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Abstract: Medical devices are instrumental in servicing the healthcare sector and promoting well-
being in modern societies. However, their production and use contribute significantly to greenhouse
gas emissions, thus causing indirect harm to global health. With a share of approximately 4.4% of
global emissions, the healthcare sector exhales CO2 throughout its value chain; sources of this range
from direct electricity consumption and water heating in healthcare facilities to the supply chains
delivering healthcare services and products. Within this context, the environmental impact of medical
devices is present across their production, distribution, usage, and eventual disposal. Each step in
the lifecycle of medical devices consumes energy and natural resources, and the end product, after its
often single use, is discarded, generating plastic or electronic waste. This study aims to present the
key findings from a scoping review of academic research on the topic, which focuses on reducing
the environmental impact of medical devices and equipment. The review, conducted according
to the PRISMA checklist for scoping reviews, examined 41 studies and categorised them based on
the lifecycle stages of medical devices (design and development, manufacturing, usage, and end of
life) and the sustainability aspects (economic, environmental, and social) discussed by the authors.
The findings suggest that while efforts have been made to enhance economic and environmental
sustainability throughout the design, development, and usage of medical devices, there is still room
for improvement in mitigating their ecological impact at the end of their lifecycle and maximising
their social impact by design.

Keywords: sustainability; medical devices; sustainable healthcare; sustainable development goals;
circular economy; frugal engineering

1. Introduction
1.1. Global Emissions, Net Zero Policies, and the Healthcare Industry

In a landmark agreement signed in Paris in 2016, the world committed to curtail man-
made climate change by limiting global temperature increases below 2 ◦C by the end of the
century. To achieve this ambitious goal, Paris signatories set a voluntary emissions-based
target mandating economies to reach Net Zero emissions by 2050 [1,2]. However, two
factors affect these commitments: the breadth of complexity needed to decarbonise an
economy and the limited timeframe. Having achieved exponential economic growth by
burning hydrocarbons over the last two centuries, the sudden electrification of our eco-
nomic systems is nearly impossible—despite its apparent necessity [3]. Finding a consensus
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in climate change mitigation, countries set on a Net Zero approach, consisting of decreas-
ing emissions from obvious sources (e.g., power generation, agriculture, and real estate)
while ‘offsetting’ emissions tied to processes requiring hydrocarbons (e.g., steel production,
construction, and air travel). The intent is to create a positive balance of emissions while
maintaining the same level of industrial output, effectively postponing the decarbonisation
of some industries while technological advancements are being addressed [4,5].

Critics of the action taken thus far argue that it is ‘too little too late’, pointing to the
business-as-usual attitude of industries promising Net Zero results without any incremental
plan or relying too much on offsetting [6]. Our window of action is relatively short; within
25 years, economies must take extreme measures to reduce their emissions. Considering
that the lifecycle of a coal power plant is 60 years, that of a car is 20, and that plastics may
last hundreds of years (to name a few examples), it is reasonable to assume that we will
fall short [7]. After all, 2023 marks the halfway point towards the first (2030) target of
a 50% reduction in carbon dioxide equivalent (CO2e) emissions, a metric encompassing
all hydrocarbons and fluoride emissions. The latest Intergovernmental Panel on Climate
Change (IPCC) report claims that the current global efforts to meet this goal must be revised.
Emissions are forecasted to increase by 10.6% by 2030 compared to 2010 [8]. Analyses
projecting emissions after 2030 predict that CO2e outputs will plateau, yet this could lead
to postponing the significant reductions necessary in this decade.

As of April 2023, global annual emissions have reached 37.12 billion tonnes (CO2e)
with an atmospheric concentration of 418.27 ppm, a veritable tipping point [9–11]. Within
this figure, the hospital and medical technology (MedTech) sector contributes to 4.4% of
global emissions [12]. It is so that the different lifecycle stages of medical devices (MDs),
i.e., the design, manufacturing, use, and end of life [13], produce greenhouse gas emissions
and are linked to energy consumption, natural resource use, and waste production.

The healthcare sector alone of the Organization for Economic Cooperation and Devel-
opment (OECD) countries produced 1.6 GtCO2e in 2019 [14]. In aggregate, more than a
quarter of greenhouse gas emissions in the medical sector are imputable to the US, followed
by China, Europe, Japan, and the Russian Federation [15]. Beyond these cumulative num-
bers, however, standard emission metrics are not immediately useful when contextualising
the sector’s contribution to climate change. For instance, carbon intensity (i.e., a measure of
CO2e emissions against economic output) would misleadingly place the healthcare industry
as being very inefficient—especially in countries with socialised healthcare, which is as
much an issue of accounting in the denominator as it is the carbon use of the industry [16].

To solve this, carbon emissions have been linked to a metric of longevity called
Disability-Adjusted Life Years (DALYs)—a statistical measure representing the number
of years lost due to morbidity and mortality [17]. Hence, instead of measuring climate
change impacts in terms of gross domestic product (GDP) loss, an emitter is benchmarked
against a loss of quality of life. The aggregate healthcare industry emissions may cause a
loss of up to 3,060,000 DALYs (measured again in a loss in human health annually) [18].
To give a few examples, these can be due to climate-change-led undernutrition, malaria,
respiratory diseases, and heat stress [18]. Converted into dollars using a global average
GDP per capita, the loss in DALYs represents an economic cost between approximately 30
to 98 billion dollars [18].

1.2. Our Aim

A scoping review on sustainability across the MD lifecycle was performed with the
following objectives in mind:

1. To systematically identify research studies addressing sustainability in medical design,
development, manufacturing, distribution, utilisation, management, maintenance,
and decommissioning.

2. To map the included studies to the different stages of the medical lifecycle, from
design to decommissioning.
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3. To identify strengths and gaps in the current research on the topic and highlight areas
that require further inquiry and possible solutions.

This review aligns with the objectives discussed at the United Nations Climate Change
Conference 26, where 50 countries committed to low-carbon health services, and 14 of them
further committed to Net-Zero-carbon health services by 2050 [18]. As the definition of
sustainability is broad, this project was carried out by an interdisciplinary team of experts,
including biomedical engineers, bioethicists, and sustainability experts. The article also
aims to refer to the ethical facets of the issue of sustainability, in particular the MDs, which
appeal not only to designers but also to governments in regulations aware of the values
at stake.

1.3. Sustainability: A Catchall Term

Sustainability is a fuzzy concept that has evolved with time as its definition expanded
and has different meanings based on context and uses [19]. It was first coined in the
17th century by Hans Carl Von Carlowitz and applied to forestry [20]. Later, one of the
most recognised definitions is the one attributed to the 1987 Brundtland Commission (i.e.,
the United Nations Commission on Environment and Development) Report that defines
sustainable development as a “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs” [21], which
reminds individuals of Hans Jonas’ imperative of responsibility based on the precautionary
principle [22]. Overall, sustainability is often seen as the intersection of three dimensions,
namely environmental, social, and economic (hierarchically from the most to the least
important), i.e., the so-called “triple bottom line” [23]. This paper has narrowed the concept
of sustainability to include issues material to the lifecycle of medical devices (MDs) and
the climate crisis, specifically decarbonisation, i.e., the ability to adapt to climate change
impacts by reducing emissions and creating a Net Zero economy. Net Zero means balancing
the amount of greenhouse gases emitted into the atmosphere and the amount removed (or
offset for those inherently unsustainable manufacturing processes, e.g., steel and plastic
production) to mitigate the impact of climate change [24].

2. Materials and Methods
2.1. Search Strategy and Selection Criteria

The scoping review, conducted following the PRISMA statement for scoping reviews,
was relative to the following population (P), concept (C), and context (C) model [25,26]:

• P—MDs and equipment.
• C—sustainability (economic, social, and environmental) through the lifecycle of MDs.
• C—globally.

