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Abstract 
The rapid growth of 3D printing technology has opened up new avenues for innovation across various industries. However, the 

increasing use of non-biodegradable polymers in 3D printing has raised environmental concerns due to their contribution to 

plastic waste. This review paper examines sustainable approaches to 3D printing filament production, with a focus on recycling 

non-biodegradable waste, such as plastics, to create high-quality filaments. The paper explores current research on the 

development of recycling methods, material properties, economic viability, and the environmental impacts of using recycled 

polymers for 3D printing. 
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1. Introduction 

 
1.1 Overview of 3D Printing Technology 

 

3D printing, also referred to as additive manufacturing, represents a paradigm shift in production and manufacturing 

technologies. Unlike traditional subtractive manufacturing, which involves cutting away material from a solid block, 

additive manufacturing builds objects layer by layer from a digital model. This layer-by-layer process allows for greater 

design freedom, customization, and efficiency, enabling complex geometries that would be impossible to achieve with 

conventional techniques (Gao et al., 2015). Since its inception in the 1980s, 3D printing has found applications across a 

wide range of industries, including aerospace, automotive, healthcare, and consumer products. 

The advantages of 3D printing are numerous. It reduces material waste, as only the material needed to create the 

object is used, unlike traditional methods that often result in significant material loss. Additionally, 3D printing supports 

on-demand manufacturing, which reduces the need for large inventories and enables rapid prototyping. This is 

particularly valuable for sectors like aerospace and healthcare, where the ability to quickly iterate designs and produce 
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custom parts is crucial (Berman, 2012). Furthermore, 3D printing has democratized manufacturing, allowing individuals 

and small businesses to produce products without the need for large-scale manufacturing facilities. 

 

1.2 Rise of Non-Biodegradable Polymers in 3D Printing 

 

As 3D printing technology has advanced, so too have the materials used in the process. Initially, the technology was 

limited to specific high-cost materials like metal powders and proprietary photopolymers. However, the development of 

desktop 3D printers and the expansion of material options have made the technology more accessible. Today, one of the 

most commonly used materials in 3D printing is thermoplastics, specifically non-biodegradable polymers such as 

polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and polyethylene terephthalate glycol (PETG). These 

materials have become the backbone of consumer-level 3D printing due to their ease of use, mechanical properties, and 

relatively low cost (Ford and Despeisse, 2016). 

PLA, while derived from renewable resources like cornstarch, is not biodegradable in typical environmental 

conditions and requires industrial composting to break down properly (Driftmeyer et al., 2021). ABS, on the other hand, 

is a petroleum-based plastic that is known for its durability, toughness, and heat resistance, making it a preferred choice 

for functional parts and prototypes. However, ABS is not biodegradable and presents significant disposal challenges, 

particularly in regions with inadequate waste management infrastructure (Levy and Schindler, 2017). Similarly, PETG 

offers enhanced chemical and impact resistance compared to PLA and ABS, but like other thermoplastics, it is non-

biodegradable and contributes to plastic pollution when not properly managed. 

The increased demand for 3D printing has consequently led to a rise in the consumption of these non-biodegradable 

polymers. Although 3D printing has been lauded for reducing waste during the manufacturing process, the production 

and disposal of plastic-based filaments pose long-term environmental concerns. According to estimates, global plastic 

production has reached over 350 million tons annually, with only a fraction being recycled (Geyer et al., 2017). As the 

use of 3D printing grows, the accumulation of waste from discarded or failed prints and used filaments is adding to the 

already significant global plastic waste problem. 

 

1.3 Environmental Concerns Associated with Plastic Waste in 3D Printing 

 

Plastic waste is one of the most pressing environmental issues of our time. Due to their durability and resistance to 

degradation, plastics can persist in the environment for hundreds of years, posing a serious threat to ecosystems, wildlife, 

and human health. When plastics are improperly disposed of, they often end up in landfills or, worse, in the natural 

environment, where they fragment into microplastics and contaminate soils, rivers, and oceans (Jambeck et al., 2015). 

These microplastics are particularly harmful to marine life, as they can be ingested by fish and other organisms, 

ultimately entering the food chain and affecting human populations. 

In the context of 3D printing, the environmental impact is twofold. First, the production of non-biodegradable 

polymers like PLA, ABS, and PETG requires significant energy inputs and the extraction of non-renewable resources, 

such as petroleum. This contributes to greenhouse gas emissions and resource depletion (Hopewell et al., 2009). Second, 

once these materials are used in 3D printing, they are often discarded after a single use. Failed prints, supports, and 

prototypes are commonly disposed of as waste, with little opportunity for reuse or recycling. 

Although 3D printing generates less waste during the production process compared to traditional manufacturing 

methods, the post-consumer waste created by non-biodegradable filaments remains a significant concern. In particular, 

desktop 3D printers used by hobbyists, educational institutions, and small businesses often produce waste that is difficult 

to recycle due to the mixed nature of the materials and the lack of infrastructure for handling 3D printing waste. Without 

proper recycling or disposal solutions, the growing use of 3D printing is exacerbating the plastic pollution problem. 

user
Typewriter
27



Sustainable 3D Printing Filament Production from Recycled Nonbiodegradable Waste: A Review 

Volume 2 (Issue 1: January-April, 2025) | https://www.swamivivekanandauniversity.ac.in/jmea/      Journal of Mechanical Engineering Advancements 

1.4 The Need for Sustainable Solutions in 3D Printing 

 

Given the environmental challenges posed by plastic waste, there is an urgent need to explore sustainable solutions 

for 3D printing. One promising approach is the development of recycled filaments made from post-consumer or post-

industrial plastic waste. By recycling non-biodegradable plastics into 3D printing filaments, it is possible to reduce the 

demand for virgin materials, minimize plastic waste, and lower the environmental impact of additive manufacturing. 

