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Abstract: Fused Deposition Modeling (FDM) is an additive manufacturing technology that has
emerged as a promising technique for fabricating 3D printed polymers. It has gained attention
recently due to its ease of use, efficiency, low cost, and safety. However, 3D-printed FDM components
lack sufficient strength compared to those made using conventional manufacturing methods. This
low strength can be mainly attributed to high porosity and low sinterability of layers and then to the
characteristics of the polymer used in the FDM process or the FDM process itself. Regarding polymer
characteristics, there are two main types of reinforcing fibers: discontinuous (short) and continuous.
Continuous-fiber reinforced composites are becoming popular in various industries due to their
excellent mechanical properties. Since continuous reinforcing fibers have a more positive effect on
increasing the strength of printed parts, this article focuses primarily on continuous long fibers. In
addition to polymer characteristics, different mechanisms have been developed and introduced to
address the issue of insufficient strength in 3D-printed FDM parts. This article comprehensively
explains two main FDM mechanisms: in-situ fusion and ex-situ prepreg. It also provides relevant
examples of these mechanisms using different reinforcing elements. Additionally, some other less
frequently utilized mechanisms are discussed. Each mechanism has its own advantages and disad-
vantages, indicating that further development and modification are needed to increase the strength
of 3D-printed FDM parts to be comparable to those produced using traditional methods.

Keywords: additive manufacturing; Fused Depositing Modeling (FDM); discontinuous and continuous

fibers; reinforcing fibers; mechanisms; in-situ fusion; ex-situ prepreg

1. Introduction

Additive manufacturing, also known as 3D printing or rapid prototyping, is a technique
used to manufacture physical components based on computer-aided design (CAD) models,
ranging from simple to complex. This is achieved through the layer-by-layer deposition of
material. Although this method is not new, its recent popularity among researchers, manufactur-
ers, and hobbyists can be attributed to its time and cost-effectiveness, minimal material waste,
reduced emissions, and ability to fabricate various industrial and medical equipment [1-5].
There are several 3D printing processes available, each suitable for different materials. These
include Stereolightography (SLA), the world’s first 3D printing innovation used for printing
photopolymers, as well as Selective Laser Sintering (SLS) for polymers, Selective Laser Melting
(SLM) and Direct Metal Deposition (DMD) for metals, and Fused Deposition Modeling (FDM)
for thermoplastics, among others [6-10]. FDM, one of the earliest 3D printing processes, has
become widely used for fabricating various functional components and prototypes using en-
gineering thermoplastics. This is because of its safety, durability, and efficiency [11-13]. The
process works by fabricating a 3D geometry layer by layer, depositing an extruded plastic
filament from a nozzle [14,15]. 3D printing filament is the thermoplastic feedstock used in FDM
3D printers. There are many types of filament available, each with different properties and
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coming in a range of diameters. Filaments consist of a continuous, slender plastic thread that is
spooled onto a reel [15].

As shown in Figure 1, the FDM process is simple. It begins by drawing a plastic filament
into a liquefier head using drive wheels and heating it until it reaches a semi-liquid state. The
process concludes by extruding the semi-liquid material through a nozzle and depositing it on a
platform to create a 3D object within a temperature-controlled chamber [16-18].

Filament Spool

Drive Wheels. .
\ «———— Filament

Extrusion Head

Heater
Extrusion Nozzle

Deposited Material

Figure 1. Schematic of a simple FDM process.

In addition to its functional and efficient application in prototyping, the simplicity
and lower cost of FDM’s raw materials have also attracted the attention of researchers and
manufacturers for use in other areas. These include developing new materials, biomedical
and tissue engineering applications, as well as tooling [14,19-21]. However, the pro-
cess has some shortcomings that limit its broader functional applications. For example,
FDM 3D-printed parts have weaker mechanical properties and are prone to delamination
between layers, leading to premature failure compared to parts made through traditional
plastic injection molding [22-24]. These weaknesses may be due to the low strength of the
filaments used and/or the FDM process itself [25-27]. Figure 2 summarizes the advantages
and disadvantages of the FDM process.

