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Abstract: This article delves into the multifaceted challenges associated with achieving sustainability in the complex medical 
devices industry. It emphasizes the importance of EU policies and regulations in addressing these challenges, particularly in 
relation to hazardous substances and critical raw material in their usage as governed by EU regulations. The supply chain of 
medical devices is identified as a key area requiring sustainable solutions, particularly in terms of raw materials sourcing and 
the management of critical raw materials. The adoption of sustainability principles and circular economy concepts is crucial 
for minimizing waste generation and reducing the industry's environmental footprint. To conduct this study, it has been 
employed the Delphi method, and different experts have been interviewed. With the collected data a conceptual map 
containing the main topics has been represented. The attended output is to provide a visual representation that highlights the 
interconnectedness of these challenges, fostering a collaborative approach and encouraging the adoption of sustainable 
practices. 
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I. INTRODUCTION 
Sustainability has become a priority for 
environmental protection, and for the future 
development, considering the limited resources and 
the constant increase of human needs[1]. 
Sustainability, however, is a broader concept, since 
it encompasses various dimensions and 
considerations that aim to address the long-term 
well-being of society, the economy, and the 
environment[2]. Nowadays this concept is applied 
to all industry fields and modern industry must 
face this topic, because the environmental burden 
is growing more and more. To this end Industrial 
Sustainability focuses onto industrial activities. 
Whitin this domain, the term sustainable 
manufacturing is often used to describe the 
characterization and reduction of the 
environmental impacts of manufacturing 
practices[3]. Hence, European Union is trying to 
solve this difficult problem through laws and 
policies that could ensure a lower environmental 
impact for the manufacturing sector. These 
regulations cover various aspects of environmental 
management, including sustainable resource use, 
waste management, pollution control, and the 

reduction of greenhouse gas emissions. These 
circumstances oblige industries to simultaneously 
cope with the pressure of environmental 
regulations and the difficulties of a more conscious 
supply chain management, in addition to their daily 
business. In this scenario, it is not only the 
challenge of environmental pollution that is 
becoming acute but the challenge of global 
resource scarcity as well. The increased 
competition for access to scarce or critical 
resources has become another major concern for 
manufacturing industry in addition to fulfilling 
obligations on environmental legislation at 
minimum cost[4]. European countries have long 
recognized the importance of industrial 
sustainability and have implemented robust 
legislation to mitigate ecological harm[5]. In recent 
years, these regulations have increasingly targeted 
the medical devices industry, as it is a significant 
contributor to environmental pollution and scarce 
resource depletion[6],[7]. This industrial field has 
made remarkable strides in improving patient care 
and revolutionizing healthcare practices. However, 
these advancements have also brought about 
significant environmental challenges that demand 
immediate attention. As we navigate the 21st 
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Century, it is crucial to address the sustainability 
impact of medical devices and align the industry 
with sustainable practices. Moreover, the European 
laws and regulations, renowned for their stringent 
environmental standards, play a pivotal role in 
shaping the landscape of the medical devices 
industry. One of the pressing issues revolves 
around the sourcing and supply of raw materials. 
The development and production of medical 
devices rely heavily on materials as metals, 
plastics, ceramics, and electronics. However, the 
extraction and processing of these raw materials 
often have detrimental environmental and social 
consequences[8]. Furthermore, the increasing 
demand for medical devices, presents a significant 
challenge to the industry[9]. As the global 
population grows and healthcare becomes more 
accessible, securing a sustainable and reliable 
supply of raw materials becomes paramount. The 
scarcity and uneven distribution of crucial minerals 
and metals further exacerbate this challenge, 
potentially leading to disruptions in the production 
continuity of essential medical devices for some 
countries. By understanding the magnitude of these 
challenges and exploring viable solutions, 
stakeholders within the medical devices industry 
can work towards fostering sustainability and 
mitigating the adverse environmental impacts 
associated with device development and 
manufacturing practices. This article aims to 
provide a comprehensive overview of the 
sustainability issues plaguing the medical devices 
industry, with a particular focus on the European 
context. We will examine the existing laws and 
regulations implemented by the European Union to 
address environmental concerns and promote 
sustainable practices. Additionally, we will delve 
into the complexities surrounding the sourcing and 
supply of raw materials, exploring potential 
strategies and innovative solutions to ensure a 
steady and responsible supply chain. For this 
purpose, we decided to apply the Delphi 
method[10], a research technique which allows to 
gather information on complex problems through 
expert interview. It is a valuable tool for tapping 
into expert knowledge, facilitating consensus-
building, and generating informed insights. It helps 
overcome individual biases, fosters collaboration 
among experts, and provides a structured approach 
to decision-making in complex and uncertain 
situations. By organising the collected data, the 
expected output is a concept map, or conceptual 
map, to represent the complexity of this topic and 
deriving relationships and priorities to be 
addressed in an industrial research agenda. The 

study conducted in this research targeted imaging 
medical devices manufactured by Esaote S.p.A. 
The aim was to analyse the environmental issues, 
European laws, and regulations, associated with 
these specific medical devices. 

