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A B S T R A C T

This study reviews the transformability potential of the Material Extrusion (MEX) process as a possible
contributor to circular manufacturing by facilitating plastic upcycling and biomass valorization. MEX makes the
use of recycled thermoplastics as feedstock and their blending with reinforcement or functionalizing fillers
feasible, opening ground-breaking routes to the development of sustainable composite materials. Biomass waste,
as filler, can reinforce the thermoplastic matrix but also provide antibacterial, regenerative, and wound-healing
properties to the composites. Examples of already developed materials, potential applications, and a focus on
four thermoplastic materials (i.e., Polylactic Acid − PLA, Polyhydroxyalkanoates − PHAs, Polycaprolactone −

PCL, and Polyvinyl alcohol − PVA) are provided. The discussion focuses on the Fused Deposition Modeling
technique and includes the Fused Granulate Fabrication technique. The challenges persisting in material design,
fabrication, and printing, limiting functionality and performance, are highlighted to stimulate further research
into optimizing all steps of the upcycling process. The contribution of Artificial Intelligence (AI) in pursuing this
target, by supporting MEX-related workflows, from optimizing printing parameters and predicting material
performance to enhancing the reliability of recycled feedstocks and enabling more effective circular material
cycles, is also analyzed.

1. Introduction

Strategies for processing and valorizing biomass and waste plastics
are continually being evaluated, with multiple scenarios still open [1].
In pursuing this sustainable path, it is key that all envisioned recycling
and upcycling solutions are conceived to minimize energy inputs, costs,
and environmental impact, thereby truly creating value from waste [2].

Considering the strategic role plastics play in everyday life – being
lightweight, cost-efficient, and highly effective – and the current
absence of eco-friendly alternatives with comparable performance, a
substantial reduction in their use and production is currently out of the
question [3]. Treating plastic waste as a valuable resource, being ver-
satile and durable, and not only as a cheap and disposable alternative, in
combination with restraining its consumption and promoting long-
lasting uses, is fundamental for reducing the plastic footprint [4,5]. A
broader perspective is needed, in which the material is considered
alongside the entire life cycle and optimized accordingly, and where

chemistry and material science can play a primary role [6].
Indeed, conventional recycling methods, including mechanical pro-

cesses and incineration, are typically categorized as downcycling
because the virgin material's initial properties are degraded [7]. How-
ever, it is still worth using this plastic waste as a feedstock [8]. An
approach to valorize it is to consider plastic upcycling, in which waste
plastics are used as feedstock to produce value-added materials and
products [9,10]. Upcycling methods that could be pursued towards this
target are reviewed in [8,10]; thermal approaches are the most estab-
lished (even if still less sustainable and energy-intensive [8,11]), and
include repurposing, i.e., rethinking and designing novel applications. In
such a context, the Material Extrusion (MEX) process [12] and its
enabling technologies, such as the Fused Deposition Modeling (FDM)
and the Fused Granulate Fabrication (FGF), can actively contribute in
the upcycling target [13] also considering that most commodity plastics
are thermoplastics that can be melted and reprocessed [14] using both
technologies and the increased design freedom allowed by Additive
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Manufacturing (AM); this is also key in promoting new applications.
In addition to thermoplastics, biomass waste management is also a

worldwide concern [15,16]. The term “biomass” refers to organic ma-
terials derived from organisms, including plants, microorganisms, and
animals, as well as by-products from the processing of wood and agro-
food sources [17]. Reducing waste and greenhouse gas emissions is a
crucial component of sustainability, contributing to the development of
a circular economy [18]. As for plastic waste, a strategy to mitigate the
consequences of biomass-byproduct generation is to exploit them. Po-
tential uses for biomass currently include the production of biofuels,
biogas, and other eco-friendly products that offer sustainable substitutes
for fossil fuels [19].

FDM, also known as Fused Filament Fabrication (FFF), uses ther-
moplastic polymers and thermoplastic-based composites supplied as
spools of filament. It is characterized by low initial setup costs and a
wide range of commercially available materials and variants [20]. FDM
supports control over multiple processing parameters [21], multi-
material printing [22], and advanced customization of printing paths
[23]. While previously considered only a prototyping technology, it is
now also viewed as a manufacturing asset, enabling the fabrication of
finished goods [20,24]. There is also a vital academic and industrial
interest in exploring new materials, refining printing processes, and
addressing scalability challenges [25]. Efforts are also underway to
systematize testing procedures [26,27] and ensure that 3D-printed parts
meet stringent standards and regulatory requirements [28,29]. With its
widespread adoption and broad range of applications, this technology
has the potential to shape the future of manufacturing and, conse-
quently, its environmental impact [30]. Its processes typically require
lower energy when operated continuously, and pairing with eco-friendly
materials could also promote environmental sustainability [31]. Ma-
chines often have relatively simple mechanical systems that favor repair
strategies. Waste from failed prints or from consumer goods streams can
be collected, reprocessed, and reused in future printing cycles [32].

FGF is also an enabling technology for MEX and has demonstrated
the ability to successfully process a wide range of materials, including
recycled plastics and composites [33–35]. Thanks to a screw-based
extruder, this technology enables printing directly from pellets or
granules rather than filaments [35]. Although it is still less widely used
than FDM, there is growing interest in it [35]. FGF enables more ver-
satile testing of novel material compositions. Biobased materials can be
successfully printed [36], as can materials that are instead challenging
for FDM, such as low-shore thermoplastic elastomers [37,38] or Poly-
ethylene terephthalate (PET) [39]. With FGF, the time and energy
required for filament production are skipped [40]. This step, which is
instead necessary for FDM, introduces additional melt and solidification
cycles, thereby weakening material properties [34]. A life cycle assess-
ment study comparing FGF, traditional FDM, and injection molding (IM)
has demonstrated that FGF has a greater potential to reduce climate
impact (measured as CO2-equivalent emissions per functional unit) than
FDM (by 82.1 %) and IM (by 70.6 %) [41]. The impact of traditional
FDM (i.e., from virgin filaments) stems from material transport (espe-
cially in domestic settings, where light commercial trucks are widely
used) and from packaging for filament spools [41]. If recycled material
is used, the overall impact decreases but remains higher than the FGF
[41]. However, while FGF is a reference for producing large-format
components (e.g., furniture, molds), the ability to manufacture small-
scale details with high resolution and tight tolerances remains limited
[13], even though small-scale systems are now available [42] and likely
to become more widespread in the future. In addition to FDM and FGF,
we can also mention, for example, paste-based technologies, classified
under the MEX umbrella, whose interest is rising in the building design
and construction field due to their potential to process low-impact,
natural materials, even if there are still several challenges to address,
including structural and durability issues of the printed artifact [43].

Conscious of the environmental sustainability potential of the FGF
technology, we will focus more on FDM in this study because it is still

more widely available [44], more affordable, and already has a broader
range of applications. Anyway, the FGF will also be part of the discus-
sion. The FGF is a standalone opportunity but also a technology that
could be used to, for example, scale up environmentally sustainable
FDM-based ideas with appropriate process revisions. Therefore, the
general material-level considerations discussed in this study could also
be relevant to the FGF. Considering these premises and the role that AM
could play in promoting sustainable manufacturing practices, favoring
also distributed recycling models [45,46], the point analyzed in this
study is understanding what contribution the MEX process and, specif-
ically, the FDM/FGF technologies could provide to the circular economy
paradigm from the perspective of thermoplastic waste and biomass
upcycling [47].

Several studies have already discussed the environmental sustain-
ability potential of MEX, particularly FDM, and the challenges that
remain [13,30,48–50]. Others have explored the concept of upcycling
waste and the use of biomass waste in 3D printing [51] and 4D printing
[52]. Here, we aim to combine these two aspects, focusing on the
upcycling of thermoplastic and biomass waste and emphasizing the role
of MEX and its enabling technologies in facilitating this achievement.

MEX can help address the waste management problem by promoting
the development of value-added, environmentally sustainable new
materials and related applications, by leveraging the integration of
recent advancements in waste reprocessing, material design and
manufacturing, machine capabilities, design for additive manufacturing
[53], and Artificial Intelligence (AI) in a synergistic manner (Fig. 1).

Further deepening this statement holistically remains worthwhile.
The availability of affordable desktop-based solutions for printing
(especially for FDM and, even more in the future, for FGF) and for raw
material manufacturing (for the FDM) has spurred widespread adoption
of the MEX process which is crucial for stimulating environmentally
sustainable innovations; however, if this innovation is not guided
correctly, it could also exacerbate the unoptimized use of materials,
introducing further pressure in the management of plastic waste
[30,54], which is already challenging considering its wide variability
[6]. Often used by amateurs of different ages (from students to adults) as
well as professionals, FDM and, in the future, FGF can reach a broad
audience that can therefore be trained or become more familiar with
environmentally sustainable practices for recycling plastics and
biomass.

In this context, AI can also play a significant role. First, it can support
the management of material variability at the manufacturing level
through process parameters optimization, which is intrinsically linked
to the use of recycled raw materials. Second, it can help identify
potentially compatible heterogeneous waste that can be processed
together. Lastly, AI can enhance recycling workflows in FDM by
improving the identification, sorting, and separation of polymer waste
streams, ensuring cleaner recycled feedstocks and enabling more reli-
able circular-material cycles [10].