A search string was developed and iteratively refined by using keywords and logical
operators. The final version of the search string was:

TITLE-ABS-KEY ((“medical device” OR “medical equipment”) AND (“sustainab*”
OR “circular economy” OR “recycl*” OR “refurb*” OR “recondition*” OR (“reduce” AND
“waste”) OR “ecologic*” OR “reuse” OR ”recover” OR “renewab*” OR “environment-
friendly” OR “environmentally-safe” OR “environmentally sound” OR “ozone friendly”
OR “environmental impact” OR “economically sound” OR “natural resourc*”) AND (lifecy-
cle OR design OR development OR prototyping OR manufactur* OR use OR management
OR maintenance OR decommission* OR obsolescence OR “end of life” OR “disposal”
OR “packaging”).

This search string was run on two databases, namely Scopus and Web of Science
Core Collection. The inclusion and exclusion criteria are presented in Table 1. Only Final
or In Press articles published in the English language between 2013 and 2022 (included)
were included. Other document types were excluded (e.g., Conference Paper, Review,
Conference Review, Book Chapter, Book, Editorial, Letter, Note). Articles addressing
medical technologies achieving their primary intended purposes through chemical or
biological action, such as drugs and vaccines, were excluded too. The papers were screened
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by title, abstract, and full text by two authors. A third author reviewed the screening results
and solved possible disagreements.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Year of Publication

2013–2022 2012 and earlier; 2023-Present

Article Type

Journal articles Conference Papers, Reviews, Book Chapters,
Books, Editorials, Letters, Notes

Language

English Any other language

Demographic origin

Any region in the world -

Medical technologies

Any other medical technology (digital health,
bioimaging. . .)

Chemical or biological action (e.g., drugs,
vaccines)

Approaches

Use of strategies, interventions, and/or
frameworks assessing sustainability

Lack of strategies, interventions, and/or
frameworks assessing sustainability

2.2. Data Extraction

Relevant data were extracted by five authors and collected in an ad hoc Excel sheet
(see the Supplementary Materials). The extracted variables of interest included the related
medical technology (if any), the lifecycle stage, the proposed innovation, the impact metrics
(if any), the impact type, and the associated SDGs. In particular, the lifecycle stages were
divided as presented by Sousa et al. [13]:

1. Design and development. This stage includes the product design and development
methodologies (e.g., ecodesign), material/product design and development, feasibility
assessment, and prototyping.

2. Manufacture. This stage includes sourcing raw materials, supplier selection, produc-
tion, and distribution.

3. Use. This stage includes operation, reuse, and reprocessing.
4. End of life. This stage includes decommissioning, disposal, and recycling.

2.3. Data Synthesis

The narrative synthesis method was applied to synthesise the extracted data [27,28].
This allowed us to organise the results following the four stages mentioned above. Each
subsection analyses and compares similarities and contrasts found in our literature review.
This unlocks further considerations presented and contextualised in the broader literature
in the discussions section.

3. Results

The initial search conducted yielded 1653 potential sources. After excluding duplicates
and screening, 63 records met the criteria regarding the title and abstract, proceeding to
a full-text examination. Five articles could not be retrieved and, consequently, were not
selected for further review. Once full-text revision was finalised, 41 articles satisfied the
requirements imposed and comprised the analysis. A graphical representation of the
selection process is illustrated in Figure 1.
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Figure 1. PRISMA flow diagram. Study selection process used divided into 3 phases: identification,
screening, and inclusion. ** based on our inclusion and exclusion criteria.

More than 60% of the articles (25) included in this study were published in the last
three years (2020–2022), an acceleration in these studies compared to the seven years prior
(2013–2019), during which less than 40% of the articles (16) were published (Figure 2). The
authors of the selected articles were based in 18 different countries, yet almost 50% of the
articles (20) were written by authors hailing from just three countries, namely the USA,
Iran, and the UK (nine, six, and five articles, respectively) (Figure 3).

Most of the included articles focused on the “Design and development” stage (16 arti-
cles, 39%), followed by the “Use” (12 articles, 29.3%), “Manufacture” (10 articles, 24.4%),
and the “End-of-life” stages (3 articles, 7.3%) (Figure 4). Among the included studies, the
environment was the sustainability dimension most addressed by the authors (39.1% of the
occurrences), closely followed by the economic (37.9% of the occurrences) and the social
dimension (23% of the occurrences) (Figure 5). Regarding the SDGs, SDG#9: industry,
innovation, and infrastructure; SDG#12: responsible consumption and production; and
SDG#3: good health and well-being were the three most addressed by the studies (28.6%,
22.6%, and 11.9% of the occurrences, respectively) (Figure 6). A summary of the extracted
information is presented in Table 2 (please refer to the Supplementary Materials for the full
version). A narrative synthesis of the results organised by lifecycle stage is provided below.



Sustainability 2024, 16, 1433 6 of 25
Sustainability 2024, 16, x FOR PEER REVIEW 6 of 26 
 

 
Figure 2. Number of articles per year of publication. 

 
Figure 3. Number of articles per corresponding author’s countries. Darkest color denotes a greater 
number of contributions. Countries with included articles in descending order were the USA (9); 
Iran (6); UK (5); Italy (4); China, France, and Ireland (2 each); and Canada, Denmark, Germany, 
Netherlands, Poland, Portugal, Saudi Arabia, Spain, Sudan, Switzerland, and Turkey (1 each). 

Figure 2. Number of articles per year of publication.

Sustainability 2024, 16, x FOR PEER REVIEW 6 of 26 
 

 
Figure 2. Number of articles per year of publication. 

 
Figure 3. Number of articles per corresponding author’s countries. Darkest color denotes a greater 
number of contributions. Countries with included articles in descending order were the USA (9); 
Iran (6); UK (5); Italy (4); China, France, and Ireland (2 each); and Canada, Denmark, Germany, 
Netherlands, Poland, Portugal, Saudi Arabia, Spain, Sudan, Switzerland, and Turkey (1 each). 

Figure 3. Number of articles per corresponding author’s countries. Darkest color denotes a greater
number of contributions. Countries with included articles in descending order were the USA (9);
Iran (6); UK (5); Italy (4); China, France, and Ireland (2 each); and Canada, Denmark, Germany,
Netherlands, Poland, Portugal, Saudi Arabia, Spain, Sudan, Switzerland, and Turkey (1 each).



Sustainability 2024, 16, 1433 7 of 25

Sustainability 2024, 16, x FOR PEER REVIEW 7 of 26 
 

Most of the included articles focused on the “Design and development” stage (16 
articles, 39%), followed by the “Use” (12 articles, 29.3%), “Manufacture” (10 articles, 
24.4%), and the “End-of-life” stages (3 articles, 7.3%) (Figure 4). Among the included stud-
ies, the environment was the sustainability dimension most addressed by the authors 
(39.1% of the occurrences), closely followed by the economic (37.9% of the occurrences) 
and the social dimension (23% of the occurrences) (Figure 5). Regarding the SDGs, SDG#9: 
industry, innovation, and infrastructure; SDG#12: responsible consumption and produc-
tion; and SDG#3: good health and well-being were the three most addressed by the studies 
(28.6%, 22.6%, and 11.9% of the occurrences, respectively) (Figure 6). A summary of the 
extracted information is presented in Table 2 (please refer to the Supplementary Materials 
for the full version). A narrative synthesis of the results organised by lifecycle stage is 
provided below. 

 
Figure 4. Frequency of lifecycle stage addressed by the included studies: design and development 
(16), manufacture (12), use (10), and end of life (3). 

 
Figure 5. Frequency of sustainability dimension addressed by the included studies. 

Figure 4. Frequency of lifecycle stage addressed by the included studies: design and development
(16), manufacture (12), use (10), and end of life (3).

Sustainability 2024, 16, x FOR PEER REVIEW 7 of 26 
 

Most of the included articles focused on the “Design and development” stage (16 
articles, 39%), followed by the “Use” (12 articles, 29.3%), “Manufacture” (10 articles, 
24.4%), and the “End-of-life” stages (3 articles, 7.3%) (Figure 4). Among the included stud-
ies, the environment was the sustainability dimension most addressed by the authors 
(39.1% of the occurrences), closely followed by the economic (37.9% of the occurrences) 
and the social dimension (23% of the occurrences) (Figure 5). Regarding the SDGs, SDG#9: 
industry, innovation, and infrastructure; SDG#12: responsible consumption and produc-
tion; and SDG#3: good health and well-being were the three most addressed by the studies 
(28.6%, 22.6%, and 11.9% of the occurrences, respectively) (Figure 6). A summary of the 
extracted information is presented in Table 2 (please refer to the Supplementary Materials 
for the full version). A narrative synthesis of the results organised by lifecycle stage is 
provided below. 