Advantages of the FDM Disadvantages of the FDM

process process
‘ | Simplicity and ease of use |:| Grainy surface finish

‘ | Ease of maintenance I:‘ Size of products limitation

L t
l:‘ ower cos I:‘ Shrinkage
l:‘ Less material waste l:| Low building speed

l:‘ Variety of build styles and patterns I:‘ Anisotropic properties of the product
Capability of building components with various and Less mechanical properties of the product in
complex geometries I:‘ comparison to other conventional fabrication

methods.

Figure 2. Advantages and disadvantages of the FDM process.
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3D-printed pure polymers often lack sufficient strength to be used as functional engineering
components. As a result, the broader applications of such materials are limited [28]. Therefore,
many researchers have recently made efforts to overcome the problem of poor mechanical
properties in FDM-printed thermoplastic composites and structural parts. One approach
is to add reinforcing elements or fibers (reinforcements) into the filaments [25,29]. These
reinforcing materials, mainly fibers, are developed to be added to the base polymer matrix
during 3D printing, resulting in the fabrication of 3D components with enhanced mechanical
behavior. These reinforcing materials can be divided into continuous and discontinuous (short)
fibers [30]. Continuous fibers have a long aspect ratio and generally have a preferred orientation,
while short fibers have a short aspect ratio and are produced with a random orientation [28,31].
Composites fabricated with continuous fibers exhibit higher strength than those with short
fibers, thanks to their orientation. Therefore, continuous fibers are now becoming more popular
than short fibers [32-34].

In addition to the strength of the used filament, which affects the mechanical behav-
ior of the resulting composite, the FDM process mechanism also impacts the strength
of the product. There are two main mechanisms used in FDM for continuous fiber rein-
forced composites, each with their own advantages and disadvantages. These include
the dual extruder mechanism or ex-situ prepreg method (which uses one nozzle for de-
positing neat polymer filament and another for printing continuous reinforced fiber), and
the in-situ fusion or simultaneous impregnation of dry fiber and matrix in the modified
nozzle during printing [6,35-38]. There are also other less frequently used mechanisms,
such as 3D compaction printing, which are modified and developed versions of the two
main mechanisms [18,28].

This review paper focuses on the mechanisms and reinforcing materials used in the
FDM process. Furthermore, since there have been many comprehensive studies conducted
on the FDM of short fibers, but the FDM of continuous fibers has not been extensively
studied yet and has the potential to bring higher strength to the composites, this review
article places more emphasis on continuous fibers.

2. FDM Filaments
2.1. Filaments Production and Reinforcing Process

Since filament is a vital part of FDM printing, it is important to understand the
production process of filament and how it is reinforced. The process of filament fabrication
can be broken down into four steps, starting with raw materials and ending with a spool.
The first step in filament production is manufacturing the plastic. Crude oil is heated in
an industrial furnace during refinement, separating its various components. Naphtha, a
key component in making plastics, is produced during this process. Naphtha, along with
catalysts and other chemical components, is combined in a polymerization reactor. The
resulting polymerized naphtha products are then compounded and processed by melting
and mixing them with other materials to create plastic. The plastic is then granulated into
small pieces known as pellets or resin. The second step involves preparing the pellets
for shaping. The pellets are placed in an industrial blender and mixed with additives to
create a consistent blend with specific properties. Additives can include colorants for color
or other materials to enhance properties like impact resistance, strength, and structural
integrity. Exotic filaments, such as wood filaments, are made by mixing special additives
like sawdust or wood particles with the plastic pellets. Once properly mixed, the pellets
undergo a drying phase to remove any absorbed moisture before moving on to the next
step. The third step is shaping the pellets into a string-like form through a process of
heating and cooling. The pellets are fed into a filament extruder with a heating chamber
where they are melted into a gooey substance for easy shaping. The melted pellets are then
shaped into a consistent, stranded material known as filament, which is extruded through
a nozzle and cooled in water chambers to solidify into its final shape. After cooling, the
filament is pulled through water chambers to achieve the desired diameter. The speed at
which the filament is pulled determines its diameter, with slower speeds resulting in larger
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diameters and faster speeds resulting in smaller diameters. Once the filament reaches the
correct diameter, it is spooled and measured before being cut and secured. This process
continues until the batch of filament is completed [39,40].

