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Healthcare facilities in low-resource settings in Sub-Saharan Africa are plagued
with issues of non-functional and obsolete medical devices, which ultimately
end up prematurely disposed of as waste. With increasing healthcare demands,
stopping medical device disposal is imperative. One way to achieve this is
to leverage circular economy principles in designing medical devices. Circular
economy principles aim to retain products and their constituent materials to
be reused over time in the economic system. However, to what extent this has
been applied in designing medical devices specifically for low-resource settings
in Sub-Saharan Africa is missing in literature. Based on a systematic review of
29 out of 1,799 screened scientific papers, we identified the use of circular
economy principles of durability, maintenance, repair, and upgrade in designing
medical devices for this setting. Whether these principles were intentionally
applied from a circular economy approach could not be inferred in this study.
The motivational basis for using these principles was to ensure medical device
longevity to providing healthcare. No attention was given to the circular economy
principles of refurbishment, remanufacturing, and recycling, ensuring that device
components and constituent materials are recovered. These study findings serve
as a launchpad for exploring how circular principles can be used to support
the design of medical devices for low-resource settings in Sub-Saharan Africa.
Academicians and designers of medical devices can leverage this research to
contribute towards developing medical devices that support access to healthcare
for people in low-resource settings and preserve earth'’s finite resources.

KEYWORDS

circular economy principles, medical device design, low-resource settings, Sub-Saharan
Africa, product design
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1. Introduction

To provide healthcare for all, medical devices are highly needed.
This need is significantly felt in low-resource settings (LRS) in Sub-
Saharan Africa (SSA), which are areas with limited infrastructure,
materials, supplies and human resources (Anyangwe and Mtonga,
2007; Masum et al,, 2010; Aranda Jan et al., 2016). According to
the World Health Organization (WHO), this region suffers from
most of the world’s diseases and medical devices are highly needed
to overcome this burden (World Health Organization, 2017). So far,
the need for medical devices in this region has primarily been met
through international donations or by importing medical devices
from high-income countries (Piaggio et al., 2019; Ssekitoleko et al.,
2021). These devices donated or imported with the best intentions
towards providing healthcare are usually not optimised to work in
the LRS healthcare system (Howitt et al., 2012). Once installed, they
face context-specific challenges in LRS, such as a lack of spare parts,
repair or maintenance services, accessories, and consumables,
which render them obsolete (Richards-Kortum and Oden, 2013;
Di Pietro et al., 2020). Estimates suggest that 30-40% of medical
devices in LRS are non-functional due to these context-specific
challenges (Perry and Malkin, 2011; Ssekitoleko et al., 2021),
resulting in their premature disposal as waste (Miesen, 2013). Apart
from the fact that non-functioning devices do not contribute to
improving access to healthcare, their disposal contributes to the
282,447 tonnes of waste generated by the healthcare sector in Africa
each year (Udofia et al., 2015; Chisholm et al., 2021). These medical
devices, which are prematurely disposed of as waste, still contain
valuable parts and materials that could be reused or recycled. Given
the increasing healthcare demands and population growth in SSA
(United Nations Department of Economic and Social Affairs, 2017;
Bigna and Noubiap, 2019), it is imperative to slow down or stop the
disposal of medical devices.

One of the ways to slow down or stop the disposal of medical
devices is to leverage the concept of circular economy (CE). The
goal of CE is to preserve the economic and environmental value
of products and their constituent materials as long as possible
(Bakker and Poppelaars, 2018). CE is vital for moving away
from the current global linear economy. In a linear economy,
materials are taken from the Earth, made into products, and
eventually, at some point, thrown away as waste (Sariatli, 2017).
In contrast, CE aims to eliminate “waste”. This means that
products and their constituent materials that enter CE must always
remain accountable. To achieve this, rethinking the design of
products is critical (Hapuwatte and Jawahir, 2021). Rethinking
the design of products from a CE perspective will mean first
designing products to remain in their original state or as close as
possible to their original state by leveraging on CE principles of
physical durability and product maintenance, repair and upgrade
(den Hollander, 2018). In the event that products and their
constituent material reach their lifespan, they can be recovered by
leveraging CE principles of recontextualisation, refurbishment, and
remanufacturing. When these products cannot be recovered, they
can be disintegrated and returned to their material form through
the CE principle of recycling. Note that though product design
is vital, it is but one factor in the transition to CE. A successful
transition will require other factors such as changes in business
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models, government policies, rules, and regulations. However, this
paper focuses only on the aspect of design.

CE in the medical device design domain is not yet a distinct
field. Efforts from the scientific community toward integrating
CE and medical device design are only starting to emerge (Kane
etal, 2018). For example, frameworks advocating for the design of
medical devices for LRS to have extended lifespans are now being
seen in literature (Piaggio et al., 2021b). Though this framework
does not explicitly stem from the CE mindset, it, however, advocates
for the extension of product lifespans which is idiosyncratic to
CE. Medical devices with extended lifespans can remain functional
and available to provide health care for people in need. At the
industry level, Koninklijke Philips is demonstrating the use of CE
principle in the design of their high-value Diamond Select X-Ray
machines. These devices are designed to be reliable, durable, and
can be maintained and repaired (Jensen et al., 2019; Oturu et al.,
2021). The modular design of these X-ray machines allows for
future upgrades, refurbishing, and remanufacturing activities to
be performed, so that they can remain in use over time (Jensen
et al, 2019; Oturu et al., 2021). Designing the X-ray machines
while considering matters of long and extended use, recovery, and
recycling, start to drive sustainable practises in the medical device
domain. However, it is worth noting that such a device is an
exception and is backed by financial support for several research
and development iterations, not available to other medical devices.