Sustainable filament production from recycled materials aligns with the principles of a circular economy, where 

materials are kept in use for as long as possible through recycling, remanufacturing, and reuse (Ellen MacArthur 

Foundation, 2015). In the context of 3D printing, this could involve collecting plastic waste, such as used packaging or 

failed prints, and processing it into new filaments that can be reused in future projects. This approach not only reduces 

the amount of plastic waste entering landfills and the environment but also creates economic opportunities by turning 

waste into a valuable resource. 

While recycled filaments are already available in the market, significant challenges remain in terms of material 

quality, consistency, and economic viability. Recycling processes can degrade the mechanical properties of plastics, 

resulting in filaments that are less durable or have poorer printing performance compared to virgin materials 

(Garmulewicz et al., 2016). Moreover, the cost of collecting, sorting, and processing plastic waste can be prohibitive, 

particularly in regions without established recycling infrastructure. As such, further research is needed to develop 

efficient recycling methods, improve the quality of recycled filaments, and promote the adoption of sustainable materials 

in 3D printing. Fig. 1 represents the recycled 3D printing technology with minimal wastage and contamination. 

 

 
Fig. 1 Representation of recycled 3D printing technology 

 

1.5 Objectives of This Review 
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The objective of this review is to critically examine the state of sustainable 3D printing filament production, with a 

particular focus on recycling non-biodegradable waste. This paper will explore various recycling methods, including 

mechanical and chemical recycling, and evaluate the material properties of recycled filaments. Additionally, it will 

consider the economic and environmental impacts of using recycled materials in 3D printing, as well as the challenges 

and future trends in sustainable filament production. By providing a comprehensive overview of current research in this 

field, this review aims to contribute to the development of more sustainable practices in 3D printing and help address 

the growing problem of plastic waste in the industry. 

 

2. The Environmental Impact of Non-Biodegradable Polymers in 3D 

Printing 
 

 2.1 The Proliferation of Non-Biodegradable Polymers in 3D Printing 

 

The rise of 3D printing has led to a surge in the use of non-biodegradable polymers, especially for desktop printers 

and rapid prototyping applications. The most commonly used materials in consumer-level 3D printing, including 

acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and polyethylene terephthalate glycol (PETG), have been 

instrumental in driving the widespread adoption of this technology due to their affordability, availability, and versatile 

mechanical properties (Ford and Despeisse, 2016). Despite their advantages, these polymers contribute significantly to 

environmental degradation, especially when discarded improperly or after short-term usage. 

ABS, for instance, is known for its toughness, impact resistance, and ability to withstand higher temperatures, 

making it an ideal choice for functional parts and engineering applications (Turner et al., 2014). PLA, although marketed 

as a more eco-friendly alternative due to its origin from renewable resources like corn starch or sugarcane, does not fully 

deliver on its promise of sustainability. While it can be composted industrially under specific conditions, PLA is not 

biodegradable in common environmental settings such as landfills or oceans, where most discarded plastics end up 

(Driftmeyer et al., 2021). PETG, another popular material, combines the benefits of PLA and ABS, offering good 

chemical resistance and durability, but like its counterparts, it remains non-biodegradable in real-world environments. 

The increasing prevalence of these materials in 3D printing is directly linked to their physical properties, such as 

strength, flexibility, and ease of printing, but their environmental consequences are severe. Even as advancements in 

printing technology continue to evolve, the environmental costs of the associated materials have been largely overlooked 

in favor of technical performance and economic efficiency (Levy and Schindler, 2017). 

 

2.2 Contribution to Plastic Waste and Environmental Pollution 

 

The improper disposal of non-biodegradable polymers used in 3D printing has added to the global plastic waste 

crisis. As these materials are resistant to natural degradation, they persist in the environment for hundreds of years, 

contributing to soil and water contamination, harmful emissions during incineration, and negative impacts on marine 

ecosystems. According to a report by Geyer, Jambeck, and Law (2017), more than 8.3 billion metric tons of plastic have 

been produced globally since the 1950s, with only 9% of that plastic being recycled. A significant portion of the 

remaining plastic waste, including the polymers used in 3D printing, ends up in landfills or as litter in natural 

environments, further exacerbating the plastic pollution problem. 

One major issue is that 3D printing produces large amounts of waste in the form of failed prints, support structures, 

and prototypes that are discarded after use. These objects, often made from ABS, PLA, and PETG, are typically single-

use and non-biodegradable. Inadequate recycling infrastructure for these materials, particularly in regions where 3D 
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printing adoption is high, means that most of this waste is not recovered or repurposed, and instead accumulates in 

landfills, where it can persist for centuries (Hopewell et al., 2009). 

When non-biodegradable plastics are exposed to environmental conditions, such as sunlight and water, they can 

fragment into microplastics—tiny particles less than 5 millimeters in size. Microplastics are particularly insidious 

because they are nearly impossible to remove from the environment and can be ingested by marine life, leading to 

bioaccumulation in the food chain (Cole et al., 2011). Studies have found that marine animals, from plankton to whales, 

ingest microplastics, which can cause physical harm, disrupt feeding behaviors, and introduce toxic chemicals into their 

bodies (Wright et al., 2013). As humans consume seafood contaminated with microplastics, the potential health risks 

increase, though the full extent of these risks is still being studied. 

