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Abstract: The rapid growth of 3D printing technology has revolutionized manufacturing across various sectors, but its
environmental impact due to the use of petroleum-based plastics has raised concerns. This review will look at the
advancements in the production of highly biodegradable and sustainable materials used in 3D printing including
polymers made using renewable sources i.e.; polylactic acid (PLA), polyhydroxyalkanoates (PHA) and
polycaprolactone (PCL), and composite materials using natural fibers and fillers produced using wastes. Their
biodegradability, mechanical properties and printability are explored, as well as their actual applications in the
biomedical industry, consumer goods, packaging and construction industries. In addition, it speaks about descending
trends in innovative materials, recycling methods, and advanced composites pointing at the possibility to use these
materials as a part of the circular economy. Despite these issues, like the cost and performance restrictions, the current
trends of developments in material science and processing technologies promise the aspect of sustainable 3D Printing.
This summary case identifies the growing significance of using eco-friendly materials in such practices as additive
manufacturing to promote environmental consideration in the production procedure.
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1. Introduction

The invention of the printing in three dimensions (3D) or additive manufacturing has transformed the
manufacturing activities in various industries such as improvement in healthcare, vehicles, aircraft industries,
architectural and consumer industries [1]. Compared with traditional subtractive production, 3D printing has
greatly cut on the time and material wastage due to the ability to rapidly prototype, customize and do on-
demand manufacturing. Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS) and
Stereolithography (SLA) are some of the most widely used methods of 3D printing, which demand the use of

different material types: thermoplastics, resins, or powders [2,3].

Nevertheless, the 3D printing is not intrinsically sustainable in spite of its potential in the sphere of
technologies. Most of the feedstock applied, especially the thermoplastics such as Acrylonitrile Butadiene
Styrene (ABS) and Polyethylene Terephthalate Glycol (PETG), is based on petrol-based, non-renewable
supply. Not only do these materials result in high carbon footprint, but they also have another grave problem
of plastic pollution, which is an increasingly important topic on a global level, given that discarded prototypes

and non-printed materials can easily get into a landfill. In addition to this, the environmental factors have also
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been exacerbated by energy demand of certain methods of 3D printing as sustainability issues are essential in

the long-term development of the industry [4].

Due to these challenges, people have been looking forward into creating more biodegradable and sustainable
materials which can be used in 3D printing. These sources of materials are mainly renewable, biologically;
which include plants, microbes, and agricultural waste. They have been built to degrade in certain phase of the
environment, thus minimizing their ecological effect in the long term. Probably the most notable instance is
Polylactic Acid (PLA) a bio-dared polymer based on corn starch or sugar cane which due to its
biodegradability, easiness of printing, and low toxicity became a relevant alternative to the traditional
thermoplastics. Additional materials that may diversify the sustainable material available to manufacture
additively further include Polyhydroxyalkanoates (PHA), starch-based composites, and natural fibre reinforced
polymers [5].

The idea of sustainability in 3D printing though not restricted to biodegradability. It also entails assessment of
the cumulative life cycle of a material i.e. that of the raw material extraction, processing and transportation to
the usage, disposal and the recyclable or composting of a material. In this regard, the use of agricultural by-
products, industrial waste, or recycled polymers can be used to deliver two advantages; they minimise waste at
the same time as they mitigate the consumption of virgin raw materials. This new material becoming
incorporated into both composite and monolithic structures with differing degrees of success due to

printability, mechanical strength, thermal stability and environmental adequacy [6].

Progress notwithstanding, there are a number of challenges that still exist in mainstream use of biodegradable
and sustainable materials in 3D printing. Among them are poor mechanical properties when compared to the
petroleum-based polymers and incompatibility with current printers, issues associated with thermal processing,
and variation of bio-degradable properties of the same with respect to the end-utilization conditions. Also, the
affordability and scalability of bio-based material production can be a hindrance to improved adoption mainly
in industries where cost-effectiveness and performance are paramount. This is being driven, however, by
technological change, government policy and growing consumer action towards increasingly green solutions.
Research institutions, startup companies, and the established manufacturers are attempting to improve the
properties of materials by applying blending, reinforcement and surface modification. Increased interest can
also be seen in the further development of closed-loop systems, with failed print or used products recycled into

a manufacturer feedstock, feedback into an ongoing manufacturing process [7,8].

