personnel around the various departments are also becoming increasingly aware of what
AM can be used for, which reinforces the field of use. “It is the understanding of what it
can be used for, and the cooperation between the medical personnel and the AM technical
personnel which is the biggest force driving this forward ” reported interviewee 4.

Collaboration seems to be a key factor in the development of AM in the two regions.

During the pandemic, the South-East region had a lot of personal protective equipment
(PPE) produced by private individuals with 3D printers, which was a great help when they
could not get this equipment delivered from their regular suppliers, which usually is from
low-cost manufacturing companies in China or other Asian countries. They also used some
of their own capacity to produce this equipment. The West region, on the other hand, did
not utilize this solution to the same extent. Interviewee 1 says that the capacity they had in-
house, and the materials in-stock was not sufficient to produce enough quantity. They
investigated the possibility of having protective equipment produced by local AM
companies, but they priced the components very high. However, region West was better
equipped to face the pandemic with better preparedness plans and inventory holding. This
shows that with insufficient capacity and material in inventory, AM will not be of much
help in the production of products that are suitable for mass-manufacturing when the crisis

occurs. However, protection equipment is rather cheap to hold because it is inexpensive
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and has long shelf life, and interviewee 1 points out that this is not where measures for
local production has its biggest advantage. Furthermore, the respondent highlights the fact
that implementing an AM capacity is not a sufficient solution in itself. “With 3D printing,
you can focus on holding the raw material and having the capacity. You need to make sure
you have electricity and material to print”. At Haukeland University Hospital they have
built up preparedness for power supply in the form of battery capacity, and they have even
installed two aircraft engines in the mountains to supply the hospital with energy in the
event of a power cut. They also have large warehouses with the ability to hold a lot of
inventory, like raw material for AM. The interviewee said the following about the solution:
“A brilliant solution to contingency planning. It strengthens the case for having in-house

capacity by ensuring internal supply, as this is a brilliant solution if a crisis arises ”.

A majority of the interviewees report several similar benefits about the use of AM in the
hospital. The recurring advantages are that AM provides better opportunities to prepare for
operational situations and diagnose injuries by printing out models of injuries.
Furthermore, it is easy to create customized solutions for patients, and tools and spare parts
can easily be repaired or replaced, which saves the hospital a lot of time. In the South-East
region, one area of focus is personalized surgery. This area can save the healthcare sector
enormous sums, where AM is the key to this field according to Interviewee 3: “We have
AM technology "in house" which can quickly 3D print models of the individual patient's
injury or surgical disease condition, and customized surgical tools. It makes it much easier
to provide specialized surgery”. The models the hospitals need for specialized surgery are
often ordered from other countries with a delivery time of several weeks, which therefore
makes emergency use not feasible. With their own AM capacity, the hospitals can print
these models themselves, which enables better personalized surgery and emergency use. In
the literature, Salmi (2021) pointed out that the medical field reaps benefits like improved
medical outcome from AM, which seems to coincide with the data from the interviews. A
commonality among the interviewees is that the AM capacity in the hospitals is run by
enthusiasts with limited resources. It does not seem to be a large investment area, although

the benefits and possibilities seem to be almost unlimited.

5.1.1 Lead-time

Multiple studies show that AM has the potential to reduce lead times in production of

spare parts, replacement components, and obsolete parts (Attaran, 2017a; Chen, 2016;
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Kuba¢ & Kodym, 2017). AM ensures that products can be repaired or maintained quickly,
reducing downtime, and increasing product availability. Furthermore, decentralized and
localized production enabled by AM reduces reliance on centralized supply chains. This
allows for products to be manufactured in-house or nearby, lowering lead times,
transportation costs, and the risk of supply chain disruptions. The efficacy and efficiency
of localized supply chains were demonstrated during the Covid-19 pandemic (Attaran,
2017b; 2020). Both regions' interviewees agree that using AM significantly reduces lead
times for parts and components. Interviewee 3 mentioned that they now produce surgical
tools with AM that were previously unavailable. In the past, they relied on foreign
companies for printing, which took several weeks for delivery. However, now they can
easily produce them in less than a day. Interviewee 2 also confirms the reduction in lead
time, stating that: “Incredibly more efficient with internal and local production. Lead time
is extremely shorter”. Thereby the literature and the findings coincide with the reduction

of lead time. However, this is limited to the current use in the healthcare sector.

5.1.2 Costs

Multiple articles used in the literature points out that a central benefit of AM is reduced
costs, which is also, to some extent, backed up by the data from the research (Chen, 2016;
Harrison et al. 2019; Attaran, 2020). Interviewee 4 said that: “We were given the
opportunity to establish this service [AM] internally, which allows us to build up expertise,
and in the long term save millions each year”. Interviewee 3 mentions the following:
“Previously, we relied almost exclusively on outside print vendors for prototypes. Today,
we are running four 3D printers, and the impact has been big /.../. Our rate of 3D printing
has doubled, and cost has been reduced by 70 percent ”. The cost reductions seem to be
significant in the cases that AM is utilized in a manner where it is found as a suitable
manufacturing method for the particular product or part. Nevertheless, as interview 3
pointed out, the costs have been reduced as the rate of AM has increased, which is an

interesting find.

The literature discusses the cost implications of AM compared to mass production.
Interviewee 1 highlighted that the cost per unit of locally produced AM equipment, such as
protective gear, was much higher than mass-produced equipment imported from low-cost
countries like China. This finding suggests that mass production is more cost-effective for

standard parts.
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According to Chen (2016) and Harrison et al. (2019), AM has the potential to dramatically
reduce supply chain costs by eliminating the need for high-volume production facilities
and assembly workers. It allows manufacturing to take place almost anywhere at the same
cost, reducing the need for global transportation. However, the literature also
acknowledges that the manufacturing expenses for each item may be significantly higher
with AM due to expensive materials and the lack of economies of scale. The traditional
mass production process is typically faster and cheaper in comparison, as experienced in
the West region during the pandemic (Haleem & Javaid, 2020). Experts generally agree
that AM is not a direct competitor to mass production but rather a complementary
approach, particularly in sectors requiring high-volume manufacturing (Harrison et al.,
2019). Chen (2016) suggests that production can happen anywhere at the same cost, but
this contradicts other literature indicating that AM is a complementary approach and that

the cost implications are significant.

Interviewee 2 emphasized the cost implications of AM beyond small-scale customized
parts: “I also see some cost implications, especially for production beyond small-scale
customized parts. There are high machine and material costs, but also a lack of robustness
and quality has a significant impact on costs due to quality assurance costs after printing.
Complex geometries and small batch sizes are distinctive features of AM which make it
challenging to post-process and automate production. Therefore, post-processing makes
up a significant proportion of the total sub-costs ”. The high costs of machines, materials,
and the need for post-processing and quality assurance all contribute to the overall cost of
AM production. Attaran (2017b) and Haleem and Javaid (2020) also highlight obstacles to
the adoption of AM, including size restrictions, slow production time, high equipment
costs, regulatory implications, and the substantial need for post-processing. These factors

further increase the overall cost of AM products.

