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As one of the fastest-growing additive manufacturing (AM) technologies, fused deposition modelling (FDM) shows
great potential in printing natural fibre-reinforced composites (NFRC). However, several challenges, such as low
mechanical properties and difficulty in printing, need to be overcome. Therefore, the effort to improve the NFRC for

use in AM has been accelerating in recent years.
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| 1. Introduction

In recent years, the scientific and industrial communities have begun to acknowledge the need for environmentally
friendly processes, materials and waste management. As environmental awareness is on the rise, product
designers and engineers recognise the impacts of their decisions to use non-renewable resources or non-
biodegradable resources. The trend in the industry has begun to shift from using conventional plastics, which are
mostly non-biodegradable, to using bio-composites which depend on the polymer matrix that can be biodegradable
or carbon neutral. This is primarily due to the great impact of synthetic polymers towards the environment. As part
of the efforts to increase the recycling of plastics and reduce its production, researchers have developed natural
fibre-reinforced composites (NFRC). These composites are polymers mixed with natural fibres, such as hemp, jute,
rice stalk, kenaf and rice husk. The result is a material that has far superior mechanical properties and reduced
cost, depending on the type of polymer matrix or even biodegradable [X. NFRCs are gaining popularity mainly due
to their high strength to weight ratio, and thus they can be 25% to 30% stronger than glass fibre composites of the
same weight [2. Because of its various benefits, the global use of NFRCs is starting to grow rapidly. In recent
reports, the NFRC market value in 2016 was 4.46 billion USD and is forecasted to grow with a compound annual
growth rate of 11.8% from 2016 to 2024 [2. The use of NFRCs is mainly to produce housing decks and railings but
has recently gained popularity in the automotive sectors with manufacturers producing car interiors from NFRCs.
Current processing techniques for NFRCs do not differ much from the processing of conventional plastics.
Techniques, such as extrusion, compression moulding and injection moulding are used to process and form
NFRCs just as they would be used for conventional plastics Bl. As mankind steps into the fourth industrial
revolution, the focus has shifted to interconnectivity, automation, machine learning and real-time data. The
digitalisation of the manufacturing industries is rising rapidly 4. There has been a rise in the need for rapid
prototyping and ability to produce customised parts quickly and at a low cost. Conventional methods of

manufacturing remove material from a large piece of stock, which is known as subtractive manufacturing. These
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processes are sometimes complicated and time-consuming for complex parts as many parameters need to be
considered, such as tool speed, draft angles and tooling types. Even with computer numerical control (CNC)
technology, the cost of producing a one-off part with CNC is much higher than using additive manufacturing (AM)
techniques. Therefore, researchers have identified AM as one of the more essential components in the rise of the
fourth industrial revolution . Almost all of the AM technologies operate based on the same principle, whereby a
part is produced through the deposition of material layer by layer. The part starts as a computer-aided design
(CAD) model, which is then loaded into the special software known as a slicer. The slicer slices the CAD model into
the desired layer height and produces the code to control the printer for each layer. Currently, AM technology is
more widely used for polymers. However, although rare, there are commercially available machines that can
perform additive manufacturing on metal 8. As AM technology gains popularity amongst researchers and the
industrial sector, there have been efforts to utilise NFRCs in AM. One of the most predominant and popular
techniques for AM is fused deposition modelling or sometimes known as fused filament fabrication [, whereby a

polymer filament is extruded through a heated nozzle while the printer traces out the cross-section of each layer.

The use of NFRCs in AM is still a relatively unexplored field as literature on this topic is limited. However, the ability
to use NFRCs in AM proves to be beneficial as it can greatly speed up the prototyping process when working with
NFRCs. As compared to conventional processes like the injection moulding, a mould needs to be produced before
the prototype can be tested. These processes are costly and limit the number of prototypes that can be produced.
If NFRCs can be used in AM reliably, the prototyping process can be significantly hasten and at a much lower cost.

Furthermore, because there is no need for a mould, more iterations of a product can be tested.

