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Abstract
COVID-19 pandemic outbreak dictated the extensive use of personal protective equip-
ment (PPE) by the majority of the population and mostly by frontline professionals. This
need triggered a sudden demand that led to a global shortage of available PPEs threat-
ening to have an immense contribution to the virus contamination spread. In these
conditions, the need for a local, flexible, and rapid manufacturing method that would
be able to cope with the increased demand for PPE fabrication arose. 3D printing proved
to be such a manufacturing technique since its working principles make it an ideal
technology for local, decentralized production of PPEs meeting the local demands. While
considered to be more environmentally friendly than conventional fabrication techniques
and aligning well with the principles of sustainability and circular economy, 3D printing
can produce waste as the result of potential failed prints and material used for the
fabrication of support structures. This paper describes the case of utilizing pre-existing
FDM 3D printing equipment in an academic facility for the production of PPEs (face
shields) and their distribution according to local demands. The plastic wastes produced
were forwarded to a recycling process that led to their conversion to 3D filament that
would be returned to the academic facility as raw material for future 3D printing
operations. The followed procedure minimized 3D printing waste and led to a zero-
waste fabrication case that was initiated in a pandemic for a greater-good cause (produc-
tion of COVID-19 fighting PPEs) while assimilating the values of sustainability and
circular economy.
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Introduction

The Coronavirus Pandemic

The coronavirus pandemic 2019 (COVID-19) is a global pandemic caused by the SARS-CoV-
2 coronavirus and was initially referred in Wuhan, the capital of China’s Hubei Province, in
December 2019. By October 8, 2020, more than 36.2 million cases had been confirmed in 215
countries and regions, more than 1.05 million deaths from the disease had occurred, and more
than 25.2 million people had recovered. The virus is spread among the population through
droplets produced when an infected subject sneezes or coughs [1].

Public health professionals stress the importance of basic hygiene practices in preventing
infection and have issued suggested behavioral guidelines for people suspected of having the
virus [1]. In this context, the need for employing personal protective equipment (PPE) is
constantly growing. PPEs must be used by the majority of the population (except from
children of very young age) such as people who are already infected (in order not to spread
the virus even more), the people who are not yet infected as a protective measure and mostly
by professionals working on the frontline of the healthcare system. For example, it is reported
that in a healthcare facility in China, it was confirmed that the 29% of hospital-associated
transmission involved health professionals [2].

Thus, the need for using PPEs stands stronger than ever. PPEs should be adequately
supplied while users must be well trained regarding their usage [3]. Medical supplies such
as face shields, masks, mask adjusters, respirator parts, hands-free door openers, testing kits,
nasopharyngeal swabs, quarantine booths and medical ventilators are considered vital for
performing medical procedures. However, during COVID-19 pandemic outbreak, the demand
for such protective equipment and medical supplies has increased exponentially. This led to a
global shortage of available PPEs creating a health-measure gap threatening to have an
immense contribution to the virus contamination spread. In many countries around the world,
the shortage of such equipment caused massive problems that almost led to the collapse of
local healthcare units. Reports from the USA state that healthcare professionals did not have
access to PPEs and had to improvise in order to protect themselves while working in the
hospital frontlines. Commercially available raincoats [4, 5] and googles/masks were utilized in
attempt to imitate proper PPE protection, often with poor results in real protection levels as
well as with low medical staff [6, 7]. Such reports are also accompanied by reports from
Europe and especially Italy, where the need for PPEs and other medical equipment like
respiratory valves was increased due to the increased virus load [8, 9].

