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Abstract: The paper delves into an extensive exploration of the integration of the circular economy paradigm
within the realm of additive manufacturing (AM). The objective is to comprehensively investigate existing
methodologies for structuring the symbiotic relationship between circular economy and additive
manufacturing, while meticulously analyzing the current research gap concerning the implementation of
circular economy principles in additive manufacturing practices. A thorough review focusing on the
sustainability of additive manufacturing within the circular economy framework was conducted. This review
aims to recognize and delineate pertinent aspects related to post-use material valuation in AM, recyclability of
materials, and the environmental footprint associated with these processes. Emphasis was placed on the
significance of examining circular economy facets concerning additive manufacturing processes to establish a
holistic understanding. The overarching goal of this review is to augment knowledge regarding the potential
advantages and benefits derived from the seamless integration of circular economy principles within AM. By
elucidating the activities essential to attain compliance with the Sustainable Development Goals, this study
endeavors to illuminate the pathway toward promoting sustainable development through the harmonious
marriage of additive manufacturing and the circular economy.
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1. Introduction

As opposed to subtractive engineering techniques, additive manufacturing is "a method of
adding materials to make products from 3D CAD data, normally layer by layer," according to
ASTM.” [1]. Additive manufacturing is one of the anticipated industrial revolutions of industry 4.0,
able to make the paradigm shift of the manufacturing process towards the design and acceptance of
sustainability and circular economy [2]. In the literature, AM's contribution to sustainability has been
gaining traction recently [3,4]. AM is seen to be promising for long-term manufacturing because of
its additive and digital properties, which allow for resource conservation. When compared to
subtractive techniques like milling, the additive and digital nature enables on-demand fabrication of
spare parts for repair or eliminates material losses [5,6]. These factors may also open new possibilities
for circular economy product design.

The Circular Economy (CE) theory and its 3R characteristics, such as “reduce, reuse, recycle”,
are entirely coherent to boosting the extension of product useful life in order to combine economic
growth and environmental safety which have reached the end of their material substantial and
practical usefulness and would otherwise be waste, thus optimizing their potential for consumption
and preserving their value [7,8]. Designing a circular economy is a firsthand research subject of
broader area of sustainable project that has lately gained attention. Product life extension and total
product and material recovery are key components of this method, with a hierarchy of recovery
techniques ensuring material reliability, or the degree to which a material stays similar to the initial
products [9]. In a novel approach, design for a circular economy emphasizes the relevance of high-
value and high-quality material cycles [10]. When a product reaches its usefulness and would
otherwise be discarded, the recycling process commences. The size and location of manufacturing
facilities have an impact on the performance of recycling systems, and additive manufacturing has
the ability to regionalize them, resulting in more overall flexibility, reduced overall expenses and lead
time, and reduced environmental consequences [11,12]. The recycling system can be investigated in
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two distinctive approaches: “distributed recycling system and closed loop supply system and
recycling of materials” [13]. The notion of distributed recycling for Additive Manufacturing in terms
of Circular Economy is a new technical field with considerable prospective of developing the
recycling solutions of plastic waste [14]. Instead of being sent in bulk to the recycling facilities or
landfills, AM allows unwanted plastics to be transformed into feedstock for 3D printing [15].
Furthermore, in locations where material availability is low but waste generation and demand for
specialized components are considerable [16], distributed recycling has shown to be critical [17].
Closed-loop manufacturing systems are increasingly being viewed as a potential solution for
reducing industrial activity's environmental effect. CE, in reality, denotes a system in which resource
flows are closed loops [18]: One of the most effective ways for ecologically friendly production is to
optimize it [19].

The benefits and challenges of AM for designing CE have received little attention in earlier
literature. One of the few studies that specifically addressed this problem was by Despeisse. He
proposed a CE research scheme for additive manufacturing [20]. The purpose of the study is to check
the options that AM provides for viable design are also relevant to the design of a CE, and what
extent to which AM can assist you with this. Desppeisse anticipated the research to be conducted on
additional sustainable techniques of fabrication. The author offered six research sections to better
comprehend in what way 3D printing helps to enable further sustainable fabrication and use of
practices while yet providing benefits in the circular economy.