Even though the integration of CE and medical device design is
still in the nascent stage, other domains and industries have gone
ahead to make use of CE. For example, in Europe, a mobile phone
company is leveraging on CE principles of durability, and reuse
and recycling to ensure a mobile phones have multiple life cycles
and consequently contribute to a positive social and environmental
impact (Mestre and Cooper, 2017). Similarly, China 4.0 plan,
also known as “Made-in-China 2025”, emphasises the use of CE
to minimise resource input, maximise economic output, lessen
the influence on the natural environment and improve resource
recycling efficiency. Kenya, Uganda and Rwanda’s implementation
of a ban on plastic bags has attracted widespread praise from
global circular economy and environmental leadership (Behuria,
2021). This ban advocated for a transition from single-use plastic
disposable packaging to reusable alternatives (Ncube et al., 2021;
Oberoi and Garg, 2021). Single-use plastics negatively impact
the environment aesthetically and pose serious health challenges
(Andrady, 2011; Stoler et al., 2012; Adam et al., 2020) and
transitioning into reusable alternatives as in CE was essential.

Particularly to LRS in SSA, several studies have identified CE
practises. For example, the Ellen MacArthur Foundation found that
in Nigeria and Ghana, repair and refurbishing of electronics for
reuse, the harvesting of components for reuse in the manufacturing
of new products are common place (Ellen MacArthur Foundation,
2022a). In another example, Suame Magazine Automotive Centre
in Ghana leverages CE principles of repair and refurbishment in
the automotive industry to keep vehicles in use over time (Ellen
MacArthur Foundation, 2022a). These CE principles are used to
restore and retain the value of goods and materials for as long
as possible to be reused. In other cases, it is a frugal way of
approaching daily life to ensure product longevity due to resource
scarcity. We expect to find similar principles when looking at
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medical device design, such as durable and repairable designs that
can ensure products are used over time. This is the starting point
of this study and aims to answer the following research question: to
what extent have CE principles been applied in the design of medical
devices specifically for use in LRS in SSA? The answer to this question
will contribute to literature on CE in Africa by showing the extent
to which CE principles have been incorporated in the domain
of medical device design for LRS in SSA. Similarly, this research
contributes to the CE discourse in Africa by showing the gaps that
need to be addressed when designing future medical devices for
LRS in SSA while considering sustainability.

2. Theoretical background

2.1. Circular economy

Several schools of thought have defined circular economy (CE)
since its inception in the 1970s (Ellen MacArthur Foundation,
2013). The definition adopted in this paper stems from the
field of industrial ecology and defines CE from a material
flow perspective (Ayres, 1994; Stahel, 1994, 2010; Lifset and
Graedel, 2002). That is, CE aims to preserve the economic and
environmental value of products and their constituent materials
as long as possible by lengthening their lifespan or looping
them back into the system to be reused (Bakker and Poppelaars,
2018; Kane et al, 2018). Fundamentally, CE seeks to eliminate
the notion of “waste” and ensure products and their materials
re-enter the economic system at the end of their use (Kane
et al, 2018; Sikdar, 2019). Although there will always be a
(Ciacci et al., 2015), a
CE intends to work towards a closed loop (Prendeville et al,

certain amount of unavoidable “waste”

2014; Bourguignon, 2016; Hapuwatte and Jawahir, 2021). In this
closed loop, resources that have entered the CE must always
remain accounted for (den Hollander et al., 2017; Haupt et al,
2017).

The notion of CE aims to support the shift from the “take-
make-waste” linear economy (Webster, 2015; Bocken et al,, 2016).
In a CE, “waste” should not exist as products and materials are
reused as long as possible over time. The mechanism by which
products become “waste” in a linear economy is “obsolescence”—
defined as a loss of perceived value of the product, which leads to
it being discarded as waste (den Hollander, 2018). According to
the core principles of a CE, obsolescence should not lead to waste.
Instead, CE activities of “recovery”—defined as any operation with
the primary aim of reversing obsolescence, should be performed
(den Hollander et al, 2017). With CE activities of recovery,
products and materials can be removed from their obsolete state
and their perceived value restored and returned to the economic
system for reuse. Recovery activities in CE can be ranked according
to the “inertia” principle proposed by Walter Stahel: “Do not repair
what is not broken, do not remanufacture something that can be
repaired, do not recycle a product that can be remanufactured.
Replace or treat only the smallest possible part in order to maintain
the existing economic value of the technical system” (Stahel, 2010,
p. 195). As such, keeping a product in its original state or as close as
possible to the original state is at the core of CE. In product design
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terms, this is considered the maximisation of “product integrity”—
defined as the extent to which a product remains identical to its
original state over time (den Hollander, 2018).