The reasons for the shortage of the aforementioned PPEs and other medical supplies are
numerous. The most obvious one is the sudden outbreak of a vast scale pandemic. The
magnitude of the pandemic outbreak created a demand shock in the global market of PPEs.
This demand was not only triggered by the healthcare system but also from the general public
who was urged to use PPEs in order to minimize the virus spread. Local governments’ failure
to encourage local production and to foresee this demand escalation along with global supply
chain breakdown proved to be contributing factors as well [5, 10–13]. Domestic supply chains
proved unable to cope with the sudden high demand while the majority of the PPE production
was carried out offshore. COVID-19 pandemic imposed several restrictions on logistics
operation causing several problems in the greater supply chain. Therefore, the need for a
local, flexible, and rapid manufacturing technique that would be able to cope with the
increased demand for PPE fabrication was greater than ever.
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Additive Manufacturing Technology

Driven by the need for fast prototype production without making molds or special tools, 3D
printing was introduced in the late 1980s. Its later utilization revealed its high potential on
minimizing product development time, manufacturing small batches of highly customized
products as well as local production from highly innovative small- and medium-sized enter-
prises (SMEs). This method involved the direct fabrication of three-dimensional solid objects
derived from a digital CAD model file. This was accomplished by utilizing an additive
manufacturing process where a layer by layer fabrication leads to the final creation of an
actual physical object. Each layer can be visualized as a thin sliced horizontal cross section of
the fabricated object. This technology is also known as “rapid prototyping” or “rapid
manufacturing” and allows swift and easy transition from CAD design concepts to the
automated fabrication of physical objects. Its contribution is immense in limiting the time
gap between the product design and the prototype fabrication, hence the term “rapid.”
Therefore, bearing in mind the limitations of traditional manufacturing techniques, additive
manufacturing technology emerges as an auspicious group of fabricating methods that feature
many advantages [14]. Thus, in a timely and cost-effective manner, designers now have the
necessary tool to ameliorate their initial designs to the direction of the desired object, and this
is made possible without the presence of expensive molds and industrial tooling infrastructure.
This technology is often described as “the new industrial revolution” [15], and through a series
of technical advances, it can nowadays be considered as an end-product manufacturing method
as well. The expiration of several relevant patents during the 2010s along with the introduction
of open-source 3D printers triggered the expansion of 3D printing globally in terms of offering
small-sized desktop 3D printers and consumables at affordable pricing. In this way, nowadays,
3D printers can be found in academic institutions, companies, dedicated makerspaces, and fab
labs. Also, a high number of hobbyists nowadays own small desktop 3D printers in the houses
[16, 17].

3D Printing Technology on PPE Applications

3D printing emerges as an ideal manufacturing method featuring high potential in order to
fabricate PPEs, locally, in accordance to the requested demand. During the COVID-19
pandemic outbreak, there have been numerous cases where 3D printing was utilized toward
this direction. Some healthcare institutions already owning 3D printers used on other occasions
(i.e., for fabrication of pre-surgery 3D models, etc.) shifted toward fabricating PPEs according
to their own demands [18–21].

Companies whose production lines were put on halt due to the pandemic outbreak also used
their 3D printers toward this direction. Enterprises, such as SpaceX, Tesla, AirCo, INKSmith,
Markforged, Formlabs, Voodoo Manufacturing, and Resonance, 3M, Johnson Safety Prod-
ucts, Alpha ProTech, DuPont, MSA Safety, Honeywell, Ansell, etc., manufactured PPEs and
other protective equipment [22–24]. More specifically, thousands of 3D antibacterial bio-
cellulose swabs lattice structure for COVID-19 testing as well as antibacterial bio-cellulose
masks and respirator valves have been produced in this way [13]. Other relevant cases include
the fabrication of medical devices (ventilator valves, mask connectors for CPAP and BiPAP,
emergency respiration devices, etc.), testing devices such as nasopharyngeal (NP) swabs,
training and visualization aids (medical manikins and bio-models), personal accessories (face
masks, mask fitters and adjusters, door openers), as well as emergency dwellings (3D printed
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isolation wards) [8, 25]. In addition, local maker communities comprised mainly from
individuals and SMEs owning 3D printing equipment participated in the joint effort of
producing PPEs in response to local demands. This local but decentralized production model
suggested that each 3D printer owner would fabricate a specific PPE type at the maximum
fabrication volume possible and then deliver them in a pre-designated spot for further
distribution [9, 13, 19, 26–32].