To explore these aspects, this study begins by setting the stage for
FDM and the FGF techniques (Section 2) to familiarize readers, even
those working in AM but not focused on MEX, with some technical de-
tails. Then, it analyzes innovations in raw-material manufacturing and
material printing, characterizing the FDM ecosystem to highlight its
market dynamics. Four well-known thermoplastic biodegradable poly-
mers, i.e., Polylactic Acid (PLA), Polyhydroxyalkanoates (PHAs), Poly-
caprolactone (PCL), and Polyvinyl alcohol (PVA), are then analyzed.
Their potential role and the challenges they face in contributing to
environmental targets are disclosed. Then, MEX-based plastic upcycling
solutions are reviewed. The second part (Section 3) discusses biomass
valorization via MEX. The focus is on the use of biomass as a filler to
reinforce the thermoplastic matrix and reduce the amount of virgin
plastic used, but also as a source of bioactive compounds to functionalize
3D-printable materials for healthcare applications. The third part
(Section 4) discusses how AI can enhance MEX's environmental sus-
tainability potential. Finally, Section 5 ends the paper.
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2. Background and evolution of the MEX printing process

2.1. An introduction to the printing process and related materials

The FDM technique involves heating, melting, and extruding a
thermoplastic filament through a nozzle. The nozzle temperature must
be carefully controlled, as excessive heat can degrade the material and
negatively affect mechanical properties and print quality. At the same
time, too little heat can result in poor flow [55]. A gear-driven mecha-
nism, acting on the filament before melting, forces the material through
the nozzle, from which it is deposited onto the build platform, which
may be heated to prevent warping or improve adhesion.

In contrast, the FGF process directly processes thermoplastic pellets
rather than pre-extruded filaments. Pellets are introduced into a hopper
and fed into a heated barrel, where a motor-driven screw conveys,
compresses, and plasticizes the material through a combination of shear
heating and external heating elements [56]. The screw’s geometry,
comprising feeding, compression, and metering zones, plays a crucial
role in ensuring homogeneous melting, degassing, and stable pressure
generation before extrusion. Because the melt is produced continuously
within the barrel, FGF systems can achieve higher material quantity,
support a wider range of polymer formulations, and offer more precise
control over melt temperature and viscosity. Once fully molten, the
material is pushed toward the nozzle and deposited onto the build
platform, as in FDM. However, the larger melt volume and pressure
dynamics in FGF often require more robust nozzles, enhanced cooling
strategies, and careful tuning of extrusion parameters to ensure
dimensional accuracy and interlayer adhesion.

The printed artifact's mechanical properties, printability, and envi-
ronmental impact are influenced by the raw material used in its pro-
duction, making its selection essential [57]. Materials can be, e.g.,
biobased, biodegradable, composites, exhibit high performance

(Polyether Ether ketone − PEEK), be flexible at variable shore hardness
(e.g., Thermoplastic Polyurethane – TPU), and be biocompatible (e.g.,
the PCL, which is also biodegradable).

In the FDM, factors such as nozzle diameter and layer height are key,
as they directly influence the resolution and surface quality of the
finished product and its mechanical properties [58]. Typical nozzle sizes
range from 0.2 to 0.8 mm, while layer heights can vary from 0.1 to 0.3
mm. The layer height also depends on the selected nozzle diameter. In
FGF, in addition to nozzle size, key parameters include screw diameter,
screw length, screw speed, and barrel temperature [35,42,56]. The
screw length influences the time the material is exposed to the heating
process, and the barrel temperature influences the melt flow speed [56].
In this technology, nozzle diameters can be, for example, smaller than 1
mm in small-scale systems and up to about 10 mm in large-scale systems
[42].

The strength of the object depends on the bond between its layers.
Layer bonds form as the material cools and solidifies, because the heat
from the molten material partially remelts the top surface of the previ-
ous layer when a new layer is deposited [58,59]. The cooling rate affects
the print's quality and the object’s mechanical properties [60]. Rapid
cooling often leads to warping or shrinkage. In contrast, controlled
cooling is necessary for materials with higher melting points, such as
PEEK, or for composites, and applications that require dimensional ac-
curacy [61,62]. Fans, heated printed chambers, or heated build plat-
forms can help regulate this cooling rate because excessive heat
accumulation can cause deformations [63].

Printing parameters, in conjunction with the object's design, play a
crucial role in minimizing raw material waste and promoting efficient
energy use. Therefore, optimized parameters can facilitate environ-
mentally sustainable manufacturing [64] and efficient energy usage
[65]. Materials with high extrusion temperatures, such as Acrylonitrile
butadiene styrene (ABS) and PEEK (~230 and ~ 340 ◦C, respectively),

Fig. 1. How the MEX process could promote sustainable manufacturing approaches: overview of the main topics discussed in the study. The diagram illustrates how
MEX can address plastic and biomass waste valorization by enabling the creation of novel, value-added materials/products through the synergistic integration of
advances in waste reprocessing, material design and manufacturing, machine capabilities, design for additive manufacturing, and Artificial Intelligence (AI). The
various processes shown in the figure are represented in simplified form. They have been modelled for illustrative purposes and not for providing technical details.
Created in BioRender. Graziosi, S. (2026) https://BioRender.com/iw1hil8.
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require more energy [66,67] than those with lower extrusion tempera-
tures, such as PCL and PLA, which have melting points of approximately
60 and 190 ◦C [68,69], respectively. Of course, the material selection
also depends on the required properties. Similarly, infill density and
layer thickness, which directly impact build quality, are typically ach-
ieved at the expense of slow printing, resulting in prolonged energy
consumption [70]. These parameters also govern material use, which is
essential given that petroleum-based polymers can emit harmful
chemicals during printing, with potential environmental and human
health consequences [71].

2.2. The industrial potential of FDM

FDM has been extensively used for years in rapid prototyping to test
designs in real-world conditions [72]. Nowadays, the availability of
various filaments, ranging from flexible and high-strength materials to
biodegradable and conductive options, combined with the widespread
adoption of the technology, is also providing manufacturing versatility
[73–76]. In medicine, FDM has already been used to create patient-
specific implants, prosthetics, anatomical models for surgical plan-
ning, tissue scaffolds, and patient-specific medical devices [77–82].
Custom jigs, fixtures, aerodynamic test parts, and lightweight structural
components have also been manufactured [79]. Improved strength-to-
weight ratios can be achieved using materials such as carbon fiber-
reinforced filaments [83]. Plastic parts can be manufactured as
needed, thereby eliminating the costs associated with warehousing large
inventories, if the performance meets the requirements for replacing
injection-molded parts. Components can be produced on demand and
customized as needed, thereby reducing storage costs, avoiding over-
production, and providing greater flexibility in meeting demand [79].
Like other AM technologies, it enables localized manufacturing,
reducing lead times for shipping parts. A distributed production model
can lower logistical costs and increase operational flexibility [25].

FDM 3D printers and related materials are generally more affordable
than other AM machines, making them accessible to individuals, small
businesses, and large-scale manufacturers [20]. The cost of hardware
components has generally decreased over the years, with even more
affordable options now available that offer close-to-industrial quality,
thereby accelerating product development. Small and medium-sized
enterprises (SMEs) can leverage the flexibility and versatility of fila-
ment production to experiment with new materials and designs, gaining
a competitive edge by rapidly testing and launching new ideas.

2.3. A focus on the flexibility and versatility of FDM

The FDM’s ability to process a wide range of filaments [55] provides
versatility and cross-fertilization of ideas and applications between
heterogeneous industrial sectors. FDM filaments can be reinforced with
carbon fiber, glass fiber, wood, or metals [84,85]. Biobased and biode-
gradable (e.g., PLA) or recycled thermoplastics can also be processed
into filaments, enabling the fabrication of environmentally friendly
components [86]. Biodegradable thermoplastic filaments can poten-
tially reduce environmental impact [87], although evaluating the
overall impact of biodegradable plastics remains an open question [88].
Composites can be obtained by integrating them with biodegradable
waste such as wood, hemp, or algae [84]. New biocompatible filaments
are also continually being developed for the manufacture of affordable
medical devices [89–91].

Soft thermoplastic elastomeric materials, such as TPU, can also be 3D
printed, offering elasticity and rubber-like properties that are suitable
for energy absorption applications [92], scaffolding [93], durability,
and stretchability [94], even if there are still multiple challenges to be
faced to improve their mechanical properties and interfacial adhesion,
among others [37].

Filaments can be manufactured in almost any color for aesthetic
purposes and blended with additives to impart specific functionalities,

such as glow-in-the-dark effects, conductivity, or antibacterial proper-
ties [95]. There is growing interest in “smart” materials, such as shape-
memory polymers and color-changing materials that enhance the
functionality of printed objects [95]. There is growing support for
closed-loop recycling in filament production, where waste prints or post-
consumer plastic can be processed into new filaments [86], with
promising results, e.g., by compounding recycled PET with low-cost
additives [96] or post-consumer recycled Polypropylene (PP) [97].