Therefore, the target of this review is to provide a background of the current state of using NFRCs in AM. The
review aims to provide an insight into how NFRCs are currently used for AM. The parameters of all stages,
involving from raw materials to the final printing process are discussed to provide readers with an insight into what
is involved and what affects the properties of a NFRC for use in AM. First, an overview of the currently available
AM technologies and works which utilise NFRCs in AM is provided. Next, preparation methods and parameters
involved in producing the NFRCs are discussed, followed by the process of producing the filament for use in AM.
Printing parameters involved and how they affect the mechanical performance of the composite are discussed in
the following sections. Finally, the mechanical properties reported by various researchers who use NFRCs in AM
are discussed, followed by an overview of how optimisation methods are employed to optimise the mechanical

properties of these composites.

| 2. Additive Manufacturing Technologies

Additive manufacturing, commonly referred to as 3D printing is the process of fabricating three-dimensional solid
objects from a digital machine. The object is typically created by depositing materials layer by layer until the overall
object is fabricated successfully. 3D printing is getting more popular as compared to conventional machining
techniques, such as milling, drilling, cutting, etc. AM technology is superior to conventional techniques when the
object complexity increases. A few technologies that are generally used in 3D printing include fused deposition

modelling (FDM), whereby a polymer material is extruded layer by layer to form a 3D object. In stereolithography
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(SLA), a photosensitive resin is hardened by a UV projector layer by layer. Meanwhile, in selective laser sintering
(SLS), a laser sinters polymer or metal powder on a powder bed and forms each layer. Direct write (DW), which is
very similar to FDM but does not involve material heating, is directly extruded. This technique is usually used for
clay or concrete. Lastly, binder jetting (BJ) is very similar to SLS but instead of laser sintering a binder is injected
onto a powder bed to form each layer 8. FDM-based 3D printing is a popular additive manufacturing technology
that is widely used, with thermoplastic materials which have a melting point of lower than 300 °C. For the printing
process, the feeder, which is commonly known as a filament, is fed into the 3D printer, whereby the polymer
filament is melted and extruded from a temperature-controlled nozzle, also known as the extrusion head, onto a
build platform. Depending on the type of polymer, the build platform can be heated or left as it is. The object is
created by the layering of thermoplastic at a certain degree of accuracy, whereby either the nozzle or build platform
moves in the x-axis, y-axis and z-axis. Type of thermoplastics material that works in the process of FDM includes

acrylonitrile butadiene styrene (ABS), polylactide acid (PLA) and high-density polyethylene (HDPE).

However, there are few significant drawbacks of FDM as compared to stereolithography (SLA) and selective laser
sintering (SLS), as well as similar standard processing methods (e.g., injection moulding). The quality and
mechanical properties of the printed product are not as good, mainly due to the layering technique in printing which
adds more points of contact/failure, and the inevitable presence of voids. Furthermore, the mechanical properties
of 3D-printed objects are anisotropic and highly dependent on the processing parameters . On the other hand,
the small nozzle size of this technology could have a drawback on printing composites like NFRCs because the
fibres exist as small particles in a polymer matrix. Moreover, it is not always possible to produce a homogenous mix
of polymer and natural fibre matrices, whereby agglomeration might occur in the filament which will clog the nozzle.
This phenomenon is shown in Petchwattana [ studies, in which a modified PLA/Teak wood flour composite
filament was produced and the specimen with 125-um particles clogged the printer nozzle. Figure 1 shows the
composite filament for both 74 pym and 125 pm teak wood flour filler. The SEM micrograph of the modified
PLA/Teak wood flour composite filament is shown in Figure 2, whereby good interfacial adhesion can be seen.

Nevertheless, due to the large particle size the specimen with 125-um particles still clogged the printer nozzle.

(a) (b)
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Figure 1. PLA/teak wood flour (TWF) composite filament of (a) 74-um TWF (b) 125-um TWF & Licensed under

Creative Commons Attribution 4.0 International License.
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Figure 2. SEM micrograph of modified PLA/TWF composite filament of (a) 74-um TWF (b) 125-um TWF &

Licensed under Creative Commons Attribution 4.0 International License.

2.1. Thermoplastics for Additive Manufacturing

Thermoplastics polymers are plastics that return to the solid state upon cooling after being moulded above the
threshold temperature 19, In terms of choosing a suitable polymeric matrix material, thermoplastics are the most
compelling choice. This is due to its various advantages, such as low moisture absorption, mechanical properties
and infinite shelf life 11, Jow cost 12 better design flexibility and simple processing technique 22, Moreover,
thermoplastics tend to stay attached during the 3D-printing process 4!, Polymeric matrices can be categorised into
non-biodegradable and biodegradable polymers. A variety of standard thermoplastics that are suitable and
generally referred to as ‘plastics’ include acrylonitrile butadiene styrene (ABS), polylactide acid (PLA),
polypropylene (PP) and polyethylene (PE) 13, However, in terms of additive manufacturing, only polymers with
working temperatures of below 300 °C are suitable, as FDM printing temperature is around 300 °C 18 The
comparison of melting temperatures of some common thermoplastics is shown in Table 1. As seen in Table 1, all
common thermoplastics have a melting temperatures below 300 °C, which indicate the suitability of these

thermoplastics to be utilised in FDM 3D printing.