 
Figure 4. Frequency of lifecycle stage addressed by the included studies: design and development 
(16), manufacture (12), use (10), and end of life (3). 

 
Figure 5. Frequency of sustainability dimension addressed by the included studies. Figure 5. Frequency of sustainability dimension addressed by the included studies.

Sustainability 2024, 16, x FOR PEER REVIEW 8 of 26 
 

 
Figure 6. Frequency of sustainable development goals addressed by the included studies. SDG#3: 
good health and well-being; SDG#6: clean water and sanitation; SDG#7: affordable and clean energy; 
SDG#8: decent work and economic growth; SDG#9: industry, innovation, and infrastructure; 
SDG#10: reduced inequalities; SDG#11: sustainable cities and communities; SDG#12: responsible 
consumption and production; SDG#13: climate action; SDG#15: life on land; SDG#16: peace, justice, 
and strong institutions; and SDG#17: partnerships for the goals. 

Table 2. Summary table. This table presents a summary of the extraction table (see the Supplemen-
tary Materials for a full version). 

Study Medical Technology  
(If Applicable) 

Lifecycle 
Stage 

Approach Impact Type SDGs 

Hamner et al., 2013 
[29] 

Prosthetic knee Design and 
development 

Frugal innova-
tion 

Economic; social 3, 9 

Hede et al., 2013 [30] 

The proposed framework was 
assessed by four companies in 
Europe engaged in class I and 
II medical device development 

Design and 
development 

Sustainable de-
sign 

Economic; envi-
ronmental; so-
cial 

9, 12 

MacVittie et al., 2013 
[31] 

Any implantable electromedi-
cal equipment (e.g., pace-
maker) 

Design and 
development 

Body energy har-
vesting 

Economic; envi-
ronmental 

7 

Hamza et al., 2014 [32] Microscope Use Operation 
Environmental; 
social 7, 17 

Unger and Landis, 
2014 [33] Dental bur Use Reprocessing Environmental 3, 8, 9, 12 

Gupta et al., 2015 [34] 
A medical device to treat neo-
natal hypothermia 

Design and 
development 

Frugal innova-
tion; global 
health technolo-
gies 

Economic; social 
Not avail-
able 

Izadikhah and Far-
zipoor Saen, 2016 [35] 

Twenty-nine Iranian supply 
chains producing equipment 
of expendable medical devices 

Manufacture Supply chain 
management 

Economic; envi-
ronmental; so-
cial 

9, 12, 17 

Moultrie et al., 2016 
[36] All types of medical devices 

Design and 
development Ecodesign 

Economic; envi-
ronmental 7, 9, 12 

Unger and Landis, 
2016 [37] 

Seven devices, including the 
deep vein thrombosis (DVT) 
compression sleeve, pulse oxi-
meter, ligasure, harmonic 

Use Reprocessing 
Economic; envi-
ronmental; so-
cial 

3, 8, 9, 12, 
13 

Figure 6. Frequency of sustainable development goals addressed by the included studies. SDG#3:
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Table 2. Summary table. This table presents a summary of the extraction table (see the Supplementary
Materials for a full version).

Study Medical Technology
(If Applicable) Lifecycle Stage Approach Impact Type SDGs

Hamner et al.,
2013 [29] Prosthetic knee Design and

development
Frugal
innovation

Economic;
social 3, 9

Hede et al., 2013 [30]

The proposed framework was
assessed by four companies in
Europe engaged in class I and II
medical device development

Design and
development

Sustainable
design

Economic;
environmental;
social

9, 12

MacVittie et al.,
2013 [31]

Any implantable electromedical
equipment (e.g., pacemaker)

Design and
development

Body energy
harvesting

Economic;
environmental 7

Hamza et al., 2014 [32] Microscope Use Operation Environmental;
social 7, 17

Unger and Landis,
2014 [33] Dental bur Use Reprocessing Environmental 3, 8, 9,

12

Gupta et al., 2015 [34] A medical device to treat neonatal
hypothermia

Design and
development

Frugal
innovation;
global health
technologies

Economic;
social

Not
avail-
able

Izadikhah and
Farzipoor Saen,
2016 [35]

Twenty-nine Iranian supply chains
producing equipment of expendable
medical devices

Manufacture Supply chain
management

Economic;
environmental;
social

9, 12, 17

Moultrie et al.,
2016 [36] All types of medical devices Design and

development Ecodesign Economic;
environmental 7, 9, 12

Unger and Landis,
2016 [37]

Seven devices, including the deep
vein thrombosis (DVT) compression
sleeve, pulse oximeter, ligasure,
harmonic scalpel, endoscopic trocar,
arthroscopic shaver, and scissor tip

Use Reprocessing
Economic;
environmental;
social

3, 8, 9,
12, 13

Barbero et al., 2017 [38] Dialysis equipment for chronic
haemodialysis

Design and
development

Ecodesign;
systemic
design

Economic;
environmental;
social

9

Unger et al., 2017 [39] Various Design and
development

Material
selection

Environmental;
social 3, 9

Cosgrove et al.,
2018 [40] Not applicable Manufacture Production Economic;

environmental 7, 9, 13

Ghadimi et al.,
2018 [41] Diabetes monitoring solution Manufacture Supplier

selection
Economic;
environmental 9, 12

Mann et al., 2018 [42] External fracture fixation device Design and
development

Material
selection

Economic;
environmental 9

Ghadimi et al.,
2019 [43] Not applicable Manufacture Supplier

selection
Economic;
environmental 9, 12, 16

Magno et al., 2019 [44] Monitoring of blood oxygenation Design and
development

Efficient power
management;
solar energy
harvesting;
ultralow power
processing

Economic;
environmental 7
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Table 2. Cont.

Study Medical Technology
(If Applicable) Lifecycle Stage Approach Impact Type SDGs

Donahue et al.,
2020 [45] Vaginal specula Use Reprocessing;

procurement
Economic;
environmental

11, 12,
13

Liu et al., 2020 [46] Drug release device Design and
development

Body energy
harvesting

Economic;
social

Not
avail-
able

Lyne et al., 2020 [47] Toothbrush Use Procurement Environmental;
social 9, 12, 13

Riutord-Sbert at al.,
2020 [48] Surgical masks Design and

development
Material
selection

Economic;
social 3, 9

Xu et al., 2020 [49] Pacemaker Design and
development

Body energy
harvesting

Economic;
environmental;
social

Not
avail-
able

Alrashoudi et al.,
2021 [50] Lateral flow immunoassay Design and

development

Reducing the
amount of
materials

Environmental 9

Bayrak and Soylu,
2021 [51] Any single-use medical device Use Reprocessing Economic 3

Haber and Fargnoli,
2021 [52] Not applicable Use

Product–
service
customisation

Economic;
environmental 9, 12

Hanani et al., 2021 [53] Any implantable electromedical
equipment (e.g., pacemaker)

Design and
development

Body energy
harvesting Environmental

Not
avail-
able

Hasani et al., 2021 [54] Unspecified for confidentiality
reasons Manufacture Supply chain

configuration
Economic;
environmental

Not
avail-
able

Liao et al., 2021 [55] Various Use
Repair/replacement
decision
making

Economic
Not
avail-
able

Piaggio et al., 2021 [56] Pupillometer Design and
development

Frugal
innovation

Economic;
environmental;
social

8, 12, 17

Szmelter-Jarosz et al.,
2021 [57] Any medical equipment Manufacture Distribution Economic;

social 3, 9

van Straten et al.,
2021 [58] Face masks Use Reprocessing

Economic;
environmental;
social

9, 12, 13,
17

Benedettini, 2022 [59] Any medical device that can be
reprocessed Use Reprocessing Economic;

environmental 9, 12

Epelle et al., 2022 [60] Any that need sterilisation Use Sterilisation Economic;
environmental 6, 9

Fargnoli et al.,
2022 [61] Not applicable Manufacture Supply chain

management
Economic;
environmental

Not
avail-
able

Goli and Sadeghi,
2022 [62] Medical mask End of life Repurpose Economic;

environmental 3
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Table 2. Cont.