2.2. Filaments Types

There are various types of 3D printer filaments available. In this article, we will
discuss some of the most commonly used types, detailing their mechanical properties,
characteristics, advantages, and disadvantages.

2.2.1. Poly (Lactic Acid) (PLA)

PLA is a thermoplastic monomer derived from organic sources, unlike other 3D printer
filament types that are produced from petroleum products. PLA is known for being easy to
print and environmentally friendly. However, it is brittle and lacks UV resistance. PLA is
resistant to warping during printing and is not soluble in water, but it can be dissolved in
acetone, methyl ethyl ketone, or caustic soda. Additionally, PLA is considered food safe [41].

2.2.2. Acrylonitrile Butadiene Styrene (ABS)

ABS is a widely used engineering plastic and 3D printing filament type. It exhibits
excellent toughness and can withstand relatively high temperatures. Printing with ABS
requires high temperatures for both the hot end and the printer bed, as well as heated build
volumes for good results. However, all types of ABS tend to warp during printing, leading
to poor dimensional accuracy. Despite this, ABS has excellent resistance to wear and tear,
making it both tough and impact resistant. ABS is not soluble in water, but organic solvents
such as acetone, methyl ethyl ketone, and esters can dissolve it. ABS is also considered a
food-grade plastic [42,43].

2.2.3. Nylon

Nylon is a widely used engineering thermoplastic known for its excellent wear resis-
tance and durability. The most commonly used grade of nylon for 3D printer filaments
is PA 6. Nylon is both impact and wear-resistant, but it has a tendency to easily absorb
moisture and requires relatively high print temperatures of up to 265 °C. Due to the high
temperatures involved, nylon often warps during printing, making a heated enclosure
recommended. Nylon expands when exposed to water because of its hygroscopic nature,
and it can be dissolved by acetic acid and formic acid. There are food-safe grades of nylon
available as well [44,45].

2.2.4. Thermoplastic Polyurethane (TPU)

TPU is a flexible filament that is resistant to abrasion, grease, and oil. TPU boasts a
Shore Hardness of 95 and provides a clean, easy printing experience. TPU is a strong yet
bendable filament with excellent layer-to-layer bonding that prevents any layer separation.
This flexible filament is semi-transparent and has a rubber-like appearance. Compared
to other elastic filaments, TPU is one of the easiest to print, making it a favorite among
novice makers [46].

2.2.5. High-Impact Polystyrene (HIPS)

HIPS is a thermoplastic commonly used for pre-production machining prototypes.
It is also one of two 3D printing filament types used as a soluble support material, along
with ABS. HIPS shares similar properties with ABS, making it an ideal second extruder
material. However, it is important to note that HIPS emits harmful fumes during printing.
Despite this, HIPS is known for its excellent durability thanks to its unique combination of
flexibility and strength. One potential issue with HIPS is excessive warping if temperatures
are not carefully controlled. It is worth mentioning that HIPS is soluble in D-limonene, and
it is considered a food-safe material [47].
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2.2.6. Poly (Vinyl Alcohol) (PVA)

Polyvinyl alcohol is a biodegradable 3D printer plastic that dissolves easily in water. It
also has similar printing properties to PLA, making PVA an ideal filament for PLA support
material. However, PVA can be expensive because it is often used as sacrificial support
material. Due to its water solubility, PVA is not suitable for most applications as moisture
can degrade the plastic. PVA may warp slightly and will dissolve in water, so it is not
recommended for use with food [48,49].

2.2.7. Polyethylene Terephthalate Glycol-Modified (PETG)

PETG is a modified variant of Polyethylene terephthalate (PET). The addition of glycol
lowers the melting temperature sufficiently for PETG to be more user-friendly. Aside from
being easy to print, PETG is also UV-resistant. Its key disadvantages are its poor adhesion and
its tendency to create strings when the printhead crosses empty space between features. PETG
has excellent mechanical properties, while also being resistant to a wide range of chemicals
and high temperatures. PETG is not particularly prone to warping. PETG is soluble in toluene
and methyl ethyl ketone (MEK). PET is food safe and, by extension, so is PETG [50].