HA Colorado et al. conducted a bibliographic review on this aspect in September 2019. The
search generated 32 papers linked to circular economy searching the keywords "circular economy"
AND ("additive manufacturing" OR "3D printing"). There were fifteen research papers, 10 conference
papers, and seven literature reviews, with three of them being accepted in publications and four
being addressed at seminars. [21]. Four of the studies discovered in this search were about the
"Gigabot X," an available industrial additive manufacturing printer. These publications address
topics such as evaluating the printer's financial prospective [22], a pelletizing chopper [23], a study
of the possibilities for particle material extrusion [24], and a vigorous open-source solution for
printing of hefty formats [25].

The study of Giurco et al. is one of the most original research connected to the CE established in
this study [26]. The creation of two parallel tendencies known as 3D manufacturing structures is
investigated in this paper; one is liable for minerals distribution networks, while the other is for 3-d
printing. In a circular economy paradigm, Angioletti et al. [27] shown that product and operations-
oriented production, using AM technologies, enhanced production effectiveness in respect of
production costings. On the other hand, Leino et al. [28] investigated the application of additive
manufacturing in metal product repair, restoration, and remanufacturing procedures.

Angioletti et al. [29] established an approach for quantifying a product's circularity using a
simplified life cycle perspective that took into account resource flow between systems. Aimed at
selective laser sintering (SLS), Reijonen et al. [30] utilized the circular economy concept to AM. During
the remanufacturing planning phase, Alghamdi et al. [31] proposed a theoretical outline to lower the
random and circulated type of engineering characteristics.

Voet et al. [32] used a commercial 3D stereolithography printer system to effectively build
complicated shape prototypes using nature founded acrylate photopolymer resins. Unruh [33]
extended a management framework, Biosphere Rules to the developing field of AM which was
influenced by biomimetics for circular economy activities.

Garmulewicz et al. [34], examined that by interrupting the value stream of traditional materials,
3D technology can contribute to a sustainable future. Out of linear economy model, Navarro et al.
[35], identified the major measures that fostered a circular economy and, within which, Co2
conversion targets. Clemon and Zodhi [36], suggested a methodology for reducing product
manufacturing time and expenses associated with material recycling and 3D filament reuse. In order
to generate 3D printing filaments, Santander et al. [37] performed literature research to assess the
financial and ecological elements of the collecting process in a closed - loop system supply chain
system of regional and localized plastics recycling operations. Sauerwein and Doubrovski [38]
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investigated the improvement of a structure for connecting locally obtainable parts with additive
manufacturing methods, as well as the usage of key purposes to benefit from the CE. Minetola and
Eyers [39], highlighted Make-To-Order options for 3D printing; some of which may be taken
advantage of now and others which may become more important at some point. Lahrour and
Brissaud [40] offered a framework for AM and critical processes for product remanufacturing using
3D printing methods. Baiani and Altamura [41] investigated a study review on the circular economy's
function to the built environment, which employs two distinct but complimentary ideas: re-use
(super-use) and recycling.

Saboori et al. [42], published an overall explanation of the “directed energy deposition (DED)”
technique and DED’s involvement in metal component restoration. Wu and Wu [43] discussed 3D
printing design and circular economies, which have a big impact on environmental aspects including
waste control and material handling. Sauerwein et al. [44] investigated on the potential provided by
3D printing for sustainable development which may also be applied to the design of methods for CE,
and how AM can help with CE design. Nascimento et al. [45] studied on how upcoming Industry 4.0
technology and CE techniques might be coupled to make a production standard which ensures
reusability and recyclability of materials like scrap or electrical trash. Turner et al. [46] investigate the
potential of a redistributed production standard for industries who use technologies like additive
manufacturing or 3D printing to complement sustainability and circular economy and consumption
method.
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Figure 1. Circular economy model in comparison with linear economy model [47].
2. Case Study