Study Medical Technology
(If Applicable) Lifecycle Stage Approach Impact Type SDGs

Le et al., 2022 [63] Not applicable End of life Recycling;
disposal

Economic;
environmental

9, 11, 12,
17

Mallick et al., 2022 [64] Disposable insulin pens End of life Recycling; re-
manufacturing

Environmental;
social 3, 17

Nayeri et al., 2022 [65] Blood bank refrigerator Manufacture Supply chain
configuration

Environmental;
social

8, 9, 12,
17

Rostami et al.,
2022 [66] Oxygen concentrator Manufacture Supplier

selection
Economic;
environmental 12

Rouvière et al.,
2022 [67]

Medical devices in hospitals (mainly
operating rooms) Use

Waste
reduction;
waste sorting;
procurement

Economic;
environmental;
social

6, 8, 9,
12, 13

Williams et al.,
2022 [68] Oxygen concentrator Design and

development

Frugal
innovation; 3D
printing;
material
selection

Economic;
environmental;
social

3, 9, 10,
12, 15

Abad et al., 2023 [69] Medical ventilator Manufacture
Supply chain
management;
distribution

Economic;
environmental;
social

12,13

3.1. Design and Development

Among the studies included, the authors employed two overarching strategies to
promote sustainability in the design and development of MDs. Firstly, they adopted
a more comprehensive methodological framework encompassing various practices and
techniques to integrate sustainability considerations into product design and development.
Secondly, they adopted a more targeted approach that centred around specific features of
the device, such as energy consumption and the materials used, with sustainability as a
critical consideration. A summary of the studies included in the design and development
stage, categorised by approach, is presented below.

3.1.1. Ecodesign, Sustainable Design, and Frugal Engineering

Among the studies included in this research, two proposed ecodesign practices to
integrate environmental considerations into the design and development process. The
objective was to minimise the ecological impact of MDs throughout their lifecycle. The first
study, conducted by Barbero et al., employed an interdisciplinary systemic approach to
design a haemodialysis machine [38]. The primary aim was to improve the haemodialysis
treatment’s environmental sustainability while meeting the needs of technicians, healthcare
staff, and patients. The authors then tested, revised, and adapted their methodology to
apply it to other types of MDs. The second study, conducted by Moultrie et al., developed
a series of ecodesign maturity grids to support the environmentally conscious design of
MDs [36]. Each grid contains a list of ecodesign issues relevant to a specific product lifecycle
stage. The problems include raw material sourcing, manufacture and assembly, packaging
and distribution, product use, and end-of-life considerations.

Additionally, the grids describe five levels of maturity or achievement for each issue.
For example, the maturity grid for product packaging and distribution guides designers
and product marketers in assessing the maturity level of five related topics: the space
efficiency of packaging; structure of packaging; recycled, reused, or remanufactured content
of packaging; recyclability, reusability, or manufacturability of packaging; and polyvinyl
chloride content of the packaging. These grids were developed based on semistructured
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interviews with eight key opinion leaders in healthcare design and were subsequently
validated based on interviews with five MD companies. Overall, the grids provide valuable
insights to designers and product marketers on improving the design of MDs at different
lifecycle stages.

Expanding upon ecodesign, Hede et al. have put forth a comprehensive and multi-
faceted conceptual framework that delves into a broader scope of sustainable design [30].
This framework aims to integrate the three dimensions of sustainability (namely, economic,
environmental, and social) into the design and development of MDs. The proposed frame-
work includes the Multicriteria Hierarchical Model, an extensive revision of the Analytical
Hierarchy Process, and comprises a subcategory of the Multicriteria Decision Analysis
methodology. The primary objective of this conceptual framework is to provide a thor-
ough evaluation and a workable roadmap for the development of sustainable MDs. The
proposed multifaceted framework was created to optimise the design while considering
technical parameters and the stakeholders’ perspectives, such as the creation of employ-
ment opportunities and investment in community welfare. Four European companies
involved in developing class I and II MD validated the proposed framework.

In other studies, a frugal innovation or frugal engineering perspective was adopted
in the design of MDs by various researchers [29,34,56,68]. Frugal engineering emphasises
cost reduction, concentration on core functionalities, and optimised performance levels to
develop simple and affordable solutions to address the needs of underserved populations,
often in resource-constrained settings, without compromising functionality or quality [70].
Thus, frugal engineering primarily addresses sustainability’s economic and social dimen-
sions, although some works also consider environmental issues. To innovate global health
technologies, Gupta et al. designed the Embrace Nest, a family of MDs that aims to address
neonatal hypothermia, a condition affecting primarily newborns with low birth weight,
in resource-limited settings [34]. Although the authors followed the traditional principles
and stages of design theory (i.e., empathising, defining, ideating, prototyping, and testing),
their frugal perspective allowed them to manufacture and commercialise those devices
in India, Uganda, Afghanistan, Zambia, and Haiti, benefiting an estimated number of
87,000 newborns with low birth weight.

Similarly, Hamner et al. describe the development of ReMotion Knee, an affordable
polycentric prosthetic knee joint designed for low-income countries whose performance
competes with other devices commercialised in more industrialised regions [29]. This
device considered criteria highly relevant in low-resource settings, such as affordability
(with a projected final cost below USD 80) and durability (3–5 years of use in rugged terrains
and wet environments). As of September 2012, the initial version of the ReMotion Knee had
benefited over 4200 amputees. Additionally, Piaggio et al. present the initial results of their
study, which aims to design, prototype, and validate a smartphone-based pupillometer
following the European MD Regulation and relevant standards [56]. The design of this
MD was performed by considering the constraints often found in low-resource contexts,
including the need for specialised clinicians, funds, spare parts and consumables, poor
maintenance, and harsh environmental conditions. Lastly, Williams et al. present the
redesign of the inlet filter of an oxygen concentrator, which is often out of use and difficult
to replace due to the limited supply chain in low-resource settings [68]. The redesign
was based on a reverse engineering approach and the use of 3D printing and activated
charcoal as a filtering agent. Ultimately, the authors aimed to empower and encourage local
communities to produce simple spare parts for MDs leveraging 3D printing, prototyping,
and locally produced activated charcoal.

3.1.2. Energy Harvesting and Efficiency Management

Several implantable MDs, such as cardiac pacemakers and defibrillators, operate on
batteries. However, the limited lifespan of conventional batteries results in additional
surgeries to replace the battery and the device itself as they are airtight for safety reasons.
This causes inconvenience for patients and generates unnecessary electronic waste that
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could otherwise be avoided as the device may still function correctly. To address this
issue, several studies propose the concept of body energy harvesting, which could enable
a new generation of self-powered implantable MDs [31,46,49,53]. For instance, MacVittie
et al. developed enzyme-based biofuel cells to power electronic devices and tested their
concept in two ways. Initially, they implanted biofuel cells into two lobsters [31]. They
connected them in series, generating an open circuit voltage (Voc) of up to 1.2 V, sufficient
to power a digital watch. Later, they created a fluidic system that consisted of five cells
filled with a human serum solution and connected them in series, generating a Voc of 3 V,
which was used to power a pacemaker. Therefore, they demonstrated the feasibility of
future electronic implantable medical devices powered by electricity harvested from the
human body.

Furthermore, Xu et al. presented a novel cardiac energy harvester composed of com-
posite microfilms utilising piezoelectric materials [49]. These microfilms were ingeniously
fashioned to create a multibeam cylindrical structure positioned on a pacemaker lead,
which effectively harnesses energy from the motion of the lead propelled by the heartbeat.
The feasibility of their prototype was evaluated in three various testing environments,
namely air, phosphate-buffered saline, and simulated blood, resulting in electrical output of
0.78 ± 0.05, 0.73 ± 0.03, and 0.71 ± 0.03 V, respectively. Subsequently, the rectified electrical
output obtained from the multibeam structure was utilised to charge two commercial
capacitors with a capacitance of 47 µF and 120 µF, respectively. Xu et al. [49] reported that
the 47 µF capacitor attained 0.34 V in 14.1 s, and the 120 µF capacitor reached 0.33 V in
34.6 s.