Multi-material printing capabilities in FDM enable the use of two or
more filaments in a single print, offering increased design freedom, even
if challenges persist with the adhesion quality at interfaces between
dissimilar materials [98,99]. Among future research scenarios in multi-
material printing is the exploitation of FDM's versatility with the broad
materials palette of Direct Ink Writing (DIW) technology [100]. In the
literature, there are also examples of 4D printing solutions supported by
FDM [101,102].

A filament can be compatible with various FDM printers, promoting
scalability and allowing end-users to choose the material that best suits
their machine and application. Filament production can scale to meet
varying demand levels, ranging from small batches for hobbyists or
custom projects to large-scale production for industrial applications
[103]. This versatility has enabled FDM to evolve rapidly, meet diverse
demands, and serve as an essential actor in the AM landscape.

2.4. Reflections on some 3D-printable thermoplastic polymers and their
sustainability potential

Synthetic polymers are considered bioplastics under these conditions
(or a combination of them) [104]: they have been derived/extracted
from biomass compounds (i.e., they are bio-based); they are biode-
gradable; they are obtained through biological processes. PLA is a bio-
plastic because its monomers are derived from renewable vegetable
sources [105], but the polymerization process is chemical [104]. Poly-
hydroxyalkanoate (PHA) is also a bioplastic, but unlike PLA, it is bio-
logically synthesized and degrades more quickly [104]. PVA and PCL are
biodegradable, but they are fossil-based [104,106,107] and therefore
preferably not included in the bioplastics category [104].

Biodegradability is a characteristic common to all four thermoplas-
tics − PLA, PHA, PCL, and PVA − which have promoted their use in
various applications [108]. With respect to these materials, studies
related to FDM have focused on preserving or improving their degrad-
ability and on enhancing their mechanical properties (especially for bio-
based plastics in general, this is a critical target [109]), processability,
and functionalization. A brief overview of these polymers’ characteris-
tics, based on general and FDM-based studies, is provided in the
following subsections. Further works in the field of MEX involving these
materials will also be provided in later Sections of this study.

2.4.1. Polylactic Acid (PLA)
With sufficient strength and biocompatibility, PLA exhibits charac-

teristics like those of common polymers, offering good mechanical
processing performance and low shrinkage [110]. However, efforts are
underway to identify PLA-based blends that improve its mechanical and
thermal properties, for example, by incorporating crystalline nano-
cellulose [111] or mixing it with PHA [112] to preserve biodegrad-
ability. PLA can be recycled and used as a polymer matrix to
accommodate additives from biomass, making it a viable choice for
producing value-added entities [47,113]. Having also been approved by
the Food and Drug Administration (FDA), multiple biomedical appli-
cations have been explored [114]. However, because it degrades slowly,
its complete degradation within current landfills and industrial com-
posting infrastructure has significant environmental impacts [115]. Ef-
forts are underway to address these issues and accelerate this process
[116]. Also, since the recycling process can degrade mechanical prop-
erties [117], investigating degradation rates and using sustainable ad-
ditives and recycling parameters that preserve mechanical properties is

R. Pugliese et al.
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key.

2.4.2. Polyhydroxyalkanoates (PHAs)
PHAs are promising biodegradable materials with potential use in

multiple fields, including medicine and agriculture [118]. Their
biocompatibility makes them relevant for tissue engineering and
regenerative medicine [119,120]. Besides, it has been demonstrated that
it can be degraded by microorganisms even in challenging settings, such
as the deep-sea floor [121].

However, their use is limited by their significant production costs
[122]. Besides, their potential in AM remains limited due to their low
mechanical strength and the need to optimize the printing process
[123], even though attempts have been made to reinforce them, again
exploiting cellulose nanocrystals as fillers [124]. Therefore, challenges
such as low mechanical strength, warping issues, and the feasibility of
using it as a matrix for sustainable additives must be addressed to pro-
mote their adoption.

2.4.3. Polycaprolactone (PCL)
PCL has a glass transition temperature (Tg) of approximately − 60 ◦C

[68], making it suitable for applications requiring mechanical compli-
ance with biological tissues [125]. This low Tg ensures flexibility at
body temperature, making it an interesting material for designing
wearable, adaptable, and biodegradable solutions. Additionally, this
feature is crucial for 3D-printed drug delivery devices, as it maintains
stability during the processing of medicines within the manufactured
carrier [126]. Since it melts at about 60 ◦C [68], the risk of heat
degradation of biomolecules or drugs incorporated into the polymer
matrix is reduced. When it biodegrades, it produces breakdown products
that the body can gradually metabolize [127]. Furthermore, good me-
chanical properties, such as high elongation at break and good-enough
tensile strength, are also observed in 3D-printed PCL samples. These
characteristics can also be tuned by adjusting the molecular weight of
PCL to achieve specific properties or by combining it with other poly-
mers [128]. New biodegradable blends can be created by mixing PCL,
for example, with PLA and Polyhydroxybutyrate (PHB) [129,130], or by
introducing functional particles (e.g., Fe3O4) and reinforcements (e.g.,
cellulose nanofibers) to functionalize it and increase its mechanical
strength [131].

Its biodegradability and non-toxicity make it an interesting polymer,
whose relevance is expected to grow in the future [132]. However,
further studies on the influence of the recycling process on its properties,
biodegradability strategies, and behavior in combination with bio-
additives are needed to strengthen its role as a sustainable material for
MEX.

2.4.4. Polyvinyl alcohol (PVA)
PVA has a relatively low melting temperature and exhibits a range of

interesting properties, including water solubility, biodegradability, ad-
hesive capacity, and biocompatibility. Attempts to enhance its me-
chanical properties, thermal processability, and electrical conductivity
have been made by blending it with carbon nanotubes [133], graphene
nanocomposites [134], cellulose nanocrystals [135], and ionic liquids
[136]. There are also several attempts in the biomedical field, such as
blending PVA and PCL with chitosan to produce antimicrobial filaments
with potential applications in tissue engineering and regenerative
medicine [137]. Further attempts have also been made to develop PVA-
based blends for patient-specific drug delivery systems [138–141]. Its
intrinsic and hygroscopic nature limits its potential applications, but
studies are ongoing to tackle this issue [142]. Despite its role as a drug
carrier and its biocompatibility and biodegradability, the scarcity of
investigations into value-adding agents, for example, derived from
waste, and their recyclability for MEX, remains a limiting factor for the
adoption of PVA as a potentially relevant sustainable alternative.

2.5. Driving trends in filament fabrication technology

In recent years, we have seen increased interest and significant ad-
vancements in filament extruder technology, which have boosted the
flexibility previously discussed in FDM. This technology can transform
the landscape of 3D printing by making the study and development of
filaments with enhanced properties and novel composites more afford-
able. Its significant rise has also spurred researchers to explore novel
filament compositions to achieve environmentally sustainable objec-
tives [143]. In some cases, as discussed later, new filaments are created
to convert waste from other streams into new 3D-printable materials or
to convert 3D-printed scraps into new 3D-printable materials.

Filament extruders are machines/systems that transform raw ther-
moplastic or composite materials into filament spools [144]. Industrial-
grade extruders have become increasingly sophisticated to support
mass-scale production; they often lack customization, as the physical
composition of the filament spool is predetermined by the parameters
and raw materials selected during the manufacturer's compounding
process [145]. To address this lack, desktop-based, versatile lab-scale
filament extrusion systems have emerged on the market [146]. Exam-
ples of manufacturers of commercial desktop filament extruders are
Filabot (https://www.filabot.com), Felfil (https://www.felfil.com),
Noztek (https://www.noztek.com), 3devo (https://www.3devo.com),
and FilaFab (https://www.filafab.co.uk). Fig. 2 shows the various
components involved in the filament fabrication.

The key component of these machines is a motor-driven, endlessly
rotating single- or multi-stage screw that conveys, melts (in combination
with heating coils), and homogenizes the raw material (typically ther-
moplastic pellets/scraps/granules from a previous shredding process)
[144]. The material is pushed towards a die or nozzle (Fig. 2a,b) to
extrude filaments of sizes 1.75 and 2.85 mm, based on the selected
nozzle. The extruded material is then passed through a cooling system
(e.g., air and water in some cases) before being wound into spools
through a dedicated system [147], such as the spooler in Fig. 2. The
parameters that govern filament extrusion include extrusion tempera-
ture, cooling rate, screw rotation speed, and the desired filament
diameter (Fig. 3).

It is worth noting that how the molten polymer flows through the die
is crucial for achieving high-quality filament; the extrusion temperature
influences this flow. However, increasing the temperature beyond the
required level can lead to overextrusion, while decreasing it can cause
clogging. Likewise, unoptimized auger screw rpm can also imply over-
extrusion at higher rpm or under-extrusion at lower rpm, compared to
what is required to push the thermoplastic polymer through the nozzle.
Similarly, the cooling rate is vital for solidifying the molten plastic and
achieving the desired filament diameter.

Thanks to advances in extruder technology, the variety of filaments
available has been further expanded to include specialized composite
filaments, some of which are still at lab-scale, exhibiting increased
strength, flexibility, heat resistance, or eco-friendliness. An overview,
not intended to be exhaustive, of available studies is provided in Table 1.