2.2.8. Polycarbonate (PC)

PC is an advanced engineering thermoplastic known for its excellent mechanical
properties, making it the strongest 3D printer filament available. With high strength
and a glass transition temperature of 150 °C, it is ideal for applications requiring high
temperatures. However, PC must be printed at temperatures as high as 310 °C. Due to its
high hygroscopic nature, PC readily absorbs moisture, leading to potential defects in the
printed parts. Despite being one of the most durable 3D printing filament options, PC is
highly susceptible to warping. It can be dissolved in tetrachloromethane, pyridine, and
chloroform. PC is commonly used for food containers [51,52].

3. FDM 3D Printed Fiber Reinforced Composites (FRCs)

A fiber-reinforced composite (FRC), as shown in Figure 3, is a building material
composed of three components: reinforcing fibers (either continuous or discontinuous), a
continuous phase matrix, and a fine interphase region, also known as the interface (where
the different materials in the composite meet).

Matrix Fiber Reinforced
Material Composite (FRC)

Figure 3. Schematic of a reinforced composite with reinforcing fibers.
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3.1. Composite Matrix

Regarding the matrix, two commonly used materials in reinforced composites as
matrixes are thermoplastics and thermoset (thermosetting polymers). The former, thermo-
plastic, also known as thermosoft plastic, is a pliable plastic polymer that melts quickly
at elevated temperatures and solidifies during the cooling process. The most widely
used thermoplastics are PLA [53,54], ABS [37], polycarbonate (PC) [55,56], polypropylene
(PP) [57], polyamide (PA) [58,59] (e.g., Nylon [60-62], polystyrene (PS), polyphenyl sulfone
(PPSU), polyetheretherketone (PEEK) [63], polyaryletherketone (PAEK), and polyether-
imide (PEI). Thermosets, conversely, are obtained by the irreversible hardening (curing)
process of a soft solid or viscous liquid prepolymer (resin) [64]. Curing is induced by heat
or suitable radiation and may be boosted by high pressure or the addition of a catalyst.
Photo-curable resins, acrylic-based resins, and cyanate ether are among the commonly used
thermosetting polymers [18,65,66].

3.2. Reinforcing Elements
3.2.1. Fillers

Adding reinforcing fillers is one of the well-established methods to enhance the me-
chanical, electrical, and thermal properties of plastics. Using natural, mineral, or synthetic
fillers not only reduces the price of end products, depending on the material used, but
also positively affects mechanical and thermal properties, as well as thermal or electrical
conductivity /resistivity, depending on the filler choice and target functionality. Fillers
are classified based on their origin (natural or synthetic), chemical composition (organic
or inorganic), as well as their shape, size, and aspect ratio. However, they are generally
divided into: carbon materials (carbon black, graphene, nanotubes, carbon fibers), metal-
lic and ceramic dusts, glassy and fibrous fillers (renewable raw materials such as hemp,
kenaf, flax, jute, cellulose, bamboo, coconut, and others) mainly used to reinforce the
structure and improve mechanical properties; mineral ones (titanium white, mica, metal
powders, graphite, talc, chalk, diatomaceous earth), characterized by thermal, chemical,
and UV resistance; and biofillers (coffee grounds, wood flour) [67].

3.2.2. Fibers

As mentioned before, another part of an FRC is reinforcing composite, which is
introduced to increase the composite strength. Fibers can be classified based on their length
or their origin. Following is an introduction to different types of fibers.