Similarly, Hanani et al. devised a bioflexible piezoelectric nanogenerator by using lead-
free biocompatible nanoparticles [53]. The researchers reported that this nanogenerator
yielded an open-circuit voltage of 14.4 V and a short-circuit current of 0.55 µA when
subjected to gentle finger tapping. Furthermore, they demonstrated the nanogenerator’s
efficacy by activating electronic components commercially available, such as charging a
1 µF capacitor to store 3.92 µJ of energy within 115 s under gentle finger tapping and
illuminating an LED.

Differently, Magno et al. proposed a novel approach to extend the lifetime of wearable
devices by combining solar energy harvesting with low-power design and energy-efficient
processing [44]. Specifically, the authors developed a self-powered wearable pulse oxime-
ter assembled in a 3D ring-like geometry, leveraging solar energy harvesting, efficient
power management, and ultralow power processing in a multicore microcontroller. Their
experimental results on the designed and developed prototype demonstrated that the
accurate measurement of blood oxygenation could be achieved once every minute at a
daily energy consumption of 28 J, which includes hourly Bluetooth transmissions. The
authors attributed the system’s self-sustainability to the low-power design, which required
only 64 min of sunlight or 12 h of indoor home light daily.

3.1.3. Material Selection and Reduction

One critical decision that can significantly impact sustainability during the design and
development process of MDs is selecting materials and reducing waste. Several studies
have addressed this issue, focusing on using biopolymers as an alternative to petroleum-
based plastics. For example, Unger et al. conducted a comparative lifecycle assessment
on single-use disposable medical products used in hysterectomies, comparing those made
with biopolymers to those made with conventional plastic [39]. The study found that while
biopolymers can reduce the environmental impact of MDs in terms of carcinogenic and
respiratory effects, the significant agricultural inputs required for their manufacture can
exacerbate ecological impacts. Thus, carefully considering material selection is crucial for
achieving MD design and development sustainability goals.

On the other hand, Mann et al. (2018) conducted a case study that examined the
heightened functionality and decreased disposability of a commercial external-fracture-
fixation apparatus, along with the impact of these product features on its commercial
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acceptance [42]. Specifically, the authors systematically compiled and analysed the avail-
able literature on the product, such as sales brochures, medical reports, white papers,
patents filed, user manuals, web tutorial videos, and spare parts catalogues, to discern
the product design decisions that influenced its functionality and sustainability. The re-
searchers determined that using stainless steel, aluminium, and carbon fibre as materials
enhanced the durability and increased reusability by facilitating sterilisation, thereby less-
ening the device’s environmental impact. Furthermore, the ease of obtaining raw materials
locally due to reduced transportation also contributed to reducing this impact according to
the authors.

Riutord-Sbert et al. proposed a potential remedy for the shortage of Personal Pro-
tective Equipment (PPE) amidst the COVID-19 pandemic, resulting in high costs and a
depletion of global mask stocks [48]. The authors suggested the conversion of conventional
surgical masks into PPE masks by affixing a face seal made of polylactic acid (corn starch)
thermoplastic resin. The basis for selecting polylactic acid was its ability to withstand
disinfection with 0.1% sodium hypochlorite, which allows for its reuse and biodegrad-
ability. The overarching objective of this proposition was to ensure the clinical efficacy of
healthcare professionals and organisations cost-efficiently while enhancing clinical safety.

Finally, Alrashoudi et al. developed a lateral flow immunoassay to facilitate rapid
COVID-19 testing while considering the environmental impact of the disposable medical
device (MD) [50]. Specifically, the authors utilised a material extrusion-based bioprinting
setup with the aid of a robotic arm to construct the testing strips. Moreover, 3D printing
technology was used to create a strip housing unit. Employing finite element analysis, the
authors simulated the physical strains on the designed housing unit, i.e., the cassette, to
determine its minimal thickness while ensuring usability and durability when conducting
the test. The authors posit that reducing the amount of material required to fabricate the
cassette minimises the amount of wasted and discarded material from each cassette.

3.2. Manufacture

Among the included studies, the authors followed two approaches to foster sustain-
ability in MD manufacturing. First, one study focused on the production of the MD. Also,
some other studies focused on the supply chain associated with the production of some
MDs. An overview of the included studies in the manufacture stage grouped by approach
is provided below.

3.2.1. Production

Cosgrove et al. presented a tool to achieve energy savings in the production pro-
cesses [40]. Namely, the authors propose the application of a normalised coefficient to
view production and energy data and the development of a rolling energy performance
coefficient to provide alerts to ‘out-of-control’ production operations. This proposal is
motivated by evidence showing that, whilst companies have focused on reducing energy
at a facilities level, specific production processes generate significant environmental impact
through energy consumption and greenhouse gas emissions. Finally, the authors provide
an example of implementing this approach in a large MD manufacturing facility, which led
to significant energy savings.

3.2.2. Supply Chain

Studies addressing the supply chain associated with the manufacture of MDs focus on
its management or configuration (three and two articles, respectively).

Within supply chain management, Abad et al. proposed a hybrid chance-constrained
programming and cost function for a medical ventilator supply chain by defining several
parameters for each impact type, highlighting cost, customer demand, and CO2 released
into the atmosphere [69]. This innovation has resulted in substantial improvements to
social responsibility (SR), as it was demonstrated that at specific points throughout the
demand escalation, an enhancement in “several parameters of the SR index, such as fixed
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and variable job opportunities” occurred. Nonetheless, the authors acknowledged that
applying the hybrid-chance constrained programming and cost function produces more
significant cost variability when stricter environmental policies are implemented, thus
creating possible financial insecurity within the company.

Moreover, Izadikhah and Farzipoor Saen proposed a new data envelopment analysis
(DEA) model for assessing sustainability in economic, social, and environmental criteria [35].
This model includes two stages: the first stage (supplier) feedback is the input for the second
one (manufacturer). DEA analyses decision-making units (DMUs), treated as independent
black boxes, whose main feature is their inputs and outputs being considered harmful.
Throughout the conduction of the case study in 29 Iranian supply chains dedicated to
the production of disposable MDs, it was concluded that the importance and relevance
of the manufacturing stage (76%) played a more significant role than the supplier (24%),
with only 7 out of the 29 companies being overall efficient in both sections. Unfortunately,
the authors did not propose any specific solution to the 29 companies examined, as their
purpose was to assess their current efficiency and establish comparisons between both
stages: the supplier and manufacturer.

Finally, Fargnoli et al. (2022) suggested implementing a product–service system
(PSS) approach in the medical equipment sector based on its functional matrix, Screening
Lifecycle Modelling (SLCM), and stock management theory [61]. Its reliability was proved
through a case study by displaying improvements in some areas. Firstly, the equipment’s
lifecycle was increased from four to five years while maintaining its correct functionalities.
This improvement was possible due to an optimisation of the spare parts from production,
reusing them in the maintenance department. Moreover, it offered a better understanding
of estimating quantity orders, reducing waste and saving financial resources. Therefore, it
can be gathered that there were economic and environmental benefits thanks to applying
this approach.

On the other hand, within supply chain configuration, Hasani et al. presented a
multiobjective optimisation model to design a green and resilient global supply chain
network (GSCN) [54]. This model considers competitiveness, resiliency, and environmental
issues. Namely, the model aims to maximise the expected profit (economic target) while
minimising CO2 emissions produced via material shipment within the GSCN (environ-
mental target) under disruption scenarios (for instance, the one caused by the COVID-19
pandemic). Moreover, the authors present a case study of applying the proposed model
to a newcomer global MD manufacturing company (whose name they do not disclose for
confidentiality reasons). Overall, profitability was reduced under disruption scenarios.
However, the countermeasures proposed by the authors positively impacted other indica-
tors. For instance, by decentralising factories, any disruption in one factory does not imply
the stoppage of manufacturing other parts or products, maintaining the flow within the
system, an indicator of resiliency. Furthermore, the geographical relocation of material sup-
pliers to closer locations helps reduce the environmental impact of the supply chain. Finally,
the authors proposed planning an uncertainty budget to aid in managing and planning
more extreme measures when facing disruptions from the company or global recessions.