Overall, the literature and interviews suggest that while AM offers advantages in terms of
supply chain efficiency and decentralized production, it may not always be cost-effective
compared to mass production, especially for standard parts. The cost implications of AM,
including expensive materials, lack of economies of scale, and the need for post-

processing, pose challenges to its widespread adoption and expansion. However, for
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customized parts and products, AM can be a cost-effective production method which can

enable mass-customization strategies with the rights capacity.

5.1.3 Localized Production

The literature highlights the benefits of localized production through AM in reducing
supply chain vulnerabilities and improving efficiency. Thomas and Gilbert (2014) suggest
that a shorter supply chain with fewer links can decrease the risk of disruptions, as each
factory and warehouse in a supply chain presents a potential point of disruption.
Decentralized production closer to consumers can result in several facilities manufacturing
a few products, minimizing the impact of disruptions to local areas rather than having

regional or national effects.

The interview findings support the theory that localized production with AM reduces
supply chain risks. Interviewee 1 emphasizes the efficiency and reduced supply shortage
risks associated with internal and local production, stating, "Incredibly more efficient with
internal and local production, and it reduces the risk of supply shortage". The same
interviewee also highlights that “if we were able to produce ourselves, we would disrupt
simple supply chains, cut out procure-to-pay, eliminate the entire procurement and
purchasing process for the relevant parts . Interviewee 3 reinforces the positive attitude
towards in-house and localized production, stating that “we are no longer dependent on

suppliers for all possible parts we use. A hospital has a lot of parts and components”.

Attaran (2017a) argues that AM can eliminate the need for assembly and pre-assembly
steps, reducing costs and the number of suppliers required. This aligns with the earlier
discussion on the cost implications of AM. It is acknowledged that AM can reduce costs
and supply chain complexity before and during manufacturing but may incur increased
costs for post-processing. Additionally, localized production enabled by AM reduces
reliance on centralized supply chains, leading to lower lead times, transportation costs, and
the risk of supply chain disruptions. The Covid-19 pandemic demonstrated the efficacy

and efficiency of localized supply chains (Attaran, 2017b; 2020).
The literature suggests that localized production is particularly beneficial for specialized

and customized products that are difficult to source, out of production, have long delivery

times, or high costs. In times of global crises or unexpected events, localized production
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reduces the risk of supply chain disruption. However, the successful implementation of in-
house AM capacity depends on satisfactory economics, as the costs of acquiring high-
quality AM machines and raw material for medical part manufacturing can be significant
(Haleem & Javaid, 2020). Interviewee 2 acknowledges that “The use of AM may increase
the cost of medical devices and implants a little in the short run due to investment in the
equipment and materials. However, in the long run, it will hopefully save us costs by
reducing the need for inventory and reduced lead times”. The literature also highlights the
potential for reducing inventory and safety stock by having digital storage of parts and
products, and producing on-demand with AM. This approach can significantly reduce
warehouse and inventory costs. However, it is important to recognize that AM is not a fit-
for-all solution for every supply chain risk-related problems, and it is essential to maintain
visibility and agility in the supply chain. The literature on agility says that an agile supply
chain must have the visibility to produce on-demand, which is a flexible capacity. Agility,
flexibility, and visibility are all important factors of creating resilience in the supply chain
(Christopher, 2000; Ivanov et al. 2014).

In summary, the literature and interview findings support the notion that localized
production through AM can decrease supply chain vulnerabilities, improve efficiency, and
reduce costs. However, challenges related to machine and material costs, post-processing,
and the need for satisfactory economics should be carefully considered. The ability to
reduce inventory and produce on-demand provides additional benefits but should not
overshadow the importance of maintaining a holistic approach to supply chain risk

management.

5.1.4 Implications

The literature presented in this section highlights various implications of implementing
AM in the healthcare supply chain. Interviewee 3 emphasizes the need to raise awareness
and convince medical professionals about the benefits of AM, stating, "It is immature and
new; therefore we need to raise awareness, include and convince medical professionals
about AM and its benefits. It is little interest for building capacity and proactive capability
as long as everything runs smooth, and the doctors have everything they need. The

pandemic has been an eyeopener for some, but it's still a long way to go .
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Holmstrom and Gutowski (2017) discuss the challenges organizations face in adapting to
new technologies, and Choudhary et al. (2021) suggest that managers should focus on
technological and organizational barriers during implementation. In addition, AM in
healthcare is a relatively new field, and there can be lack of trained professionals with

specialized knowledge and expertise in the field of AM.

Regulatory implications are identified as one of the main challenges for adopting AM in
the healthcare sector. Haleem and Javaid (2020) mention the difficulty of ensuring that
AM products meet quality and regulatory standards. Attaran (2020) also mentions
regulatory compliance as a main implication. Interviewee 1 highlights the complexities
and strict regulations in Europe, particularly in relation to medical device regulations,
stating, "Regulation is the most difficult thing to get through, and there are layers of
regulation. The regulations are becoming increasingly strict in Europe through medical
device regulations. However, there is a big difference between spare parts and tools, and
products that are used inside patients™. As the interviewee mentions, it is important to
distinguish between the different use of AM products as it provides insights into the areas
where utilizing AM capacity can be most beneficial. The interviewee adds, "Cost-benefit
guestions arise when setting up AM capacity because of the regulation implication, which
can be resource-intensive and expensive"”, which is a valid point that should be addressed
when considering whether implementation of AM will be beneficial, implications taken
into account. Attaran (2020) mentions cost-effectiveness as one of the main implications of
AM in healthcare. These insights emphasize the need for healthcare organizations to
navigate the regulatory landscape and invest in appropriate resources to ensure compliance
when integrating AM into the healthcare supply chain.

Ensuring the quality of printed products is another challenge, especially in the healthcare
sector where high standards are required. Interviewee 4 identifies the quality of printed
products as a major challenge, stating, "One of the biggest challenges has been ensuring
the quality of the printed products ”. This contradicts Attaran's (2017b) claim to some
extent that AM offers the potential for quality improvement. Furthermore, Haleem and
Javaid (2020) highlight the significant challenge of meeting quality standards in the
healthcare sector. Additionally, Attaran (2020) mentions in another study that quality
control is one of the main implications of AM in healthcare. However, Interviewee 2 said

that 3D printing allows for the creation of more precise and customized devices, leading to
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better medical outcomes and reduced risks, stating, "With 3D printing, we are able to
create devices that are more precise and customized for individual patients, which can
lead to better medical outcomes and a lower risk of complications”. Quality is still a
subjective assessment, and many factors can play a role in whether a product is perceived
to be of good quality, or not. In the health sector, safety is nevertheless important, and
products therefore need to be made of quality material. But there are also other factors that
affect whether products manufactured with AM is perceived as good quality, as we see

from the interviewee’s statement.

In summary, the literature and interview findings indicate several implications of
implementing AM in the healthcare supply chain. These include the need for awareness
and overcoming implementation obstacles, regulatory challenges, and ensuring the quality
of printed products. The importance of addressing technological and organizational
barriers, complying with regulatory standards, and balancing cost-benefit considerations
are highlighted. While AM offers the potential for improved precision and customization,
ensuring safety and meeting quality standards remain critical factors in the healthcare

sector.