Table 1. Melting temperature of different thermoplastic.

Thermoplastic Melting Temperature (°C) Ref.
Polypropylene (PP) 150-160 [L7][18][19]
Low density polyethylene (LDPE) 105-115 (20]
High-density polyethylene (HDPE) 120-190 [15][20]
Polyethylene terephthalate (PET) 235-260 19
Acrylonitrile butadiene styrene (ABS) 190-250 (15][21]
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Thermoplastic Melting Temperature (°C) Ref.
Polylactic Acid (PLA) 120-170 (L3

e ————————————_ v e
Nowadays, ABS-made applications in various industries can be found easily, with their wide range of
manufacturing methods, including injection moulding and filament for 3D printing 22, It comprises the combination
of acrylonite, butadiene and styrene monomers to form a single polymer with great mechanical performance 12!,
durability as well as ease to print . With stresses above their tensile strength, ABS has strong durability, but
elasticity modulus and hardness are higher. Meanwhile, PLA is one of the most popular thermoplastic polymers
because it is inexpensive with high modulus and strength 23, Its low melting point requires lesser energy in 3D
printing (241, Its renewability and biodegradability have made it popularly used in a wide range of applications in the
industry, especially in additive manufacturing. Besides, PLA does not emit any unwanted gases or unpleasant
smells during the process 23, Melnikova et al. 28] had successfully produced a flexible cloth with PLA by using
FDM technology. PLA had also been added with various compatibilizers or reinforcing agents to mainly enhance its

properties 27,

In another case, high-density polyethylene (HDPE) poses excellent mechanical properties, such as high stiffness
and melting point, as well as high compressive tensile strength that outperforms other polyethylenes (e.g., low
density polyethylene) L3(28129] |t has a high strength-to-density ratio as compared to another thermoplastic. With
its advantages, such as watertight, lightweight yet strong, recyclable and FDA approved, it has become one of the
ubiquitous plastics used in different applications and commercial products. Schirmeister et al. B2 reported the
success of printing HDPE by FDM technology with similar mechanical properties as compared to the injection-
moulded HDPE, without significant warpage and void formation. HDPE is also a reusable thermoplastic polymer,
unlike thermoset polymers 31, Moreover, HDPE is easy to transform into new material through recycling. Recycling
plastics could cause a significant impact on the environment, leading to more sustainability. Regardless, a recycled
high-density polyethylene (rHDPE) still possess its unique characteristics even as a recycled material, such as
chemical resistance, moderate tensile and impact strength, as well as excellent abrasion-resistant properties 22,
Even though research on rHDPE for additive manufacturing is scarce, the availability of HDPE waste had
encouraged efforts to use recycled materials for more beneficial use, such that recycled HDPE from milk jugs were
adapted to 3D printing in various recycling projects . Baechler et al. 23! also reported the success of using the
extruded recycled HDPE polymer to produce increasing successful parts with the 3D printer. Moreover, Angatkina
84 reported that rHDPE is suitable for 3D printing without any significant differences in mechanical properties as

compared to the pure HDPE polymer.
2.2. Natural Fibre-Reinforced Composites in Additive Manufacturing

Natural fibres (NF) are known as hair-like raw material that is obtained from animals, plants or mineral sources.
The main difference between animal and plant fibre is that animal fibre is mainly made out of protein, whereas
plant fibres are composed of cellulose. Examples of natural fibre that is derived from plants include rice husk,
wheat, hemp, bamboo and cotton. Thiranan Kunanopparat et al. 34 reported that the mechanical properties of
wheat composites were less sensitive to thermal treatment when the fibre content was increased. The processing