Beyond the marine environment, plastic pollution also affects terrestrial ecosystems. Microplastics can be carried 

by wind or water runoff into agricultural soils, where they may impact plant growth, soil organisms, and water filtration 

(Bläsing and Amelung, 2018). The pervasive nature of plastic pollution means that the impacts are felt across 

ecosystems, from the deepest parts of the ocean to remote mountain regions. 

 

2.3 Greenhouse Gas Emissions and Energy Consumption in Plastic Production 

 

The production of non-biodegradable polymers for 3D printing contributes to global greenhouse gas emissions and 

significant energy consumption. Most of these polymers, particularly ABS and PETG, are derived from fossil fuels, such 

as crude oil and natural gas. The extraction, refinement, and polymerization processes involved in producing these 

plastics release large quantities of carbon dioxide (CO₂) and other greenhouse gases into the atmosphere, contributing 

to climate change (Hopewell et al., 2009). 

For example, the production of one kilogram of ABS is estimated to generate approximately 3.5 to 4 kilograms of 

CO₂ equivalent emissions, while the production of PETG results in roughly 2.5 kilograms of CO₂ equivalent emissions 

(Plastics Europe, 2018). Although PLA is often regarded as a more environmentally friendly alternative due to its bio-

based origin, its production still requires significant energy inputs. Additionally, the cultivation of crops for PLA 

production can lead to deforestation, habitat loss, and increased use of fertilizers and pesticides, which have their own 

environmental consequences (Groot and Borén, 2010). 

The energy-intensive nature of polymer production is compounded by the additional energy required for 3D printing 

itself. Additive manufacturing, while more efficient than traditional subtractive methods in terms of material usage, still 

consumes a substantial amount of electricity, especially for large-scale or complex prints. The energy demand is even 

higher when using high-performance materials like ABS and PETG, which require elevated temperatures during the 

printing process to achieve optimal results (Mancini et al., 2020). 

 

2.4 Inefficiencies in Waste Management and Recycling 

 

Recycling non-biodegradable polymers used in 3D printing is challenging, largely due to the heterogeneous nature 

of plastic waste and the lack of specialized recycling systems for 3D printing materials. Traditional recycling processes 

are often unsuitable for 3D printing waste because the materials are mixed, contaminated, or thermally degraded after 

multiple uses (Singh and Sharma, 2008). Moreover, many recycling facilities are not equipped to handle the variety of 

plastics used in additive manufacturing, such as blends of ABS, PLA, and PETG, which have different melting points 

and chemical properties. 

For instance, while PET bottles are commonly recycled in many regions, PETG used in 3D printing has slightly 

different properties and may not be accepted by standard recycling facilities. Similarly, PLA, although derived from 
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renewable sources, often cannot be recycled alongside petroleum-based plastics and requires industrial composting to 

break down, which is not widely available (Scharff and Wagner, 2005). 

The economic viability of recycling 3D printing waste is also a concern. The cost of collecting, sorting, and processing 

these materials can be prohibitive, especially when compared to the low cost of producing virgin plastic. As a result, 

many 3D printing users opt to dispose of their waste rather than seek out recycling solutions, contributing to the 

accumulation of plastic waste in landfills and the natural environment (Garmulewicz et al., 2016). 

 

2.5 Long-Term Environmental Risks 

 

The long-term environmental risks associated with non-biodegradable polymers in 3D printing are far-reaching and 

difficult to quantify. As 3D printing becomes more widespread, particularly in industrial applications such as 

construction, aerospace, and healthcare, the potential for large-scale environmental degradation increases. The 

persistence of these materials in the environment, combined with their resistance to degradation, means that they will 

continue to impact ecosystems for centuries unless significant changes are made in material production, usage, and 

disposal practices (Geyer et al., 2017). 

In addition to pollution and greenhouse gas emissions, the long-term accumulation of plastic waste can lead to the 

depletion of natural resources, as fossil fuels are finite and increasingly difficult to extract. The ongoing reliance on non-

renewable resources for 3D printing materials undermines global efforts to transition to a more sustainable and circular 

economy (Hopewell et al., 2009). 

 

3. Recycling Non-Biodegradable Polymers for Sustainable 3D Printing 

Filament Production 
 

3.1 The Need for Recycling in 3D Printing 

 

As the environmental impact of non-biodegradable polymers used in 3D printing becomes more apparent, the need 

for sustainable alternatives has gained prominence. Recycling offers a promising solution to mitigate the environmental 

consequences of plastic waste while also providing a steady supply of material for additive manufacturing. Recycling 

not only reduces the accumulation of plastic waste in landfills and the natural environment but also decreases the demand 

for virgin materials derived from non-renewable resources. This aligns with the principles of the circular economy, 

where materials are kept in use for as long as possible through processes like recycling and remanufacturing (Ellen 

MacArthur Foundation, 2015). 

In the context of 3D printing, recycling can help close the material loop, converting waste plastic into new filaments 

that can be used for future prints. This not only reduces the overall environmental footprint of 3D printing but also makes 

it a more economically viable and sustainable technology. However, the success of recycling efforts hinges on the 

development of efficient recycling technologies, the quality of the recycled materials, and the adoption of these practices 

by the broader 3D printing community. 

 

3.2 Mechanical Recycling of 3D Printing Waste 

 

Mechanical recycling is the most common method of recycling plastic waste and involves collecting, shredding, 

and melting the material into new filaments. This process is relatively straightforward and has been used for decades in 

traditional plastic recycling industries. In the context of 3D printing, mechanical recycling typically involves grinding 
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failed prints, support structures, and other waste into small pellets, which are then melted and extruded into new filament 

(Hopewell et al., 2009). 