II. METHODOLOGICAL APPROACH 
A. Systematic Literature Review 

To provide a comprehensive analysis of the 
environmental issues, European laws and 
regulations, the sustainability knowledge in the 
medical devices industry, an extensive literature 
review was conducted. It consisted in a systematic 
analysis of numerous relevant articles, reports, and 
regulatory documents obtained from reputable 
scientific databases and authoritative sources. The 
research strategy aimed to capture a broad range of 
articles related to sustainability challenges, 
environmental impacts, European laws and 
regulations, and raw materials supply in the 
medical devices industry. Keywords and key 
phrases, such as medical devices industry, 
environmental impact, sustainability, European 
regulations, raw materials, supply chain were used 
to retrieve the most relevant literature. Following 
the initial search, articles were screened based on 
their titles and abstracts to identify the ones 
directly related to the aforementioned topics. The 
selected articles were then assessed for their 
relevance and credibility by reviewing the full 
texts. The reference lists of the identified articles 
were also examined to ensure the inclusion of 
additional pertinent sources. The data extracted 
from the selected articles were organized using a 
systematic approach. Key findings, concepts, and 
themes were identified, and a preliminary 
conceptual map was constructed to establish 
connections between different topics and 
subtopics. This approach facilitated the 
identification of overarching patterns and trends 
within the literature, allowing for a comprehensive 
understanding of the subject matter. Alongside 
literature research, we have applied the Delphi 
method to develop and refine the conceptual map. 
The relationship between those two lies in their 
potential complementary use within certain 
decision-making processes. The Delphi method is 
a structured and iterative technique that involves 
gathering input from a group of experts and 
achieving convergence in their perspectives. It 
aims to reach consensus or make informed 
predictions through multiple rounds of anonymous 
feedback and controlled communication. 
Therefore, we gathered experts from some of the 
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different fields identified during literature study 
and interviewed them. Their range of expertise 
included a deep knowledge in materials and 
management of critical components (such as 
permanent magnets), awareness of the 
environmental regulatory world and of the Life 
Cycle Assessment (LCA) technique, de-
manufacturing and end-of-life opportunities. 
Through this inquiry, we were able to expand the 
topics and collect detailed information that could 
better lead our research. The extracted topics have 
been reviewed and developed via Large Language 
Model (ChatGPT4) to build a generalized 
description of concepts, exploring known 
relationships, and then collecting references (Bing 
AI). Concept maps can therefore be used as a 
supporting tool during the initial stage within the 
Delphi method to enhance and refining the 
understanding and communication of ideas among 
experts. Subsequently, maps can still serve as basis 
for new rounds of anonymous feedback and 
discussions. 

B. Organisation of findings 
We employed a graphical analysis technique, 
called concept map or conceptual map to organise 
the information collected. A concept map is a 
visual representation of interconnected concepts 
using arcs that depict the relationships between the 
concepts. The arcs can be lines or arrows, and their 

thickness can indicate the importance or strength 
of the relationships. Concept maps are often used 
as tools for learning and organizing information, as 
they grant a clear and structured visualisation of 
conceptual relationships. They can be used in 
various contexts such as education, strategic 
planning, problem-solving, and knowledge 
representation. The mapping process involved 
analysing the extracted data and identifying the 
key recurring themes and critical areas of focus. 
The conceptual map (Figure 1) constructed in this 
study represents the interconnectedness of various 
topics related to the environmental issues, 
European laws and regulations, and raw materials 
supply in the medical devices industry. The links 
between nodes illustrate the relationships and 
connections between the various topics. These 
connections can be based on similarities, 
dependencies, causal relationships, or any other 
relevant associations identified in the literature. By 
visually representing relationships and hierarchies 
between different topics, the map helps to provide 
a comprehensive overview of the subject matter. It 
allows researchers and readers to grasp the 
interdependencies between different themes, 
identify central concepts, and understand the 
broader context of the issues addressed. The 
analysis focused on identifying the major concerns, 
assessing the effectiveness of existing regulations, 
and exploring potential solutions and innovations

 
Figure 1 – Conceptual Map 
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The literature search made us extend the map, 
introducing new topics and finding new links 
between them. Using this map model, we defined 
the study perimeter and the research journey to 
formulate appropriate research questions to be 
listed in an industrial research agenda. 