Material Usage and Recycling Potential

Based on the aforementioned data, 3D printing can be considered as an ideal technology for
the fabrication of customized items, regardless of their, potential, complex geometry. The
nature of this additive process that functions on a layer by layer basis supposedly uses only the
amount of material needed for the fabrication of a specific item. Based on this hypothesis, if a
3D printed item weighs, e.g., 100 grams, the 3D printer just has to consume 100 g of raw
material. This might be true for some 3D prints; on the other hand, other 3D prints require an
amount of support material for their successful completion. More specifically, support struc-
tures are printed simultaneously with the part and function as structures providing a reinforcing
substrate against steep overhangs and cantilevered sections on the printed part. Supports are
generated by the dedicated 3D printer’s slicing software, prior to the printing process and must
be fabricated in such a way that allows the user to easily remove them when the 3D printing
process is over.

Another potential disadvantage of the process is the case where an FDM 3D printing
process is not completed or is completed and the fabricated item does not meet the quality or
the aesthetical standards that were set, thus, considered a failed print. This can happen for a
number of reasons. Motor stall, nozzle blockage, bearing failure, timing belt break, abnormal
extrusion, and 3D printed item detaching from the platform are some of the reasons reported
for failed 3D prints [33]. Failed prints are estimated to cause a material waste of around 19%
according to the literature [34]. The total percentage of the material wasted in FDM 3D
printing processes is estimated to be 34%, adding the material used for the support structures as
well [34].

Despite the aforementioned claims, 3D printing is considered to be more environmentally
friendly than conventional fabrication techniques, thus promoting sustainable production. 3D
printing is positioned among the most cost-effective, low-input, and low-output outlets in low-
volume, personalized, and high-value production chains, such as aerospace and medical device
manufacturing. This reduces energy consumption, resource requirements, and relative CO2

emissions throughout the product life cycle, promoting a shift to more digital and local supply
chains. Computational models show that 3D printing achieves the potential to reduce costs by
$170–593 billion, total primary energy supply by 2.54–9.30 Ej, and CO2 emissions by 130.5–
525.5 Mt by 2025 [35]. The principles and modus operandi of 3D printing technology align
well with the principles of sustainability and circular economy [36, 37] toward shifting society
in a more sustainable direction [38, 39]. Faludi et al. [40] compared the ecological footprint of
two different 3D printers (FDM and PolyJet categories) to a traditional CNC milling machine
using life cycle assessment (LCA). The results indicated that the FDM 3D printer category
featured the lowest ecological impact per part.

3D filament is the primary raw material that the majority of 3D printers utilize for printing.
In the same way, a traditional 2D printer needs ink cartridges in order to print, and 3D printers
need filament made of plastic. A fair amount of the filament produced nowadays is derived
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from virgin petroleum-based plastic which contributes to the production of increasing global
waste amounts and carbon emissions, thus leading to environmental damage [41]. In this
direction, a potential 3D filament recycling scenario would look really appealing in terms of
decreasing the environmental impact of the process and making it more sustainable [42]. This
would provide a unique recycling opportunity to make 3D filament out of used, plastic waste
and on the other hand, to produce 3D filament from a plastics stream derived from 3D printing
process waste (support structures and failed prints).

According to literature reports, the process of producing 3D filament from recycled plastic
streams is not yet considered as widely adopted due to the fact that there are very limited
choices in acquiring and using dedicated polymer pelletizer and 3D filament fabrication
equipment. However, due to the open-source hardware options that are available in the
literature [43], the fabrication of such equipment is made possible by utilizing a combination
of materials commercially available and 3D printed items [44]. In addition, a very limited
number of commercially available 3D filament fabrication desktop equipment presented
recently are also an alternative solution for such equipment [45].

There is a number of published reports that describe the recycling process that leads to the
fabrication of 3D filament [46–51] both from commercial waste plastic streams as well as from
streams derived from 3D printing process waste. Some of these reports also describe the
creation of hybrid 3D filaments that incorporate wood particles (derived from wood processing
techniques) into polymeric matrixes in an attempt to create 3D filaments with the external
appearance of wood and the fluidic characteristics of the polymers used as matrixes (i.e., PLA
and ABS materials) [52–54]. Also, the establishment of a Green Fab Labs network that will
use recycled raw material from local recycled plastic streams is proposed as an optimal
solution locally, promoting a sustainable production model [55].