5.2 Risk and Resilience

The literature highlights the importance of supply chain design, flexibility, waste
reduction, risk management, and the combination of lean strategy with agility and
flexibility in achieving supply chain resilience. These concepts resonate with some of the
findings from the interviews on the effects of AM on supply chain risk and resilience in
the healthcare sector. Interviewee 3 highlights that AM changes the perception of supply
chain risks by providing more control over the production process and the ability to
quickly produce necessary parts on-site. The interviewee state: "The use of AM has
changed the way we think about supply chain risks. With traditional supply from
manufacturers, there is always a risk of delays or disruptions due to issues with suppliers
or shipping. However, with the use of AM, we have more control over the production
process and can quickly produce necessary parts or devices on site if needed . The
interviewee follows up with a concrete example: "We had a case where a patient needed a
custom-made implant for a surgery, but the supplier was experiencing production delays.
Instead of having to wait for the implant to be shipped, we were able to quickly produce
the implant on site using AM. This greatly reduced the risk to the patient and proved the
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resilience that AM creates in our supply chain”. As previously discussed under the chapter
of localized production, decentralized manufacturing can significantly reduce the risk of
supply chain disruptions. Attaran (2017b) highlights this point in the literature by saying
that the efficacy and efficiency of localized supply chains were demonstrated during the
Covid-19 pandemic, which reduced the risk of supply chain disruptions. Furthermore,
Haleem and Javaid (2020) argues that in the event of a global crisis or other unexpected
events, localized production reduces the risk of supply chain disruption. Data from the
interviews and the literature on AM's influence on risk coincide to a certain extent. The
literature has somewhat more focus on the fact that AM can reduce the risk of disruptions

in the event of global crises or other unexpected events.

The interviewees generally express positivity about the use of AM in the healthcare and its
impact on risk and resilience. Interviewee 3 acknowledges AM as a great alternative
supply chain and emphasizes the importance of proactive thinking and prioritizing
measures based on a risk-benefit-supply security perspective. The interviewee stated:
"Great alternative supply chain. In the event of major supply and spare part problems,
working with 3D printing as a security measure is very smart. In a critical function
(operations); what can 3D printing contribute to a crisis when everything else goes wrong:
have proactive thinking. Prioritize where to have capacity and think risk-benefit-supply
security ”. It is perhaps not so surprising that a finding from the interviews is positivity
towards AM. It has brought many positive benefits to the hospitals, and the interviewees
are those who work most closely with it daily, and probably those who are most
enthusiastic about the use of the technology. However, from the data it seems to coincide

with a lot of what the literature presented in the review also highlights.

AM can also pose potential risk to the supply chain. Interviewee 2 points out a potential
risk associated with AM: "There are also risks associated with the use of AM, such as the
potential for errors or defects in the printing process . This highlights the importance of
not relying solely on AM as the sole solution but having backup plans in place, because
this technology, like any other technology, can fail which will result in no supply at all if
measures are not in place. Another risk is the lack of raw materials for AM, which was
discussed earlier. Although AM decentralizes the production itself, it is still dependent on

raw materials being delivered by suppliers. If the hospitals are to implement AM as a
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resilience measure, they need to ensure that they have the capacity and raw materials in

inventory, in addition to alternative power solutions.

In region West, Interviewee 1 emphasizes the risk that a just-in-time (JIT) supply chain
strategy can pose, which became evident during the Covid-19 pandemic. The interviewee
stated: "Before the pandemic, we were totally dependent on Just-In-Time delivery, and that
the suppliers always delivered. But that did unfortunately not happen when Covid hit ”.
This emphasizes the vulnerability of a JIT strategy during significant disruptions and
highlights the necessity of adopting a more resilient approach to the supply chain. One of
the main advantages of JIT is the elimination of large warehouses and excessive inventory.
However, literature emphasizes the need for redundancy measures such as security
inventory and capacity buffering to enhance supply chain resilience. If a firm relies on
external suppliers, maintaining sufficient inventory becomes crucial to prevent major
disruptions in times of crisis. Conversely, AM enables the establishment of in-house
capacity as a safety measure in a JIT strategy to address supply issues. Thus, it becomes

possible to leverage a JIT strategy while simultaneously building resilience.

A JIT strategy is cost-saving and efficient, and it aligns with the Design-for-Efficiency and
Responsiveness mindset. However, in a volatile market environment where disruptions
have significant consequences, the Design-for-Resilience approach becomes more
relevant. This approach involves designing supply chains and operations to withstand
severe and unforeseen disruptions, enabling swift recovery. Key resilience assets or
capabilities in the Design-for-Resilience approach include redundancies, visibility,
flexibility, and contingency recovery plans (Ivanov, 2022). Additionally, awareness is
considered vital for building resilience in medical supply chains, requiring the availability
of necessary information for assessing, mitigating, preparing, and responding to risks by
the appropriate individuals (NASEM, 2022). Achieving awareness necessitates visibility

across the supply chain.

The literature and interviews confirm that AM can significantly impact risk and resilience
in the healthcare supply chain. It provides greater control, reduces reliance on external
suppliers, and enables rapid on-site production, which overall reduces risk in the supply
chain. However, it is essential to address potential risks and implement backup strategies

to ensure a robust and resilient supply chain.
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Flexibility is a crucial characteristic of agile organizations and supply chains, which has its
roots in flexible manufacturing systems as a business concept. These systems use cutting-
edge machine technology that can provide a wide range of product variety to fulfill
customer demands, e.g., additive manufacturing. Both Christopher and Peck (2004) &
Mensah and Merkuryev (2014) has found that supply chain resilience is achieved by
focusing on combining a lean strategy with agility and flexibility. It can be argued that an
agile supply chain which utilizes AM is a flexible supply chain, which is a key part of
supply chain resilience. Results from the interview also shows that one of the perceived
benefits of AM is an increased flexibility in the manufacturing, e.g., they can quickly
produce a customized implant if needed, and an agility to produce a product or

replacement part if an essential machine fails, which prohibits further operations.

Building a holistic supply chain risk management program that encompasses supply,
products, demand, and information management by integrating risk management
techniques could be a good solution. However, as stated in the literature review, applying
this approach to every link in a global supply chain for all potential disruptive causes
would be a huge task and be expensive (Pettit et al., 2010). As previously discussed,
implementing measures for risk and resilience must be prioritized based on the assessed
risk, and the benefits for implementing such measures. Risk assessment can be done
through an assessment matrix. As pointed out earlier, risk is the product of the likelihood
of an event occurring and the potential severity of its impact. The weakness with risk
quantification formulas is that firms tend to not act against events that have a low
likelihood of occurring, because you have more than enough to plan for events that have a
much greater probability of happening. Although it may have a much higher value for risk,
which theoretically indicate that it should be prioritized. As a result, firms are not prepared

for severe events such as disruptions that cause great damage.

The literature argues that expanding production capacity is a long-term solution that
requires additional investment in the supply base (Johnsen et al., 2018). Decentralized
capacity with low costs should be prioritized for predictable demand, while centralized
capacity should be established for more unpredictable demand. However, with AM,
production expansion does not require additional investment in the supply base, but in

printer equipment and raw material. However, raw material still needs to be procured.
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More suppliers can additionally increase the complexity and reduce the visibility of the
supply chain. Localizing the manufacturing with AM in-house, decentralizes the
manufacturing and expands the capacity for in-house production for the hospital. In
addition, with the flexibility of AM the hospitals can manufacture whatever they need,
instead of sourcing and buying different products from multiple suppliers, which reduces

the transaction costs.