This brief overview shows how this high versatility in raw material
production has enabled researchers and manufacturers to design more
functional and performing, particularly composite filaments, with a
wide range of thermoplastic materials explored, including bio-based
composites. This point will also be discussed later. In such a context,
studies such as [181] are also fundamental because they provide eco-
informed design guidance on exploiting reinforcement fibers in poly-
mers with potential applications in FDM.

Therefore, research in this field must proceed with the aim not only
of producing new “green” filaments from eco-friendly, recyclable ma-
terials or strategies for repurposing waste, but also of supporting faster,
more efficient methods to optimize material manufacturing parameters
and to exploit these new materials in potential applications. Indeed, the
consistency of the available filament diameter plays a crucial role in
influencing printing quality [182] and the feasibility of setting up
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Fig. 2. An example of desktop-based filament extrusion technology by Felfil (www.felfil.com). a) The default configuration, from left to right, includes an extruder
with its nozzle, a cooling station to solidify the extruded filament, and a spooler that checks the filament diameter and creates the spool. b) Some details of the
extrusion technology presented in (a): main extruder parameters, the nozzle, the fan station, and the spooling system with its main parameters visible on a screen.
The outcome, i.e., the filament, is also shown.

Fig. 3. Overview of the key aspects and potential issues related to the extrusion stage of the filament manufacturing process. The winding stage and related pa-
rameters are not represented. The extrusion stage is shown in simplified form and is not meant to be exhaustive of all aspects to be considered or of their potential
mutual influence. For details and precise explanations, see the study [148], whose results have inspired this image and have been generalized and reinterpreted with
respect to the content of the present study. Created in BioRender. Graziosi, S. (2026) https://BioRender.com/jzcw3ae.
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Table 1
Overview of some examples of desktop-based filament extruders employed to create new 3D-printable filaments. The created material, its potential applications, and
the material manufacturing details (where available) are also provided. The related reference is also specified. This list is not complete, nor is the number of examples
for each manufacturer representative of the distribution of that specific machine. The data provided are representative. Readers are invited to consult the relevant
reference for all details, as typos may be present.

Machine
Manufacturer

Material Application or study’s aim Extrusion
Temperature [◦C]

[rpm] of
the screw

Filament diameter
(obtained or
planned) [mm]

Ref.

Felfil PLA/Rice husk Structural applications 177,187,197 5–8 1.75 [149]
PLA/Insoluble keratin Waste poultry feathers reuse 187 6 1.75 [150]
Recycled PLA Waste management of PLA 170 5–7 1.68 ± 0.07 [117]
Poly(butylene adipate-co-terephthalate)
(PBAT)/ Zein-titanium dioxide (TiO2)
complex microparticles

Biomedical scaffold applications 150 ± 10 3 1.65 ± 0.10 [151]

PLA/niclosamide and graphene
nanoplatelet

To develop a novel drug delivery device 190–200 4–8 1.75 ± 0.05 [152]

PCL/β − Tricalcium Phosphate 3D printing of personalised scaffolds with
improved mechanical and biological
properties

95 2 2.85 [153]

PLA − PCL / Fe3O4
nanoparticles

Novel, low-cost
magnetically active composite material

~ 90 − ~ 150 − 1.75 [154]

PLA/Carbon nanofiber Upcycle 3D printing filament scraps for
manufacturing rechargeable Zn-I2 batteries

175 8–9 1.75 [155]

3devo PEEK/Amorphous
magnesium phosphate

Bioactive composite for implant
development

380–360 15 – 6/8 1.75 ± 0.10 [148]

PLA/cocoa bean shell waste Cocoa bean shell reuse 165–200 4 − [156]
PLA/Lignin Enhanced mechanical properties 230 3.5 1.75 [157]
Recycled PLA and recycled PLA/ceramic
waste

To demonstrate the feasibility of recycling
artisanal waste

190–220 3.5–4 1.75 [158]

PLA/Cellulose nanofibrils Enhanced cellulose dispersion in filament
matrix

165–175 − ~1.75 [159]

PCL/Hydroxyapatite (HA) Novel material for scaffolds 3D printing 66 5 1.75 ± 0.05 [160]
Polypropylene (PP)/High and low
concentration of inorganic additives

To develop a novel filament from PP waste
recovered from electric and electronic
apparatus (WEEE)

178–186
190–205

2.5–5 ~1.75 [161]

PET Recycling PET bottles for generating PET
filaments

265 3.6 1.75 ± 0.05 [162]

High-density polyethylene (HDPE)/
Antimony Tin Oxide (ATO)

Influence of the nanocomposite in improving
mechanical response

200–210 7 1.65–1.85 [163]

Noztek PLA/Agave tequilana bagasse fibres Agriculture byproduct reuse 175–185 − 1.75 [164]
Recycled ABS/Virgin ABS Reuse of recycled filament to reduce material

cost
180, 190, 200 40 1.65 ± 0.1 [165]

PLA/Nona and Soy fibres Novel method to 3D print composites 195 15–20 1.75 ± 0.21 [166]
ABS/Aluminium and stainless steel alloy
particles

To develop of novel metal-based filaments 150 − 1.75 [167]

Zirconia-based filament Manufacturing of cost-effective ceramic
based implants

85–125 − 2.85 [168]

Polyetherimide (PEI)/recycled carbon
fibers (rCFs), thermal black (TB) particles
and their combination

Novel material to be used in the field of
mobility (aircraft interiors and ground
transportation applications)

370–390 25 1.75 ± 0.05 [169]

Waste PP/Short basalt fibres Exploit the basal fibres to reinforce the
recycled PP

220–225 12 1.35–1.55 [170]

Filabot E-Waste, mainly Polycarbonate (PC) E-Waste recycling 205 40 1.72 ± 0.3 [171]
PC/Silica Thin film interfaces for optical transmittance 260–265 − 1.5 ± 0.1 [172]
PCL/Sodium Alginate (SA) A novel composite filament to 3D print

structures capable to adsorb heavy metal
ions

90 − 1.75 [173]

PP/40 wt% carbon black A novel electrically conductive filament for
applications in the field of electrochemistry

210 − 1.75 [174]

PP/Paraffin wax To 3D print porous separators to be used for
3D printed battery architectures

160 − ~1.75 [175]

PLA/Hydroxyapatite (HA) To develop a novel material for the field of
tissue engineering (e.g., patient-specific
scaffolds)

175 − 1.5–1.75 [176]

FilaFab Recycled Polyvinyl butyral (PVB) Waste management of PVB 155 − 1.75 ± 0.25 [177]
PLA/Recycled fiberglass, from end-of-life
wind
turbine blades

Novel composite filament exploiting the use
of recycled fiberglass recovered from end-of-
life wind turbine blades

− − 1.75 [178]

Polyethylene (PE)/Martian regolith Novel materials for future space explorations
(Moon and Mars)

122–125 5 2.90 ± 0.02, 2.89 ±

0.01
[179]

PLA/carbon dot nanocomposites To improve mechanical properties 130 15 1.70–1.85 [180]
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industrial-scale production. Processing parameters such as extrusion
temperature, cooling time, and extruder nozzle diameter are critical to
determining this aspect [183]. In addition, studies that offer a lifecycle
perspective on the collection, management, and use of the raw materials
required to produce these promising new filaments are needed. They are
fundamental to demonstrating robustness, environmental impact, and
their potential scalability into industry.

2.6. Plastic upcycling into new products: The role of FGF and FDM and
open issues

In this Section, we review examples of available solutions and studies
with potential upcycling applications involving creating new products
(Fig. 4). As a first example, one can mention the Print your city project
[184], where 3D-printed street furniture has been created from plastic
waste using robotic 3D printing (pellet-based). Similar technology has
also been used to 3D-print furniture from discarded ocean plastic in the
Ocean Plastic Project [185]. The company vanPlestik [186], with its own
large-scale 3D printers, produces products such as chairs, tables, and
lamps made from recycled plastic. Aectual is another company working
in the field of circular furniture and finishes platforms, exploiting large-
scale 3D printers [187]. A robotic arm equipped with an extruder has
been used to 3D-print a four-meter-diameter suspended chandelier from
recycled PET pellets [188]. LG Project Management and Caracol AM
collaborated to 3D-print the first mobile living module, starting with a
recycled PET-based polymer reinforced with glass fiber [189]. Byard
et al. [190] utilized shredded recycled ABS and PP as feedstock for FGF
to produce skateboards, kayak paddles, and snowshoes. In [191], plastic
waste was used to produce fiber-reinforced concrete, which was 3D-
printed using a paste-based extrusion system. Using FGF printers,
recycled polyolefin-based composites can also be obtained by combining
the matrix with various natural fillers, such as cellulose or sawdust, as
reviewed in [192]. In [193], FGF has supported multi-material recycling
of PET and HDPE, and the feasibility of this approach has also been
demonstrated by printing a children’s chair. However, further research
efforts are needed to optimize the blend.