Circular Economy Considerations

Recycling processes have been conceived and practiced from the early stages of industriali-
zation in an attempt to promote the idea of material cycles that, consequently, reduce the
negative environmental impacts and boost new business opportunities. A major topic in global
sustainable development is the linear (one way) throughput flow of materials and energy
between nature and human economy [56]. Addressing the tendency toward unsustainable
global linear flow economy, literature [56, 57] suggests a shift toward the physical flow
concept in which the flows are reverse—the concept of circular economy. Embracing the
newly introduced context of circular economy, recycling processes not only acts as an
embankment against the dominant linear throughput flow model but also are part of a greater
approach dictating product, component and material reuse, remanufacturing, refurbishment,
repair, cascading, and upgrading, as well as solar, wind, biomass, and waste-derived energy
utilization throughout the product value chain and cradle-to-cradle life cycle [58].

In an attempt to approach the greater concept of circular economy, it is recognized as a
concept backed primarily by the European Union and a number of other countries. Mainly
addressed as a new trend incorporating various elements from environmental protection field,
it was introduced in a theoretical and stochastic way, mainly developed and led by practi-
tioners, i.e., policy-makers, businesses, business consultants, business associations, business
foundations, etc. [56]. This approach, while being a visionary stepping stone toward setting a
common ground, lacks scientific validation. Although many definitions of circular economy
are available in literature (many of them based on Ellen MacArthur Foundation [59]), a great
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degree of diversity can be found between them. The incorporation of sustainability elements in
a more holistic, and at the same time, scientific way is probably the more suitable approach
toward defining circular economy. Initially, according to the literature, sustainable production
can be defined as “the creation of goods and services using processes and systems that are:
non-polluting; conserving of energy and natural resources; economically viable; safe and
healthful for workers, communities, and consumers; and, socially and creatively rewarding
for all working people” [58].

Korhonen et al. [56] considering the concept of CE from the perspective of sustainable
development (which is also the perspective of this paper) and its three dimensions, economic,
environmental, and social, suggests the following definition for CE: “Circular economy is an
economy constructed from societal production consumption systems that maximizes the
service produced from the linear nature-society-nature material and energy throughput flow.
This is done by using cyclical materials flows, renewable energy sources and cascading-type
energy flows. Successful circular economy contributes to all the three dimensions of sustain-
able development. Circular economy limits the throughput flow to a level that nature tolerates
and utilizes ecosystem cycles in economic cycles by respecting their natural reproduction
rates.” [56]. In this spirit, it is more than evident that a successful circular economy model
should adequately contribute to all three dimensions of sustainable development, economic,
environmental, and social.

Fully embracing the well-set argument presented on the literature [57] that circular econ-
omy is not a theory but an emerging approach to industrial production and consumption, the
authors of this paper report the case of fabricating face shield PPEs during the outbreak
COVID-19 by employing 3D printing methods at the Department of Industrial and Product
Design Engineering at the University of Western Attica, Greece. In addition, the waste stream
produced from this particular process was fully recycled by utilizing state-of-the-art 3D
filament recycling equipment, in an attempt to transform the aforementioned PPE fabrication
into a sustainable, zero-waste, production process within the context of practicing the core
values of circular economy.

In this context, the transition toward a holistic circular economy approach is further
supported by adopting the term of zero-waste manufacturing (ZWM). ZWM describes a group
of methodologies aiming toward shifting to a circular economy context by developing
manufacturing technologies that eliminate waste across the entire waste value chain to the
maximum possible degree by adopting re-use and recycling [60]. Singh et al. describe that
ZWM is not only limited to eliminating the waste of a single process but also to re-cycle or re-
design or re-use the waste produced from one process in another process [61]. Digital
manufacturing (DM) is also referred as a group of processes where resource efficiency means
optimal utilization of materials and energy in the manufacturing of products, thus eliminating
pollution and reducing costs [61].