Similarly, Nayeri et al. assessed the sustainability, resiliency, and responsiveness
of the supply chain network (SCN) associated with blood bank refrigerators during the
global disruption generated by the COVID-19 pandemic [65]. Namely, they proposed a
multiobjective programming model (MOPM) to minimise the environmental impacts and
the total cost and maximise the social impacts, resiliency, and responsiveness of the SCN
while considering the global SC factors. Then, to cope with the uncertainty in the SCN
design problem, the Modified Fuzzy Robust Stochastic (MFRS) optimisation method was
developed. The authors’ findings suggest that an increase in the responsiveness level of the
supply chain can lead to increasing sustainability dimensions, including job opportunities,
safety, carbon emission, and economic aspects. Moreover, increased demands harm the
economic, environmental, and responsiveness targets.
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3.2.3. Supplier Selection

Ghadimi et al. showed, by implementing a multiagent system (MAS), that the financial
performance of manufacturing companies adopting environmental and social sustainability
in their operations strategy enhances their competitive advantage, which can lead to
long-term sourcing relationships for the buyer–supplier dyad [41]. Better communication
was emphasised in the literature as a critical factor in establishing a long-term supply
chain partnership among suppliers and buyers. In a literature review conducted by Jain
et al., it was highlighted that integrating supply chain functions regarding buyer–supplier
relationships could be possible by using advanced communication technology that allows
for the real-time flow of information among the participating members [71]. In the case
study by Ghadimi et al., three suppliers were assessed for their social, environmental,
and financial sustainability. Supplier #3 recorded the best overall sustainability, whilst the
other two lacked efficiency in social and financial aspects, respectively. The approach was
generally successful as it can be implemented in real-life situations, aiding the relationships
between manufacturers and suppliers. Expressly, ameliorations in cost efficiency, time
consumption, and information accuracy can be guaranteed via an optimal MAS.

In the research conducted by Ghadimi et al., the MAS approach was implemented
directly into 4.0 SCs, where different features were studied, such as distribution, autonomy,
mobility, intelligence, and self-learning [43]. These characteristics were used as measure-
ments of the issues regarding communicability and information automation. Also, Ghadimi
et al. proposed using a fuzzy inference system, which is effective due to the ambiguity
regarding the sustainability topic, as well as reducing human interaction along the process,
minimising misinterpretations. By applying this methodology, manufacturers mark the
path regarding sustainability principles, and suppliers would have to keep evolving this
fuzzy technique to meet those imposed requirements. Moreover, a new concept, viable SC
(VSC), has surfaced recently. SCs need to consider other factors (leagile, sustainability, and
digitalisation) for the system to meet the current optimal specifications. VSCs must comply
with these new attributes as they should be adaptive and time-responsive, demonstrating
resiliency and polyvalency [72].

Finally, Rostami et al. recently applied this to a Supplier Selection Problem (SSP) of
an oxygen concentrator device [66]. Their paper determined that the aspects above are
essential and permit the analysis of economic, social, and environmental sustainability
indicators, validating the procedure.

3.2.4. Distribution

Szmelter-Jarosz et al. expose an uncertain closed-loop SC, where a fuzzy approach is
considered to deal with the uncertainty caused by the COVID-19 pandemic [57]. Distribu-
tion comprises the location of potential facilities for the delivery and return of goods. The
objective is to allow strategic and tactical conclusions concomitantly, the first one referring
to the location of the different facilities needed throughout the SC, such as production
centres or recycling points, while the tactical section alludes to the medical equipment
transported and its flow between these premises. This case study was developed during
the outbreak of the COVID-19 pandemic, so predefined timetables, as well as the minimal
use of time and resources, were primordial for this approach to be successful. Ultimately, it
is demonstrated that a more optimal SC, in all three terms of sustainability, can be achieved
by implementing this fuzzy technique.

3.3. Use

Among the included studies, the authors followed three similar approaches to foster
sustainability in the MD use stage. The first approach focuses on the assessment through
tools that describe the impact of products in the various stages of the product lifecycle.
Unger and Landis evaluated the disparities in the environmental impacts of disposable and
reusable dental burs through a comparative lifecycle assessment (LCA) [33]. According to
this research, reusable burs had 40% less environmental impact than disposable burs when
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the ultrasonic and autoclave were loaded optimally. Conversely, when the autoclave and
ultrasonic were loaded to approximately one-third capacity, reusable dental burs posed
more negative environmental impacts in eight of nine ecological impact categories when
compared to disposable burs. Again, S. Unger and Landis proposed a model based on MD
supply chains’ environmental, human health, and economic impacts when varying levels of
reprocessed devices are used by using LCA and a lifecycle cost assessment (LCCA), and the
results showed that the impact on global warming was marginally lower in reprocessing
scenarios when compared to scenarios that employed no reprocessing, and the human
health impact results marginally favoured that of no reprocessing when compared to
reprocessing scenarios [37].

Van Straten et al. used the LCA tool to estimate the performance and impact of the
proposed solutions in each stage of this tool [58]. Face masks showed approximately the
same results after sterilising and applying a reusing process up to five times. Epelle et al.
assessed the impact of ultraviolet-C (UVC) and gaseous ozone on decontaminating different
materials from different agents [60]. The combination of both systems overcomes the single-
system limits. The efficacy of this combined method depends on the type of material. This
novel method could be a sustainable alternative for MD disinfection instead of carcinogenic
ethylene oxide. Likewise, Rouvière et al. assessed the ecological and economic impacts
of sustainable actions targeting MDs [67]. Integrating sustainable measures in operating
rooms leads to environmental benefits and generates savings.

The second approach focuses on harnessing resources to reduce the negative impact
on the environment. Haber and Fargnoli performed this by proposing solutions tailored to
the consumer’s demands and adapting existing solutions to suit the needs of customers
better [52]. This approach enables manufacturers to improve their environmental perfor-
mance by optimising their product’s lifecycle and fostering remanufacturing, reusing, and
recycling activities. Bayrak and Soylu described the importance of regulations allowing for
the reprocessing of single-use devices to take better advantage of device features and to be
targeted for specific use cases [51]. Likewise, Liao et al. used decision-making models to
repair medical equipment [55]. Finally, Benedettini advised looking into the trend towards
green servitisation in the single-use MD market and how it is assisting the sector in moving
towards a more sustainable economic model through the green servitisation of Original
Equipment Manufacturers (OEMs) [59].

The third approach emphasises the value of remotely operating and managing equip-
ment, such as photovoltaic (PV) generators, to power MDs in remote locations [32]. Solar
PV systems can be an alternative technology for remote rural areas where grid electric
power is unavailable.

Each approach impacts the economic and environmental pillars, although the contri-
bution of the social pillar is indirect because the approaches seek the benefit of the users
who use the products. However, the impact on the evaluation is limited.

3.4. End of Life

This stage takes advantage of the residual resources employed for other functions.
According to the literature, three principal approaches expand the functions of products that
have completed their cycle of use. The first approach was proposed by Goli and Sadeghi,
whose contribution is to reuse the polymers contained in single-use face masks that can
be used to improve the properties and performance of hot mix asphalt [62]. Adding such
elements improved the tensile strength, the aggregate–binder adhesion, and the resistance
to moisture damage. This is extremely useful in the current settings where tons of masks
are being produced, used, and abandoned daily.

The second approach focused on the Medical Waste Chain system that supports the
waste transactions between the medical centre and waste centre, recycling plant, and the
sorting factory, and can easily manage and query the related data. This aids the reuse
of medical equipment, prolonging their life and accelerating the waste management and
treatment process [63].
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Finally, Mallick et al. suggested contributing to a more circular economy for disposable
MDs by designing and implementing a take-back system for single-use devices [64]. This is
based on the company return, whose goal is to reuse the postconsumer recycled materials
in its production. The main objective is to promote the return of used insulin pens to recycle
and reuse some of their components.