There are also examples exploiting filament-based extrusion pro-
cesses. Novel filaments have been created in [194] by blending recyled
HDPE and PP, and by mixing this blend with biocarbon; these filaments
have been succesfully used to 3D print a spectacle frame and elliptical
gears with a shaft. Plastic Thinkers [195] uses PET waste to produce 3D-
printable filaments and various products. Interestingly, STL files are
available online showing what can be created as daily products from
recycled 3D-printed parts [196]. A study on the closed-loop additive
manufacturing of ABS was conducted by Kim et al. [197], which
demonstrated the potential of FDM to upcycle ABS into re-printable,
mechanically robust ABS vitrimers.

Therefore, ideas are available. Although further efforts are needed,
for example, to guarantee that the overall process is sustainable, from an
environmental and economic point of view. Besides, technical diffi-
culties in 3D printing plastic waste, such as poor bed adhesion, weak
interlayer bonding, and deformities caused by contaminants, can chal-
lenge the printing process [198] and must be addressed effectively and
systematically. Deterioration of mechanical properties can occur, espe-
cially in FDM and to a lesser extent in FGF (as demonstrated in [199] for
PLA), in combination with new process parameters or processability
issues [200–202]. Promising mechanical property results have been
obtained with FGF using recycled carbon fiber/ABS composite granules
[33]. However, this study also underscores that, if the material is recy-
cled in a third life and beyond, alternative recycling strategies should be
considered to address potential declines in mechanical properties [33].
The deterioration of microstructure and mechanical properties after
multiple recycling cycles has also been observed in flax fiber-reinforced
PP composite granules [203]. Therefore, strategies are needed to
address this issue [203]. More efforts invested in material traceability
[204] could also help towards this target. Besides, in such a context,
costs also play a key role; indeed, the price of the recycled polymer
relative to virgin polymer and the cost of the recycling process relative to
alternative disposal procedures are the two key economic drivers that
influence the viability of recycling thermoplastics [205].

Thus, innovative and synergistic approaches spanning technical, lo-
gistics, and marketing aspects must be implemented to tackle these

Fig. 4. Simplified illustration showing the potential upcycling process of thermoplastic materials using FDM and FGF 3D-printing. This illustration is not intended to
be exhaustive in its representation of the various stages of the mechanical recycling process. Besides, for illustration purposes, the image refers to post-consumer
sources. Post-industrial sources should also be included, bearing in mind that there are relevant differences in values and handling routes between these two
waste streams [4]. Once the plastic is shredded, cleaned, and dried, it can be processed and blended with additives (if needed) to create new materials in the form of
filaments or pellets, which can be used to develop new products. The phases required to make the filaments are not shown in this figure. Figure inspired by [51].
Created in BioRender. Graziosi, S. (2026) https://BioRender.com/zqcrbr5.
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challenges and effectively promote MEX as a potential further
manufacturing asset for sustainable upcycling of thermoplastic waste.

3. Biomass upcycling: From waste to value-added products

3.1. Examples of MEX materials using biomass waste as fillers

Biomass derived from agri-food processing can be used directly to
functionalize materials, e.g., to provide flame-retardant properties,
among others, as demonstrated with waste coffee grounds [206]. At-
tempts of this kind have also already been explored with MEX. An
overview of some studies is provided in Table 2.

As shown in Table 2, although the provided list is not intended to be
complete, a significant number of contributions are available for FDM,
and this number is rapidly growing, as is the case for FGF. The biomass
filler is often used as reinforcement, while other studies show that its
addition allows a reduction in the percentage of thermoplastic matrix
without significantly reducing material performance. It is also important
to underline that when creating these new blends, it is crucial to ensure
appropriate adhesion between the matrix and the natural filler to enable
load transfer and, consequently, a composite with enhanced mechanical
properties [192]. Therefore, multiple research paths must be pursued,
and further studies are expected.

3.2. Biomass waste as bioactive compounds for health-promoting
applications

Biomass can also be transformed into sources of bioactive natural
compounds that can interact with elements in living tissues to exert
beneficial effects [227,228]. These compounds can influence various
physiological processes and are known for their potential health bene-
fits, including polyphenols, proteins, lipids, and numerous other bioac-
tive components with multiple applications [229–232]. In particular,
the use of biomass-derived bioactive compounds is increasingly promi-
nent across the food, pharmaceutical, cosmetic, and healthcare in-
dustries (Fig. 5).

In the cosmetic sector, fruit and vegetable by-products, such as
pomace and peels, are increasingly used as sources of bioactive mole-
cules with health-promoting effects. For example, pectin recovered from
tomatoes and citrus is an effective anti-inflammatory compound with
applications in the biomedical sector [233]. Furthermore, it can also be
used in the food industry for its thickening, gelling, and emulsifying
properties [234]. Similarly, limonene, a primary compound in citrus
essential oil and a major component of citrus peel waste, plays a sig-
nificant role in the flavor and fragrance market, with applications across
the cosmetic, nutraceutical, and pharmaceutical sectors [235].
Furthermore, vegetable oils derived from nut seed or fruit waste, such as
avocado or olive, can be extracted and valorized by the cosmetic in-
dustry due to their benefits for both skin and hair [236–238].

Food waste resulting from the processing of plants and animals can
also provide excellent ingredients for both food supplements intended
for human consumption and animal feed [239,240]. Bioactive peptides,
short chains of amino acids derived from protein hydrolysis, are
emerging as promising multifunctional ingredients for disease preven-
tion. These peptides, which are derived from plant seed wastes (e.g., soy,
sunflower, hemp, or olive seeds), represent an excellent source and can
be effective in managing blood pressure, regulating cholesterol levels,
improving immune system function, and exerting numerous other
health-promoting effects [241–247].

In addition to plant-based biomass, animal by-products such as fish,
poultry, and dairy waste can also be used to extract bioactive peptides
(Fig. 5). These peptides often exhibit potent antioxidant, antimicrobial,
and antidiabetic properties, making them valuable for human health,
veterinary medicine, and animal feed in agriculture [248–250].
Furthermore, peptides extracted from algae by-products or frommeat or
fish processing waste, such as collagen peptides, are increasingly being

Table 2
Overview of some studies focused on the MEX technology to valorize biomass for
enhancing properties and functionalizing thermoplastic matrices. This overview
is not intended to be exhaustive of all available studies; besides, it is limited to
the FDM and FGF technologies. Readers should refer to the references for
further, more precise details about the specific study.

Matrix Biomass Study objective MEX
technology

Ref.

PP Cocoa bean
shells

Composite with
improved tensile
strength and fracture
strain

FDM [207]

PP Hemp fibers Composite with
increased tensile
strength and Young's
modulus.

FDM [208]

Polyethylene
terephthalate
glycol
(PETG)

Activated
carbon from
waste leaves

30% enhancement in
mechanical
properties compared
to neat PETG
(anatomical models
and filter mesh
where 3D-printed)

FDM [209]

PLA Lignin
nanospheres

Increased
mechanical
properties (flexural
strength, tensile
strength and impact
strength)

FDM [210]

PLA Hazelnut
powder

Repurposing
hazelnut shell
agricultural waste for
creating a novel bio-
composite material
to be used for
product design

FDM [211]

PLA Walnut shells,
eggshells, and
white marble
particles

Increment in the
melting point and
improvement of
flexural properties

FDM [212]

PLA Crab shell
powder from
waste

3D-printed bone
scaffold with
increased tensile and
flexural strength

FDM [213]

PLA Wood fibers Enhance the flexural
properties

FDM [214]

PLA Pistachio shell Promising
applications in food
packaging

FDM [215]

PLA Potato starch 3D printing of
personalized
anatomical models
and scaffolds

FDM [216]

PLA Sea
urchin
residues

Reinforced
biocomposite with
potential
applications in
biomedical,
construction and
packaging fields

FDM [217]

PCL Wood Increased tensile
properties

FDM [218]

PCL Cocoa shell
waste powder

A novel biofilament
with household and
biomedical potential
applications

FDM [219]

PCL Chitin
nanocrystals

A novel
biocompatible and
biodegradable
composite for
applications in the
biomedical field

FDM [220]

PCL Waste wool
particles

A novel composite
filament with various
potential
applications (e.g.,

FDM [221]

(continued on next page)
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used in the cosmetic sector. These peptides exhibit moisturizing, wound-
healing, and anti-aging properties, making them a popular ingredient in

skincare and hair-care products [251–253]. Moreover, these peptides
exhibit a range of functional properties, including solubility, water
retention, oil binding, foaming, and emulsifying, demonstrating signif-
icant potential for various industrial applications. In fact, in the food
industry, they can be used as emulsifiers, foaming agents, and textur-
izers; in the cosmetic industry, they serve as effective moisturizers and
hydrators [254].

To obtain active molecules from biomass, different methodologies
and techniques are applied. Traditional extraction procedures for
bioactive molecules, such as Soxhlet extraction, distillation, and
maceration, often involve hazardous solvents, substantial energy con-
sumption, and lengthy processing times, rendering them inefficient and
environmentally detrimental [255,256]. To address these issues, green
extraction techniques have evolved as more sustainable options. These
processes are energy-efficient, utilize ecologically friendly solvents, and
yield higher-quality products. Green extraction methods include
fermentation, which uses microorganisms to break down biomass into
bioactive compounds; enzymatic hydrolysis, which uses enzymes to
release bioactive peptides from plant material; microwave heating,
which speeds up the extraction process; and supercritical fluid extrac-
tion, which uses supercritical carbon dioxide to extract compounds
without the use of toxic solvents [257,258]. Additionally, the use of
green solvents, such as ionic liquids, deep eutectic solvents, and water,
can further reduce the environmental impact [259].