The review is aimed to summarize the present state within biodegradable and sustainable 3D printing materials
landscape. It has five large sections. After this introduction, section 2 examines biodegradable polymers in use
now or under research in the 3D printing, their origins, qualities, and the effect they have on the environment.
Section 3 is dedicated to composite and hybrid materials and, in particular, the natural fibre reinforcements

and waste-derived blends, and provides some ideas on how they may perform both in enhancing functionality
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and sustaining itself. In Section 4, the researcher provides a survey of real-life practice and future tendencies
talking about the way sustainable material is implemented by sectors and what novelties are influencing the
sphere. Lastly, the conclusion in Section 5 is given to summarize the main findings and give suggestions on

research and development about the study [9].

In summary, improving 3D printing to biodegradable and sustainable materials will not only be suitable
technologically but also environmentally necessary. The further development of additive manufacturing is
bound to reach more people, and making sure that any innovation conducted is in harmony with principles of
sustainability is going to be crucial to making sure that innovation is beneficial in terms of environmental
stewardship. This review aims to alert scientists, engineers, and policymakers of the advances and the potential

that is yet to be realized in the quest to have a greener 3D printing [10].

2. Materials and Methods

Biodegradable Polymers Used in 3D Printing

Biodegradable polymers Polymeric materials may decompose naturally in the presence of microorganisms,
bacteria, fungi, or enzymes under appropriate conditions in the environment. Also, the polymers used in the 3D
printing environment called upon to substitute conventional plastics must have additional thermo-plastic
processibility, dimensional uniformity and material durability other than the common requirement of thermo-
plasticity. There are some biodegradable polymers that were either developed or modified to be able to 3D print,
where the performance of the polymer as well as its effect on the environment is of interest. It is a section that
describes the most popular and promising biodegradable polymers that can now be found to additive
manufacturing [11,12].

2.1 Polylactic Acid (PLA)

The most common biodegradable polymer used in 3D printing of all kinds, and particularly in Fused Deposition
Modelling (FDM), is the PLA. MADE using renewable materials such as corn starch, cassava or sugarcane,
PLA is regarded as a bio-based thermoplastic aliphatic polyester. It offers several advantages:

o Ease of Printing: Low melting point (~180-220°C) and minimal warping.

¢ Good Dimensional Accuracy: Suitable for high-resolution prints.

¢ Biocompatibility: Often used in medical devices, packaging, and educational tools.
¢ Biodegradability: Decomposes under industrial composting conditions.

However, PLA has limited mechanical and thermal resistance, and it can be brittle under stress. Its degradation
in natural environments (e.g., soil or marine conditions) is significantly slower than in industrial composting,
which limits its “true” biodegradability in many real-world scenarios [13,14].

2.2 Polyhydroxyalkanoates (PHASs)

PHAs are a class of naturally occurring polyesters synthesized by microorganisms during fermentation of sugar
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or lipids. The most common variant used in research is polyhydroxybutyrate (PHB).
Key features include:

¢ Fully Biodegradable: Even in marine environments.
¢ Biocompatible: Suitable for medical applications like tissue scaffolding.
e Thermoplastic Nature: Can be processed similarly to conventional plastics.

However, PHAs tend to be brittle and expensive to produce. Their printability is still being optimized, and
widespread commercial availability for 3D printing is currently limited [15].
2.3 Starch-Based Polymers
Starch, a natural polysaccharide, is abundant, inexpensive, and biodegradable. However, pure starch lacks
thermal stability and mechanical strength for 3D printing applications. To improve performance, it is usually
blended with other polymers (e.g., PLA, PCL) or chemically modified (e.g., plasticized starch).
Advantages:

e High biodegradability

e Cost-effective and widely available
e Potential for compostable consumer products

Challenges:

¢ Poor printability on its own
e Moisture sensitivity

e Weaker mechanical properties unless blended or reinforced [16].

2.4 Polycaprolactone (PCL)

PCL is a semi-crystalline, aliphatic polyester with a low melting point (~60°C), making it attractive for low-
temperature printing applications such as bioprinting or educational tools.