Each of these approaches positively impact the economic and environmental dimen-
sions thanks to the reuse of the products whose end life has been completed, as these
products become raw materials to create novel alternative solutions for resolving other
types of issues.

4. Discussion

This scoping review was performed with the aim of analysing the state-of-the-art
research on the sustainability of MDs across their lifecycle and proposing an evidence-
based way forward.

From our analysis, it was clear that there is an unequal distribution of research efforts to
incorporate sustainability across different lifecycle stages. The “Design and development”,
“Manufacture”, and “Use” stages have received acceptable attention, with 39%, 24.4%,
and 29.3% of the included studies, respectively, addressing that stage. Contrastingly, the
“End-of-life” stage has received minimal attention, with only 7.3% of the studies addressing
this stage, highlighting the urgent need for further research in this area. Indeed, it is crucial
to develop innovative approaches to handle MDs at their current end of life sustainably
(e.g., safely using the discarded device, its parts, or materials in a new product with a
different function).

While not as dramatic as the above, an unequal distribution of research efforts was also
observed regarding the three dimensions of sustainability (i.e., environmental, economic,
and social). Namely, the environmental dimension was the most common, accounting for
39.1% of the occurrences, closely followed by the economic dimension with 37.9% of the
occurrences. In comparison, the social dimension was addressed in 23% of the occurrences.
Interestingly, while MDs focus naturally on an essential element of sustainability (i.e.,
health and well-being), the research efforts to improve it across the MD lifecycle have paid
more attention to fostering environmental and economic sustainability. This highlights the
need for novel approaches to increase the social impact of MDs. For instance, increasing
the access of a broader population to healthcare by following frugal engineering principles
during the design and development process of MDs.

When it comes to the sustainable development goals (SDGs), most of them (13 out of
17) were addressed by at least one study (Figure 6). The three most addressed SDGs were:

• SDG#9: industry, innovation, and infrastructure (28.6% of the occurrences).
• SDG#12: responsible consumption and production (22.6% of the occurrences).
• SDG#3: good health and well-being (11.9% of the occurrences).

SDGs #9 and #12 align with the findings above, which revealed the strong attention that
research studies have paid to improving the sustainability of MDs during the design and
development, manufacture, and use stages. Furthermore, SDG #3 aligns with the intention
of MDs to treat, cure, prevent, mitigate, and diagnose disease in humans. Nevertheless,
there are still areas of opportunity to improve the environmental impact of MDs by reducing
energy and water consumption during their manufacture and use.

This review also allowed for the collection, evaluation, and reporting of the flagship
sustainability principles in the MD industry per lifecycle stage, which is aligned with the
green supply chain method [73]. These are presented below, organised by lifecycle stage
and matched to the 9R framework whenever possible. This framework promotes a circular
economy approach by examining how products and materials can be used and reused at
their highest value while minimising waste and environmental impact [74]. Namely, the
9Rs are rethink, reduce, reuse, repair, refurbish, remanufacture, repurpose, recycle, and
recover (from R1 to R9). Furthermore, Table 3 presents the included studies addressing
each R, if applicable.
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(a) Design and development

(i) Context-aware, lifecycle-aware design and development. This principle refers
to incorporating sustainability considerations during the product design and
development process using eco-, sustainable, and frugal design approaches.
This principle loosely matches R1, which refers to rethinking a product to make
it more sustainable by design.

(ii) Energy considerations include eliminating the need for external supplies to
power MDs by harvesting energy from the body or optimising energy usage
through electronics design and microprogramming. This principle matches
R2, which includes increasing efficiency in product manufacturing and use by
consuming fewer resources.

(iii) Material reduction and selection, including optimising the amount of materials
in MDs and using more recyclable materials (e.g., less single-use plastics).
The latter matches R8, which refers to processing materials to obtain high-
or lower-grade materials, while the former matches R2, which also includes
consuming fewer materials to manufacture a product.

(b) Manufacture

(i) Energy savings in production processes. While the included studies refer
specifically to reducing energy usage during production, this principle can
be extended to lowering all the required resources (e.g., energy and water).
Hence, this principle aligns with R2, which includes increasing the efficiency
of producing MDs by consuming fewer resources.

(ii) Supply chain management, which considers optimising the entire supply chain
to reduce the resources involved in product manufacturing, from supplying
raw materials to distributing finished products. This principle also aligns
with R2.

(c) Use

(i) Reusable vs. disposable. This principle refers to reusing MDs after proper
sterilisation procedures whenever possible, which directly matches R3. Need-
less to say, scientific and clinical evidence must support the decision to reuse
specific MDs to meet applicable safety standards.

(ii) Adapting existing solutions to current needs and customer demands. This
principle can align with R1, which considers using the same product for differ-
ent functions, thus eliminating the need for a new product, or with R7, which
considers using a discarded product (or its parts) in a new product with a
different function.

(iii) Repairing MDs based on decision-making tools, which extends the service life
of MDs, reducing the need for new products. This principle aligns with R4
repair and R5 refurbish.

(d) End of life

(i) Repurposing. This principle aligns directly with R7 repurposing, which con-
siders using a discarded product or its parts in a new product with a differ-
ent function.

(ii) Designing and implementing a take-back system for single-use MDs. Take-
back systems aim to reduce MD manufacturers’ environmental impacts and
increase efficiency and economic value by recycling or remanufacturing prod-
ucts or their materials. This principle aligns with R6 to R8, which includes
remanufacturing, repurposing, and recycling.

(iii) Improving waste management and communication between medical centres
and waste centres. This principle aligns with R8 and R9 as it focuses on
recovering the waste generated by MDs to recycle some of their materials or
recovering energy from their incineration.
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Table 3. Summary of included studies addressing each R from the 9R framework.

Strategy Action Studies

Manufacturing and utilisation of
a product

R1—rethink [39,42,59]

R2—reduce [30,33,38,44,54,58,61,63,65,67]

Extended lifespan of product and
its components

R3—reuse [45,48]

R4—repair [55]

R5—refurbish [51]

R6—remanufacture [68]

R7—repurpose [51]

Effective (re)utilisation of
materials

R8—recycle [62,64]

R9—recover None

Other than being aligned with the 9Rs presented above, the proposed points are
also well aligned with three core pillars of frugal engineering, defined as “achieving
more with fewer resources”, namely cost reduction, core functionalities, and optimised
performance levels [30]. Piaggio et al. built on this concept to create a framework for
designing MDs resilient to low-resource settings [28]. The main areas they pinpointed,
namely cost, lifetime, health technology management, design, user type, materials, and
reliance on external factors, are again well aligned with the abovementioned principles.

Sustainable development is a global objective guided by the sustainable development
goals (SDGs) proposed by the United Nations [21,22]. Therefore, finding new ways and
setting new guidelines for reducing our environmental impact on the planet (e.g., less emis-
sions, less plastic and pollution, etc.) is crucial. Estimates report that if the world switched
to sustainable practices, USD 26 trillion would be saved by 2030 [75]; beyond academic
study, there is a tangible momentum to bring sustainability to the real economy. This is
exemplified in recent industrial developments in automotive manufacturing, software, and
fashion [76,77].

Conversely, the MD industry is still very carbon-intensive and needs to be more active
in implementing environmentally conscious practices. Nearly 60% of healthcare profes-
sionals agree that more advancements must be made towards the sustainability goals. As
discussed above, MDs contribute substantially to the emissions attributed to the healthcare
sector, given their widespread use and very short lifecycles [13]. In fact, a disproportionate
share of their emissions could be credited to a preference for single-use, often plastic,
disposable devices over reusable ones, especially in high-income countries [15].