2.1. Case Study 1: Recycling Plastics in Additive Manufacturing

The rapid advancement of AM technology has opened a new path towards the circular economy
aspect. The notion of Distributed Recycling through Additive Manufacturing (DRAM) refers towards
the utilization of recycled materials in the additive manufacturing process chain via a mechanical
recycling process. This case study gives information on plastic concerns as well as an outline of the
relevant environmental challenges in additive manufacturing.

Given the diversity of additive manufacturing processes, a diverse range of potential for
developing more sustainable manufacturing methods at various stages of the value chain emerges
[48-50] . This shift occurs from design and production optimization to the final product's synthesis
of upgraded materials [51-53]. There are potential consequences in both the upstream and
downstream phases [4,52,54]. As shown in Figure 2, Ford and Despeisse [48] provided a methodology
for determining AM's sustainability advantages by distinguishing four primary stages.
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Figure 2. Life cycle approach for determining sustainability advantages [48].

Regarding the environmental aspects, the evident benefit of AM in design stage (Figure 2) is the
ability for generating more optimized and complex components maintaining the reduction of
assembly activities. In comparison to traditional production, more flexibility saves product
manufacturing cost as well as time while increasing product life cycle and human contact [55-57].
Plastics were manufactured in 8300 million metric tons between 1950 and 2015, however the recycling
was done for only 500 million metric tons. In Figure 3, Geyer et al. summarized the quantity of plastics
production, recycling, and disposal from 1950 to 2015 [58].

Recycled and in use : 100 Mt

Plastic currently in

/
)\‘ . . -
use: 2500 Mt / Incinerated after recycling: 100 Mt

Discarded after recycling : 300 Mt

Incinerated : 700 Mt

Plastic used so far: 5800 Mt

Total plastic production: 8300 Mt

Figure 3. Plastics production and discard from 1950 to 2015 [47].

Considering the earlier research works on plastic recycling [59], Figure 4 depicts the suggested
closed-loop structure for identifying scientific publications at each phase. An extensive literature
study was conducted by Sanchez, F.A.C,, et al. for mapping developments in plastic recycling for
AM. For defining the global value chain of DRAM technique, a framework with six significant steps
was suggested [60].
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Figure 4. Closed-loop recycling architecture for distributed recycling using DRAM method [60].

The logistics procedures to consider for gathering plastic trash to be reused in DRAM are
covered in the Recovery (I) phase. Steps and techniques for identifying, separating, sorting, sizing,
reducing, and cleaning waste plastic to ensure appropriate DRAM quality are included in the
Preparation (II) phase. The creation of mono materials and composite materials is the subject of the
phase of Compounding (III). The Feedstock (IV) phase describes the steps that must be taken to
produce the material that will be utilized in the printing process. For the recycled printed part, the
printing (V) step discovers applications and process improvements. Lastly, the phase of Quality (VI)
phase identifies recycled material's technical characterization.

However, circular economy differs from industrial ecology in that it places a greater emphasis
on the "economy." However, it lacks the same established intellectual history of discussion around
the term that industrial ecology has had over the previous two decades. In Figure 5, a generalized
representation of the circular economy idea is given [26].
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Figure 5. Circular economy for renewable and non-renewable resources [61].
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The main goal is to figure out what the present potential and challenges are for the use of waste
feedstock of additive manufacturing on the small scale. For this purpose, the existing system
circumstances, such as local material flows, technology, and actors were investigated. Figure 6
depicts alternative national material flows and international material flows with the suggested local
material flow. The online marketplace was foreseen by the combination of additive manufacturing of
things made from local materials digitally through integrating digital product ideas, accessible
feedstock, and customer demand. This marketplace connects designers internationally with local
suppliers, customers, and manufacturing platforms.