For many companies, focusing on risk and resilience in detail can seem like a distant goal.
There are countless other priorities that demand attention before they can dedicate
resources and time to this area. However, in the healthcare industry, this is particularly
crucial given its critical role in society. Interviewee 1 stated that: “Public sector should
assess socially critical businesses, and especially logistics-intensive businesses, which
must strengthen their capacity to deliver even in times of crisis. The health sector is a
socially critical business that must be run regardless, so it is particularly important for the
health sector where we depend on a lot of logistics . This points out the importance of
reducing the risk and enhancing resilience in the healthcare supply chain. In some cases, a
product shortage in the healthcare can influence the life and health of a patient. One can go
so far as to say that if measures against disruptions and risks are not put in place, public
health will be affected.

The literature highlights the importance of identifying critical products or parts in the
healthcare supply chain and prioritizing resilience measures accordingly (NASEM, 2022).
This aligns with the findings from the interviews, where Interviewee 1 emphasizes the
need to identify vulnerabilities and prioritize capacity measures for critical areas: Identify
where vulnerabilities lie and prioritize capacity measures there. What is most important if
things go wrong?”. By doing so, healthcare organizations can focus their resources and
efforts on building capabilities that effectively address these vulnerabilities, which

ultimately results in a “balanced resilience”.

AM emerges as a key enabler of resilience in the healthcare supply chain. The flexibility
of AM allows for the production of a wide range of products, reducing the complexity of
supply chain partnerships and communication requirements. Interviewee 2 supports this by
stating that AM enables hospitals to have better transparency and visibility in the supply
chain, particularly in the production and distribution phases. This aligns with the
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literature's emphasis on the crucial role of transparency and visibility in enhancing supply

chain resilience.

AM also serves as a diversification measure, as hospitals can manufacture various products
in-house instead of relying on multiple suppliers. This reduces transaction costs and
decreases the dependency on external sources. Furthermore, AM enables capacity
buffering and readiness measures by providing localized production capacity. Interviewee
1 highlights the importance of integrating AM into planning and processes to ensure
preparedness and avoid overlooking available capacity. This integration aligns with the
literature's suggestion that resilience measures should be actively incorporated into

operations management, following the AURA framework.

The concept of "Lean resilience” introduced by Ivanov (2022) resonates with the findings,
as it emphasizes the proactive and value-generating nature of resilience measures.
Interviewee 1's emphasis on building proactive capacity and flexibility through AM
supports the idea of integrating resilience into supply chain operations. By investing in
AM capabilities, hospitals can not only address vulnerabilities related to scarce or
expensive parts but also enhance their overall supply chain performance.

The analysis of the literature and findings underscores the potential of AM to enhance
supply chain resilience in the healthcare sector. However, challenges related to quality
control, regulations, and cost-effectiveness must be addressed to fully leverage the benefits
of AM. This aligns with Attaran's (2020) perspective, which highlights the need to
overcome these obstacles for the widespread adoption of AM in healthcare supply chains.

In summary, the findings from the interviews align with the literature in highlighting the
positive effects of AM on supply chain risk reduction and resilience in the healthcare
sector. The literature emphasizes supply chain design, flexibility, waste reduction, risk
management, and the combination of lean strategy with agility and flexibility. The
interviews provide concrete examples of how AM improves risk management and
enhances supply chain resilience in the healthcare setting. Overall, the findings support the
importance of incorporating AM into the healthcare supply chain to mitigate risks and
improve overall resilience. The integration of AM in the healthcare supply chain has the
potential to minimize the risk of disruptions, reduce lead times, and improve overall

efficiency and effectiveness. By identifying critical vulnerabilities and investing in AM
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capabilities, hospitals can build resilience and enhance their supply chain performance.
However, careful consideration must be given to quality control, regulatory compliance,
and cost-effectiveness to fully realize the benefits of AM in the healthcare context. The
healthcare sector's critical role further underscores the importance of addressing supply
chain risks and disruptions. Nevertheless, it is worth noting that AM does not provide the

perfect solution to the discussed problems, and there are still obstacles to be overcome.

6.0 Conclusions

In light of the research problem regarding the effects of additive manufacturing in the
healthcare sector on supply chain risk and resilience, the findings and discussions in this
study shed light on important considerations. In today's dynamic business environment, it
Is essential to view volatility as an opportunity rather than a risk, and this requires a deep
understanding of its nature and impact. By implementing approaches such as supply chain
engineering, risk management, and building suitable resilience capabilities, supply chains

can reduce their exposure to risk.

One of the key findings from this study is that flexible manufacturing systems like AM
have the potential to enhance the resilience of the healthcare supply chain. However, it is
crucial to prioritize the implementation of measures based on the vulnerabilities specific to
each supply chain. Each organization must identify what is critical for them in the event of
a disruption or crisis and allocate resources accordingly to achieve a good cost-benefit
effect.

To create a resilient supply chain, it is important to focus on the central factors discussed
in the literature. Adopting a "leagile™ strategy that combines agility, flexibility, and
“leanness”, along with effective risk assessment and mitigation strategies, and enhanced
visibility in the supply chain, is crucial. AM, as an enabling technology, can contribute to
eliminating process waste and enhancing production flexibility, thereby enabling a

"leagile™ approach that enhances the agility and flexibility of the supply chain.
Building a multi-layered protection system against disruptions, including mitigation,

preparedness, and response measures, is an effective strategy to avoid harm to patients in

the case of disruptions or product shortages. However, true resilience goes beyond
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protection and encompasses the ability to bounce back to a normal or improved state after
a disturbance. Therefore, it is equally important to develop nimble capabilities within the
supply chain alongside protection measures. The utilization of AM can lead to cost
reductions, decreased lead times, improved healthcare services, and enhanced
preparedness. In the uncertain and customized healthcare sector, AM provides a means to

ensure continuous operation, reduce risk, and create a more resilient supply chain.

In conclusion, the integration of AM in the healthcare supply chain has the potential to
enhance resilience by minimizing supply chain disruptions, reducing lead times, and
improving overall efficiency and effectiveness. However, it is important to address
challenges such as quality control, regulatory compliance, and cost-effectiveness to fully
leverage the benefits of AM. By adopting a comprehensive approach that combines risk
assessment, resilience building, and the strategic implementation of AM, healthcare
organizations can achieve a more resilient and robust supply chain capable of withstanding

and recovering from disruptions.

7.0 Research Summary

Quialitative research has been carried out during the course of the work with the master
thesis. The aim of the research is to obtain data that can shed light on the topic chosen for
the assignment. The research question that was presented at the beginning of the thesis has
been a guide for the choices that have been made along the way, for the choice of literature
and research method and approach. The qualitative data that has been collected derives
from four semi-structured interviews that have been conducted with respondents who work
with AM or close to the supply chain in one of the selected health regions. During the
process, all the necessary steps have been taken to ensure that the data that comes out of
the research is of good quality. There is still a big difference in the relevance of the data
from the various interviewees. As the research is relatively broad, the data is also collected
from people with different backgrounds and fields of expertise. This has given some

variation in the relevance of the data collected from the various interviewees.