Based on the inertia principle and the concept of product
integrity, product design in CE should first prevent a product
from becoming obsolete. That is, designed for long and extended
use. Designing products for prolonged use can be achieved by
creating products with high physical and emotional durability
(den Hollander, 2018). Designing products for extended use can
be achieved by providing opportunities for product maintenance
(also known as preventive maintenance), repair (also known as
corrective maintenance) and upgrade. Secondly, design in a CE
should ensure that products that have reached obsolescence can
be recovered with the highest level of integrity and put back in
the system for reuse. This means creating products that can be
recontextualised (also known as repurposing), refurbished and
remanufactured. These first two guiding principles are aimed at
preserving product integrity. But, at some point, products will
reach their lifetime. Product lifetime is the period that starts
when a product is released for use after manufacture and ends at
the moment a product becomes obsolete beyond recovery at the
product level (Cooper, 1994, 2010; Babbitt et al., 2009; Brouillat,
2015).

When products reach their lifetime in a CE, the last resort
of recycling is needed. Recycling involves the dismantling and
disintegration of a product and its constituent components and the
subsequent reprocessing of the products materials. This process
is the least preferred option in CE since it destroys a products
integrity. However, it ensures that product materials are captured
and looped back into the economic system for reuse. Figure 1 shows
an overview of these CE principles that underpin product design
with a focus on tangible durable consumer products proposed by
den Hollander (2018).

2.2. Circular economy design principles in
the field of medical device design

Medical devices must comply with stringent safety standards
before use. Safety standards, for instance, include the safe
functioning of medical devices before they are used on patients.
In other cases, safety standards require medical device cleaning
or reprocessing before use. The cleaning or reprocessing of
medical devices involves disinfection and sterilisation processes
to render a contaminated medical device hygienically safe before
reuse (Grollkopf and Jikel, 2008). The disinfection or sterilisation
required to render a product clean is determined by the Spaulding
scale (Rutala and Weber, 2008; McDonnell and Burke, 2011).
This scale categorises products according to hygiene criticality and
describes the requirement for reprocessing medical devices for
reuse. That is, “Critical items” (e.g., surgical devices) are those
which enter tissue or the vascular system. These devices must be
sterilised (all organic material removed) by high pressure or steam.
“Semi-critical items” (e.g., respiratory therapy and anaesthetic
equipment) come in contact with the mucus membrane and require
high-level chemical disinfection before reuse. Lastly, “Non-critical
items” (e.g., stethoscopes and tables) are those that do not enter the
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Guiding principles that underpin product design for a CE (den Hollander, 2018).

Design for Recycling
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Design for refurbishment

Design for remanufacturing

body and may be lightly disinfected before reuse. These hygienic
safety standards are pertinent and must be considered during
medical device design. This means that applying circular product
design principles in medical device design must also comply
with these safety standards and thus ensure patients’ health is
not endangered.

So far, the aforementioned CE principles that underpin
product design (as in Figure 1) have focused on consumer
products, not specific on medical devices. For example, the
CE principle of physical durability only considers how product
performance over time degrades slower than comparable consumer
products (den Hollander et al., 2017). But in the healthcare
domain, medical devices designed for physical durability must
withstand degradation after reprocessing over their intended
lifespan (Medicare.gov, 2022). In another example, the CE principle
of emotional durability concerns consumer-product relationships
of attachment and how this attachment influences product
replacement decisions (Page, 2014; den Hollander et al., 2017).
However, a medical device’s function, use or reuse is not determined
by consumer-product relationships of attachment. Instead, medical
devices are designed to be functional under stringent safety
and regulatory standards for improving health outcomes. This
CE principle of emotional durability is applicable for consumer
products; however, out of scope in the medical device design
domain. Table 1 shows definitions of CE design principles from a
medical device perspective as derived from the literature.

The definitions in Table 1 are derived from literature published
by medical device regulatory and authorisation bodies. For
example, Food and Drug Administration (FDA), World Health
Organization (WHO) Medical Devices. These authorities are in
charge with the task of defining what constitutes a medical device,
its safety requirement, and its effective use or reuse (Kramer
et al., 2012). As such, these are key sources to use in generating
definitions on CE principles pertaining to the domain of medical
devices as seen in Table 1. The CE definitions in Table 1 explicitly
consider stringent safety standards that are required in the medical
domain. These safety standards ensure patients’ health is not put at
risk in the process of improving health outcomes. The emphasis
on the safety concerns in the definitions in Table 1 makes them
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different from CE definitions in other fields since issues of safety
in improving patients’ health outcomes are not required. These
safety issues are critical in the medical device domain and thus
important in this study that seeks to understand the extent to which
CE principles have been applied in the design of medical devices for
LRS in SSA.

3. Method

To understand to what extent circular economy (CE) principles
have been applied in the design of medical devices specifically
for low-resource settings (LRS) in Sub-Saharan Africa (SSA), a
systematic review was performed. Below, the review steps are
outlined and graphically summarised in Figure 2.

Studies were searched in databases such as Google Scholar,
Pubmed, Scopus, and IEEE Xplore. Using logical operators AND
or OR, the key terms medical, device, equipment, use, design, frugal,
low cost, development, implementation, low-resource settings, Sub-
Saharan Africa, Africa, developing countries, low and middle-income
countries, remanufacturing, repair, refurbishing, remanufacturing,
recycling, circular economy, sustainability were combined and
searched. The search resulted in a total of 1,799 scientific papers
that mention the design of medical devices. Only studies in English
were included.