Recycling materials for additive manufacturing isn't a fresh concept. Rapid prototyping
expenses are reduced and the environmental effect is reduced when feedstock is made from waste
plastic [62]. Numerous initiatives have investigated recycled plastics use in additive manufacturing,
and certain commercially accessible waste plastic extruders, as well as recycled filament sold by
several organizations [34].

Plastic waste recycling for additive manufacturing is used in both developed and rural areas
[63]. Some groups collaborate with local garbage pickers, entrepreneurs, and industry for the
manufacture of 3D printer filament from recycled waste.

To make filament out of plastic household garbage, the object must first be cleaned before being
broken into smaller pieces and powdered into little flakes. Followed by the heating of the flakes, a
screw moves material into a heated barrel. Then it is crushed, molten, combined, and driven over a
die to form filament. Because of the available waste stream and established capabilities of printing,
polyethylene terephthalate (PET) and high-density polyethylene (HDPE) were examined in the study
of Garmulewicz, A., et al [34].
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Figure 6. Schematic depiction of local, national, and international material flows [34].

2.1.1. Option 1: Recycled PET as 3D Printing Feedstock

PET bottles are gathered for the purpose of recycling and shipped to the business facility that
grinds them into flakes. The yield of this procedure varies between 40% and 75%, based on the level
of pollution inside waste stream. The portion of the contamination is due to the product, e.g.,
adhesive, tags, and bottle tops, as well as any remaining liquid. Impurities from the interaction of
further waste products.

The recycling of PET is done mechanically or chemically through a variety of methods [64].
Amorphous PET is produced via mechanical recycling of PET bottles. The preparation of filament
directly from amorphous PET would result in a low-quality of additive manufacturing feedstock,
that might lead to material crystallization in the nozzle of 3D printer, causing printing blockages and
inferior mechanical qualities in filament extrusion.

Chemical recycling procedures enable the production of quality PET material using waste,
enabling complete recycling back into major goods. Before being employed as a PET goods’ raw
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material, recycled PET is depolymerized and filtered to achieve this. Glycolysis is one such chemical
technique for depolymerizing PET [34].

2.1.2. Option 2: Recycled HPDE as 3D Printing Feedstock

HDPE is a commonly found plastic in household garbage. Milk jugs and detergent bottles are
popular places to find it. Baechler, DeVuono, and Pearce investigated HDPE recycled bottles to
additive manufacturing filament and discovered filament of one meter production a took around
energy of around 60 Wh, considering heating accounting for about two-thirds with motor energy
accounting for remaining third. The amount of energy for the process of shredding was shown to be
minimal.

The experiments revealed three flaws. To begin with, filament manufacturing needs some
manual help in drawing filament extrusion. The third limitation, namely the heterogeneous nature
of waste feedstock, which is linked to the second issue of an uneven rate of extrusion, caused
automated filament drawing devices to fail. These problems can be avoided by adopting
homogenous waste feedstock or large batch mixing after shredding. Size along with shredded plastic
kind has an impact on extrusion. Thin, light bits from milk bottles, for example, did not extrude
properly because they were difficult to bring into the extruder's heating portion.

Despite the fact that certain objects were additive manufactured using this recycled filament
considering the aforementioned trials. The quality was not similar to products created on the same
machine using ABS (acrylonitrile-butadiene-styrene; a typical additive manufacturing material).
Differences can be ascribed to HDPE's thermal qualities; printing settings; and filament diameter
variance. Commercially accessible filament of HDPE made from the recycled resources is quite
difficult to come by [34].