temperature was reported to be an important parameter that affected the physical adhesion, whereby this physical
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adhesion played a big role in the mechanical properties of the composites. Chen et al. B reported that bamboo
fibres have much lower volumes of fracture behaviours, high proportions of fibre dissociations and matrix failure
due to its hierarchical fibrous woven structure. On the other hand, Sueli Aparecida de Oliveira et al. 28 reported
that composites that have natural cotton fibres as fillers exhibited a reduced environmental impact as compared
exclusively to PLA or PLA/thermoplastic starch (TPS)-based thermoplastics. Moreover, the natural cotton fibre
composites had a better overall performance, under the eco-efficiency perspective. V. Mazzanti et al. 37 reported
that the presence of even small amounts of hemp fibres accelerates PLA degradation to an extent similar to that of
residual water in non-dried pure PLA. A natural fibre that can be found abundantly and replenished in a predictable
period is known as renewable natural fibre. This NF is commonly used as a low-cost alternative to synthetic fibres
(e.g., nylon) mainly due to its biodegradability, cost-effectiveness, satisfactory mechanical properties and low
density (28], Natural fibre generally has low densities, ranging between 1.1 g/cm?® and 1.6 g/cm3, and thus result in
low weight &l Plant fibre generally contains 60-80% cellulose, 5-20% hemicellulose, while the rest constitutes
lignin, waxes, moisture (up to 20%) 2. Besides, the cellulose content or cellulose crystallinity is also a factor to be
considered when choosing a reinforcement for polymer. For example, bast fibre with 50-90% cellulose crystallinity
is utilised in various automotive components to achieve better mechanical properties of products in terms of
modulus, strength and stiffness 49, Moreover, rice husk natural fibre was introduced recently as reinforcement in
polymer to form NFRCs. Their high cellulose content would result in higher lignocelluloses fibre strength, which
could potentially improve the mechanical properties of composites . According to Rosa 11, rice husk can be
processed at a higher temperature as compared to wood due to its cellulose and lignin contents. Besides, with its
lignocelluloses properties, it represents a potentially valuable source of fibre which could be introduced as a filler or
direct substitute for wood 4. Since rice husk usually ends up in a landfill and has no other important commercial
interest, it is highly recommended to be used as reinforced fibres in composites. With the success of incorporating
rice husk with reinforced composites or substitute wood in various applications, it could eventually be beneficial in

terms of environmental impact, such as minimising deforestation.

Recently, natural fibres have been widely introduced as additives in additive manufacturing filaments 22, It is also
gaining popularity in various industrial sectors, such as construction, automotive, thermally insulating and sound-
absorbing materials 4344, Engineers are always searching for new materials as well as improving processes to
manufacture better products to achieve maximum efficiency, sustainability and simultaneously reduce waste.
Reinforcing thermoplastic polymer with natural fibres can cause certain peculiar issues. First, the lignocellulose in
natural fibre undergoes degradation during the process of constant high temperature of above 200 °C [43]146]
Therefore, the melting temperature had to be considered when choosing a suitable thermoplastic. Furthermore,
natural fibre drying is important before any processing to prevent the development of water vapour during mixing,
and avoid the hydrolysis of polymeric matrices 4448 NFRC is commonly produced through the process of
continuous extrusion and used in additive manufacturing. However, this had led to several challenges such as an
inhomogeneous mix between filler and polymer matrix [&, temperature control 42, as well as the creation of voids
during processing BYB  Eventually, these result issue, including nozzle clogging in a 3D printer 49 and
inconsistent mechanical performance. To improve the homogenous mixing between matrices and filler, additives

such as coupling agents &, chemical treatment 22531 and compatibilizer 24 are added to improve the interfacial
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bonding between the polymer matrices and filler. Besides, the effect of processing parameters and printing
parameters has not been explored deeply until recently. Table 2 shows the summarised literature investigated by
various researchers in NFRC filament and their respective treatments based on some common types of
thermoplastics. Each polymer, types of fibre, content percentage and presence of compatibilizer are detailed,
together with their respective references. In addition, additives, such as chemical treatments [B2[52I55]
compatibilizer 42 plasticiser BUB8 and toughening agent B4 performed on the composites are shown. For
instance, Nguyen B reported that toughening agent of nitrile rubber contributed considerably in terms of increased
mechanical performance. Stoof 22 suggested that layer adhesion, reduce in pore size, surface finish and the
mechanical performance of the composite can be improved with the addition of a plasticiser. Besides, it can be
seen that the fibre amount rarely exceeded 30 wt.%. Higher fibore amount eventually results in more complex
printing in the 3D printer such as a non-homogenous mixture of NFRC that could cause blockage at the nozzle 49,
as well as increase the melt viscosity, which requires higher power for extrusion. Moreover, lower polymeric

matrices could result in a more brittle filament as the polymer matrix that can wet the fibres decreases B,

Table 2. Natural fibre-reinforced composites filaments.