Next, studies were screened by title, abstract and scan reading of
the text body by two reviewers according to the following criteria.

1. The study must refer to a medical device as per this research
scope. That is, a medical device is “any instrument, apparatus,
or appliance, manufactured specifically to be used for diagnosis,
prevention, monitoring, and alleviation of disease or treatment
of the human body, that are not solely pharmaceutical goods”
(Moultrie et al., 2015; Aranda Jan et al., 2016; Medical Device
Regulation (EU) 2017/745, 2017). Due to our interest in
hardware design for hospitals in LRS, medicines, devices for
home care, vaccines, in-vitro, mHealth or eHealth, and other
telecommunication systems in healthcare were out of scope in
this research.
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TABLE 1 Circular economy design principles from a medical device perspective as inferred in literature.

Circular economy Definition

principle

Physical durability Withstand fatigue and deterioration after reprocessing and repeated use over its intended lifespan (Medicare.gov, 2022).

Maintenance (preventive
maintenance)

Scheduled activities are performed to ensure the device is functioning correctly and safely over its intended lifespan. Preventive
maintenance is usually scheduled at specific intervals and includes specific activities and procedures. These procedures and intervals
are established by the manufacturer. In some cases, the user may change the frequency to accommodate local environmental
conditions (World Health Organization, 2011).

Perform activities that can restore or correct the performance, physical integrity and safety of the device after a failure (World
Health Organization, 2011).

Repair (corrective
maintenance).

Design for upgrading Improving a medical device by adding or replacing components and/or updating software. The improvements made to a medical
device must be relative to the Original Equipment Manufacturer’s (OEM’s) specifications, safety requirements, functionalities and

capabilities (World Health Organization, 2019).

Removal of an obsolete medical device from its originally intended uses to an alternative use. All used or potentially used medical
devices must be cleaned as in the instructions specific to the device or type of device (World Health Organization, 2019).

Recontextualise (repurposing)

Refurbishment Refurbishment is where a device is subjected to a systematic process to ensure safety and effectiveness of the medical device without
significantly changing the device’s or medical device’s performance, safety specifications and/or changing intended use as defined by

Original Equipment Manufacturer’s (OEM’s) [Medical Device Act 2012 (Act 737), M. of H., Malaysia, n.d.].

Remanufacturing A medical device is processed, conditioned, renovated, repackaged, or undergoes any other activity that significantly changes the
finished device to an as-new condition, performance, safety specifications or better. The remanufacturing process can be performed
by a third party or OEM and must be in line with specific technical specifications, including engineering, quality, testing standards,

and medical device regulatory requirements and typically yields fully warranted products (Food and Drug Administration, 2019).

Recycling Safely converting “waste” (obsolete medical device, component, or material) into a reusable materials or returning materials to an

earlier stage in a cyclic process (World Health Organization, 2019).

2. The study must focus on designing new medical devices or
adapting existing ones specifically for use in LRS in SSA. Studies
that described misuse or unintended use of medical devices in
LRS in SSA were excluded.

As aresult, 246 studies fulfilled the above criteria. Subsequently,
studies included in the full-text analysis were selected based on the
third and fourth eligibility criteria.

3. The study must refer to and outline the design process of
the described medical device. This criterion ensured that the
medical device being described could be examined for content
relating to the application of circular economy principles.

4. Lastly, the described device must have been through a
prototyping stage.

Consequently, 29 studies met the third and fourth inclusion
criteria and were entered in MAXQDA 2020 for analysis.

In MAXQDA, the 29 studies were analysed to identify CE
principles (see Table 1) applied in the design of medical devices for
LRS in SSA. The analysis was done by descriptive coding. During
descriptive coding, a text fragment was highlighted and assigned a
code (Ridiker and Kuckartz, 2020; Saldana, 2021) whenever a CE
principle was mentioned (see Table 2). These text fragments that
explained CE principles were identified in the selected studies by
code recording units (see Table 2). A recording unit is a portion
of text, sentence, word or word meanings to which an evaluator
applies a code (Weber, 1990). The recording units were established
in two stages. In stage one, recording units were compiled from
preliminary reading through the 29 selected studies and recording
keywords, text, and sentences that explained the respective CE
principles as in Table 1. For example, design for “robustness” is a
word that described the CE principle of “design for durability”. This

Frontiers in Sustainability

process continued until the repetition of compiled recording units
began to emerge. In stage two, the compiled recording units were
examined by two experts with expertise in CE and medical device
design. These experts examined the compiled recordings units to
ensure other possible recording units were not omitted. None of
the experts proposed the removal of any recording unit. Similarly,
no new recording unit was proposed by the experts.

Using the established codes and recording unit, the analysis of
the 29 studies by descriptive coding was performed by two persons.
This was done to avoid confusion or misalignment of terms and
definitions during the coding process. After the first coding round,
a second and third iteration was conducted and finalised (see
Supplementary material 1 for the coded segments). The outcome
of the systematic review produced an overview of the different
CE principles applied in the design of medical devices for LRS, as
detailed in the results section.