Pros:

o Excellent biodegradability
o Flexibility and ductility

e Good compatibility with bio-additives

e Low strength and thermal resistance
e Slow degradation rate (over several months to years)

PCL is often used in combination with other biodegradable polymers for medical-grade prints or scaffolds in

tissue engineering.
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2.5 Other Emerging Biodegradable Polymers
Other promising polymers are under development or experimental use:
e Polybutylene Succinate (PBS): Good thermal stability and processability, biodegradable in soil and

compost.
o Polyglycolic Acid (PGA): Highly biodegradable, but less thermally stable and more brittle.

e Polybutylene Adipate Terephthalate (PBAT): Often used in blends to improve flexibility and
biodegradability of rigid bioplastics like PLA.

These materials are still undergoing optimization for 3D printing and may become more commercially relevant
as production scales and costs decrease.

Biodegradable polymers present a viable pathway toward environmentally responsible 3D printing, offering
significant reductions in plastic pollution and fossil fuel dependence. However, performance limitations, higher
costs, and inconsistent degradation behaviour are key barriers to their widespread adoption. Blending, chemical
modification, and reinforcement strategies are commonly employed to enhance the usability of these materials

for various printing applications [17,18].

3. Results

Bio-Based Composite and Hybrid Materials

Natural fibres are renewable, biodegradable, and often available as by-products of agriculture or forestry. They
can be used as fillers or reinforcements in biodegradable polymers to create fibre-reinforced bio composites.
Types of Natural Fibers Used:

¢ Wood flour and sawdust

e Flax, hemp, and jute

e Kenaf, bamboo, and sisal

e Rice husk, wheat straw, corn husk

Benefits:

e Mechanical Enhancement: Adding fibres improves stiffness, tensile strength, and impact resistance.
o Lightweight: Lower density compared to glass or carbon fibres.

o Aesthetics: Offers wood-like appearance and texture (e.g., in wood-PLA filaments).

e Low Cost and Abundance: Utilizes low-value biomass or waste material [19].

Case Study — Wood-PLA Filament:
Wood-PLA filaments (containing ~30% wood flour) are widely used for decorative items, prototypes, and
furniture components. They retain the biodegradable nature of PLA while offering a unique tactile and visual

appeal. However, they require lower extrusion temperatures to avoid burning the wood content.
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Challenges:
e Poor Interfacial Adhesion: Natural fibres often have polar surfaces that do not bond well with

hydrophobic polymer matrices.
e Moisture Sensitivity: Leads to swelling, porosity, or microbial degradation.

e Nozzle Clogging and Surface Roughness: Particularly for FDM printing when fibre length or

concentration is high.

To address these challenges, fibre surface modification (e.g., alkali treatment, silane coupling) or
compatibilizers (e.g., maleic anhydride) are often used [20].

3.2 Nano-Bio Fillers and Functional Bio-Nanocomposites

Nano-scale bio-fillers are used to improve material performance at a molecular level, often requiring only small
loading percentages to achieve significant effects.

Common Nano-Biomaterials:

e Cellulose nanocrystals (CNCs) and nanofibrils (CNFs)
e Chitin and chitosan nanoparticles

e Starch nanocrystals

e Layered silicates (e.g., montmorillonite clay)

Benefits:

¢ High Reinforcement Efficiency: Enhances modulus, tensile strength, and thermal stability.
o Improved Barrier Properties: Useful for food packaging applications.

e Bifunctionality: Chitosan offers antimicrobial and biocompatible properties.

o Low Filler Loadings: Maintains processability and printability.

Challenges:
o Dispersion and Aggregation: Nanoparticles tend to cluster, requiring special techniques (e.g.,

ultrasonic mixing, surfactants).

e Complex Processing Requirements: Often incompatible with conventional FDM equipment unless

pre-compounded.

Application Examples:

e (CNC-reinforced PLA composites for medical implants or load-bearing parts.
e Chitosan-modified PLA filaments for antimicrobial packaging or wound dressing prototypes [21].