8.0 Managerial Implications

The findings of this study have several relevant managerial implications for stakeholders

considering the implementation of AM in healthcare or other companies/supply chains.
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The study reveals a positive correlation between AM, risk management, and resilience,

highlighting the advantages of adopting this technology as it continues to evolve. The

following key managerial implications should be considered:

9.0

Reduction of Risk and Enhancement of Resilience: The study demonstrates that
AM can contribute to risk reduction and enhance supply chain resilience. By
leveraging AM technology, companies can minimize supply chain disruptions,
improve flexibility, and mitigate the impact of uncertainties. Managers should
recognize the potential of AM to address vulnerabilities and develop strategies that
leverage its capabilities to enhance overall risk management and resilience.
Utilization of Findings: The study suggests using the findings presented in this
research to identify the specific opportunities that AM can provide in terms of risk
and resilience. This study outlines key factors and strategies essential for enhancing
supply chain resilience. Managers can use this as a guide to assess their supply
chain’s vulnerabilities, determine how AM can contribute to risk reduction and

resilience, and develop effective strategies accordingly.

Limitations of the Study

The present study has several limitations that should be acknowledged. These limitations

impact the generalizability and depth of the findings. The key limitations include:

Scope Limited to Healthcare Sector: The study focuses specifically on the
healthcare sector and its supply chain. While this provides valuable insights into
the effects of AM on risk and resilience in the healthcare context, the findings may
not be directly applicable to other industries or supply chains. The specific
characteristics and requirements of the healthcare sector may differ from those of
other sectors, limiting the generalizability of the results.

Small Sample Size: The research faced challenges in terms of the sample size due
to the limited number of individuals working on the problem in the areas under
investigation. Consequently, only four interviewees were included, which is less
than the initially planned number. The small sample size may limit the diversity of
perspectives and experiences represented in the study, potentially impacting the

comprehensiveness of the findings.
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e Time Constraints: The time limitations imposed on the study affected the number
of interviews conducted. Conducting interviews and processing the data require
significant time and resources. As a result, the study was unable to conduct a larger
number of interviews, which could have provided a broader range of insights and
perspectives on the topic.

e Translation Barriers: The interviews were conducted in Norwegian and later
translated into English for analysis and reporting. Although efforts were made to
ensure accurate translation, there is a possibility of losing some nuances or
meanings during the translation process. This may introduce a level of

interpretation bias and potentially limit the precision of the responses.

These limitations should be taken into consideration when interpreting the findings of the
study. Future research should aim to address these limitations by expanding the sample
size, including a wider range of industries and supply chains, allowing for more
comprehensive and generalizable conclusions. Additionally, conducting interviews directly
in the English language or utilizing professional translation services can help minimize

potential translation biases.

10.0 Suggestions for further research

The findings of this study open up avenues for further research in the field of AM and its
impact on risk reduction and resilience enhancement in supply chains. Some suggestions
for future research are:

o Cost-Benefit Analysis: Conduct a comprehensive cost-benefit analysis of
implementing AM in healthcare and other industries to assess the economic
viability and potential return on investment. This analysis should consider factors
such as initial setup costs, operational costs, material costs, and potential savings
from reduced supply chain disruptions and improved resilience.

e Comparative Analysis of Manufacturing Technologies: Explore the potential
synergies between AM and other manufacturing technologies/methods in reducing
supply chain risk and enhancing resilience. Compare the effectiveness, limitations,
and cost-effectiveness of various manufacturing approaches, such as AM,

traditional manufacturing, and hybrid manufacturing techniques. Investigate how
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these technologies can be integrated and optimized to achieve the desired risk
reduction and resilience outcomes.

e Performance Metrics and Key Performance Indicators (KPIs): Develop
performance metrics and key performance indicators specific to AM
implementation in supply chains. Identify and measure the impact of AM on risk
reduction and resilience by considering metrics such as lead time reduction,
inventory management, supply chain visibility, response time to disruptions, and
customer satisfaction. This will provide a quantitative basis for evaluating the
effectiveness of AM in achieving desired outcomes.

e Integration with Digital Technologies: Explore the integration of AM with
emerging digital technologies, such as artificial intelligence, Internet of Things, and
blockchain, to further enhance risk management and resilience capabilities.
Investigate how these technologies can enable real-time monitoring, predictive
analytics, traceability, and secure data exchange, thereby mitigating risks and
improving supply chain agility.

e Case Studies and Longitudinal Studies: Conduct in-depth case studies and
longitudinal studies to examine the long-term impact of AM implementation on
risk reduction and resilience in different industries and supply chains. This research
should assess the challenges, success factors, and lessons learned from actual

implementations, providing valuable insights for practitioners and decision-makers.
By exploring these research directions, a deeper understanding of the benefits, limitations,

and potential synergies of AM with other technologies can be gained, leading to more

effective strategies for risk management and resilience enhancement in supply chains.

57



11.0 References

Aggarwal, R., & Bohingc, J. (2011). Black swans and supply chain strategic necessity.
Journal of Transportation Security, 5, 39-49. https://doi.org/10.1007/s12198-011-
0080-5

Attaran, M. (2017a). Additive Manufacturing: The Most Promising Technology to Alter the
Supply Chain and Logistics. Journal of Service Science and Management, 10.
https://doi.org/10.4236/jssm.2017.103017

Attaran, M. (2017b). The rise of 3-D printing: The advantages of additive manufacturing
over traditional manufacturing. Business Horizons, 60(5), 677-688.
https://doi.org/https://doi.org/10.1016/j.bushor.2017.05.011

Attaran, M. (2020). 3D Printing Role in Filling the Critical Gap in the Medical Supply Chain
during COVID-19 Pandemic. American Journal of Industrial and Business
Management, Vol.10No.05, 14, Article 100444.
https://doi.org/10.4236/ajibm.2020.105066

Ayyildiz, S., Dursun, A. M., Yildirim, V., ince, M. E., Giilcelik, M. A., & Erdél, C. (2020). 3D-
Printed Splitter for Use of a Single Ventilator on Multiple Patients During COVID-
19. 3D Print Addit Manuf, 7(4), 181-185. https://doi.org/10.1089/3dp.2020.0102

Behzadi, G., O'Sullivan, M. J., Olsen, T. L., Scrimgeour, F., & Zhang, A. (2017). Robust and
resilient strategies for managing supply disruptions in an agribusiness supply
chain. International Journal of Production Economics, 191, 207-220.
https://doi.org/https://doi.org/10.1016/j.ijpe.2017.06.018

Bell, E., Bryman, A., & Harley, B. (2018). Business Research Methods. Oxford University
Press. https://books.google.no/books?id=J9J2DwAAQBAJ

Berman, K. B., Dan; Antwi, Simone; Ellis, Josh. (2022). Key determinants for resilient
health care supply chains. https://www.deloitte.com/global/en/our-
thinking/insights/industry/health-care/healthcare-supply-chain.html

Berman, S. (2012). Digital transformation: Opportunities to create new business models.
Strategy and Leadership, 40. https://doi.org/10.1108/10878571211209314

Bevilacqua, M., Ciarapica, F. E., & Marcucci, G. (2019). Supply Chain Resilience research
trends: a literature overview. IFAC-PapersOnLine, 52(13), 2821-2826.
https://doi.org/https://doi.org/10.1016/].ifacol.2019.11.636

Braun, V., & Clarke, V. (2012). Thematic analysis. In APA handbook of research methods in
psychology, Vol 2: Research designs: Quantitative, qualitative, neuropsychological,
and biological. (pp. 57-71). American Psychological Association.
https://doi.org/10.1037/13620-004

Brink, H. 1. (1993). Validity and reliability in qualitative research. Curationis, 16(2), 35-38.