4. Results

Seeking to understand the extent to which circular economy
(CE) principles have been applied in the design of medical devices
specifically for use in low-resource settings (LRS) in Sub-Saharan
Africa (SSA), a systematic review was performed. This review
analysed 29 scientific papers. These studies were published between
2006 and 2021 and described the design of 45 medical devices with
different hygienic criticality and value (see Table 3). Examples of
these 45 devices included a surgical suction pump, wrist flexion
contracture, phototherapy unit, blood salvage device, custom-
designed implants, a vest for treating jaundice, bubble continuous
positive airway pressure—(bCPAP), low field MRI, electrosurgical
unit, mechanically powered wound-pump, oxygen delivery system
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FIGURE 2

Summary of the systematic review process. Acronyms LRS and SSA are low-resource settings and Sub-Saharan Africa, respectively.
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(referred to a medical device as per this research scope)

Literature under full-text analysis (n=246)

Literature included in the study and analysed in

Literature excluded
(n=1553)

Did not meet criteria

(n=217)

must have

and many others. See Table 3 for the complete list of medical
devices. Overall, 55.6% (25) of the devices were electromechanical
(i.e., comprised electrical and mechanical parts), and 44.4% (20)
were purely mechanical (i.e., had no electronic components). All 45
devices were designed for reuse. None of the devices was designed
for single use (i.e., disposable).

The review revealed two key findings. Firstly, medical device
design for LRS in SSA significantly took into account CE principles
aimed at ensuring medical device longevity. As noticed in Table 3,
all 29 studies reviewed in this study made use of design for long
use by ensuring product durability. Design for extending device
use through maintenance was identified in 18 studies, repair in
12, and upgrade in 10. Whether these principles were intentionally
applied from a CE thinking approach could not be inferred in
this study. We observe that these principles aimed at product
longevity were intended to ensure that medical devices are available
to provide healthcare. This is, for example, demonstrated in one of
the studies reviewed in this study whereby an electrosurgical unit
which is often lacking in LRS, is designed to be durable, repairable,
upgradable, and reusable over time even in conditions of electrical
failures (Oosting et al., 2020). In the event of electrical failures,
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this electrosurgical unit can be repaired and upgraded by using
local foot-paddle power technology to keep it functioning and thus
provide surgical healthcare service for people in LRS in SSA. In
another example, we observe the adaptation of existing medical
devices for use in LRS. For instance, the 3D printing of components
or spare parts in rural Kenya to ensure obsolete medical devices can
remain functional towards providing healthcare in LRS.

Secondly and most remarkably, the CE principle of recovery
through recontextualisation (repurposing) could be inferred in five
of the 29 studies used (see Table 3). CE principles of recovery
through refurbishment, remanufacturing and recycling could not
be identified in any of the studies. The reason why these recovery
and recycling principles were not considered could not be inferred
in this study.

5. Discussion

The starting point for our study was the observation that
principles of circular economy (CE) can be instrumental in
ensuring medical devices designed for low-resource settings (LRS)

06 frontiersin.org


https://doi.org/10.3389/frsus.2023.1079685
https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org

Samenjo et al. 10.3389/frsus.2023.1079685

TABLE 2 Circular economy principles, codes and their respective recording units used in the coding process.

Principles Code recording units.

Keywords

Variation of text and/or sentence for coding

Physical durability DL1 “Durable;” “robust,” A medical device is designed to:

“long-lasting,” “reusable;” 1. Be used repeated after reprocessing by means of chemical and/or heat sterilisation and

“rigid,” “strong,” “strength,” still withstand deterioration.

“rugged,” “withstand” 2. Withstand rough environmental conditions (high temperature, humidity, dust, rain)
and handling. For example, rain, rough and bumpy terrain.

. Withstand tear over its lifespan.

. Be rigid, rugged, and/or robust.

. Withstand shock, stress, vibration, pressure, and force that can cause damage.

. Be waterproof and/or dustproof against damage.

. Maintained its mechanical strength over its lifespan.

. Have part geometry that prevents cracks and weakening joints.

. Prevent part failure caused by an electric power surge.

10. Be made from materials that are selected to ensure the medical device is durable and

reliable for use over its lifespan.

O 00 N QN Ul e W

Maintenance DE1
(preventive
maintenance)

“Maintenance,” “maintain,”
“preventive maintenance,
« . N

planned maintenance;
“servicing”

A medical device is designed so that:

1. It can be maintained.

2. Regular performance inspections can be carried out to ensure the device keeps on
functioning correctly as per original specifications.

3. Scheduled activities are carried out by qualified professionals (for example biomedical
engineers, or OEM professionals) to prevent any breakdowns.

4. Monitoring of device functionalities for safety and/or continuous operation is possible.

5. The use of service contracts can be made to ensure a medical device is working correctly
and safely.

6. Regular adjustments and calibrations on medical devices to ensure correct functionality

7.

as per original specifications.
Parts of the device are scheduled to be replaced frequently.