One of the advantages of mechanical recycling is its simplicity and low cost compared to more complex recycling 

methods, such as chemical recycling. Small-scale recycling machines, such as filament extruders, are becoming more 

accessible to hobbyists and small businesses, allowing them to recycle their own waste into reusable filament. This 

enables a more decentralized approach to recycling, where users can produce their own sustainable materials on-site 

without relying on large-scale industrial recycling facilities (Meyers et al., 2020). 

Despite its benefits, mechanical recycling has limitations. The repeated melting and extrusion of plastics can degrade 

their mechanical properties over time, leading to a reduction in strength, flexibility, and print quality. This is particularly 

problematic for materials like ABS and PETG, which are prone to thermal degradation during recycling (Singh and 

Sharma, 2008). As a result, the recycled filament may not perform as well as virgin material, making it less suitable for 

applications requiring high precision or durability. 

To address this issue, researchers are exploring methods to improve the quality of mechanically recycled filaments. 

One approach is to blend recycled plastic with a certain percentage of virgin material, which helps maintain the 

mechanical properties of the filament while still reducing the overall consumption of virgin resources (Garmulewicz et 

al., 2016). Another approach involves adding stabilizers or other additives to the recycled plastic to improve its strength 

and printability. These additives can help counteract the negative effects of thermal degradation and make recycled 

filaments more competitive with their virgin counterparts (Hopewell et al., 2009). Fig. 2 represents an example of the 

mechanical recycling process of the 3D printing wastes. 

 

 

Fig. 2 Mechanical recycling process of 3D printing wastes (Lee et al., 2022) 
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3.3 Chemical Recycling of 3D Printing Polymers 

 

Chemical recycling offers an alternative to mechanical recycling by breaking down plastic waste into its constituent 

monomers, which can then be re-polymerized to create new plastic with properties equivalent to virgin material. This 

process can restore the quality of degraded plastics, making it particularly attractive for recycling 3D printing polymers 

like ABS, PLA, and PETG (Singh and Sharma, 2008). 

Chemical recycling involves several steps, including depolymerization, purification, and re-polymerization. For 

example, in the case of PLA, chemical recycling typically involves breaking the polymer down into lactic acid, which 

can then be purified and used to produce new PLA with the same properties as virgin material (Driftmeyer et al., 2021). 

Similarly, PETG can be depolymerized into its monomers, ethylene glycol and terephthalic acid, which can then be re-

polymerized to produce new PETG with no loss in quality. 

One of the major advantages of chemical recycling is that it can produce high-quality recycled plastics that are 

indistinguishable from virgin materials. This makes it particularly useful for applications that require consistent 

mechanical properties, such as engineering parts, medical devices, or functional prototypes. Chemical recycling also 

offers the potential to recycle mixed plastic waste, which is difficult to handle with traditional mechanical recycling 

methods (Rahimi and García, 2017). 

However, chemical recycling is a more complex and energy-intensive process compared to mechanical recycling, 

which can make it less economically viable, particularly on a small scale. The high costs of the chemicals, energy, and 

equipment required for depolymerization and re-polymerization can be a barrier to widespread adoption, especially in 

regions without established recycling infrastructure. Despite these challenges, ongoing research into more efficient and 

cost-effective chemical recycling methods is helping to drive the development of this technology for 3D printing waste 

(Levy and Schindler, 2017). 

 

3.4 Closed-Loop Systems for 3D Printing 

 

Closed-loop systems offer a holistic approach to sustainable 3D printing by integrating recycling into the production 

process and minimizing waste generation. In a closed-loop system, 3D printing waste, such as failed prints and support 

structures, is collected, recycled, and reused to produce new filaments. This reduces the need for virgin materials, lowers 

the environmental impact of plastic waste, and creates a more sustainable and circular production cycle (Ellen 

MacArthur Foundation, 2015). 

Several companies and research initiatives are exploring closed-loop systems for 3D printing. For example, some 

filament manufacturers now offer take-back programs, where customers can return their used or failed prints for 

recycling into new filament. In other cases, 3D printing hubs and makerspaces are implementing on-site recycling 

systems that allow users to recycle their own waste and produce new filament directly from their discarded prints 

(Woidasky et al., 2018). 

The adoption of closed-loop systems is particularly important in industries that rely heavily on 3D printing, such as 

aerospace, automotive, and healthcare, where the ability to recycle and reuse materials can significantly reduce costs 

and environmental impact. By integrating recycling into the production process, companies can reduce their reliance on 

virgin materials, lower their carbon footprint, and create more sustainable supply chains (Ford and Despeisse, 2016). 

However, the implementation of closed-loop systems is not without challenges. One of the main obstacles is the 

variability in the quality of recycled materials, which can affect the performance and reliability of the final printed 

products. Additionally, the logistics of collecting, sorting, and processing waste materials can be complex, especially in 

decentralized production environments, where 3D printing is distributed across multiple locations or users 

(Garmulewicz et al., 2016). 
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To overcome these challenges, new technologies and business models are being developed to streamline the 

recycling process and improve the quality of recycled filaments. For example, advances in filament extrusion technology 

are enabling more precise control over the production process, resulting in higher-quality recycled filaments with 

consistent properties. Similarly, new materials and additives are being developed to enhance the performance of recycled 

filaments, making them more competitive with virgin materials (Hopewell et al., 2009). 