3.3 Waste-Derived and Recycled Additives
Incorporating waste biomass or recycled materials into 3D printing feedstock provides a dual benefit: material

circularity and cost reduction.
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Types of Waste Additives:

¢ Food waste: coffee grounds, orange peels, eggshells
e Agricultural waste: rice husk, banana peel powder, wheat bran
e Industrial by-products: lignin, paper sludge, recycled PLA

Benefits:

e Upcycling of Low-Value Waste: Adds economic value to what would otherwise be discarded.

o Unique Material Properties: Textures, colours, and scents depending on the additive (e.g., coffee-PLA

emits a mild aroma during printing).
¢ Low Carbon Footprint: Reduces demand for virgin feedstock.

Challenges:

o Irregular Particle Size: Affects consistency in extrusion and mechanical properties.
¢ Unpredictable Thermal Behaviour: Risk of scorching or clogging due to organic content.
e Limited Performance: Often suited for aesthetic or low-load applications.

Example — Coffee-PLA Filament:

Filaments containing spent coffee grounds (up to 15-20%) have been developed for hobbyist use. While not
significantly improving strength, they offer a distinct appearance and align with sustainability goals [22,23].

3.4 Processing Considerations and Printer Compatibility

Creating composite filaments requires precise material preparation, typically through melt compounding or
twin-screw extrusion, followed by filament extrusion. The resulting material must be compatible with 3D printer
hardware and software.

Key Parameters to Control:

e Extrusion temperature and rate

o Filler content and particle size

¢ Filament diameter and tolerance (+0.05 mm preferred)
e Moisture content (pre-drying often needed)

Some commercial desktop printers may not be suited for abrasive or coarse-filled filaments, necessitating the
use of hardened nozzles (e.g., stainless steel or ruby tips) and adjustable feed systems [24].

3.5 Environmental and Life Cycle Considerations

Using composite materials improves sustainability only if life cycle impacts are favourable:

Critical Factors to Evaluate:

e Sourcing: Locally available waste or fibres reduce transportation emissions.

¢ Processing Energy: Fiber or nanoparticle extraction and treatment can be energy-intensive.
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o End-of-Life: Biodegradability may be hindered if synthetic additives or coatings are used.

Life Cycle Assessment (LCA) studies are increasingly used to quantify environmental benefits. For example,
PLA-hemp composites show significantly lower greenhouse gas emissions compared to ABS, especially when
hemp is a by-product.

Bio-based composites and hybrid materials are an essential bridge between environmental sustainability and
performance enhancement in 3D printing. By incorporating natural fibers, nano-additives, and waste-derived
content into biodegradable polymers, researchers can engineer materials with tailored properties for diverse
applications—from medical devices to packaging and furniture. However, successful implementation depends

on material compatibility, printability, standardization, and real-world degradation performance [25].

4. Discussion

Utilization of 3D printing through the use of biodegradable and sustainable materials is picking up pace in a
multitude of industries, as a backlash against the environmental costs of the current material use and due to the
need to retain performance or increase it. Implementation of 3D printing using bio-based and biodegradable
materials is part of the new solutions in biomedical to consumer products and construction that forms mutual
alignment of sustainability agendas and technological applications. This part discusses how sustainable 3D print
materials are used currently and what the future trends and prospects may be in this dynamically developing
direction [26].

4.1 Applications in Various Sectors

4.1.1 Biomedical Applications

The biomedical field is one of the most promising fields of biodegradable 3D printing as far as biocompatibility,
tissue engineering and implantable devices were concerned. Scaffolds, prosthetics and drug delivery are being
made using biodegradable materials like PLA, PHA and PCL that degrade with time, eliminating cases of
unnecessary secondary surgeries.

e Tissue Engineering and Regenerative Medicine: 3D printed scaffolds (usually made with
biodegradable material, such as PLA-PCL blends or PHAs) act as a support to cellular development and
tissue regeneration. The tissue is regenerating alongside with the gradual degradation of the scaffold
which obviates the need to remove the scaffold.

e Printed Implants and Prosthetics: Printing Bio-based materials may be used to make patient specific
implants such as joints, bone grafts, dental implants, with the benefit of being able to print in any shape
or size, as well as fit the patient.

e Drug Delivery Systems: The hydrogels or biodegradable filaments are developed to be used in the
systematic drug release and provide the gradual discharge of the medication within a long-term period

without the necessity to interfere with it manually.