Repair (corrective DE2 “Repair,” A medical device is designed so that:
maintenance). “corrective-maintenance,” 1. It can be repaired back to its original specification by a third-party of OEM.
“repairability” 2. Replacement of broken parts or components after failure is possible.
3. Adjustment to a part or device after failure or malfunction is possible.
4. Spare parts for repair are available.
5. Faults can be diagnosed, for example, using manuals.
6. Tools are available to support repair. For example, using a 3D printer to print
repair parts.
Upgrading DE3 “Upgrade,” “enhance” A medical device is designed so that enhancement/customisation of device performance
by replacing/adding components is possible. For example, through modularity.
Recontextualise DR1 “Repurpose,” “reassigned,” 1. Medical device and/or components can be transferred to be used in another medical
(repurposing) “recontextualise” context than it was originally designed for.
2. Device or component is used as a medical device even though it was not originally
designed for that purpose.
Refurbishment DR2 “Refurbish,” “recondition,” 1. Medical device that is labelled as “refurbished” “reconditioned,” “restored”.
“restore” 2. An old medical device has undergone activities to ensure device performance, safety
specification is restored as per the OEM.
Remanufacturing DR3 “Remanufactured” Medical device that is labelled as “remanufactured”.
Recycling DCY1 “Recycle” 1. A medical device and/or its component can be transformed into its basic materials and
processed into new materials.
2. Activities that retrieve the value of product/component materials before disposal, are
possible.
3. An obsolete medical product is disassembled, and components are retrieved to be
converted into raw materials so that they don’t become waste.
in Sub-Saharan Africa (SSA) do not end up as waste. However,  that medical devices are available, functional, and used over
to what extent these principles have been applied in designing time to provide access to healthcare, a fundamental human

medical devices for LRS was missing in literature. We performed
a systematic review to fill this gap. As expected, we observed
that the design of medical devices for LRS in SSA significantly
took into account CE principles aimed at ensuring medical device
longevity. The motivational basis for using these principles aimed
at medical device longevity is different from the environmental
or resource conservation motivations implicitly assumed in the
current academic literature on CE. The reason is to ensure
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need. Moreover, in so doing so, we see the use of CE design
principles such as durability, maintenance, repair, upgrade and
recontextualisation that also aim at resource conservation and
retaining products to be used over time. Whether these principles
were intentionally applied from a CE thinking approach could not
be inferred in this study.

Other studies have noticed similar patterns in LRS in SSA where
the unavailability of resources has led to CE practises aimed at
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TABLE 3 The CE principles applied in the design of medical devices for LRS in SSA as pinpointed in the literature.

References Long use

Physical
durability

Extended use Recovery Recycling

Maintenance Repair Upgrade Recontextualise Refurbish Remanufacture Recycling

Medical
d

evice

Electromechanical
OR mechanical

Economic Criticality
value

Abu-Haydar et al. v v v v Pneumatic infusion pump | Electromechanical Medium-high Semi-critical
(2021)
Abu-Zaineh and v v v v Microscope aperture Mechanical Medium-low Non-critical
Gershenson (2020) adjustment knob

Blood pressure monitor Mechanical Medium-low

valve (repair part for a

blood monitor machine)

Stethoscope earpiece (repair | Mechanical Medium-low Semi-critical

part for stethoscope)

Full-cap humidifier (repair | Mechanical Medium-low Non-critical

part for oxygen regulator)

Half-cap humidifier (repair | Mechanical Medium-low

part for oxygen regulator)

Humidifier gasket (repair | Mechanical Medium-low

part for a humidifier in an

oxygen regulator)

Suction machine gasket Mechanical Medium-low

(repair part for a suction

machine)

Oxygen regulator knob Mechanical Medium-low

(repair part for an oxygen

regulator)
Agbana et al. (2019) v v v hi; : di it h 1l Medium-high Non-critical

device for schistosomiasis.
Ahmed et al. (2020) v v Biofuel-powered autoclave | Mechanical Medium Non-critical
Arivoli et al. (2020) v v Gastroschisis silo Mechanical Low Critical
Ayah et al. (2020) v v v Suction machine Electromechanical Medium-high Critical

Phototherapy unit Non-critical

Vacuum extraction Critical

Examination light Non-critical
Battinelli et al. (2012) v v v v v Surgical suction device. Electromechanical Medium-high Critical
Berges et al. (2020) v Core needle biopsy device | Electromechanical Medium Critical
Booysen et al. (2019) v Custom design implants Electromechanical High Critical
Bradley et al. (2011) v Battery-p: d oxygen El hanical High Semi-critical

delivery system

(Continued)
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TABLE 3 (Continued)

References

Long use

Physical
durability

Extended use

Maintenance

Repair Upgrade Recontextualise Refurbish Remanufacture Recycling

Recycling Medical

device

Electromechanical
R mechanical

Economic Criticality

value

mention CE principles.

Brown et al. (2013) v v v Bubble conti positive | El h 1 High Semi-critical
airway pressure - (bCPAP)

Buchan et al. (2015) Surgical drill cover Mechanical Medium-low Non-critical

Crede et al. (2014) Pulse oximeter Mechanical Medium Non-critical

Diehl et al. (2020) v v Low field Electre hanical High Semi-critical
resonance imaging (MRI)
device.