The combination of these green extraction techniques enables more
sustainable and cost-effective methods for obtaining valuable bio-
actives, thereby increasing the efficiency of biomass valorization and
supporting the transition to a circular bioeconomy. With the growing
demand for natural, functional, and sustainable products across agri-
culture, food, pharmaceuticals, and cosmetics, biomass valorization will
continue to play a key role in shaping a greener, more sustainable future.
This scenario represents an excellent opportunity to utilize biomass and
valorize by-products [201] as feedstocks for MEX, thereby developing
bio-friendly products that could contribute to environmental sustain-
ability [51]. However, high processing temperatures could compromise
the thermal stability of biomass when used as an additive [260]. If these
issues are addressed, new options exist to valorise biomass through
MEX, promoting greener 3D-printable solutions that can achieve scaled
production.

Table 2 (continued )

Matrix Biomass Study objective MEX
technology

Ref.

toys, packaging,
industrial tools)

PHB-PLA Corncob
wastes

Explore the
potentialities of
using corncob waste
for the
manufacturing of a
novel
environmentally
friendly polymeric
composite.

FDM [222]

ASA
(Acrylonitrile
styrene
acrylate)

Cork waste A not significance
decrease of
mechanical
properties is
obtained therefore
promoting a
reduction of the ASA
content in the
composite.

FGF [36]

PLA, recycled
LDPE, HDPE

Spent Coffee
Grounds

Valorize biomass
scraps/by-products
and new product
applications

FGF [223]

PLA Wood fibers Development of a
design framework for
promoting the use/
development of
novel materials for
FGF

FGF [224]

PLA Pine wood 3D-printed bat
houses

FGF [225]

PETG Olive pits Valorisation of the
agro waste exploiting
surface-modification
strategies
to promote
compatibility
between the matrix
and the waste

FGF [226]

Fig. 5. Schematic representing the concept of biomass waste valorization. On the left are examples of waste sources. On the right, examples of health-promoting
applications where this waste can be upcycled once bioactive molecules are extracted. These examples are related to the cosmetic, healthcare, food, pharmaceu-
tical, and animal feed industries. Created in BioRender. Graziosi, S. (2026) https://BioRender.com/vx1gqe3.
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3.3. Exploiting bioactive compounds from biomass waste into 3D
printable MEX-based materials

A bioactive material can be either natural or synthetic, exhibiting
biocompatibility and inducing therapeutic activity in biological entities
[261,262]. Regardless of their sources, the aim is to achieve bioactivity
[263] and to interact with biological systems. Synthetic methods use
fresh precursors, solvents, and artificially synthesized reagents, which
can lead to higher costs and greater chemical waste. In contrast,
bioactive compounds from natural sources are typically derived from
biowastes, offering opportunities for green synthetic methodologies
[264,265]. Bioactive materials are usually made from biocompatible
polymers that can be used with living tissues [266,267]. They can be
infused with bioactive agents, such as antimicrobial particles, growth
factors, or drug-delivery compounds, to enhance their functionality in
medical, dental, or tissue-engineering applications [120,268].

If these materials were conceived to 1) reach their purpose by using
recycled content as the primary matrix, 2) use waste material from other
sources as the bioactive content, and 3) be biodegradable (even inside
the human body), they could represent a potential strategy to provide
benefits not only to humans but also to the environment. Medical waste
is among the nine major types of waste affecting countries and their
urban systems [269]; achieving sustainability in surgical practices is key
[270]. This strategy alone would be insufficient to produce a significant
impact. However, it represents a further possible approach to promoting
more environmentally conscious practices and upcycling solutions.

Biomass-based bioactive compounds are non-toxic and degrade more
quickly, making them a promising strategy for achieving sustainable
environmental targets [271,272]. Anti-oxidative, antibacterial, and
anticarcinogenic properties are a few of the many that can be derived
from biomass and could be successfully transferred into 3D-printable
materials using existing technologies, thereby developing value-added,
sustainable products [273,274].

3.3.1. An introduction to bioactive filaments
Bioactive filaments are crucial in biomedical engineering and

personalized medicine, enabling the creation of customized medical
devices, implants, and prosthetics with active biological functions
[77,275]. 3D-printed structures can guide tissue regeneration, such as
skin, bone, or cartilage, by promoting cell attachment and proliferation.
Additionally, 3D-printed implants or patches can slowly release drugs,
providing localized treatment for conditions like infections, burns, or
cancer [276,277]. Bioactive filaments derived from biodegradable
polymers, such as PLA or PCL, are crucial for temporary medical devices
or tissue scaffolds. These materials naturally degrade in the body over
time, eliminating the need for surgical removal. During degradation,
they can support tissue regrowth or drug release, thus allowing the
integration of the newly formed tissue [278,279]. Bioactive filaments
enable the development of customized medical solutions tailored to an
individual’s anatomy or medical condition, which are particularly
valuable for custom implants used in bone repair, patient-specific drug
delivery systems that optimize dosage and treatment effectiveness, and
prosthetics or assistive devices that can be adjusted to fit the end-user’s
anthropometric characteristics [280].

In such a context, bioactive compounds from natural materials could
emerge as a more sustainable alternative in biomedical applications. For
example, animal-based fillers safely degrade after usage by breaking
down into harmless substances for health [281]. Besides, these bio-
additives occupy a portion (even if small) of the polymer matrix,
reducing the overall amount of plastic used in material manufacturing.
In terms of studies, e.g., Rosales et al. [282] reported impregnating
ethanolic extracts of mango leaves into PLA filaments for FDM and
observed enhanced anti-denaturation and antioxidant properties [282].
Ahmed et al. [283] designed and studied 3D-printed medical threads
[283] using seed waste husks from pistachio, coffee, chestnuts, and
walnuts in a PLA matrix. The study indicates that the additives

successfully induce anti-bacterial properties and improve mechanical
properties. Robles et al. [273] incorporated lignin into PLA to produce
an FDM filament with antioxidant properties. They observed the fila-
ment's ability to scavenge reactive oxygen species.

All these reflections underscore that the use of bio-based bioactive
compounds can enable interesting healthcare applications for MEX.
Their integration into medical practices could enhance patient out-
comes, reduce healthcare costs, and minimize the environmental impact
of medical materials.

3.3.2. Technical challenges on the 3D printing of bioactive filaments
Developing bioactive filaments requires considering several essential

aspects to preserve the mechanical and biological functions of printed
parts [284–286]. Filaments typically used in medical, tissue engineer-
ing, and pharmaceutical applications must be handled carefully during
the MEX process to maintain their bioactivity, biocompatibility, and
structural integrity [266,267,287]. Indeed, the extrusion process and
printing parameters (Fig. 6) must be carefully selected to prevent pre-
mature release or deactivation of the bioactive agents during printing
[288]. For bioactive applications, especially in tissue engineering, the
biodegradation rate of the printed structure is critical; hence, the
extrusion process can influence the material’s porosity and internal
structure, which in turn affects how quickly it breaks down in the body;
also, by controlling parameters like infill density and layer height, the
biodegradation rate can be regulated [289].

Because of this, emphasis is placed on the material composition.
Biocompatible thermoplastics such as PLA or PCL are preferred for their
biodegradability and bioinertness, as they tend to break down safely yet
slowly in the environment [87,290]. Additive integration, such as an-
timicrobials, growth factors like bone morphogenetic protein-2 (BMP-
2), ceramic particles (e.g., hydroxyapatite for bone growth), or drug
molecules, plays a vital role in the bioactive ability of filaments;
bioactive filaments are therefore composite materials, combining poly-
mers with bioactive ceramics or different types of nanoparticles
[78,291–294]. The extrusion process must account for the properties of
the polymer and the additives, which can affect melt flow and cause
nozzle clogging [295].

Many bioactive agents (e.g., proteins, peptides, drugs, or antimi-
crobial compounds) extracted from biomass can be sensitive to high
temperatures. In FDM, the filament is typically melted at temperatures
between 90 ◦C and 250 ◦C, depending on the material used. Therefore,
optimized control of the extrusion (nozzle) temperature is needed to
avoid degradation of the bioactive agents [296,297].

Thermoplastics with melting temperatures compatible with those of
the additives are typically selected to preserve the bioactive compounds'
functionalities. Thanks to their relatively low melting points, polymers
such as PCL are potential candidates to produce bioactive filaments
[278,279]. The nozzle temperature can also affect the tensile strength
and elastic modulus of bioactive filaments [266]. Additionally, nozzle
diameter and layer thickness are crucial for achieving high printing
resolution. Finer nozzle diameters (0.2 mm) can improve surface quality
but may lead to clogging [156]. Moreover, optimizing the flow rate and
print speed ensures effective printing, as improper flow rates can lead to
irregular distribution of bioactive components and reduced mechanical
properties. Bed temperature, in addition to ensuring proper first-layer
adhesion and reducing warping, should also be set to prevent denatur-
ation of bioactive entities.