. Polymer ALl Chemical Toughening e A
Fibres . Content Plasticiser CompatibilizerReferences
Matrix oy Treatment  Agent
(wt.%)
Hardwood Nitrile
lignin + ABS 20-40 / / / 7]
. rubber
carbon fibres
Rice straw ABS 0-15 / / / / (501
Bamboo PLA 20 / / PEG 600 / (6]
Ester
Hemp PLA 0-30 Alkaline / / / (52]
Sugarcane PLA 3-15 Alkaline / / / (53]
cPLAL- [51]
Bamboo PLA 15 / / CPLA2 /
cPLAL-
[51]
Flax PLA 15 / / Y /
Hemp PP 10-30  Alkaline / / MAHg-PP 2 5
wt.%

| 3. Processing of Natural Fibres and Fabrication of Filament

3.1. Pre-Processing of Fibres
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Most plant-based natural fibres used for NFRCs are lignocellulosic, in which the major components of the fibres are
cellulose and lignin with small amounts of other constituents, such as pectin, wax and moisture, in which the
composition vary depending on the source of fibre. The main issue with these fibres is the incompatibility with the
polymer matrix when compounded together 8!, The natural fibre surface has a high concentration of hydroxyl (-
OH) groups which result in hydrophilicity, whereby the fibre surface attracts water. This coupled with the fact that
most polymer matrices used in compounding are hydrophobic or repels water, raise an issue of compatibility
between fibres and polymer matrix. The impacts of this incompatibility are significant. First, weak bonding at the
fibre/polymer interface can negatively impact the mechanical properties of the composite. Fibre composites which
exhibit debonding have been reported in the absence of any fibre treatment or coupling agent by Panthapulakkal et
al. B8 The debonding behaviour, which significantly reduced the mechanical properties of composite and load
transfer between the matrix and fibres, is poor. Furthermore, with poor compatibility of the fibres and polymer
matrix, it is harder to produce a homogenous mix. The fibres would often agglomerate and form lumps in the
polymer matrix B2, The issue of agglomeration not only affects the mechanical properties of composite, but also
causes issues during the fabrication of feedstock for AM because clogging occurs very frequently. Therefore, there
has been extensive research on fibre/polymer compatibility. Various methods of pre-processing to fibre were tested
and proven to be effective [81 Most methods were under two categories (i) modification of the fibre surface and

(i) modification of polymer matrix.

Surface treatment of fibre aims to cut down on the hydrophilicity of the fibre; hence, improve interfacial bonding
between fibre and polymer matrix. This process can also make the fibre surface rougher to improve adhesion.
Many methods are employed to achieve surface modification of the fibres and the methods can be further
categorised as physical, chemical and mechanical surface modifications. Of the three categories, the simplest
method is mechanical surface treatment 62, The fibres are rolled or swaged to create a coarse surface to improve
adhesion. These methods are usually not as popular due to the cost-effectiveness and their effect on the fibres.

Therefore, most fibres pre-processing involves chemical processes.

The main purpose of a chemical process to treat the fibre is to reduce the number of hydroxyl groups on the
surface, and consequently the hydrophilicity. Other processes can reduce the hydrophilicity of the fibre at one end
and form chemical bonds with the polymer matrix at the other end. There are a host of chemical processes
currently used to treat fibres for compounding such as silanisation, dewaxing, treatment with isocyanates and
alkalisation [83l. Depending on the types of fibre and the polymers used, the chemical treatments can vary. Out of
all methods listed above, the most popular surface treatment would be alkaline treatments 62, This is primarily due
to its cost-effectiveness. The main mechanism behind alkaline treatments is the removal of fibre constituents that
prevents bonding with the polymer matrix, which include pectin, oils, lignin, wax and hemicellulose which is weaker
than cellulose. After the removal of these constituents, it is observed that the surface of fibres is rougher and with
some improvements to the mechanical properties of the composite as reported by Rajendran Royan et al. 64,
However, the success and effectiveness of this treatment, depend on the concentration of the alkaline, treatment
time, type of alkaline and temperature. Researchers reported different values and performances for the composite
due to a change in the alkaline treatment parameters 831, As for the physical treatment of the fibres, these involve

processes such as heat treatment, gamma-ray irradiation, corona discharge, electron beam treatment and UV
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ozone treatment BA68I67] These processes can also reduce the hydroxyl groups and increase adhesion. In the
case of UV/O3 treatments, there might also be an increase in active groups on the surface of the treated fibre,