Ditai et al. (2021) v Resuscitator Mechanical Medium Semi-critical

Kenney et al. (2019) v v Body power prosthesis Mechanical High Critical

Lawn et al. (2006) v Pulse oximetry for babies Electromechanical Medium Non-critical

Mathern et al. (2013) v v ‘Weighing scale Mechanical Medium Non-critical
Blood pressure device Electromechanical Medium Non-critical
Spirometer Electromechanical Medium Semi-critical
Thermometer Electromechanical Medium Non-critical

Mody et al. (2015) v v Mechanical power Mechanical Medium Critical
wound-pump

Mucha et al. (2021) v v v Surgical suction pump Mechanical Medium Critical
connector

Ngoie et al. (2020) ‘Wrist flexion contracture | Mechanical Medium-High Semi critical

Oosting et al. (2020) v Electrosurgical unit Electromechanical High Critical
Monopolar handheld Electromechanical High Critical

Piaggio et al. (2021a) v Vest for treating jaundice | Electromechanical Medium Semi-critical

Pretorius and Ferreira Interlocking intramedullary | Mechanical Medium Critical

(2021) nailing system for forearm
fractures

Read and Taylor (2012) | v v Portable gl El hanical High Semi-critical

Schopman et al. 2013) | v Blood pressure monitor Electromechanical Medium Non-critical
Pulse Oximeter Electromechanical Medium Non-critical
Adult weighing scale Electromechanical Medium Non-critical

Sluiter et al. (2020) v v hi iasis di El hanical Medium Non-critical
device

Vargas et al. (2013) v Makeshift loop cauter Mechanical Medium-high Critical

Winget et al. (2015) v Blood salvage device Mechanical Medium-high Critical

No. of studies that 29 18 12 10
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retaining or restoring the value of goods for as long as possible
without necessarily linking them to the term “CE”. For example,
Korsunova and colleagues noticed resource scarcity in LRS that
resulted in “necessity-driven CE” practises such as “repair” and
“reuse” to retain the goods in circulation for as long as possible
(Korsunova et al., 2022). This necessity-driven CE practise adopts
a mindset that looks at the long-term functionality of goods and
materials that are often unavailable. As expected, this was also seen
in this study whereby in providing medical devices that are often
unavailable, CE principles that retain the product to be used over
time are taken into account.

Designing medical devices for LRS to remain in use over a long
time is certainly valuable. This can ensure that healthcare facilities
in this region have access to medical devices to provide healthcare.
On the other hand, what happens when these medical devices reach
their end of life or become obsolete? Besides, a product can be
declared obsolete prematurely though still functional. For example,
a product can be declared obsolete if outperformed by a newer
product (i.e., technological obsolescence) (Clay Whybark, 2007;
Kane et al., 2018) or no longer legal to be used (i.e., regulatory
obsolescence). In another case, a product might become obsolete
when its use is no longer profitable (i.e., economic obsolescence)
(Kane et al., 2018). These different forms of obsolescence might
push medical devices designed for longevity to be obsolete and
end up disposed of as waste. As such, it is important to consider
processes that ensure medical devices that become obsolete or
reach end of life can be recovered and put back in the economic
system for reuse. For example, recovery through refurbishment,
remanufacturing, or recycling of medical devices.

Products designed to be recovered and recycled can continue
circulating in the economic system at the highest value and
not end up disposed of as waste (Mangers et al., 2021; Ellen
MacArthur Foundation, 2022b). Most remarkably, this study
revealed that CE principles ensuring medical devices can be
recovered through refurbishment, remanufacturing, and recycling
could not be inferred in any of the studies reviewed. Refurbishment
and remanufacturing may have value for medical devices. For
example, refurbishment and remanufacturing activities can ensure
that medical devices can be recovered and rejuvenated and used
again (Steinhilper and Weiland, 2015; Oturu et al., 2022). Similarly,
refurbishment and remanufacturing processes can ensure essential
product components are brought back to the original condition
(Eze et al., 2019, 2020; Boorsma et al., 2021; Oturu et al., 2022) to be
reused again.

Refurbishment and remanufacturing activities are already
happening in LRS in SSA for other electronic devices. For example,
the Otigba computer village in Nigeria, a hub for new and used
imported computers, and refurbished devices, has over 2,500 daily
sales, including assembling, repairing, and refurbishing units for
computers (Zeng, 2008). In Accra and Lagos alone, the repair,
refurbishment and remanufacture sector generates income for
more than 30,000 people (Schluep et al., 2012). Refurbishment and
remanufacturing present a real economic opportunity for LRS in
SSA though barriers remain.

Specific to LRS in SSA, Oturu et al. (2022) described some
barriers regarding refurbishment and remanufacturing of medical
devices. Among these barriers, are the lack of legislation and
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infrastructure to support the remanufacturing of medical devices
(Oturu et al, 2022). Similarly, the lack of established medical
device Original Equipment Manufacturers (OEM) in SSA that
can provide refurbishment or remanufacturing services (Oturu
etal, 2022). However, this review could not identify whether these
barriers were the reasons for not considering the CE principles
of refurbishment or remanufacturing. Also, the type of medical
devices which are most commonly refurbished or remanufactured
are devices that are of high value (e.g., Magnetic resonance
imaging machine) (Dremed, 2015; Kane et al., 2018; Guzzo et al,,
2020). In other cases, small and medium-valued equipment is
refurbished by replacing specific components (Kruger, 2008). Based
on this rationale, we can speculate that some of the devices
designed for longevity, as per this study (see Table 3), can also
benefit from refurbishment and remanufacturing processes. For
example, the high-value devices mentioned in Table 3. However,
another factor influencing whether a device can be refurbished
or remanufactured includes financial considerations (Guzzo et al.,
2020). That is, whether it is financially viable to recover the
product or to discard and replace it. Similarly, hygienic criticality
is another factor frequently considered when recovering medical
devices. High-criticality devices must be hygienically recovered to
be refurbished or remanufactured using more aggressive chemical
decontamination or sterilisation processes than low- or medium-
criticality devices (Kane et al, 2018). This will mean designing
devices with materials which can withstand such chemical
decontamination or sterilisation processes (Kane et al., 2018).