Methodology Approach

Fabrication of Protective Face Shields

The COVID-19 pandemic spread in major cities of Greece was found to be at the average of
the European countries [62, 63]; however, the shortage of PPEs to be used by frontline
healthcare professionals was soon reported in the first months of the outbreak.
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More specifically, the use of protective face shields along with the simultaneous use of
protective face masks was emerged as, probably, the best combination to protect the human
face from the virus’ droplets. In Greece, while protective face masks also faced supply
shortages (but remained generally available), protective face shields suddenly reached high
demand but their supply capability was marginal. The demand reached its peak because a vast
number of healthcare professionals belonging to the greater healthcare system suddenly felt the
need of using a protective face shield. Apart from hospital doctors and nurses, private doctors,
rescuers operating ambulances, private dentists, staff working on local government organiza-
tions, and many other public servants coming in direct contact with an increased number of
citizens every day needed a face shield for complementary protection.

In this context, along with other initiatives in Greece, the Non-Destructive Techniques and
System Diagnosis Laboratory of the School of Engineering at the University of Western
Attica, Greece, utilized its FDM 3D printing equipment to produce 800 protective face shields
that would be donated to public and private hospitals, municipality frontline staff in need of
such equipment as well as to penitentiary facilities. Literature findings also suggest that most
of the PPEs as well as in-demand medical tools are made of such 3D printers, which are cost-
effective, require less processing time and their capital and operational cost is low [8].

The 3D printers employed belong to the desktop FDM category that has the ability to
fabricate three-dimensional physical items by using a variety of thermoplastic materials such
as PLA, ABS, and PETG. More specifically, Einstart®-C desktop 3D printers from Shining
3D® manufacturer were utilized for the fabrication process. The aforementioned 3D printers
were already operational in the Non-Destructive Techniques and System Diagnosis Laboratory
for research and educational purposes. Their closed chamber architecture favors the use of a
variety of thermoplastic materials, some of which demand the passively heated enclosure
provided on this 3D printer (like ABS). In addition, their closed chamber architecture adds
increased safety levels, especially when operated by undergraduate students in educational
processes. The 3D printer along with a 3D printed face shield are depicted in Fig. 1.

The protective face shield 3D model file used for the 3D printing process was the RC3 face
shield .stl file, distributed by PRUSA™ as an open-source file. This specific design was
selected due to its ease of fabrication and assembly, its low cost, and its certification (ČSN EN
166:2002/OPR.1:2010 (EN 166:2001) 1 S 3) [64]. The material used for the fabrication
process was PLA. It was selected because of its unique characteristics, such as biodegradability
(due to the high percentage of biomass incorporated into its production), ease of use in the 3D
printing process, recyclability [44], and compatibility with direct contact with human skin [65].

Prior to the 3D printing process, the 3D model file (.stl) was imported to the dedicated
slicing software of the 3D printer. The printing nozzle temperature was set at 205 °C while the
platform temperature was set at 55 °C. Printing speed was set at 50 mm/s and retraction
distance at 1.5 mm. Model infill was set at 30% while the number of external perimeters was
set at 3 perimeters [64]. These process parameter settings resulted to a 3D printing job that
lasted 3.5 h for the production of a single face shield. Due to the dimensions of the 3D model
and size limitations of the 3D printers used, the upper part of the face shield had to be printed at
a 45° angle in order for the model to fit in the available space of the printer. Lower angles that
would minimize supports’ presence could not be achieved for this 3D printer’s dimensions.
This led to the use of support structures, essential for the successful fabrication of the item.
Since the 3D printer used features a single extrusion head, the model and support material are
the same, thus PLA. The printing process depicting all the aforementioned details can be
pictured in Fig. 2.
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Upon the completion of the 3D printing process, the model and support structures were
manually separated from each other. The model structures were further forwarded for assem-
bly while the support structures are considered as waste and were stored accordingly. The total
mass of the printed structure (including model and support structures) was found to be 109.2 g.
Upon separation, the model structures were found to weigh 46.5 g while support structures
were found to weigh 62.7 g. The detached model structures consisted of the upper and lower

Fig. 1 3D printing equipment used
in the fabrication process along
with a 3D printed protective face
shield

Fig. 2 3D printing fabrication of a
single protective face shield.
Support structures can be
identified as the vertical to the
platform structures while the
model structure can be identified
printed at 45° angle
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parts of the protective face shield are depicted in Fig. 3, and a list of supplies used for the 3D
printing fabrication are listed in Table 1.