 

3.5 Case Studies of Recycled Filament in 3D Printing 

 

Several companies and organizations have already made significant strides in the production of recycled filaments 

for 3D printing. One notable example is Filabot, a company that specializes in filament extrusion systems designed for 

recycling plastic waste into new 3D printing materials. Filabot offers a range of extruders and grinders that allow users 

to recycle their own plastic waste, including failed prints, into new filaments (Filabot, 2024). Their system enables the 

production of high-quality recycled filament at a relatively low cost, making it accessible to hobbyists, makerspaces, 

and small businesses. 

Another example is Reflow, a company that produces recycled 3D printing filaments from post-consumer plastic 

waste. Reflow's filaments are made from recycled PETG and ABS, which are sourced from plastic bottles, electronic 

waste, and other discarded materials. The company partners with local waste management organizations and recycling 

centers to collect and process the plastic, creating a sustainable supply chain that benefits both the environment and the 

local economy (Reflow, 2024). Reflow's recycled filaments have been used in a wide range of applications, from 

architectural models to fashion accessories, demonstrating the potential for sustainable 3D printing materials in creative 

and industrial fields. 

In the academic sphere, research initiatives are exploring the potential for recycled filaments in various applications. 

For example, researchers at Michigan Technological University developed a low-cost, open-source recycling system for 

producing PLA filament from post-consumer plastic waste (Baechler et al., 2013). Their system allows users to recycle 

common household plastics, such as water bottles and food containers, into new 3D printing materials, providing an 

affordable and sustainable alternative to virgin filaments. 

These case studies highlight the growing interest in recycled filaments as a sustainable solution for 3D printing. 

While challenges remain in terms of material quality, consistency, and scalability, the success of these initiatives 

demonstrates the potential for recycled materials to play a key role in the future of additive manufacturing. 

  

4. Material Properties and Quality of Recycled Filaments 
 

The properties of 3D printing filaments are critical to the performance of printed objects. Recycled filaments must 

possess similar mechanical, thermal, and chemical properties to their virgin counterparts to ensure reliable printing 

results. However, the recycling process, particularly mechanical recycling, can lead to a reduction in filament quality. 

Studies have shown that recycled ABS and PLA filaments exhibit lower tensile strength and elasticity compared to 

virgin filaments (Mohamed et al., 2020). To address this, researchers are exploring the incorporation of additives and 

fillers, such as glass fibers and carbon nanotubes, to enhance the performance of recycled filaments (Lazarevska et al., 

2021). Despite these challenges, recycled filaments can still achieve satisfactory results for non-critical applications, 

such as prototyping and educational purposes. 

 

5. Emerging Technologies in Sustainable 3D Printing Filament 

Production 
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5.1 Advanced Recycling Techniques for 3D Printing Filament 

The production of sustainable 3D printing filament from recycled non-biodegradable waste has gained momentum 

with the advent of advanced recycling technologies. These technologies aim to overcome the limitations of traditional 

mechanical and chemical recycling, offering more efficient, scalable, and eco-friendly methods for converting plastic 

waste into high-quality 3D printing filaments. Several innovative techniques have emerged, each with distinct 

advantages for the sustainability and circularity of 3D printing materials. 

One promising technology is solvent-based recycling, which involves dissolving plastic waste in a suitable solvent, 

purifying the solution, and then precipitating the purified polymer for reuse. This method can effectively remove 

contaminants and mixed plastic types, which are common challenges in recycling non-biodegradable waste. For 

example, solvent-based recycling has been successfully applied to recycle high-performance engineering plastics like 

nylon and polycarbonate, producing filaments with mechanical properties comparable to virgin materials (Shah et al., 

2020). 

Another emerging technology is supercritical fluid-assisted recycling, which leverages the unique properties of 

supercritical fluids, such as supercritical carbon dioxide, to facilitate the breakdown and purification of plastic polymers. 

This technique offers a greener alternative to traditional chemical recycling methods, as it requires lower energy inputs 

and eliminates the need for harmful chemicals. Supercritical fluid-assisted recycling has shown potential for producing 

high-quality filaments from complex plastic waste streams, such as composite materials and multi-layered packaging, 

which are difficult to recycle through conventional methods (Ellen MacArthur Foundation, 2015). 

Additionally, biocatalytic recycling is being explored as a sustainable approach to breaking down plastic waste using 

enzymes and microorganisms. Enzymatic degradation of plastics, particularly PET and PLA, has been demonstrated in 

laboratory settings, offering a low-energy and environmentally benign solution for recycling these materials. 

Researchers are working to scale up biocatalytic recycling processes for industrial applications, with the goal of 

producing sustainable 3D printing filaments from bio-recycled polymers. The development of more efficient and robust 

enzymes is expected to accelerate the adoption of this technology (Tournier et al., 2020). 

 

5.2 Additive Manufacturing Using Biocomposite Filaments 

 

Another avenue of innovation in sustainable 3D printing is the development of biocomposite filaments that combine 

recycled plastics with natural fibers, fillers, or biopolymers. These materials not only reduce the reliance on virgin 

plastics but also offer improved mechanical properties, such as increased strength, stiffness, and thermal stability, 

making them suitable for a wider range of applications. 

Biocomposites typically incorporate materials like wood fibers, bamboo, hemp, flax, or cellulose into the polymer 

matrix, providing a renewable and biodegradable component to the filament. For example, wood-filled PLA filaments 

are already commercially available and are used to produce parts with a wood-like appearance and texture, while also 

benefiting from the sustainability of recycled PLA (Cicala et al., 2017). 