2.2. Case Study 2: Recycling Polymers in Additive Manufacturing

Polymer waste production is increasing all over the world, and it is generally harmful to the
environment, generating contamination that hurts aquatic creatures and humans. The global output
of plastics and polymers has risen from 1.5 to 359 million metric tons during 1950 to 2018 [65].
Polymers are employed in everyday items for humans due to their mass manufacture and
inexpensive cost. The mechanical qualities, forms, sizes, and colors of the polymers employed in
diverse goods present challenges in their appropriate disposal. As a result, polymers must be treated
and separated based on chemical and physical and characteristics. Polymer disposal technologies in
use include recycling process, incineration process, landfill process, and carbonization process [66].
The majority from the aforementioned processes have unanticipated negative repercussions, such as
the production of greenhouse gases through incineration. One approach for remanufacturing waste
polymers into new valuable products is recycling. It is, however, a lengthy procedure including
several processing steps. Polymer life may be extended, though, by recycling and reusing them.
Different countries have made significant efforts to recycle polymers [47].

Any production process must be carefully designed to produce minimal waste and low
environmental effect. Raw materials utilized in the manufacturing process and waste management,
are significant factors for the determination of the environmental effect. In FDM (Fused Deposition
Modeling) method, thermoplastics recycling may be employed in terms of raw materials. Any
leftover thermoplastic material or waste plastic would be utilized and recycled in additive
manufacturing process. Chemical and mechanical recycling are two basic ways for recycling plastics.
However, recycled polymers from both procedures may be utilized to make AM feedstock if their
properties are optimized and they meet the printing characteristics criteria.

It should be mentioned that the feedstock material for FDM-based additive manufacturing
process was the filament created by an extrusion process in which plastic waste was utilized directly
and turned into the 3D printing filaments [67-69]. As a result, FDM-based additive manufacturing
would be used as the circular economy method, converting plastic waste into a valuable feedstock
material. Figure 7 depicts the process of converting waste into filament, which is then processed into
additively manufactured items.
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Figure 7. Waste conversion into 3D printed components [47].

When compared to printed recycled polymer, the synthesis of recycled composites by FDM can
result in improved strength. Recycled polymer and recycled reinforcement can both be used to make
composites. As reinforcement, recycled materials have been used. The recycled materials usage in
FDM were described in a small number of experiments. More study is needed to determine the
benefits and drawbacks of using material recycling in FDM. Recycling cycle in order to support
circular economy of material is depicted in Figure 8. A systematic approach should be created to
ensure the long-term growth of circular economy in additive manufacturing. The polymer should be
classified according to its durability, and optimized printing factors should be created to assure
printing quality and end product performance [47].

Plastic d

waste

Recycling

Product Feedstock

- FDM

Figure 8. Material circular economy in FDM process [47].

3. Discussion

In the twenty-first century, the growth of additive manufacturing is predicted to be a distinctive
aspect of advanced manufacturing. AM refers to a collection of patented technologies for "3D
printing" materials to build a wide range of items, from artificial organs to rockets. What began in the
1980s as technological advancements to enable Rapid Prototyping is now increasingly being used for
"final" items, notably component manufacture. While it may appear to be a lot of labor at first,
recycling filament is a very cost-effective method to print in a long period of time. This is the
fundamental advantage of 3D printing over other types of production; if any mistake occurs during
the process, the total materials become unusable. The filament, on the other hand, is a different story.
The generalized recycling process starts with the segregation of the materials based on the ties. The
separated materials are dried before loading into the shredder. The materials are shredded with the
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help of a shredder, ideally, one type of material is used for shredding at a time to maintain the
homogenous material properties of the shredded parts and this will also help to reduce the
undesirable printing results. Then the shredded parts are melted with the help of the heater/furnace.
The molten materials are then passed through an extruder which is different from the extruder of 3D
printer and cooled down when passing through a water bath/cooling chamber. The cooled strip is
then passed through a grinder to maintain a uniform diameter of the filament and the filaments are
then coiled in a barrel. The recycled filament is used as the next raw material for the extruder of 3D
printer. In order to empower populations on better plastic usage, the initiative is constantly
developing recycling groups, holding clean-ups, and distributing awareness about the huge plastic
pollution problem.
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