Short Fibers

First, short fibers were used as reinforcing elements, leading to higher strength of
printed parts. Being cost-effective and easy to use and having superior mechanical proper-
ties make short fibers attractive for reinforcing composites during 3D printing. Although
adding short fibers can improve the mechanical characteristics of polymers, they can also
make changes in polymers’ rheology, causing voids. One reason why short fibers are unable
to significantly improve the strength is the reliance on the matrix material for transferring
loads between fibers [28]. Another is the limited fraction volume (the percentage of fiber
volume in the entire volume of fiber-reinforced composite material) of short fibers as it
is often limited to a maximum of 50 percent to avoid the molten filaments’ high viscos-
ity. Therefore, balancing the aspect ratio and volume fraction of fibers can help earn the
optimum properties [25,28].

Continuous Fibers

In recent years, continuous fibers were introduced and developed to overcome the
problems associated with short fibers [25]. Contrary to short fibers, continuous fibers can
transfer and retain loads within unbroken strands of fibers, reducing the load applied
to and transferred by the polymer matrix and leading to higher load-bearing capacity
than composites made by short fibers. In composites with continuous fibers, the polymer
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matrix transfers off-axis loads among the fibers, like shear stresses. Therefore, composites
fabricated with continuous fibers exhibit higher strength than those with short ones owing
to their orientation [26].

In another classification, fibers can be divided into two groups: synthetic and natural fibers.
Below are some frequently used fibers from both groups of natural and synthetic fibers.

3.2.3. Synthetic Fibers

Synthetic fibers are fibers derived from raw materials such as petroleum and are
based on chemicals or petrochemicals. These raw materials are polymerized into long,
linear chemicals with various compounds and are used to produce different types of
fibers. Synthetic fibers make up about 50% of all fiber used globally and have various
applications in different industries. They are highly sought after for lightweight and
innovative composite materials, playing a crucial role in the production of fiber-reinforced
composites. Their use is growing worldwide due to their excellent properties and they are
in high demand [68-70].

Carbon Fibers

Since carbon fibers are among the most widely used reinforcing elements, this section is
specifically dedicated to discussing them. FDM of carbon fiber-reinforced polymers (CFRPs)
combines the advantages of FDM, such as reduced prototyping and fabrication time, lower
cost, customization, reduced emissions, and material waste, with the high strength of
carbon fiber. As a result of these benefits, FDM of CFRPs has recently been applied in
various fields, including aerospace, automotive, biomedical, and electronics [18,71,72]. Two
types of carbon fibers are introduced in the next sub-sections.

1.  Short carbon Fibers

Short carbon fibers, also known as discontinuous fibers, can be categorized into four
groups based on their dimensions of length and diameter: nano, micro, milli-fibers, and
nano-powders. Micro-fibers have a length ranging from 50 to 400 um, while nano-fibers
have a length of less than 1 pm. Milli-fibers, on the other hand, have a length in the
millimeter range. For FDM 3D-printed composites, the best results are typically achieved
using fibers with an aspect ratio (the ratio of length to diameter) of 1000 or more. Therefore,
short carbon fibers with diameters between 5-7 um and lengths between 5-7 mm lead to
good mechanical properties [18,25,73].

The alignment, volume fraction, and length of the fibers have a significant impact on
the mechanical properties of CFRPs made with short carbon fibers. During the FDM process,
shear forces cause the reinforcing fibers to align in the print direction and remain aligned
in the final printed part as the thermoplastic melts in the nozzle. This alignment results in
anisotropic mechanical characteristics for CFRPs. Additionally, the volume fraction and
length of the fibers affect the mechanical properties of the printed part. Studies [74-76]
have shown that increasing the fiber content up to a certain point can effectively improve
the mechanical properties. However, further increases in the volume fraction of the fibers
negatively impact the strength of the printed part. This is due to increased porosity and
interfacial debonding as the amount of reinforcing fibers increases [18].