One further challenge is minimizing the need for post-processing, as
many bioactive components are sensitive to chemical or mechanical
treatments. Excessive post-processing can reduce the bioactivity of
embedded agents or compromise the material's biocompatibility. Hence,
optimized post-processing is required [298,299]. Bioactive filaments
used in applications such as implants and scaffolds must exhibit suffi-
cient mechanical strength [300]. Therefore, process parameters opti-
mization may be needed. For instance, higher infill densities and
optimized extrusion temperatures [301–303] can improve the
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Fig. 6. An overview of some printing parameters that could affect the functionality and mechanical properties of 3D-printed bioactive devices/artifacts. Examples of
potential applications are also represented (e.g., scaffolds, prostheses, and wound-healing solutions). Created in BioRender. Graziosi, S. (2026) https://BioRender.
com/2qr2z3w.

Table 3
A summary of some studies demonstrating how AI can improve FDM 3D printing.

Use Case Model Objective / Challenge Addressed Key features Ref

Deep learning for infill pattern
defect detection

Convolutional Neural Network (CNN) Real-time defect detection during
FDM printing

Achieved 84 % accuracy with 50 epochs;
paused print during detected anomalies to
prevent material waste

[330]

Deep learning for warp detection Convolutional Neural Network (CNN) Warping detection during printing Developed a closed-loop system with 99.3 %
average accuracy in predicting corner
distortion

[331]

Optical imaging and IR
thermography

Convolutional Neural Network (CNN) Detection of embedded defects (e.g.,
point and line defects)

Surface and subsurface defect detection
through optical and thermal profiling

[332]

Image-based quality inspection Neural Network (NN), Support Vector
Machine (SVM), Gradient Boosted
Classifier (GBC)

Layer-wise quality monitoring Gradient Boosted Classifier (GBC) achieved
highest accuracy; addressed lighting and image
quality issues

[333]

Supervised Machine learning
surface defect detection

Ensemble Learning, Support Vector
Machine (SVM), k-Nearest Neighbors
(KNN), Random Forest (RF), Decision
Tree (DT), Naive Bayes (NB)

Surface fault detection Combined AlexNet with SVM to achieve 99.7 %
accuracy for anomaly monitoring

[334]

Deep learning for delamination and
warping

Convolutional Neural Network (CNN) Detection of structural failures Achieved 97.8 % validation and 91.0 % testing
accuracy in detecting delamination

[335]

ChatGPT-assisted optimization for
FDM

Chat Generative Pre-trained
Transformer (ChatGPT)

Code debugging, optimization of
printing parameters, and
autonomous G-code generation

Enabled structured and context-sensitive
problem-solving (e.g., warping, bed
detachment, stringing); improved G-code
outputs by correlating filament properties with
optimal settings.

[316]

Text-to-3D printable structure
generation

Natural Language Processing (NLP)
combined with Vector-Quantized
Generative Adversarial Network (VQ-
GAN)

Automated design of complex 3D
printable architectures from text
prompt

Assigned weighted significance to keywords;
generated mirrored 2D patterns stacked into 3D
periodic structures, enabling rapid prototyping
of architected and bioinspired materials

[321]

Prediction and optimization of
mechanical performance (tensile
strength, stiffness) in FDM using
recycled PLA

Random Forest, Gradient Boosting
Regression, ANN

Experimental dataset including layer
thickness, infill density, annealing
conditions, and mechanical test
results of recycled PLA

Predicting optimal parameter selection
enabling recycled PLA to reach performance
comparable to virgin material

[327]

Real-time monitoring and
classification of recycled filament
quality (diameter, surface
defects) during recyclebots
extrusion

Statistical learning, anomaly detection
models, potential CNNs for surface
feature analysis

Continuous sensor stream from
open-source filament diameter and
surface irregularity monitoring
system

Quality classification (acceptable vs. defective)
of recycled filament; real-time correction
signals for extrusion motors

[328]

Modeling degradation trajectories
of recycled polymers across
multiple reuse cycles

Regression models, ANN, degradation-
trajectory learning models

Mechanical tests, rheology,
crystallinity, SEM analysis,
extrusion history across multiple
cycles

Prediction of remaining useful life, optimal
blending ratios of recycled and virgin polymer

[329]
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mechanical performance of scaffolds intended for bone regeneration.
Bioactive filaments are often used as drug-delivery or tissue-engineering
scaffolds that release growth factors or antimicrobial agents over time
[77]. When bioactive filaments are used for environmental applications
(e.g., bioremediation or eco-friendly product manufacturing), the pro-
cess must account for the material's environmental exposure and sus-
tainability [284]. Apart from printing concerns, bioactive compounds
from biowastes pose challenges in their segregation and processing to
obtain the desired compounds [304]. Therefore, optimizing processing
parameters could effectively improve biomass utilization, thereby
reducing costs and energy consumption.

Considering all these issues is key. The intent to pursue research in
the field of bioactive materials/filaments is strongly driven by the
proper selection of the functional element to be considered, hopefully
leveraging biomass waste where possible, the proper polymeric matrix
(potentially obtained from recycling), and the adequate optimization of
both the materials’ manufacturing and printing phases. In addition, the
recyclability of the 3D-printed artifacts manufactured with these fila-
ments and their reuse are additional topics of investigation.

4. How Artificial Intelligence is contributing to material and
process innovation in FDM

This last Section is dedicated to deepening the role AI and generative
AI (GenAI) models can play in supporting efficient and novel plastic
upcycling strategies through MEX, with a summary of available studies
relevant to this target provided in Table 3.

These models can help address the need for more advanced controls
and process optimization, which are fundamental aspects of
manufacturing [305]. And since processing and printing parameters
depend on the materials used, the search for novel compositions should
go hand in hand with the development of process optimization strategies
[306]. Besides, AI is emerging as a powerful enabler not only for opti-
mizing print quality but also for helping reconcile sustainability with
performance, enabling the recycling and reuse of polymer feedstocks to
support a more circular economy. All these considerations are discussed
as follows.

AI is already providing techniques and strategies for exploring and
developing novel functional materials [307–310] while Generative AI is
supporting not only material innovation but also process optimization,
and precision in AM [311–314]. Through Natural Language Processing
(NLP) and LLMs, researchers can analyze vast datasets to design new
materials with tailored characteristics, reducing effort. LLMs can also
help predict the printing performance of materials under specific con-
ditions, ensuring suitability for the intended application [315–317].
These capabilities can be highly instrumental for MEX workflows
focused on upcycling targets.

Indeed, conventionally, MEX and, especially, FDM tend to face
numerous printing challenges [318,319], which lead to inconsistent
layer deposition, warping due to thermal inconsistencies, material
wastage, and limitations in achieving the desired accuracy for complex
geometries. With novel and unconventional composite blends, these
challenges can be even more exacerbated. Open issues related to
ensuring proper layer adhesion and surface quality remain the least
well-solved, even though ongoing research and technological improve-
ments are progressively addressing them [275]. Even minor fluctuations
in environmental conditions, such as humidity or temperature, can
affect print quality, leading to failures or defects that require time-
consuming rework. In that case, real-time data monitoring and pro-
cessing, supported by AI, could prevent inconsistencies, save time, and,
in turn, money [320].

For example, Badini et al. [316] investigated the application of Chat
Generative Pre-trained Transformer (ChatGPT) in AM workflows,
focusing on code manipulation, debugging, and tuning of printing pa-
rameters. The study [316] highlighted ChatGPT’s potential to address
common 3D printing challenges, such as warping, bed detachment, and

stringing, by providing hierarchical, logically organized responses
[316]. Considering this possibility, one could also fine-tune printing
parameters for various filament types by correlating their mechanical
properties with the appropriate printing settings. The authors trained
ChatGPT on non-optimized G-code data to generate improved, problem-
avoidant G-code outputs and evaluated the model’s capacity to auton-
omously handle advanced technical tasks by prompting it to generate a
fully optimized G-code from scratch [316].

In another study, Hsu et al. [321] developed a method to convert
human-readable text into 3D printable material by combining natural
language processing with a vector-quantized GAN. From a single text
input, a 2D image is generated, mirrored, and stacked to form a 3D
periodic structure, which is converted into a printable geometry. This
approach [321] supports rapid prototyping and iterative design by
translating abstract concepts into manufacturable digital models. It is
particularly effective for streamlining the development of architected
and bioinspired materials, enabling the creation of complex, multi-scale
unit cells at reduced computational cost [321].