This is due to the strict regulations governing the production of MDs, favouring ho-
mogenous sterilised manufacturing processes often accompanied by certifications assuring
fit-for-use status [78]. Beyond the engineering and material science questions holding the
decarbonisation of MD production, the issue is further complicated by a net of regulatory
constraints, once built to safeguard patients and ensure high-quality standards and now
locking a portion of global emission behind red tape. This is exemplified by the ubiquitous
exemption of the healthcare industry to create tangible plans to be more sustainable.

Current MD regulations (e.g., 2017/745) essentially do not consider sustainab
ility—although some are moving in this direction (e.g., the new UK regulation on MDs).
In this regard, there is only one international standard relative to sustainability and MDs,
IEC 60601-1-9, amended in 2020, which broadly asks medical electrical equipment manu-
facturers to consider their potential adverse impacts on the environment. This, however,
needs to implement a full decarbonisation of the supply chain of MDs as well as a drastic
reduction in the use of single-use plastics both in packaging and the end products. Beyond
the regulatory hurdle, promoting sustainability in MDs requires a detailed yet holistic
understanding of the sources of emissions throughout the design, manufacture, use, and
end-use stages discussed.
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From an ethical perspective, it is noteworthy to mention that sustainability is not only
a matter of environmental impact and ecological significance but also has numerous ethical
implications [79], spanning from environmental to medical ones. In fact, MDs are the main
instruments that mediate the doctor–patient relation, with the related acceptability and
paternalism versus self-determination themes. Other ethical themes that should not be
forgotten encompass distributive justice and intergenerational equity.

MDs represent an ethical contradiction. While they provide short-term health benefits
to patients by contributing to their care, in the long run, they pose a risk to patient’s health
due to the high environmental impact of their lifecycle. MDs, therefore, can negatively
impact people’s health and quality of life. Despite many advancements at the MD design
stage, one of the most underestimated areas, as mentioned above, is that of their disposal
at the end of their lives. This is a global problem that affects all kinds of settings, including
low-resource ones, in which the lack of complete guidelines for MD donations, for the
receivers (enquiring, for example, about their current needs and local expertise), could be
used as a loophole for using MD donations as a sugar-coated way for one country to dispose
of their obsolete MDs. This was proved to be an economic and environmental burden, as
such donated MDs are prone to breaking down easily or never getting installed due to the
lack of expertise, limited supply chains, poor infrastructures, and harsh environmental
conditions [80,81]. The reusable vs. single-use MD debate is strictly related to the end-of-life
concept. In the past couple of decades, there was a significant shift towards the use of
single-use MDs, ignited by the concerns raised by the HIV and Hepatitis B epidemic of the
1980s and propelled by other pathogens for which sterilisation was trickier (e.g., bovine
spongiform encephalopathy or mad cow disease) [82]. The study by Donahue et al. showed
how reusable vaginal specula were associated with reduced greenhouse gas equivalents
compared to single-use ones with no significant clinical difference [45]. The improvement
in MD companies could also be obtained by re-evaluating the advantages of reusable MDs
in healthcare, considering the possible clinical implications linked to a rise in iatrogenic
infections. It is advised that reusable MDs could be preferred in clinical situations where
the risk of infection transmission, despite sterilisation, is low and performed along with
promoting more environment-friendly sterilisation options (e.g., autoclaves).

Moreover, sustainability calls into question another ethical principle, the one of re-
sponsibility. Among the various stakeholders involved, it would be essential to identify
who is responsible for the sustainability or, in the case of the specific challenge highlighted
above related to the end of life, for the proper disposal of MDs: the designer, the manufac-
turer, the user, the distributor, or the hospital? This responsibility concept strictly relates
to liability, where the moral obligation leaves the place to the legal duty associated with
sustainable practices for safeguarding the planet’s future [83]. Indeed, the MD industry
faces liability concerns, such as environmental impact, single-use plastics, and end-of-life
disposal. Apart from the theoretical and ethical responsibility of acting correctly or not, the
responsible risks being prosecuted civilly and criminally for the damage that their actions
or omissions cause to the users or the environment. The polluter-pays principle could be a
way forward and requires holding manufacturers responsible for their products’ lifecycle,
advocating for extended producer responsibility schemes [84]. There should be a stronger
emphasis on the link between sustainability, liability, and responsibility and discussions
about shared and global sustainability, collective yet diversified, because it varies at each
stage. It is true that the economy also plays a significant role in this reasoning, where the
cost and value of things are substantial, and cost savings are essential in such processes.
Therefore, an attempt should be made to rewrite the paradigm of priorities, where health
and sustainability should be considered before cost savings and other economic issues.

This means understanding sustainability in terms of climate justice and solidarity,
achievable through a novel consideration of MDs and their lifecycles. Sustainable health-
care, in fact, means healthcare capable of addressing the present and future challenges of
the environment, such as climate change. In this sense, sustainable healthcare minimises
healthcare delivery’s impact on the environment while providing the best quality care
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and promoting healthy living. Hence, there is a need for the establishment of ethical
guidelines that feature equity, responsibility, and sustainability as fundamental principles
for the provision of global healthcare. These principles can provide an ethical framework
to guide decisions and actions in the healthcare sector, ensuring equitable access to care,
that resources are used responsibly, and that healthcare practices respect the environment.
The definition and implementation of such an ethical framework represent a crucial step
towards achieving a more sustainable and fair global healthcare system [85].

In undertaking this scoping literature review, it is paramount to acknowledge and
address certain limitations inherent to the nature of the study. In fact, transparency regard-
ing the scope, criteria, and potential constraints is crucial. In terms of time constraints, the
search period, while spanning a considerable time frame, may not capture the most recent
developments in the field. In fact, the latest articles published in this domain in 2023 are
not included. Regarding language, the criterion of only including studies in English may
have introduced some selection bias. Finally, despite our best efforts at trying to mitigate
the publication bias through a systematic search, the tendency for studies with statistically
significant results to be more readily published may skew the overall representation of the
literature [86].

5. Conclusions

This work underscores the critical importance of integrating sustainability principles
into the entire lifecycle of MDs. While the global movement towards sustainability is
imminent, the MD industry faces significant challenges in aligning its practices with
environmentally conscious approaches.

Our scoping review reveals a notable disparity in research efforts across the different
lifecycle stages of MDs. Considerable attention has been given to their design, development,
manufacture, and use, which represents an advancement in achieving more sustainable
MDs. In contrast, the end-of-life stage still needs to be further explored, which represents
an opportunity for researchers, the industry, and healthcare providers. The distribution of
research across the three dimensions of sustainability (environmental, economic, and social)
also highlights the need for increased focus on the social dimension, given the inherent
impact of MDs on health and well-being.

Regulatory constraints, particularly the need to consider sustainability in current MD
regulations, pose a substantial barrier. Despite a recent shift in UK regulation and the
existence of international standards like IEC 60601-1-9, more comprehensive measures are
required to drive sustainability in medical device production, supply chains, and end-of-life
management.

The identified flagship sustainability principles, aligned with the 9R framework and
frugal engineering principles, offer a structured approach to addressing MDs’ environ-
mental impact. These principles span design and development, manufacturing, use, and
end-of-life stages, emphasising the importance of energy savings, material reduction, and a
circular economy approach.

Ethical considerations further complicate the sustainability discourse, emphasising
the need for responsible practices throughout the MDs’ lifecycle. The ethical implications
extend from environmental concerns to issues of distributive justice, intergenerational
equity, and the doctor–patient relationship. The debate between reusable and single-use
MDs, influenced by historical events and infection control, adds another layer of complexity.

Moreover, the concept of responsibility and liability emerges as a critical aspect,
necessitating a shift in the paradigm of priorities where health and sustainability precede
economic considerations. The polluter-pays principle and extended producer responsibility
schemes are proposed as avenues to hold manufacturers accountable for the environmental
impact of their products.

Integrating ethical guidelines grounded in equity, responsibility, and sustainability
is fundamental to achieving a more sustainable and fair global healthcare system. This
ethical framework can guide decision making in the healthcare sector, ensuring equitable
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access to care, responsible resource use, and environmentally conscious practices. The
call for climate justice and solidarity underscores the urgency of reshaping the healthcare
paradigm to align with the broader goals of sustainability and planetary well-being.
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