2. Continuous carbon fibers

While short or discontinuous fibers play a positive role in improving the strength
and elastic modulus of CFRPs, the ultimate strength and other mechanical properties
are still lower than expected. This is because short fibers are the primary cause of fiber
pull-out, which is a common failure mechanism in fiber-reinforced composite materials.
Studies have also shown that longer carbon fibers, with their larger surface area, improve
the adhesion between layers and result in improved mechanical properties. Therefore,
continuous long carbon fibers are introduced to enhance the mechanical properties of the
reinforced composites [77-81].
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Glass Fibers

Glass fibers (GFs) are a highly versatile class of materials, commonly used as reinforce-
ment fibers for polymeric materials. While the stiffness of glass fibers is lower than that
of other reinforcement fibers, they offer the unique advantage of combining high strength
with low density and a reasonable cost. Glass fibers are the least expensive option and
are widely used in various industries such as electronics, aviation, civil engineering, and
defense technology. They are valued for their excellent properties, including high strength,
flexibility, stiffness, and resistance to chemical damage [82]. Various glass fibers with differ-
ent mechanical properties are available for different applications. However, these fibers
are primarily used as reinforcements for polymeric matrices and for in-vitro applications
of bio-composites. The main advantage of glass fibers is their high performance-to-cost
ratio [77,83,84].

Aramid

Aramid fiber was the first organic fiber used as reinforcement in advanced composites
due to its high tensile modulus and strength. It possesses superior mechanical properties
compared to steel and glass fibers of the same weight. Aramid fibers are naturally heat- and
flame-resistant, allowing them to maintain their properties at high temperatures. However,
they have poor resistance to ultraviolet light, causing fabrics made from aramid fibers to
change color when exposed to it [85].

The most common type of aramid fiber is Kevlar, which was introduced later. The
strength and modulus of aramid fibers are 5-6 times and 2-3 times higher than those of
steel wires of the same diameter, respectively, while the fiber weight is just 1/5 of that of
steel wire. Additionally, this fiber has excellent corrosion resistance properties and presents
unique fatigue damage mechanisms compared to other commonly used reinforcement
fibers in composites. Aramid fibers are commonly used in bulletproof vests, blast protection
systems, cooling instruments, ship hulls, and micro-strip antennas for spacecraft [86-89].

Kevlar

Kevlar is a synthetic fiber that possesses high strength, durability, toughness, thermal
stability, and elastic modulus. It belongs to the aromatic polyamide family, which means
it is made from a class of synthetic polymers called aromatic polyamides. Aramid fibers,
like Kevlar, can be used as a great alternative to carbon or glass fibers or in conjunction
with them. Kevlar-reinforced composites find applications in various products, including
boats, airplanes, automobiles, sporting goods, and consumer products. One of Kevlar
fiber’s main advantages is its ability to withstand high temperatures and resist abrasion.
It makes it a popular choice for products that operate under extreme conditions [90,91].
Table 1 summarizes the different composites with different matrix materials and synthetic
fibers and how their properties have been changed. Based on Table 1, Carbon, Glass, and
Kevlar fibers are the most widely used fibers for reinforcing polymeric materials. It is also
clear from Table 1 that adding synthetic fibers can significantly improve the mechanical
properties of the matrix.

Table 1. The properties of various composites made with FDM, using different matrix materials and
synthetic fibers.

Matrix Fiber Content (Volume Fraction) Results/Highlights Ref.
Increasing the flexural strength to 127 MPa, UTS to

ABS Carbon 6.5 147 MPa and decreasing the shear strength to 2.81 MPa [92]
compared to ABS processed by injection molding

ABS Carbon 16 Enhancing the tensile and fatigue strength of fiber [93]