A study by Elbadawi et al. [322] explores the potential of conditional
generative adversarial networks (cGANs) for generating novel, realistic
material compositions. Working on optimizing FDM printing parameters
and their effect on tensile strength, Wei et al. [323] reported that
increasing the infill density reduces air gaps, ultimately contributing to
enhancing tensile strength. They developed a model that predicts the
tensile strength of FDM-printed specimens. Veeman et al. [324]
employed linear regression, decision tree, random forest, and AdaBoost
as machine learning models to optimize printing parameters such as
infill density, layer thickness, print orientation, and raster orientation
and predict hardness to understand its relationship to real-time data for
the hardness values; they found the random forest model to produce
efficient outcomes resulting in enhanced hardness. To understand the
effect of printing parameters on the surface quality of FDM printed parts,
Zhu et al. [325] utilized a combination of Transfer Learning (TL)-based
Feature Extractor (FE) and Gradient-Boosting Decision Trees (GBDT).
Brion et al. [326] developed a combined approach that includes deep
learning, computer vision, and expert heuristics for auto-correction to
prevent warping issues during printing.

A recent study demonstrates that ML can also forecast how process
variables such as layer thickness, infill density, and post-print annealing
affect the tensile strength and stiffness of parts made from recycled PLA,
identifying optimal settings that bring the performance of recycled PLA
close to that of virgin material [327]. This predictive capability could be
transformative, as AI models of the interplay between printing param-
eters and material behavior help bridge the performance gap between
recycled and virgin polymers.

Besides, recycling is also about preserving and guaranteeing feed-
stock quality. Distributed recycling systems, often built around small-
scale “recyclebots”, face a persistent challenge: the recycled filament
can vary widely in diameter, surface smoothness, or even micro-defects,
depending on feedstock contamination or process drift. Here, AI and
data-driven analytics can help in treating data extracted from sensors.
For instance, an open-source 3D filament-diameter sensor has been
developed, capable of tracking diameter fluctuations and spool-wise
surface irregularities during re-extrusion of recycled materials [328].
As this sensor streams data over time, ML algorithms could analyze the
patterns, detect deviations, and classify filament quality. This might
mean separating spools suitable for high-performance applications from
those with defects, or that could be used in less-critical applications, or
triggering real-time motor adjustments to correct filament extrusion.

Moreover, the benefits of AI go further when multiple reuse cycles of
polymeric materials are involved. Indeed, every time a recycled filament
is printed, tested, and potentially reprocessed, degradation accumulates
since molecular chains break, crystallinity may change, and mechanical
properties shift. By collecting data across such cycles (i.e., mechanical
test results, rheology, crystallography, scanning electron microscopy,
sensor-derived filament history), AI models can learn degradation
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trajectories [329]. These systems could predict the remaining useful life
of a spool, propose optimal blending strategies (i.e., mixing aged recy-
cled filament with virgin polymer), or suggest process parameter ad-
justments (e.g., reducing print speed, increasing nozzle temperature,
increase extrusion multiplier, decrease retraction distance) to mitigate
performance loss, moving towards the creation of intelligent
manufacturing systems that are capable of self-learning.

Ultimately, researchers need to investigate how to improve the
interpretability of AI models and give operators easily usable, practical
insights. Additionally, as recently highlighted by Pugliese et al. [309], a
relevant but often overlooked challenge in integrating AI into AM and
materials science is its environmental impact. Training GenAI systems
requires vast computational resources, resulting in energy consumption
and carbon emissions that far exceed those of conventional data center
operations [309]. This impact conflicts with the sustainability and effi-
ciency goals that AM aims to pursue. Addressing this paradox requires
actions at multiple levels, from prioritizing energy-efficient algorithms
and promoting green data centers powered by renewable energy to
designing architectures that minimize computational overhead.
Comprehensive lifecycle assessments of AI-assisted AM, from model
training through production to end use, are therefore also fundamental
to ensuring that technological advancements in AI align with environ-
mental sustainability targets.

Collectively, these works (see also Table 3) underscore the growing
role of AI in FDM and more generally in MEX, emphasizing its potential
to enhance reliability, build user trust, and enable more effective
human–AI collaboration.

5. Conclusions

This study has examined the upcycling potential of theMEX process –
focusing specifically on FDM and FGF – as a potential contributor to-
wards more circular, resource-efficient manufacturing. These AM tech-
niques are driving relevant scientific developments in material
innovations and process optimization, serving as fundamental building
blocks for establishing effective circular chains. By analyzing the evo-
lution of MEX technologies, advances in filament fabrication, the valo-
rization of plastic and biomass waste, and the emerging role of AI, a
broader picture of how extrusion-based AM can contribute to circularity
is provided.

The study highlights how the affordability, flexibility, and continual
technological refinement of FDM-related technologies have stimulated
rapid innovation in material development, including biodegradable
polymers, waste-derived composites, and, more recently, bioactive and
bio-functional filaments. The expansion of desktop filament extruders
and the parallel development of pellet-based FGF systems have opened
new opportunities for experimenting with recycled polymers and het-
erogeneous waste streams, enabling both material upcycling and
reduced reliance on virgin feedstocks. The design freedom enabled by
AM is also key to envisioning new products that can further valorize
these efforts.

In parallel, examples of biomass-derived fillers and bioactive com-
pounds illustrate how agricultural and food-processing waste can be
transformed into functional additives, reducing plastic use while offer-
ing mechanical, chemical, or therapeutic benefits. This area remains the
least explored in research, whose harnessing could lead to functional 3D-
printable materials for low-cost solutions in the health sector and help
reduce biomass disposal, a major environmental issue. However, it also
poses new challenges, including potential declines in mechanical
strength and variability in the 3D printing process, which require opti-
mized parameters, surface finishing, and cost-effective waste segrega-
tion and processing.

At the same time, the integration of AI andML into MEXworkflows is
accelerating progress in material discovery, print-parameter optimiza-
tion, defect detection, and prediction of recycled-material performance.
These tools are increasingly capable of mitigating the inherent

variability of recycled feedstocks, improving print reliability, and sup-
porting distributed recycling ecosystems. As such, AI does not simply
optimize performance, but it becomes a strategic ally in reconciling
sustainability targets with manufacturability and quality.

However, several limitations remain. Despite the variety of examples
discussed, the analysis in this review is intentionally restricted to MEX
(in particular, FDM, FGF, and other MEX variants). Other AM ap-
proaches (and related materials), such as vat photopolymerization,
powder-bed fusion, or direct ink writing, also contribute to sustainable
materials research and waste valorization [336–338], but they fall
outside the scope of this study.

Moreover, other key technical barriers persist. Recycled polymers
often exhibit variability and degraded mechanical performance;
biomass fillers may compromise printability or consistency; bioactive
compounds require strict thermal and process control; and biodegrad-
able polymers do not always degrade efficiently in real-world condi-
tions. Furthermore, FDM and FGF still face scalability limitations,
especially relative to conventional mass-manufacturing techniques, and
require more mature industrial frameworks to ensure consistent quality,
material traceability, and economically and environmentally sustain-
able recycling workflows.

Despite these challenges, the evidence reviewed suggests that MEX
has significant potential to support more sustainable production models
when combined with informed material design, responsible process
optimization, and AI-enabled decision-making. Hence, this study high-
lights that, despite the numerous studies already available, the research
landscape appears to be full of still-unexplored challenges and oppor-
tunities to enhance the upcycling potential of MEX and strengthen the
role of AM in the circular economy paradigm, but the potential is there.
Continued interdisciplinary research – spanning materials science,
biotechnology, process engineering, AI, and product design – will be
crucial for unlocking this potential by envisioning and developing novel
applications that promote MEX as a credible pathway toward a more
circular and eco-efficient manufacturing ecosystem.
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R. Tinè, G. Vozzi, C. Duce, Valorization of not soluble byproducts deriving from
green keratin extraction from poultry feathers as filler for biocomposites,
J. Therm. Anal. Calorim. 147 (2022) 5377–5390, https://doi.org/10.1007/
s10973-021-11166-7.

[151] C. Sciancalepore, E. Togliatti, M. Marozzi, F.M.A. Rizzi, D. Pugliese, A. Cavazza,
O. Pitirollo, M. Grimaldi, D. Milanese, Flexible PBAT-Based Composite Filaments
for Tunable FDM 3D Printing, ACS Appl. Bio Mater. 5 (2022) 3219–3229, https://
doi.org/10.1021/acsabm.2c00203.

[152] S. Kumar, N. Chatterjee, S.K. Misra, Suitably Incorporated Hydrophobic, Redox-
active Drug in Poly Lactic Acid-Graphene Nanoplatelet Composite Generates 3D-
printed Medicinal Patch for Electrostimulatory Therapeutics, Langmuir 40 (2024)
11858–11872, https://doi.org/10.1021/acs.langmuir.3c03338.

[153] B. Ghezzi, B. Matera, M. Meglioli, F. Rossi, D. Duraccio, M.G. Faga, A. Zappettini,
G.M. Macaluso, S. Lumetti, Composite PCL Scaffold with 70% β-TCP as Suitable
Structure for Bone Replacement, Int. Dent. J. 74 (2024) 1220–1232, https://doi.
org/10.1016/j.identj.2024.02.013.

[154] I. Galarreta-Rodriguez, A. Lopez-Ortega, E. Garayo, J.J. Beato-López, P. La Roca,
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M. Khezri, S.K. Löschke, Q. Li, A.M. Paradowska, Recycled aluminium feedstock
in metal additive manufacturing: a state of the art review, Heliyon 10 (2024),
https://doi.org/10.1016/j.heliyon.2024.e27243.
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