Another innovative biocomposite material is hemp-reinforced PLA, which combines the biodegradability of PLA 

with the high strength-to-weight ratio of hemp fibers. Hemp-based filaments have demonstrated superior mechanical 

properties compared to standard PLA, making them suitable for more demanding structural applications (Musioł et al., 

2021). Biocomposites using other natural fibers, such as coconut or bamboo, are also being developed for 3D printing 

applications in industries ranging from construction to automotive manufacturing. Ilyas et al. (2021) developed 

biocomposite filaments using natural fibres processed with polylactic acid (PLA) as shown in Fig. 3 and generated 

smooth 3D printed products with high accuracy. 
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Fig. 3 3D printing with biocomposite filament (Ilyas et al., 2021) 

 

Additionally, researchers are exploring the potential of algae-based biocomposites, which combine algae-derived 

biopolymers with recycled plastics to create sustainable filaments with enhanced biodegradability and reduced carbon 

footprint. Algae-based materials are especially appealing due to their rapid growth rates and ability to sequester carbon 

during cultivation, making them a highly sustainable source of raw material for 3D printing filaments (Bai et al., 2020). 

 

5.3 Closed-Loop Additive Manufacturing Systems with AI Integration 

 

Emerging technologies in closed-loop additive manufacturing systems are leveraging artificial intelligence (AI) and 

machine learning to enhance the efficiency of recycling and filament production processes. AI can be used to optimize 

material sorting, waste collection, and recycling operations, ensuring that plastic waste is processed with minimal energy 

consumption and material loss. By analyzing large datasets on material properties and print performance, AI algorithms 

can predict the most effective recycling pathways for different types of plastic waste, enabling more precise control over 

the production of recycled filaments. 

AI integration also enables real-time monitoring and quality control in filament production, ensuring that recycled 

materials meet the required specifications for 3D printing. For example, AI-powered sensors can detect variations in 

filament diameter, color, or composition during extrusion, allowing for immediate adjustments to the production process 

to maintain consistent quality. This reduces the likelihood of defects in printed parts and minimizes material waste 

(Müller et al., 2021). 

Furthermore, AI-driven closed-loop systems can incorporate automated feedback loops, where failed prints or 

excess material are continuously recycled and reused within the same manufacturing facility. This creates a highly 

efficient and sustainable production environment, where material waste is minimized, and the environmental impact of 

3D printing is significantly reduced (Ford and Despeisse, 2016). 

 

6. The Role of Policy and Regulation in Promoting Sustainable 3D 

Printing 

 

 6.1 Governmental Policies on Plastic Waste Management 
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Governments play a crucial role in driving the adoption of sustainable practices in 3D printing through the 

implementation of policies and regulations aimed at plastic waste reduction and recycling. In recent years, several 

countries have introduced legislation targeting single-use plastics and promoting the circular economy, which has direct 

implications for the 3D printing industry. 

For example, the European Union's Circular Economy Action Plan sets ambitious targets for plastic recycling and 

mandates that all plastic packaging be recyclable by 2030 (European Commission, 2020). This policy has spurred 

innovation in the development of recyclable 3D printing filaments, as manufacturers seek to comply with the new 

regulations. The EU also imposes extended producer responsibility (EPR) schemes, where manufacturers are held 

accountable for the entire lifecycle of their products, including waste management and recycling (Ellen MacArthur 

Foundation, 2015). 

In the United States, various state-level initiatives, such as California's Plastic Pollution Reduction Act, aim to 

reduce plastic waste through bans on certain non-recyclable plastics and incentives for recycling programs. These 

policies encourage the development of recycled materials for 3D printing and create a market for sustainable filaments 

(Maldonado et al., 2019). 

In addition to national policies, international agreements like the Basel Convention aim to reduce the transboundary 

movement of hazardous plastic waste and promote the environmentally sound management of plastic waste, including 

recycling. These regulations have created a framework for the global reduction of plastic pollution, which directly 

impacts the 3D printing industry as it seeks to develop more sustainable materials and processes (United Nations, 2019). 

 

6.2 Industry Standards and Certifications for Sustainable Filament Production 

 

The adoption of industry standards and certifications for sustainable filament production is essential to ensure the 

quality, safety, and environmental performance of recycled materials. Standards organizations, such as the International 

Organization for Standardization (ISO) and the American Society for Testing and Materials (ASTM), have developed 

guidelines for the testing and certification of 3D printing materials, including those made from recycled plastics. 

For example, ISO 14001 certification focuses on environmental management systems and is often applied to 

companies involved in sustainable manufacturing processes, including the production of recycled filaments. Companies 

that achieve ISO 14001 certification demonstrate their commitment to reducing their environmental impact and adhering 

to best practices in waste management and recycling (ISO, 2015). 

Similarly, ASTM has developed standards for the testing of mechanical and thermal properties of 3D printing 

filaments, ensuring that recycled materials meet the same performance criteria as virgin materials. These standards help 

build trust in the quality and reliability of recycled filaments, encouraging their adoption across a wide range of 

industries (ASTM, 2016). 

Certification programs, such as the Cradle to Cradle Certified™ program, also play a key role in promoting the 

circular economy by certifying products that are designed with sustainability in mind. Filaments that achieve Cradle to 

Cradle certification meet strict criteria for material health, reuse, renewable energy use, water stewardship, and social 

fairness, making them attractive to environmentally conscious consumers and businesses (McDonough and Braungart, 

2013). 