Waste material recycling process

While the model structures were gathered for assembly with the other face shield components,
the support structures were separately collected and stored in order to be forwarded for
recycling. This was decided in an attempt to transform this process into a zero-waste process,
where all the removed support structures and a small number of failed prints would be
recycled. The recycling process chosen to be conducted was a process where the PLA waste
material would be recycled in such a way that it would be converted to 3D Printing filament.
The recycled 3D Printing filament would be then stored as the raw material for future 3D
Printing production runs.

The recycling process took place at the BlueLab makerspace facility in Piraeus. The
equipment used were a shredder and a filament extruder (both provided from 3DEVO®) as
well as a filament dryer. The PLA wastes were shredded into smaller pieces by using the
shredding equipment. The shredded pieces were no larger than 5 mm because this is the
maximum size that could successfully be processed through the filament extruder. Shredder
and shredded pieces can be viewed in Fig. 4.

PLA waste-derived material alone can be extruded, but the filament derived from the
process is brittle and not suitable for use in a 3D printer. In this context, virgin PLA material
in granulated form was added to the shredded PLA waste to improve the waste material
properties. Similar practices are reported in the literature for other materials as well, such as
PLA [66–68]. The virgin PLA material in granulated form is depicted in Fig. 5.

Fig. 3 3D printing fabrication
completion. The model structures
can be identified upon their
separation from the support
structures and detachment from the
3D printer’s platform
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The shredded PLA waste material was mixed with the virgin PLA granulated pellets in an
approximately 70–30 weight-percent ratio. Prior to the extrusion process, the aforementioned
blend of PLA material was heated in a dryer to help remove any excess moisture that may have
been absorbed by the PLA blend. The dryer was set to 60 °C, and the drying time was set to 2
h. Figure 6 depicts the shredded material and drying process.

The filament extruder apparatus used was Composer 450 provided by 3DEVO®. It features
an extruder nozzle diameter of 4 mm capable of reaching a maximum temperature of 450 °C. It
also features a maximum production capacity of 1 kg/h and an optical sensor that verifies an
accurate diameter measurement exhibiting 43-micron precision. Produced filament diameter is
of crucial importance, because if the filament diameter is varying, the model printed from this
material might vary in infill and thus in mechanical properties. The presence of this optical
sensor constantly measures the filament’s diameter and gives feedback to the apparatus that
adjusts the material feed accordingly. In this way, the filament diameter is constrained within
this very small error margin ensuring the qualitative characteristics of the recycled, produced
filament. The diameter measuring optical sensor is depicted in Fig. 8. The PLA blend was
extruded right upon the drying process completion so that no moisture could be reabsorbed
before the blend was forwarded to the filament extruder. Using the pre-set temperature profile

Table 1 List of supplies used for the 3D printing fabrication of the protective face shields

Item Equipment used Approximate cost Sources

1 Einstart-C® 3D Printer by Shining 3D® € 500 Shining3d.com
2 PLA filament for the face shield structural

components’ fabrication
€ 20 per 1 kg spool Local 3D printing supplies stores

3 Clear PVC 240Micron A4 protective cover sheets € 20 (pack of 100) Local supplies stores
4 Headband made of elastic, pre-drilled, fabric € 0.5/1m Local supplies stores

Fig. 4 Shredding equipment and 3D printing waste shredded pieces
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of the filament extruder for PLA (extrusion temperature set at 180 °C), the PLA blend was
extruded as 1.75-mm diameter filament and rolled into a spool in order to create a suitable 3D
printing filament. The filament extruder apparatus during the filament fabrication process is
depicted in Fig. 7. The spools used for the recycled filaments were the same initial spools used
in the fabrication of the protective face shields and were preserved for this reason, in order to
minimize any new plastic add-on in the procedure (Fig. 8). The recycled filaments were stored
in the initial reusable bags that they came into (including silica gel) in order to protect them
from humidity in the same way the manufacturer of the virgin material did. A flowchart of the
proposed procedure is depicted in Fig. 9.