While the field is advancing, regulatory challenges remain, especially regarding the safety and long-term

stability of these materials inside the human body. Research is ongoing to improve their mechanical strength,
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sterilization methods, and biodegradation rates [27].

4.1.2 Consumer Goods and Packaging

The consumer goods industry is another key adopter of biodegradable and sustainable materials. From eco-
friendly packaging to 3D printed home goods, there is a significant demand for biodegradable, non-toxic
alternatives to petroleum-based plastics.

e Packaging: One of the most prominent applications of biodegradable 3D printing materials is in
customized packaging. Sustainable packaging materials, such as PLA composites with agricultural
waste (e.g., coffee grounds, rice husks), are being used to create eco-friendly packaging solutions that
decompose after use, reducing landfill waste. These materials can be tailored to produce protective,

shock-resistant packaging for fragile items.

e Toys and Home Goods: Manufacturers are using biodegradable 3D printing filaments for toys,
decorative items, and household goods, offering eco-conscious alternatives for consumers looking to
reduce their plastic footprint. Notable examples include PLA-based toys, planters, and décor items that

degrade safely in the environment after disposal.

The increased consumer awareness around plastic waste is likely to continue driving demand for more
sustainable alternatives in these sectors [28].
4.1.3 Architecture and Construction
The construction industry has seen rapid development in using 3D printing for building structures and
components. In particular, the use of bio-based composite materials and biodegradable filaments for creating
construction materials like concrete and insulation is growing.
e 3D Printed Bio-Concrete: Innovations in 3D printing are leading to the development of bio-concrete
made with bio-based additives and materials such as bamboo fibers or hempcrete (a composite of hemp
and lime). This concrete has the potential to be more environmentally friendly by being lightweight,

carbon-negative, and fully biodegradable.

e Eco-Friendly Construction Materials: The ability to print modular building components using
sustainable polymers or recycled aggregates can reduce material waste and energy consumption during

construction.

While still in the early stages, sustainable materials in construction offer substantial promise, particularly for
green building projects and affordable housing initiatives [29].
4.1.4 Automotive and Aerospace Industries
The automotive and aerospace industries have started experimenting with bio-composite materials in 3D
printing to reduce vehicle weight and improve fuel efficiency while adhering to stricter sustainability regulations.
¢ Lightweight Components: Bio composite materials, such as natural fibre-reinforced polymers and
cellulose-based composites, are being explored for printing lightweight automotive panels, interior

components, and structural parts.
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o End-of-Life Disposal: Sustainable materials allow for easier recycling or biodegradation of parts at the

end of their life cycle, reducing the overall environmental impact compared to traditional materials.

4.1.5 Agricultural and Food Industry

Emerging research is also exploring 3D printed food products and agricultural tools using biodegradable or

waste-based filaments. Food-grade biopolymers like starch and gelatine are particularly attractive in this sector.
e Food Printing: Plant-based, biodegradable filaments are being used to print edible food structures such

as customized shapes for health-conscious consumers, or food decorations.

e Agricultural Tools and Equipment: Biodegradable filaments are also being employed for creating
custom agricultural tools, seeds (printed with eco-friendly material to enhance soil health), and fertilizer

pods [30].

4.2 Emerging Trends and Innovations
While the current applications of biodegradable and sustainable 3D printing materials are promising, several
emerging trends are likely to shape the future of this field.
4.2.1 Smart and Adaptive Materials
One of the most exciting future directions involves the development of smart, biodegradable materials. These
materials are designed to interact with their environment or adapt to external stimuli, offering possibilities for
self-healing structures or adaptive biodegradation rates.
e Self-Healing Materials: Research into self-healing polymers is focusing on creating materials that can
repair themselves when damaged. For example, materials that release repair agents upon cracking or
breaking could be used in 3D printed medical devices or consumer products, reducing waste and

extending product lifespans.

¢ Responsive Biopolymers: Biodegradable polymers that change properties (e.g., shape, rigidity,
porosity) in response to moisture, temperature, or pH could be used for applications in biomedical

scaffolds, packaging, and smart coatings [31].

4.2.2 Advanced Recycling and Closed-Loop Systems
The future of sustainable 3D printing will likely see the integration of advanced recycling technologies to
facilitate closed-loop systems where printed parts and failed prints can be recycled back into usable feedstock.
Chemical recycling of bioplastics, closed-loop material reuse, and in-situ recycling in 3D printers are all areas of
active research.