Calvo-Haro, J. A., Pascau, J., Asencio-Pascual, J. M., Calvo-Manuel, F., Cancho-Gil, M. J.,
Del Caiiizo Lépez, J. F., Fanjul-Gémez, M., Garcia-Leal, R., Gonzalez-Casaurran, G.,
Gonzdlez-Leyte, M., Ledn-Luis, J. A., Mediavilla-Santos, L., Ochandiano-Caicoya, S.,
Pérez-Caballero, R., Ribed-Sanchez, A., Rio-Gémez, J., Sdnchez-Pérez, E., Serrano-
Andreu, J., Tousidonis-Rial, M., . . . Perez-Marianes, R. (2021). Point-of-care
manufacturing: a single university hospital's initial experience. 3D Print Med, 7(1),
11. https://doi.org/10.1186/s41205-021-00101-z

Chen, Z. (2016). Research on the Impact of 3D Printing on the International Supply Chain.
Advances in Materials Science and Engineering, 2016, 4173873.
https://doi.org/10.1155/2016/4173873

58


https://doi.org/10.1007/s12198-011-0080-5
https://doi.org/10.1007/s12198-011-0080-5
https://doi.org/10.4236/jssm.2017.103017
https://doi.org/https:/doi.org/10.1016/j.bushor.2017.05.011
https://doi.org/10.4236/ajibm.2020.105066
https://doi.org/10.1089/3dp.2020.0102
https://doi.org/https:/doi.org/10.1016/j.ijpe.2017.06.018
https://books.google.no/books?id=J9J2DwAAQBAJ
https://www.deloitte.com/global/en/our-thinking/insights/industry/health-care/healthcare-supply-chain.html
https://www.deloitte.com/global/en/our-thinking/insights/industry/health-care/healthcare-supply-chain.html
https://doi.org/10.1108/10878571211209314
https://doi.org/https:/doi.org/10.1016/j.ifacol.2019.11.636
https://doi.org/10.1037/13620-004
https://doi.org/10.1186/s41205-021-00101-z
https://doi.org/10.1155/2016/4173873

Chopra, S., & Sodhi, M. (2004). Managing Risk to Avoid Supply-Chain Breakdown. MIT
Sloan Management Review.

Choudhary, N., Kumar, A., Sharma, V., & Kumar, P. (2021). Barriers in adoption of additive
manufacturing in medical sector supply chain [Barriers in adoption of additive
manufacturing]. Journal of Advances in Management Research, 18(5), 637-660.
https://doi.org/https://doi.org/10.1108/JAMR-12-2020-0341

Christopher, M. (1999). Logistics and Supply Chain Management: Strategies for Reducing
Cost and Improving Service (Second Edition). International Journal of Logistics
Research and Applications, 2(1), 103-104.
https://doi.org/10.1080/13675569908901575

Christopher, M. (2000). The Agile Supply Chain: Competing in Volatile Markets. Industrial
Marketing Management, 29(1), 37-44.
https://doi.org/https://doi.org/10.1016/S0019-8501(99)00110-8

Christopher, M. (2005). Logistics and Supply Chain Management: Creating Value-adding
Networks. FT Prentice Hall. https://books.google.no/books?id=IQgWVahxO3UC

Christopher, M., & Peck, H. (2004). Building the Resilient Supply Chain. International
Journal of Logistics Management, 15, 1-13.
https://doi.org/10.1108/09574090410700275

Christopher, M., & Towill, D. (2000). Supply Chain Migration From Lean and Functional to
Agile and Customised. Supply Chain Management-an International Journal -
SUPPLY CHAIN MANAG, 5, 206-213. https://doi.org/10.1108/13598540010347334

Christopher, M., & Towill, D. (2001). An integrated model for the design of agile supply
chains. International Journal of Physical Distribution & Logistics Management,
31(4), 235-246. https://doi.org/10.1108/09600030110394914

Dutta, B. (2020). Directed Energy Deposition (DED) Technology. In.
https://doi.org/10.1016/B978-0-12-819726-4.00035-1

Facts&Factors. (2022). Additive Manufacturing Market Size, Share, Growth Analysis:
Report. Facts&Factors. https://www.fnfresearch.com/additive-manufacturing-
market

FEMA. (2021). The four phases of emergency management.
https://training.fema.gov/emiweb/downloads/is10 unit3.doc

Gibson, I., Rosen, D., Stucker, B., Khorasani, M., Gibson, I., Rosen, D., Stucker, B., &
Khorasani, M. (2021). Sheet lamination. Additive Manufacturing Technologies,
253-283.

Gulcan, O., Glnaydin, K., & Tamer, A. (2021). The State of the Art of Material Jetting—A
Critical Review. Polymers, 13(16), 2829. https://www.mdpi.com/2073-
4360/13/16/2829

Haleem, A., & Javaid, M. (2020). 3D printed medical parts with different materials using
additive manufacturing. Clinical Epidemiology and Global Health, 8(1), 215-223.
https://doi.org/https://doi.org/10.1016/j.cegh.2019.08.002

Harrison, A., Christopher, M., van Hoek, R. |., Management, C. S. 0., Logistics, I. 0., &
Transport. (1999). Creating the Agile Supply Chain. Institute of Logistics and
Transport. https://books.google.no/books?id=58IQMwWEACAA)J

Harrison, A., Skipworth, H., van Hoek, R. I., & Aitken, J. (2019). Logistics management and
strategy. Pearson UK.

Helse-Bergen. (2022). Om oss. https://helse-bergen.no/om-oss

59


https://doi.org/https:/doi.org/10.1108/JAMR-12-2020-0341
https://doi.org/10.1080/13675569908901575
https://doi.org/https:/doi.org/10.1016/S0019-8501(99)00110-8
https://books.google.no/books?id=IQgWVahxO3UC
https://doi.org/10.1108/09574090410700275
https://doi.org/10.1108/13598540010347334
https://doi.org/10.1108/09600030110394914
https://doi.org/10.1016/B978-0-12-819726-4.00035-1
https://www.fnfresearch.com/additive-manufacturing-market
https://www.fnfresearch.com/additive-manufacturing-market
https://training.fema.gov/emiweb/downloads/is10_unit3.doc
https://www.mdpi.com/2073-4360/13/16/2829
https://www.mdpi.com/2073-4360/13/16/2829
https://doi.org/https:/doi.org/10.1016/j.cegh.2019.08.002
https://books.google.no/books?id=58IQMwEACAAJ
https://helse-bergen.no/om-oss

Holmstrom, J., & Gutowski, T. (2017). Additive Manufacturing in Operations and Supply
Chain Management: No Sustainability Benefit or Virtuous Knock-On
Opportunities? Journal of Industrial Ecology, 21(S1), S21-S24.
https://doi.org/https://doi.org/10.1111/jiec.12580

Hopp, W., & Lovejoy, W. (2013). Hospital Operations: Principles of High Efficiency Health
Care.