reinforced composites with thermal bonding
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Table 1. Cont.
Matrix Fiber Content (Volume Fraction) Results/Highlights Ref.
Carbon 26.8 and 72.4 The highest shealI’< set‘llrglrg;c:s;(;rc :f:,ﬁ;n fiber, glass and
Nylon Glass 27.5and 73.8 The improvement of shear strength increases with the [94]
Kevlar 27.2 and 73.4 ) o
increase in fiber volume percentage
Obtaining the elastic modulus of 1767, 6920 and 9001 for
Nylon Kevlar 4.04, 8.08 and 10.1 three reinforced composites with different [6]
volume percentages
Presenting and developing a new method of
PLA Carbon 6.6 impregnation continuous fiber inside the filament and [36]
simultaneous printing
Using continuous fiber impregnation in filament and
PLA Carbon 27 achieving bending strength and bending modulus of [92]
335 MPa and 30 GPa
Continuous fiber surface preparation to strengthen
matrix and fiber adhesion
PLA Carbon 34 The increase in tensile and bending strength of the [95]
modified composite was found by 14 and 164%
compared to the unprocessed fiber reinforced composite
. Comprehensive investigation of mechanical properties
PLA Aramid 8.6 for reinforced composite and comparison with PLA [96]
PLA Carbon 18.86 and 24.04 430% and 325% increase in tensile strength for reinforced [97]
Flax 9.82,24.54,29.45 and 39.27 composites with carbon fiber and flax fibers, respectively
TPU 34.8
PLA 305 Presenting a new method called in-melt simultaneous
PLA-Wood 33.6 . . . . .
HD Glass 313 impregnation and increasing the tensile strength and [98]
PA 36.3 elastic modulus by more than 700%.
POM 375
The tensile modulus and strength in the fiber direction
increase linearly with fiber loading, resulting in a
significantly higher modulus (+1550%) compared to
non-reinforced 3D-printed PETG reference materials, as
well as a moderately increased strength (+1150%). However,
PETG Aramid 45 tgnsﬂe strer.lgt}} .perpend@ular to the fiber direction [99]
experiences a significant decline compared to the reference
materials. This decline is attributed to imperfect fiber
impregnation and a lack of optimized fiber sizing for the
aramid/PETG interface. Additionally, flexural modulus
and strength also increase linearly with fiber loading,
reaching up to +1650% and +490%, respectively.
The tensile test results of the 3D-printed PETG/CF solid
PETG 20 structural design revealed a 23% improvement in yield ~ [100]

strength compared to other conventional structures.

3.2.4. Natural Fibers

Due to growing environmental concerns, the development of polymer composites
using materials that can be decomposed or recycled is crucial [101]. Replacing synthetic
and carbon fibers with natural fibers offers numerous advantages that mitigate the negative
effects of synthetics, such as air pollution, respiratory problems, recyclability, sustainability,
mechanical characteristics, and waste issues [102,103].

Different countries around the world cultivate and utilize a variety of natural fibers,
often engaging in import and export activities with other regions. For instance, European
automotive industries predominantly utilize flax and hemp in their products. Additionally,
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they import other fibers like kenaf and jute from different countries. Figure 4 illustrates the
fibers utilized by European automotive industries in 2012 [104].

Others(mainly jute, coir, sisal and
abaca)

Hemp
Kenaf
Flax
Cotton

Wood

Figure 4. Utilization of wood and other natural fibers in automotive industries in Europe in 2012 [104].

Flax

Flax is one of the strongest natural cellulosic fibers. It was the first plant stem fiber
used for making textiles. Flax fiber is extracted from the skin of the flax plant’s stem. It
is a soft, lustrous, and flexible fiber that is stronger than cotton but less elastic. It can be
used as a reinforcing material in composite materials and has the potential to be used as
load-bearing constituents in composites due to its attractive properties, such as a high
stiffness-to-weight ratio. Flax is also used in the food production industry, personal care
products, animal feeds, and various industrial applications [105,106].

Cotton

Cotton fibers are a group of natural hollow fibers known for being breathable and
absorbent. They are the purest form of cellulose, which is the world’s most abundant
natural polymer. Approximately 90% of cotton is composed of cellulose, making it the
most widely used fiber in the textile industry. Cotton fibers can hold water 24-27 times
their own weight, making them excellent at absorbing moisture. They are also strong,
absorbent of dyes, and can withstand abrasion wear and high temperatures. In short,
cotton is comfortable. However, cotton fibers are prone to creasing and shrinkage. Creasing
can affect the aesthetic look of a product, while shrinkage can lead to dimensional changes.
To address these issues, cotton fibers can be mixed or blended with other materials like
polyester or nylon or treated with a permanent finish to improve their properties and
overcome their shortcomings, enhancing their end-use characteristics [107-110].