The CE principle of recycling in design is also critical to
ensure that medical devices and their constituent material are
conserved in the economic system. Though none of the studies
reviewed mentioned the use of this principle in designing medical
devices for LRS in SSA, it is essential to consider them in
the future. This is because recycling which is the last resort
for resource conservation can ensure a products constituent
materials stay in the economic system and do not end up as
waste (Allwood, 2014; Mangers et al, 2021; Ellen MacArthur
Foundation, 2022b). For example, recycling electronics allows
for precious and unique metals to be recovered and thus
reducing the environmental impact associated with electronic
manufacturing from raw materials (Namias, 2013). In essence, all
the devices identified in this study (see Table 3) could benefit from
recycling processes.

Recycling processes and infrastructure are present in LRS
in SSA (Korsunova et al, 2022) and can support recycling of
medical and other electronic devices. For example, the WEEE
centre (Ongondo, 2013; Vanegas et al., 2014; WEEE Centre, n.d.)
in Kenya provides electronic waste recycling services in East
and Central Africa and the Hinckley recycling centre in Lagos,
Nigeria, provides recycling of electronic services in West Africa
(Nnorom and Odeyingbo, 2020; Hinckley Associates, 2022).
These recycling services include collection, sorting and separating
electronic waste to be reused or broken down into raw material
form. Similarly, the company Mr. Green Africa provides plastic
recycling services in East and Central Africa (Mr. Green Africa,
2022). Tts services include collecting, sorting, pelletising, trading
and reprocessing recycled plastics into high-quality products (Mr.
Green 2022).

Africa, With such recycling infrastructures,
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capturing medical devices material value is in

LRS in SSA.
The limitation of our study is that it only investigates the

possible

extent to which CE principles have been applied in the design
of medical devices for LRS from a scientific literature review
perspective. CE design principles could also be implemented at the
industry level and has yet to make its way into scientific literature.
We speculate that investigating the same topic using industry
case inquiry methods can reveal new findings on the extent to
which CE has been applied in designing medical devices for LRS
in SSA.

6. Conclusion

This study is an endeavour to understand to what extent
Circular Economy (CE) principles have been applied in the design
of medical devices, specifically for low-resource settings (LRS)
in Sub-Saharan Africa (SSA). Based on a systematic review and
as expected, this study shows that CE principles of durability,
repair, maintenance, and upgrade and medical device longevity
can be inferred in the domain of medical device design for
LRS in SSA. Whether these principles were intentionally applied
from a CE approach could not be inferred in this study.
The motivation for using these principles is to ensure medical
devices are available to provide access to healthcare in LRS
as opposed to the environmental or material flow motivation
often found in CE literature. The motivational basis towards
providing healthcare for people should remain a core aspect
when designing medical devices for LRS in SSA. This research
further revealed that other CE principles that ensure medical
devices and constituent materials are recovered (i.., through
refurbishment and remanufacturing) and recycled were hardly
taken into account. Underlying reasons for this could not be
established in this review. This, therefore, presents an opportunity
for further research. It is vital to understand why CE principles of
refurbishment, remanufacturing, and recycling are not considered
when designing medical devices for LRS. And what needs to
be in place if these CE principles were considered in medical
device design?

The findings in this study are intended to be used as a
starting point to explore how CE principles can be used to
support the design of medical devices for LRS in SSA. This
study now provides insights into the extent to which CE has
inadvertently been applied in designing medical devices for LRS
in SSA. It further shows the gaps in the lack of attention to
recovery and recycling considerations when designing medical
devices for LRS in SSA. Designers of medical devices can leverage
this research to contribute towards developing medical devices that
support access to healthcare for people in LRS and preserve earth’s
finite resources.

6.1. Implications of this research to
academicians and practicians

This study shows CE design principles are incorporated in
medical device design for LRS, and a firm grasp of the concept
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can be instrumental and ensure that medical devices continue
to be designed for longevity and do not end up disposed of as
waste into the environment. Academicians and medical device
designers can explore how CE as a concept can be integrated in
the design of medical devices that can remain used over time to
provide healthcare for people in LRS. For example, developing
methods or approaches that can guide medical device design
while explicitly considering CE aspects that benefit people in
LRS and the environment. Established medical device design
frameworks for LRS could also be updated to explicitly take
into account these CE aspects. For example, A Framework
for Designing Medical Devices Resilient to Low-Resource Settings
(Piaggio et al, 2021b) and Towards A Framework for Holistic
Contextual Design for Low-Resource Settings (Aranda Jan et al,
2016).

Design is only one factor that can ensure CE is implemented
in the domain of medical device design. Other factors such
as policies and regulations are equally needed to for example
incentivise a CE thinking approach in the design and use of
medical devices in LRS in SSA. Academicians and policymakers
can put forward policies and regulations that support the design
of medical devices that can remain used over time in LRS to save
lives while preserving the environment. For example, regulations
that incentivise the remanufacturing, refurbishment, and recycling
of medical devices. So far, these CE principles are yet to be
implemented in the design of medical devices for LRS as per
this study.
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