 

6.3 Incentives for Circular Economy Adoption in Additive Manufacturing 

 

Governments and industry organizations are increasingly offering financial incentives and subsidies to encourage 

the adoption of circular economy principles in additive manufacturing. These incentives are designed to support the 

development and scaling of sustainable technologies, such as recycling systems for 3D printing waste and the production 

of recycled filaments. 
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For example, the European Green Deal includes funding for research and innovation projects focused on sustainable 

manufacturing, including additive manufacturing and recycling technologies (European Commission, 2020). Similarly, 

national and regional governments offer grants and tax credits for companies that invest in sustainable production 

practices, such as the use of recycled materials in 3D printing (Ford and Despeisse, 2016). 

Private-sector initiatives, such as the Ellen MacArthur Foundation’s Circular Economy 100 (CE100) program, bring 

together companies, governments, and academia to accelerate the transition to a circular economy. The program provides 

resources, knowledge sharing, and networking opportunities for organizations committed to implementing circular 

economy practices in their production processes, including sustainable 3D printing filament production (Ellen 

MacArthur Foundation, 2015). 

These incentives and initiatives are critical for driving the widespread adoption of sustainable practices in 3D 

printing and ensuring that recycled filaments become a viable and competitive alternative to virgin materials. 

 

7. Future Prospects and Challenges in Sustainable 3D Printing Filament 

Production 

 

 7.1 Advancements in Sustainable Materials and Technologies 

 

The future of sustainable 3D printing filament production lies in the continued development of advanced materials 

and technologies that address the limitations of current recycling methods and expand the range of applications for 

recycled filaments. One of the most promising areas of research is the development of biodegradable and bio-based 

polymers that can replace petroleum-based plastics in 3D printing. These materials, such as polyhydroxyalkanoates 

(PHA), polylactic acid (PLA), and bio-based polyesters, are derived from renewable resources like corn starch, 

sugarcane, or algae and offer the potential for complete biodegradation at the end of their life cycle (Sudesh and Iwata, 

2008). 

In addition to biodegradability, future sustainable filaments will likely incorporate more functional additives, such 

as nanoparticles, natural fibers, or conductive materials, to enhance the mechanical, thermal, and electrical properties of 

the printed objects. These additives could enable new applications in fields such as electronics, medical devices, and 

aerospace, where performance is critical. For example, graphene and carbon nanotubes are being explored as additives 

for 3D printing filaments to create lightweight, high-strength, and electrically conductive materials (Hubbard and Marks, 

2018). The ability to combine sustainability with advanced functionality will be key to the future growth of 3D printing 

with recycled filaments. 

Another important area of innovation is the development of closed-loop recycling systems for 3D printing, which 

could significantly reduce the waste generated by the technology and enhance the circularity of materials. These systems 

would enable users to recycle their failed prints and excess materials on-site, without the need for external recycling 

facilities. Future advancements in decentralized recycling technology, such as portable filament extruders and AI-

powered recycling robots, will make it easier for individuals and small businesses to produce their own recycled 

filaments, thereby democratizing access to sustainable materials (Garmulewicz et al., 2016). 

The integration of smart recycling technologies is also expected to play a major role in the future of sustainable 

filament production. AI and machine learning can optimize the sorting, processing, and extrusion of recycled materials, 

reducing waste and improving the quality of recycled filaments. For example, AI could analyze the mechanical 

properties of printed objects in real time and adjust the filament production process to ensure consistent performance. 

This would help overcome the challenge of quality variability in recycled filaments, making them more reliable for 

demanding applications (Ford and Despeisse, 2016). 
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7.2 Expanding Applications of Recycled Filaments 

 

As the quality of recycled 3D printing filaments improves, their potential applications are expected to expand 

beyond the hobbyist and maker communities into more industrial and high-performance sectors. Industries such as 

automotive, aerospace, construction, and healthcare are increasingly adopting 3D printing for prototyping, 

manufacturing, and tooling. The ability to produce high-quality, reliable filaments from recycled materials could reduce 

costs, enhance sustainability, and enable new business models in these industries. 

For instance, in the automotive industry, recycled filaments could be used to produce custom tools, jigs, and fixtures 

for assembly lines, reducing the reliance on traditional manufacturing methods and the associated waste. Companies 

like Ford and BMW have already begun to explore 3D printing for tooling applications, and the use of recycled materials 

could further enhance the environmental benefits of this technology (Levy et al., 2020). 

In the aerospace industry, lightweight and durable filaments made from recycled plastics could be used to produce 

complex parts for aircraft, satellites, and drones. The aerospace sector is particularly focused on reducing weight and 

fuel consumption, and 3D printing offers a way to create lightweight, optimized components with minimal waste. Using 

recycled materials in this context could contribute to the industry’s sustainability goals while maintaining high 

performance standards (Xu et al., 2021). 

The construction industry also presents significant opportunities for recycled filaments. Large-scale 3D printing has 

been used to create buildings, bridges, and infrastructure components, and the use of recycled materials could reduce 

the environmental impact of these projects. Filaments made from recycled plastics and biocomposites could be used to 

print structural components, decorative elements, or temporary scaffolding, offering a more sustainable alternative to 

traditional construction materials like concrete and steel (Ngo et al., 2018). 

In the healthcare sector, 3D printing is increasingly being used for the production of medical devices, prosthetics, 

and implants. Sustainable filaments made from biocompatible or biodegradable materials could be used to create custom 

implants or devices that break down naturally in the body, reducing the need for invasive removal procedures. Recycled 

filaments could also be used to produce low-cost prosthetics and assistive devices for individuals in underserved 

communities, improving access to healthcare technology (Zuniga, 2018). 