III. DISCUSSION 
A. The analysed key-areas 

The aim of our research is to deepen the 
knowledge on the medical devices industry and 
create a basepoint foundation in this sector. We 
divided the area of the study in three zones, whose 
distance from the centre is related to the 
importance of the topic. In the outer part we put 
topics acting as frame of the research, which are 
beyond our direct control or ability to influence. 
Moving to the mid part, we encountered topics 
more closely related to our study objectives, that 
exerted a great influence on it. Finally, in the 
central part of the map we allocated the core 
topics, which serve as the focal points of the 
activity. This layered map structure allowed us to 
visualize the varying degrees of influence and 
significance of different topics within our research 
framework. 

B. Research phases 
We organised our research in three phases, since it 
was the best way to accomplish our goals. Firstly, 
we concentrated on the European policies and 
regulations on the environment, to build a solid 
knowledge in the regulatory field. Then, we 
analysed the medical devices field, to understand 
what types of research had already been conducted 
and the findings until now acquired. Finally, we 
focused on the scientific and technological 
framework, to evaluate possible tools that would 
be useful for our purposes. 

1. Study of the healthcare industry 

Healthcare industry is placing great emphasis on 
social, economic, and environmental 
sustainability[11],[12] since it has a significant impact 
on these spheres. Environmental sustainability in 
the health sector can become a connection between 
environmental operations and enhanced healthcare 
services. Despite the relevance of the medical 
devices (MD) industry in the health sector, its 
environmental problems have only recently started 
to be discussed[11]. Production and use of MD 
demand abundant amounts of energy and natural 
resources, and disposal requires extreme attention 
considering diversity of composition. Given this 

significant consumption of goods and services, 
recent studies have examined the indirect 
environmental, human health, and economic 
impacts attributed to the large volumes of 
materials, devices, and services utilized by the 
healthcare system. These studies assess for 
instance that at their end of life, these products 
generate large amounts of solid waste, and provide 
examples of sustainable strategies that can be 
applied to the healthcare system. Re-
manufacturing, recycling, and optimizing waste 
treatment processes are valid options for 
sustainability, but we must remember the 
biocompatibility of any new material. 

2. Study of European environmental policies 
and regulations 

We paid great attention to European regulations in 
this field, as it is mandatory to be compliant with 
them. We divided this analysis into two parts: in 
the first one we concentrated on the European 
policies framework, as we considered the EU 
Green Deal, the Fit for 55, and the Circular 
Economy Action Plan, and others; in the second 
one we shifted on the laws which regulate this 
manufacturing sector, from the environmental 
point of view. It is important to note that the 
legislation is broad, and it encompasses more than 
one sector, as it is referred to industry in general; 
moreover, there are also rules specifically related 
to healthcare manufacturing. As previously 
mentioned, we initially focused on the European 
policies, so we had a clear vision on the European 
proceedings and the future perspectives. We found 
as most important measures the European Green 
Deal[13] (EGD), the new plan which “aims to 
transform the EU into a fair and prosperous 
society with […] a competitive economy”[14], 
announced in 2019. The main goals of the EGD are 
a net carbon neutral European Union by 2050 and 
a decoupling of economic growth and resource use. 
The EGD is not a law, but a general policy 
strategy, outlining the ambitions and goals in 
different policy sectors. For its implementation, 
existing regulations and standards will be revised 
over the next few years and new laws and 
directives will be developed and implemented[15]. 
Strongly related to the Green Deal there is another 
EU climate change package known as Fit for 55[16]: 
it was presented on 14th July 2021 under the Green 
Deal[17]. It contains different proposals that aim to 
improve EU legislation in environmental field, and 
new measures that can ensure the achievement of 
carbon neutrality. Another important aspect of the 
European legislation about the environment is the 
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Circular Economy Action Plan[18], initially 
published by the European Commission on 11th 
March 2020. It serves as a roadmap for the EU's 
circular economy strategy and outlines the actions 
and initiatives to be undertaken in the coming 
years. The plan builds upon previous initiatives 
and policies related to the circular economy and 
sets forth a comprehensive framework for 
transitioning towards a more sustainable and 
circular economic model. It is also part of the 
European Green Deal. After reviewing the main 
EU policies, we moved to the EU legislation. This 
part of our study took a lot of time, because of the 
great number of laws that regulate the industrial 
frame including healthcare sector. In fact, some of 
them are more general, and they encompass all the 
fields of manufacturing, rather than others, which 
are specifical of this field. Among the significant 
EU regulations that we explored are REACH[19],[20], 
RoHS[21],[22], and CLP[23],[24]. These regulations play 
a vital role in ensuring the safety, environmental 
sustainability, and quality of products across 
various industrial sectors, not limited to healthcare 
alone. There are also other important regulations 
about medical devices, and the main one is the 
Medical Devices Regulation[25],[26] (MDR), 
published in 2017. It sets out a series of 
characteristics that a medical device must have to 
be compliant. Mainly, the aim of the MDR is to 
launch safer and more effective medical devices 
onto the market. 