further promoting chemical bonding to the matrix 4],

Despite the effectiveness of surface treatment to the fibres, these methods are usually coupled with compatibilizing
agents to further improve adhesion to the fibre 4], This is the second type of pre-processing which involves the
modification of polymer matrix. This process works by modifying the chemical composition of polymer matrix to
promote better adhesion. One of the most popular compatibilizing agents that is widely used by many researchers
is maleic anhydride (MA). MA is often grated with a specific type of polymers, such as PP or HDPE and mixed with
the composite. The result of this addition is an interaction between the MAPP/MAPE and the hydroxyl groups on
the fibre, which in turn improves adhesion. This method is widely used due to the improvements in the performance
composite. Researchers have reported significant increases in mechanical properties when using compatibilizing
agents such as (MAPP/MAPE) [68],

3.2. Fabrication of Filament

The current method of producing NFRC filaments for the AM process is similar to that of conventional filaments.
However, the composite preparation plays an important role in the mechanical properties of composite. Processes
such as sieving the fibres, drying and mixing methods have a direct impact on properties and usability of the final
filament. The preparation of the composites affects how RH interacts with the polymer matrix and ultimately affects
how the composite handles loads. These processes such as drying and surface treatment ensure that there is
good bonding between the fibre and polymer matrix. Furthermore, pre-mixing ensures a homogeneous mix,
resulting in a stronger material. Therefore, this section first discusses the current approaches in producing the
composites before methods of producing the filament are discussed. The first step in preparing the NFRC is to
sieve the fibre powder . For NFRCs to be used in AM, especially in the FDM process, the particle size of fibres
has to be as small as possible to avoid clogging at the printer nozzle. Therefore, depending on the source of fibres,
the powder is sometimes sieved to ensure no large particles are mixed in with the composite. This is an essential
step as later it directly affects the quality of filament. Petchwattana et al. [ reported that in a teak wood flour/PLA
composite, the composites produced with 125-um particle size were not able to print successfully due to clogging
and only those composites produced with 75 pum particle size were printed without issue. The next step is to dry the
materials. This is a very common step that is reported in almost all papers for preparing NFRC. The raw materials
are oven dried for a set period or until the moisture content falls below a certain level A2 The main reason
for this is to eliminate any form of moisture in the fibres or polymer granules. The presence of moisture in the
materials could negatively impact the downstream processes such as extrusion. If the mixture has high moisture
content during extrusion or hot mixing, the evaporation of water might create gas bubbles in the polymer matrix and
thus voids. This will not only affect the mechanical properties of composite but also its porosity. It is a well-known
fact that NFRCs are susceptible to moisture and can swell or even break if the amount of moisture uptake is
sufficient. Chen et al. L% reported a significant increase in porosity of composites as the fibre loading increased.
Therefore, it is important to ensure that moisture is minimum during the preparation of filament to decrease

porosity.
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After the polymer and fibres are well prepared, the polymer matrix and fibre are mixed. Various methods of mixing
were reported amongst researchers from first dry mixing and then melt mixing to directly extruding the filament [
(73174 However, from the literature reviewed, most mixing procedures follow a similar pattern. The polymer
granules, fibre powder and compatibilizing agent are first to dry, and then mixed either by a dry mixer or by hand
before being mixed in a dual screw extruder B3 \When compared to single-screw extruders, twin-screw
extruders perform significantly better when compounding is required. Many industrial applications of extrusion
which involve mixing and compounding plastics to either pigments or fillers utilise twin-screw extruders due to their
much better compounding ability /8. Because of this, many researchers utilise a twin-screw extruder for melt
mixing the composite. The extrudate is then granulated and put through the extrusion machine again to ensure a
homogeneous mix. After a homogenous mix is produced, the filament is simply produced by running the composite
granules through an extrusion machine and forcing the melted composite through a die of desired diameter. For
FDM processes the feeder is usually a 1.75-mm or 2.85-mm diameter filament. The diameter of this filament must
stay constant or without large variations as FDM printers rely on software that assumes a constant diameter of
filament. Filaments that are too small or large cause under/over extrusion, respectively, thus affecting the quality of
the printed specimen L. Despite this, there is currently limited literature on how researchers ensure dimensional
consistency when extruding the filament. There has been a limited amount of current research into the area of
utilising NFRC for AM processes, more specifically the FDM process. This proves that there is still much room for

research exploration in this area.
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