¢ Recycling PLA and PHA: Methods for chemically breaking down used PLA or PHA into their

monomers for repolymerization could enable true circular economy systems for 3D printing.

e On-Demand Recycling Stations: 3D printers could integrate on-demand recycling systems that take

printed parts after use and convert them into new filament.

4.2.3 Development of High-Performance Bioplastics
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To overcome current limitations in mechanical strength, thermal resistance, and printability, the development of
next-generation bioplastics that combine the sustainability of bio-based materials with the performance of
conventional plastics is critical. Examples include biodegradable carbon fibre-reinforced composites and bio-
based polymers with enhanced properties for demanding applications in aerospace, automotive, and medical
fields [32].

4.3 Conclusion: Shaping the Future of Sustainable 3D Printing

Innovative entrepreneurs have managed to create biodegradable and sustainable 3D printing material that is
already changing industries such as healthcare, automaker, as well as the architecture sector. With the evolution
of material science, smart materials, enhanced recycling technologies, and bio-based composites will become
the most important components to meet the environmental demands and follow the successful evolution of the
additive manufacturing. Science in the field of biodegradable materials remains an active branch and is actively
developing, aiming at increasing efficiency, density, and price feasibility and expanding the frontiers of

sustainable 3D printing technologies [33].

5. Conclusions

Research into biodegradable and sustainable printing materials is a turning point paving the way to more
environmentally friendly forms of manufacture. With the growing awareness of the ecological impact of
traditional plastic resins, biodegradable polymers and bio-based composites have lately become one of the most
promising environmentally friendly solutions preventing the increase of the carbon footprint, as well as the
provision of potentially good materials that can be used in the 3D printing industry. The incorporation of
biodegradable polymer, like PLA, PHA, PCL has already proven that it is possible to orientate 3D printing
towards sustainability objectives. These are materials made of commonly renewable sources which have a lower
eco footprint than petroleum-based plastics. Their capability of both industrial and environmental
biodegradation also assists them in a circular economy. Nevertheless, issues with mechanical performance,
printability, and degradation losses still serve as obstacles to their usage, especially in high-performance
applications.

Those limitations can be addressed in a promising way by integrating bio-based composites and hybrid
materials, i.e. by combining biodegradable polymers with natural fibers, nanomaterials or wastes-derived fillers.
Such composites allow to optimize mechanical characteristics and thus be environmentally sustainable, which
allows this material to be used in many spheres of industry, including such areas as biomedical products,
consumer goods, or buildings. The future of sustainable 3D printing materials is promising as innovation
changes the formulation of materials and techniques of processing. Its development notwithstanding, there are
big hurdles in producing these materials at large scales, especially regarding the cost-efficacy of the product,
standards in the materials, and the processing needs. The future of sustainable 3D printing will lie in further
study of high-level recycling systems, intelligent biodegradable materials and closed loop production systems.

Further research and development in the area of ecofriendly additives, performance-enhancing bio-
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nanocomposite and novel polymeric blends will probably result in even more environment-friendly options that
are applicable to more applications. With the advance of the technology, cooperation of the academic sphere
with industry and policymakers will be very important and will facilitate the development of a standardized
testing protocol, regulatory framework, and commercialization strategy to facilitate the shift to more sustainable
and biodegradable 3D printing materials. As more consumers get concerned with the environmental factors and
the subsequent push by the regulatory bodies to ensure industries minimize their carbon footprints, the future of
bio-degradable 3D printing materials seems to be on the verge of a massive upward trend. In the end, turning to
sustainable 3D printing materials will lead to the global transition to a more circular economy, where waste is
reduced to a minimum, resources are effectively utilized, and goods can be recycled reasonably or broken down.
In the new round of development of material science, 3D printing has the potential to become an essential
component of an industry producing sustainable-manufacturing ecosystems, with industries producing the
environmentally sustainable, custom, and innovative products on 3D printers with minimum environmental
impact.

The sustainability of the industry and the planet will be guaranteed largely by the way green manufacturing
techniques are further pursued and progress is also made to create biodegradable and sustainable 3D printing

materials.
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