3. Study of supply chain and raw materials 
issues 

The study of the supply chain poses significant 
challenges for business organizations as it plays a 
vital role in their operations. One of the primary 
challenges lies in establishing and maintaining an 
efficient and sustainable supply chain management 
system. This undertaking necessitates a deep 
understanding of the intricate networks that 
encompass suppliers, manufacturers, distributors, 
and retailers. Effectively managing these networks 
involves optimizing logistics, streamlining 
processes, and leveraging advanced technologies to 
enhance visibility and coordination. Within this 
context, it is crucial to introduce the concept of 
Sustainable Supply Chain Management[27] 
(SSCM). SSCM entails integrating 
environmentally and socially responsible practices 
throughout the entire supply chain, aiming to 
create a sustainable framework that promotes 
economic development, social well-being, and 
environmental protection. SSCM's importance has 
grown in today's business environment, driven by 

the increasing demands from consumers and 
regulators for greater environmental and social 
responsibility from companies. Furthermore, 
conducting a comprehensive analysis of the supply 
chain yields valuable insights into each stage of its 
organization. To gain a clear and holistic 
understanding of the topic, our study begins with a 
specific focus on the raw materials supply, 
including both conventional and critical raw 
materials. This examination encompasses an 
exploration of the laws and directives that regulate 
the sourcing, usage, and disposal of these 
materials. Understanding the environmental 
implications, resource availability, and ethical 
considerations surrounding raw materials sourcing 
is essential in fostering sustainability within the 
medical devices industry. By addressing these 
aspects, businesses can better navigate the 
challenges associated with raw materials supply 
and contribute to the development of a more 
sustainable supply chain. 

4. Study of scientific and technological 
framework 

At the core of the framework is the application of 
scientific tools to enhance the sustainability of 
medical devices. This involves conducting studies 
to assess the environmental impact of different 
materials, manufacturing processes, and product 
designs. An efficient, though challenging, 
approach to sustainability is the LCA (Life Cycle 
Assessment). LCA is a technique used to quantify 
the impact of a product during its whole life 
cycle[28],[29]. Despite the rapid rate of innovation, 
investment to develop new products is large and 
the environmental impact of devices is substantial. 
In an industry which is already highly regulated, 
further pressures on environmental design are 
probably not welcomed but necessary. Having a 
deep knowledge of the product and its impact from 
cradle to cradle is now important in the context of 
ecodesign. LCA is a tool used to evaluate the 
environmental impacts of a product throughout its 
entire life cycle, from raw material extraction to 
disposal. By considering the entire life cycle of a 
product, LCA provides a comprehensive view of 
the environmental impacts and allows for the 
identification of areas for improvement. By 
incorporating the supply chain into the LCA, 
companies can gain a better understanding of the 
environmental effects of their products. In detail, 
having an aware supply chain could potentially 
lead to two important consequences: first, it could 
be possible to select scrupulously raw materials, 
maybe choosing recycled or greener or less 
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dangerous ones; then, this could lead to a robust 
supply chain, less at the mercy of economic, social, 
and political fluctuations. Data gained from the 
LCA study can help ensure that products are 
sourced and produced in a sustainable manner. 
Together, LCA and a robust supply chain can help 
companies reduce their environmental footprint 
and enhance their sustainability performance. 