 

7.3 Environmental and Economic Benefits 

 

The expansion of sustainable 3D printing filaments will have significant environmental and economic benefits, 

particularly as more industries adopt recycled materials and circular production processes. By reducing the reliance on 

virgin plastics and decreasing the amount of plastic waste entering landfills and oceans, sustainable filaments can 

contribute to the global effort to reduce plastic pollution and mitigate the effects of climate change. 

From an economic perspective, the use of recycled materials in 3D printing can lower material costs, particularly 

for industries that consume large volumes of plastic. The ability to produce filament from locally sourced waste could 

also create new economic opportunities, particularly in regions with limited access to traditional manufacturing 

materials. For example, local recycling initiatives in developing countries could supply 3D printing filament for use in 

construction, education, or healthcare, driving economic growth while addressing environmental challenges 

(Garmulewicz et al., 2018). 

Additionally, the adoption of closed-loop systems and decentralized recycling technologies could reduce supply 

chain dependencies and increase the resilience of manufacturing operations. By producing their own recycled filaments 

on-site, companies can reduce their reliance on external suppliers, minimize transportation costs, and shorten production 

lead times. This is particularly important in industries that require high levels of customization and rapid prototyping, 

such as aerospace and medical device manufacturing (Levy et al., 2020). 
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7.4 Challenges and Barriers to Adoption 

 

Despite the promising advancements in sustainable filament production, several challenges remain that could hinder 

the widespread adoption of recycled materials in 3D printing. One of the primary challenges is the inconsistent quality 

of recycled filaments, which can lead to variations in print performance, mechanical properties, and aesthetics. While 

advancements in recycling technology and AI-powered quality control systems are helping to address this issue, there 

is still a need for standardized testing and certification processes to ensure the reliability of recycled filaments across 

different applications (ASTM, 2016). 

Another challenge is the limited availability of recycling infrastructure in some regions, particularly in developing 

countries. While decentralized recycling systems offer a potential solution, the cost of equipment and the technical 

expertise required to operate these systems can be barriers to entry. Governments and industry organizations will need 

to invest in the development of recycling infrastructure and provide training and support to ensure that these systems 

are accessible to a wide range of users (Meyers et al., 2020). 

The economic viability of sustainable filament production is another key challenge. While recycled filaments can 

offer cost savings in some cases, the initial investment in recycling equipment and the energy costs associated with 

certain recycling methods, such as chemical or supercritical fluid-assisted recycling, can be prohibitive. Additionally, 

the market for recycled filaments is still relatively small, and economies of scale have yet to be fully realized. As demand 

for sustainable materials grows, it is expected that production costs will decrease, making recycled filaments more 

competitive with virgin materials (Hopewell et al., 2009). 

Finally, there are regulatory and policy challenges that could impact the growth of sustainable filament production. 

While governments are increasingly enacting policies to promote recycling and the circular economy, there are still gaps 

in regulation that could hinder the adoption of recycled filaments. For example, inconsistencies in waste classification 

and recycling standards between different countries can create barriers to the global trade of recycled materials. 

Harmonizing these regulations will be essential to creating a global market for sustainable 3D printing filaments (United 

Nations, 2019). 

 

7.5 Future Research Directions 

 

Looking ahead, there are several areas of research that could further enhance the sustainability of 3D printing 

filament production. One promising avenue is the exploration of alternative feedstocks for filament production, such as 

waste from agriculture, food processing, or textiles. These waste streams represent a largely untapped resource that 

could be converted into high-performance biocomposite filaments, reducing the reliance on traditional plastics and 

further closing the material loop. 

Research into advanced recycling techniques will also continue to play a key role in the future of sustainable 

filament production. Innovations in chemical recycling, solvent-based recycling, and biocatalytic recycling could help 

address the limitations of current recycling methods and enable the production of high-quality filaments from more 

complex plastic waste streams, such as mixed plastics or composites (Rahimi and García, 2017). 

Additionally, there is a need for further research into the life cycle assessment (LCA) of 3D printing filaments, 

including both recycled and bio-based materials. LCA studies can provide valuable insights into the environmental 

impacts of different materials and processes, helping to identify the most sustainable options for filament production. 

By analyzing the full life cycle of materials, from raw material extraction to disposal or recycling, researchers can 

develop more accurate and comprehensive sustainability metrics for 3D printing (Huang et al., 2020). 

Finally, research into circular economy business models for 3D printing could help accelerate the transition to 

sustainable filament production. These models could include subscription-based services for recycled filament, take-

back programs for used prints, or distributed manufacturing networks that allow for local production and recycling. By 
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creating new value streams from recycled materials, these business models can provide economic incentives for 

companies to invest in sustainable practices and reduce their reliance on virgin plastics (Stahel, 2016). 

In addition, the development of collaborative platforms that bring together manufacturers, recyclers, and end-users 

can foster innovation and accelerate the adoption of sustainable 3D printing practices. These platforms can facilitate 

knowledge sharing, create standards for recycled filament quality, and drive demand for sustainable products. Open-

source initiatives, such as those that encourage the development of recycled filament production technologies, can also 

play a critical role in expanding access to sustainable 3D printing materials (Pearce et al., 2010). 

 

8. Conclusion 

 

  Sustainable 3D printing filament production from recycled non-biodegradable waste offers a viable solution to the 

environmental challenges posed by plastic waste in additive manufacturing. While challenges remain in terms of 

material quality, economic viability, and scaling, advancements in recycling technologies and the development of 

standards for recycled filaments are paving the way for a more sustainable future. By adopting circular economy 

principles and investing in recycling infrastructure, the 3D printing industry can significantly reduce its environmental 

impact while continuing to innovate. 
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