Hopp, W. J., Brown, L., & Shore, C. (2022). Building Resilience into the Nation’s Medical
Product Supply Chains. 364.
https://nap.nationalacademies.org/catalog/26420/building-resilience-into-the-
nations-medical-product-supply-chains

Hsiang Loh, G., Pei, E., Gonzalez-Gutierrez, J., & Monzdn, M. (2020). An Overview of
Material Extrusion Troubleshooting. Applied Sciences, 10(14), 4776.
https://www.mdpi.com/2076-3417/10/14/4776

ISO/ASTM. (2021). 52900:2021. In Additive manufacturing — General principles —
Fundamentals and vocabulary. Switzerland: ISO/ASTM International.

Ivanov, D. (2022). Lean resilience: AURA (Active Usage of Resilience Assets) framework
for post-COVID-19 supply chain management. The International Journal of
Logistics Management, 33(4), 1196-1217. https://doi.org/10.1108/1JLM-11-2020-
0448

Ivanov, D., Sokolov, B., & Dolgui, A. (2014). The Ripple effect in supply chains: trade-off
‘efficiency-flexibility-resilience’ in disruption management. International Journal
of Production Research, 52(7), 2154-2172.
https://doi.org/10.1080/00207543.2013.858836

Johnsen, T. E., Howard, M., & Miemczyk, J. (2018). Purchasing and supply chain
management: A sustainability perspective. Routledge.

Khajavi, S., Holmstrom, J., & Partanen, J. (2018). Additive manufacturing in the spare
parts supply chain: hub configuration and technology maturity. Rapid Prototyping
Journal, 24. https://doi.org/10.1108/RPJ-03-2017-0052

Kleindorfer, P. R., & Saad, G. H. (2005). Managing disruption risks in supply chains.
Production and Operations Management, 14, 53-68.

Kubac, L., & Kodym, O. (2017). The Impact of 3D Printing Technology on Supply Chain.
MATEC Web of Conferences, 134, 00027.
https://doi.org/10.1051/matecconf/201713400027

Landry, S., & Beaulieu, M. (2013). The Challenges of Hospital Supply Chain Management,
from Central Stores to Nursing Units. In B. T. Denton (Ed.), Handbook of
Healthcare Operations Management: Methods and Applications (pp. 465-482).
Springer New York. https://doi.org/10.1007/978-1-4614-5885-2 18

Lee, J., & Wong, E. (2021). Suez Canal blockage: an analysis of legal impact, risks and
liabilities to the global supply chain. MATEC Web of Conferences, 339, 01019.
https://doi.org/10.1051/matecconf/202133901019

Macdonald, J., & Corsi, T. (2013). Supply Chain Disruption Management: Severe Events,
Recovery, and Performance. Journal of Business Logistics, 34.
https://doi.org/10.1111/ibl.12026

Mandal, S. (2017). The influence of organizational culture on healthcare supply chain
resilience: moderating role of technology orientation. Journal of Business &
Industrial Marketing, 32(8), 1021-1037. https://doi.org/10.1108/JBIM-08-2016-
0187

60


https://doi.org/https:/doi.org/10.1111/jiec.12580
https://nap.nationalacademies.org/catalog/26420/building-resilience-into-the-nations-medical-product-supply-chains
https://nap.nationalacademies.org/catalog/26420/building-resilience-into-the-nations-medical-product-supply-chains
https://www.mdpi.com/2076-3417/10/14/4776
https://doi.org/10.1108/IJLM-11-2020-0448
https://doi.org/10.1108/IJLM-11-2020-0448
https://doi.org/10.1080/00207543.2013.858836
https://doi.org/10.1108/RPJ-03-2017-0052
https://doi.org/10.1051/matecconf/201713400027
https://doi.org/10.1007/978-1-4614-5885-2_18
https://doi.org/10.1051/matecconf/202133901019
https://doi.org/10.1111/jbl.12026
https://doi.org/10.1108/JBIM-08-2016-0187
https://doi.org/10.1108/JBIM-08-2016-0187

Manero, A., Smith, P., Koontz, A., Dombrowski, M., Sparkman, J., Courbin, D., & Chi, A.
(2020). Leveraging 3D Printing Capacity in Times of Crisis: Recommendations for
COVID-19 Distributed Manufacturing for Medical Equipment Rapid Response.
International Journal of Environmental Research and Public Health, 17(13).

Mensah, P., & Merkuryev, Y. (2014). Developing a Resilient Supply Chain. Procedia - Social
and Behavioral Sciences, 110. https://doi.org/10.1016/j.sbspro.2013.12.875

Monsrud, M. (2021). Lav vekst i helseutgiftene i 2020. Statistisk Sentralbyra.
https://www.ssb.no/nasjonalregnskap-og-konjunkturer/artikler-og-
publikasjoner/lav-vekst-i-helseutgiftene-i-2020

Naghshineh, B., & Carvalho, H. (2022). The implications of additive manufacturing
technology adoption for supply chain resilience: A systematic search and review.
International Journal of Production Economics, 247, 108387.
https://doi.org/https://doi.org/10.1016/j.ijpe.2021.108387

Narasimhan, R., & Talluri, S. (2009). Perspectives on risk management in supply chains.
Journal of Operations Management, 27(2), 114-118.
https://doi.org/https://doi.org/10.1016/j.jom.2009.02.001

NASEM. (2022). Building Resilience into the Nation’s Medical Product Supply Chains.
National Academies of Sciences, Engineering & Medicine, 364.
https://doi.org/doi:10.17226/26420

Oliver, R. K., & Webber, M. D. (1982). Supply-chain management: logistics catches up
with strategy.

Oslo-universitetssykehus. (2023). Om oss. https://oslo-universitetssykehus.no/om-oss

Pagac, M., Hajnys, J., Ma, Q.-P., Jancar, L., Jansa, J., Stefek, P., & Mesicek, J. (2021). A
review of vat photopolymerization technology: materials, applications, challenges,
and future trends of 3D printing. Polymers, 13(4), 598.

Patel, P., Defersha, F., & Yang, S. (2022). Resilience Analysis of Additive Manufacturing-
enabled Supply Chains: An Exploratory Study [Original Research]. Frontiers in
Manufacturing Technology, 2. https://doi.org/10.3389/fmtec.2022.884164

Peng, T., Kellens, K., Tang, R., Chen, C., & Chen, G. (2018). Sustainability of additive
manufacturing: An overview on its energy demand and environmental impact.
Additive Manufacturing, 21, 694-704.
https://doi.org/https://doi.org/10.1016/j.addma.2018.04.022

Perez-Mafianes, R., José, S. G.-d. S., Desco-Menéndez, M., Sanchez-Arcilla, I., Gonzalez-
Fernandez, E., Vaquero-Martin, J., Gonzalez-Garzén, J. P., Mediavilla-Santos, L.,
Trapero-Moreno, D., & Calvo-Haro, J. A. (2021). Application of 3D printing and
distributed manufacturing during the first-wave of COVID-19 pandemic. Our
experience at a third-level university hospital. 3D Printing in Medicine, 7, 1-8.