C. Construction of the conceptual map 
The map (Figure 1) constructed in this study is 
divided into three distinct zones, each representing 
different levels of relevance and influence on the 
research objectives. The central zone of the map 
comprises the main topics that are directly and 
significantly related to the focus of the research, 
which in this case are the healthcare Ultrasound 
imaging (US) and Magnetic Resonance (MR) 
imaging systems. These main topics encompass the 
core themes, key findings, and critical aspects that 
are of utmost importance to the research 
objectives. Moving away from the central zone 
towards the outer zones of the map, the topics 
become progressively less influential to the 
research and have a more peripheral or superficial 
connection. These topics may still have some 
relevance to the broader context of the research, 
but their impact and significance are comparatively 
lower in relation to the central topics. Placing the 
main topics in the central zone emphasizes their 
significance and highlights their direct relevance to 
the research objectives. This central positioning 
draws attention to the core themes that are integral 
to the understanding and analysis of the healthcare 
US and MR systems, while also facilitating a 
focused and targeted discussion. On the other 
hand, the outer zones of the map accommodate 
topics that, although not central to the research, 
provide additional context or serve as supporting 
information. These topics may touch on related 
areas such as broader environmental issues, 
general regulatory frameworks, or raw materials 
supply chains that have some peripheral 
connection to the healthcare devices being studied. 
While these topics may not be the primary focus, 
their inclusion in the map acknowledges their 
potential influence and ensures a more 
comprehensive representation of the broader 
landscape surrounding the research. The division 
into zones within the map serves as a visual aid to 
guide readers in understanding the relative 
importance and relevance of different topics within 
the research context. It allows for a clear 
differentiation between the main themes that drive 
the analysis and the peripheral topics that provide 

additional context or supplementary information. 
By incorporating this zone-based approach, the 
map provides a structured representation of the 
research landscape, enabling readers to identify 
and navigate the central topics that hold the 
greatest significance while acknowledging the 
broader context and peripheral influences that 
contribute to a more holistic understanding of the 
subject matter. With the literature search we found 
a great number of topics, and we added the more 
important ones to the scheme, to supplement it by 
appropriate research topics. As the literature 
review progressed, every time a new topic was 
discovered that had relevance to the healthcare 
systems, it was incorporated into the map. This 
ensured that the map captured the breadth and 
depth of the research landscape, encompassing all 
significant aspects that influenced the study 
objectives. Furthermore, during the map 
construction, careful attention was given to 
establishing the appropriate links between the 
various topics. These links were established based 
on the relationships and connections identified in 
the literature. Whether the relationships were based 
on similarities, dependencies, causal associations, 
or any other relevant connections, the map was 
designed to reflect these interdependencies and 
provide a clear visual representation of how the 
different topics relate to one another. The addition 
of appropriate links between topics served to 
enhance the comprehensiveness and coherence of 
the map. It allowed for a more holistic 
understanding of the interrelationships between 
various themes and subtopics, illuminating the 
complex network of ideas and concepts in the 
research domain. This approach resulted in a 
comprehensive map that effectively represents the 
multifaceted nature of the healthcare US and MR 
systems, their environmental considerations, 
European regulations, and raw materials supply 
chain. 

IV. CONCLUSIONS 
These findings have implications for stakeholders 
across the healthcare industry. Manufacturers like 
Esaote S.p.A. can leverage these insights to drive 
innovation and develop more sustainable products 
and manufacturing processes. Regulatory bodies 
can use these findings to refine and strengthen 
existing regulations, while policymakers can 
implement measures that encourage sustainable 
practices and promote a circular economy. It is 
important to note that while the findings provide 
valuable insights, there are certain limitations to 
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consider. The research is based on the available 
literature and may not encompass every aspect of 
the topic. Additionally, the dynamic nature of the 
healthcare industry means that new technologies, 
regulations, and supply chain practices may 
emerge, necessitating further research and 
continuous monitoring. Furthermore, medical 
devices could be also considered as Product-
Service System (PSS) if integrated with a series of 
services that go beyond the physical product itself, 
providing a more sustainable consumption and 
production paradigm[30]. Starting from a limited 
number of fundamental concepts, we have 
delineated a new set of 37 concepts and a total of 
more than 70 connections. Considering the 
dimensionality of the problem, a conceptual map 
was the best way to visualise it all. The research 
agenda is around dominant areas such as 
sustainability, regulatory, LCA, materials and 
permanent magnets. In conclusion, the findings of 
this research highlight the environmental impact, 
European regulations, and raw materials supply 
chain challenges associated with the imaging 
medical devices. By understanding and addressing 
these findings, stakeholders can work towards a 
more sustainable and environmentally responsible 
approach to the development, use, and disposal of 
these medical devices, ultimately contributing to a 
greener and more socially responsible healthcare 
industry. 
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