Fig. 5 Virgin PLA material in
granulated form used on the
recycling process

Fig. 6 Shredded material and drying process
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Financial Aspects

Initiating the fabrication process with an initial cost of 1760 euros for the purchase of 88 new
PLA spools (spools of 1 kg), 87.36 kg was used to fabricate 800 face shields and 50.16 kg of
waste was created. More specifically, from the initial 88 kg of new PLA material, 42.3% was
turned into face shields, 57% was turned into waste and 0.7% was leftover. The initial cost of
the 88 spools, i.e., 1760 euros, is divided, and from this, 744 euros correspond to the face
shields, 1003.2 euros to waste and 12.8 euros to the unused surplus. That means that 57% of
the cost—more than half the cost—would be thrown away unless recycled. Excluding the
0.64 kg of material left over from the original spools, we have two approaches regarding the
face shield fabrication costs: (a) if the waste was thrown away, then the cost of the material
corresponding to it (1003.2 euros) is transferred to the cost of the face shields so each face

Fig. 7 Filament extruder apparatus
during the filament fabrication
process

Fig. 8 Filament extruder apparatus optical sensor measuring the diameter of the produced recycled filament
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shield would cost (1003.2 + 744)/800 = 1747.2/800 = 2.2 euros per face shield; (b) if the waste
is recycled, then the cost of each face shield corresponds only to the material cost, i.e., 744/800
= 0.93 euros per face shield. In this case, the costs have been calculated with simplification
since the power consumed by the 3D printers has not been calculated.

Regarding waste recycling, 21.49 kg of virgin PLA material was added to the 50.16 kg of
waste in order to make a mixture with proportions based on literature (30% virgin material −
70 waste material) and a total weight of 71.65 kg. The 21.49 kg of raw material cost 197.7

Fig. 9 Flowchart of the proposed face shield manufacturing and waste material recycling proposed procedure
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euros (all costs have been estimated according to the European market’s average prices).
Therefore, with a total of 197.7 euros, 71.65 kg of new raw material were fabricated that cost
(197.7/71.65 =) 2.76 euros per kilo. If the total cost is calculated, we would claim that 1003.2
euros worth of waste based on the purchase price of the original spools plus 197.7 euros of raw
material (a total of 1200.9 euros) provided us with 71.65 kg of new raw material, i.e., final cost
(1200.9 / 71.65 =) 16.77 euros per kilo. That is, with a total cost of the whole process (1760 +
197.7 =) 1957.7 euros, 800 face shields were fabricated. In addition, 71.65 kg in the form of 71
1 kilo spools and 1 spool of 650 gr, which together with the remaining 640 gr from the original
spools make a total of 72 spools and 290 gr, were returned to the Non-Destructive Techniques
and System Diagnosis Laboratory of the School of Engineering at the University of Western
Attica, Greece, for further future use. Figure 10 depicts the material distribution during the
proposed procedure.

By adopting the proposed recycling procedure, with an expenditure of 197.7 euros,
71.65 kg of new raw material were saved and restocked for future use. On the contrary, if
new material spools had to be purchased, that would be quantified as 72 spools for 20 euros
each creating a total of 1440 euros. Thus, a saving of 1440 - 197.7 euros = 1242.3 euros was
achieved which can be viewed as 1242.3/1440 = 0.86, i.e., 86% savings of raw material
purchase costs. In order to produce 1 kg of new raw material, two dedicated devices (the
shredder and filament maker) need to be utilized. The shredder must be employed for 1 h and
has a declared power rating of 1100 W while the filament maker must be employed for 10 h
and has a declared power rating of 350 W. According to the current ratings of the national
electricity provider, the cost is 0.11058 euros per 1 KWh, i.e., for the operation of a 1000-W
machine for 1 h. Thus, for each 1 kilo of new raw material the shredder appliance’s costs are
(1.1 kW × 1 h × 0.11058 euros =) 0.1216 euros and the filament maker shredder appliance’s
costs are (0.35 kW × 10 h × 0.11058 euros =) 0.387 euros. In total, the cost of electricity
consumption is 0.5086 euros per 1 kilo of new raw material. For the production of 71.65 kg of
new raw material (71.65 × 0.5086 euros) = 36.44 euros were spent regarding electrical energy
consumption. The dedicated makerspace that performed the aforementioned recycling process
charged no fees, due to the fact that it is operating in a non-profit scheme.