Lov om behandling av personopplysninger, (2018).
https://lovdata.no/dokument/NL/lov/2018-06-15-38

Pettersson, A. B. V., Salmi, M., Vallittu, P., Serlo, W., Tuomi, J., & Makitie, A. (2019). Main
Clinical Use of Additive Manufacturing (Three-Dimensional Printing) in Finland
Restricted to the Head and Neck Area in 2016—-2017. Scandinavian Journal of
Surgery, 109, 145749691984095. https://doi.org/10.1177/1457496919840958

Pettit, T., Fiksel, J., & Croxton, K. (2010). Ensuring Supply Chain Resilience: Development
of a Conceptual Framework. Journal of Business Logistics, 31, 1-21.
https://doi.org/10.1002/j.2158-1592.2010.tb00125.x

61


https://doi.org/10.1016/j.sbspro.2013.12.875
https://www.ssb.no/nasjonalregnskap-og-konjunkturer/artikler-og-publikasjoner/lav-vekst-i-helseutgiftene-i-2020
https://www.ssb.no/nasjonalregnskap-og-konjunkturer/artikler-og-publikasjoner/lav-vekst-i-helseutgiftene-i-2020
https://doi.org/https:/doi.org/10.1016/j.ijpe.2021.108387
https://doi.org/https:/doi.org/10.1016/j.jom.2009.02.001
https://doi.org/doi:10.17226/26420
https://oslo-universitetssykehus.no/om-oss
https://doi.org/10.3389/fmtec.2022.884164
https://doi.org/https:/doi.org/10.1016/j.addma.2018.04.022
https://lovdata.no/dokument/NL/lov/2018-06-15-38
https://doi.org/10.1177/1457496919840958
https://doi.org/10.1002/j.2158-1592.2010.tb00125.x

Pires Ribeiro, J., & Barbosa-Povoa, A. (2018). Supply Chain Resilience: Definitions and
guantitative modelling approaches — A literature review. Computers & Industrial
Engineering, 115, 109-122.
https://doi.org/https://doi.org/10.1016/j.cie.2017.11.006

Salmi, M. (2021). Additive Manufacturing Processes in Medical Applications. Materials
(Basel), 14(1). https://doi.org/10.3390/mal14010191

Saunders, M. N. K., Lewis, P., & Thornhill, A. (2016). Research Methods for Business
Students. Pearson Education Limited.
https://books.google.no/books?id=HbEFvgEACAA)J

Scholten, K., & Schilder, S. (2015). The role of collaboration in supply chain resilience.
Supply Chain Management: An International Journal, 20(4), 471-484.
https://doi.org/10.1108/SCM-11-2014-0386

Spieske, A., Gebhardt, M., Kopyto, M., & Birkel, H. (2022). Improving resilience of the
healthcare supply chain in a pandemic: Evidence from Europe during the COVID-
19 crisis. Journal of Purchasing and Supply Management.
https://doi.org/https://doi.org/10.1016/].pursup.2022.100748

Stormo, R. (2021). 3D-printing pd norske sykehus. https://3dpnorge.no/2021/12/3d-
printing-pa-norske-sykehus/

Sun, S., Brandt, M., & Easton, M. (2017). Powder bed fusion processes: An overview.
Laser additive manufacturing, 55-77.

Sykehusinnkjgp-HF. (2020). Strategi 2020 — 2023. https://helse-
vest.no/seksjon/styresaker/Documents/2020/09.12.2020/Sak%2013920%20Ved|I.
%201%20-%20Strategi%20Sykehusinnkj%C3%B8p%20HF.pdf

Terkaj, W., & Tolio, T. (2019). The Italian Flagship Project: Factories of the Future. In (pp.
3-35). https://doi.org/10.1007/978-3-319-94358-9 1

Thomas, D. S., & Gilbert, S. W. (2014). Costs and cost effectiveness of additive
manufacturing. NIST special publication, 1176, 12.

Tukamuhabwa, B. R., Stevenson, M., Busby, J., & Zorzini, M. (2015). Supply chain
resilience: definition, review and theoretical foundations for further study.
International Journal of Production Research, 53(18), 5592-5623.
https://doi.org/10.1080/00207543.2015.1037934

Zamiela, C., Hossain, N. U. I., & Jaradat, R. (2022). Enablers of resilience in the healthcare
supply chain: A case study of U.S healthcare industry during COVID-19 pandemic.
Research in Transportation Economics, 93.
https://doi.org/https://doi.org/10.1016/j.retrec.2021.101174

Ziaee, M., & Crane, N. B. (2019). Binder jetting: A review of process, materials, and
methods. Additive Manufacturing, 28, 781-801.
https://doi.org/https://doi.org/10.1016/j.addma.2019.05.031

Zsidisin, G., & Ritchie, B. (2009). Supply Chain Risk: A Handbook of Assessment,
Management, and Performance. https://doi.org/10.1007/978-0-387-79934-6

62


https://doi.org/https:/doi.org/10.1016/j.cie.2017.11.006
https://doi.org/10.3390/ma14010191
https://books.google.no/books?id=HbEFvgEACAAJ
https://doi.org/10.1108/SCM-11-2014-0386
https://doi.org/https:/doi.org/10.1016/j.pursup.2022.100748
https://3dpnorge.no/2021/12/3d-printing-pa-norske-sykehus/
https://3dpnorge.no/2021/12/3d-printing-pa-norske-sykehus/
https://helse-vest.no/seksjon/styresaker/Documents/2020/09.12.2020/Sak%2013920%20Vedl.%201%20-%20Strategi%20Sykehusinnkj%C3%B8p%20HF.pdf
https://helse-vest.no/seksjon/styresaker/Documents/2020/09.12.2020/Sak%2013920%20Vedl.%201%20-%20Strategi%20Sykehusinnkj%C3%B8p%20HF.pdf
https://helse-vest.no/seksjon/styresaker/Documents/2020/09.12.2020/Sak%2013920%20Vedl.%201%20-%20Strategi%20Sykehusinnkj%C3%B8p%20HF.pdf
https://doi.org/10.1007/978-3-319-94358-9_1
https://doi.org/10.1080/00207543.2015.1037934
https://doi.org/https:/doi.org/10.1016/j.retrec.2021.101174
https://doi.org/https:/doi.org/10.1016/j.addma.2019.05.031
https://doi.org/10.1007/978-0-387-79934-6

12.0 Appendices

Interview Guide

1.

10.

Can you tell me a little about your role in the healthcare and your experience with
additive manufacturing or the supply chain?

How do you perceive the potential risks and benefits of integrating AM in the
hospital’s operations?

Can you share any specific examples or cases of how AM has been used in the
hospital and its impact on supply security and operations?

In your opinion, how does AM impact the quality and safety of parts and products
for the hospital?

Have you encountered any challenges or issues related to implementing or using
AM in the healthcare? If so, can you describe them?

In your experience, how does the use of AM affect the lead-time for medical
devices and parts compared to traditional manufacturing methods?

How do you see the use of AM affecting the overall risk and resilience of the
healthcare supply chain, especially during times of crisis or disruption?

What is your opinion on the future role of AM in the healthcare? Do you see it
becoming more widespread and integrated, or remaining niche?

Are there any ethical or social implications to consider when using AM in the
hospitals?

Lastly, is there anything else you would like to add about the effects of AM on risk

and resilience in the healthcare supply chain?
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