In conclusion, the total cost for waste recycling is 197.7 euros regarding raw material plus
36.44 euros regarding electrical energy consumption, creating a total cost of 234.14 euros. The
laboratory, in order to acquire 71.65 kg of raw material, would have to purchase 72 spools of 1
kilo for 20 euros each, resulting in a total cost of 1440 euros. In this case, 234.14 euros were

Fig. 10 material distribution during the proposed procedure
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spent on resources (virgin material and electricity) and saved 1440 − 234.14 = 1205.86/1440 =
0.84 or 84% of the required amount of money. If the proposed recycling process procedure
was not followed, the laboratory would have a loss of 1003.2 euros from the original spools,
while it would have to buy 72 new spools, in the long run, that would result in a cost of another
1440 euros, summing to a total extra amount of 2443.2 euros.

Conclusions

The outbreak of COVID-19 pandemic demanded the extensive use of personal protective
equipment (PPE) by the majority of the population such as people who are already infected (in
order not to further spread the virus), people who are not yet infected as a protective measure
and mostly by professionals working on the frontline of the healthcare system. This need
created a sudden demand that led to a global shortage of available PPEs threatening to have an
immense contribution to the virus contamination spread. The combination of this exponen-
tially increasing demand along with the restrictions imposed to logistics operation caused a
global supply chain breakdown leading to the aforementioned PPE shortage. In these condi-
tions, the need for a local, flexible, and rapid manufacturing technique that would be able to
cope with the increased demand for PPE fabrication was greater than ever.

3D printing proved to be such a manufacturing technique with numerous cases of its
utilization for the fabrication of PPEs reported [18–24, 26–32]. This included healthcare
institutions already owning 3D printers used on other occasions, companies whose production
lines were put on halt due to the pandemic outbreak, local maker communities and SMEs
owning 3D printing equipment, university labs where such equipment is used for research and
educational purposes, as well as dedicated makerspaces and fab labs. The stand-alone modus
operandi of 3D printing technology made it an ideal technology for local, decentralized
production of PPEs meeting the local demands.

Literature reports suggest that 3D printing is considered to be more environmentally
friendly than conventional fabrication techniques, aligning well with the principles of sustain-
ability and circular economy towards shifting society in a more sustainable direction [36, 37].
FDM 3D printer category, which stands for the majority of desktop 3D printers worldwide,
features the lowest ecological impact per part. However, there are reports indicating that a total
of 34% of material can be considered as waste in 3D printing as the result of potential failed
prints and material used for the support structures.

This paper describes the case of utilizing preexisting 3D printing equipment in a university
lab for the production of PPEs (face shields) and their distribution according to local demands.
While the 3D printers used for this process meet the educational and research standards that
they were purchased for, on the other hand, the use of support structures for the production of
the face shields was unavoidable. This waste material was forwarded to a local makerspace in
order not only to be simply recycled but to be converted to 3D filament that would be returned
to the university lab facility as raw material for future 3D printing operations.

The novelty of the proposed procedure is that the potential environmental footprint of
additive manufacturing can be minimized dramatically by embracing fundamental elements of
circular economy like recycling and therefore encourage the community and enterprises to
continue using this technology to produce PPEs. On one hand, it minimizes 3D printing waste
and leads to a zero-waste fabrication case that is initiated in a pandemic for a greater-good
cause (production of COVID-19 fighting PPEs for a society in-need) and on the other hand,
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incorporates the values of sustainability and circular economy. The cooperation with a local
makerspace for the conduction of the recycling process, the distribution of the fabricated PPEs
in collaboration with local authorities, and the use of an industrial fabrication technique fall
within the principles of the triple-helix system in circular economy were government, univer-
sity, and industry overlap in contributing to systemic innovations that promote sustainability
[69]. This case also features the fundamental elements of a good practice that can be further
adopted and scaled-up by local communities and academic institutions worldwide and have a
great impact on fighting COVID-19 pandemic while promoting sustainability and innovation.
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