Kenaf

Kenaf fiber is a well-known natural fiber used to reinforce polymer matrix composites,
preferably sourced from the bast part of the kenaf plant. It has the potential to replace
synthetic fibers like glass fiber, providing mechanical properties such as tensile strength
comparable to synthetics but with lower density. This results in lightweight and environ-
mentally friendly polymer composites. Using kenaf fiber as reinforcement can also decrease
the wear rate of polymer composites. For example, regardless of fiber orientation, studies
have shown that kenaf fibers enhance the tribological properties of epoxy. Interestingly, the
wear rate of the epoxy decreased even more when the fiber orientation was perpendicular
to the sliding direction [111,112].

Hemp

Hemp fibers are some of the strongest members of the bast natural fibers family, de-
rived from the hemp plant within the Cannabis species. Nowadays, these fibers are gaining
wider applications as they are used as reinforcements in composite materials due to their
biodegradability and low density compared to artificial fibers. Additionally, these materials
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possess inherent mechanical, thermal, and acoustic properties. Surface functionalization of
hemp fibers is of significant importance to expand their applications [113].

Wood

Wood fibers are typically cellulosic elements extracted from trees and used to cre-
ate materials like paper. When combined with thermoplastics, wood fibers can produce
durable, waterproof products suitable for outdoor use, such as deck boards or outdoor
furniture. Wood fiber has a high total porosity, with a typically high level of air-filled
porosity and a low level of readily available water [114]. Wood-plastic composites (WPCs)
have been utilized in various molded applications typically seen with standard thermo-
plastics. The enhanced mechanical, thermal, and processing properties of these materials
have enabled their widespread use in intricately shaped parts within the automotive and
building products sectors [114].

Jute

Jute fiber is produced from plants in the genus Corchorus, in the Malvaceous family.
Jute is a lignocellulosic fiber that is both a textile fiber and a type of wood. It falls into the
bast fiber category, which refers to fibers collected from the bast or skin of the plant. Jute
fibers are completely biodegradable and recyclable, making them environmentally friendly
materials. They have good insulating properties for both thermal and acoustic energies,
along with moderate moisture regain and no skin irritations [109,115].

Basalt

Basalt fibers are created by melting crushed basalt rocks at 1400 °C and then drawing
the molten material. These fibers possess superior mechanical and physical properties
compared to glass fibers. Their main advantages include fire resistance, good resistance to
chemically active environments, as well as vibration and acoustic insulation capabilities.
Improved production facilities and quality control capabilities allow for the fabrication
of high-quality basalt fibers with minimal variability in properties. While basalt fibers
are more costly than E-glass fibers, they are significantly cheaper than carbon fibers [116].
Table 2 summarizes the different composites with different matrix materials and natural
fibers and how their properties have been changed.

Table 2. Various composites” properties made with FDM, using different matrix materials and natural fibers.

Matrix

Fiber

Results/Highlights Ref.

PLA

Flax

The tensile modulus and strength values increased. The tensile properties were in the
same range as those for continuous glass fiber/polyamide (PA) printed composites.
However, their weakest point was their transverse properties, which remained poorer
than similar flax/PLA thermocompressed composites.

[117]

PLA

Flax

The flexural strength and modulus of the 3D-printed flax-reinforced PLA specimens
increased by 211% and 224%, respectively, compared with PLA specimens. The
maximum bending force load and stiffness of the 3D-printed composite increased by
39% and 115%, respectively.

[53]

PLA

Cotton

Cotton fiber-reinforced composites have shown exceptional tensile strength and

stiffness, allowing them to rival synthetic fibers like glass-reinforced composites. [118]

ABS

Kenaf

The tensile and flexural tests revealed a decrease in the tensile strength and modulus

of kenaf fiber-reinforced ABS (KRABS) composites from 0 to 5% kenaf fiber content,

which were 23.20 to 11.48 MPa and 328.17 to 184.48 MPa, respectively. Increasing the

kenaf fiber content to 5-10% resulted in an increase in tensile strength and modulus

from 11.48 to 18.59 MPa and 184.48 to 275.58 MPa, respectively. The flexural strength [119]
and modulus of KRABS composites decreased from 40.56 to 26.48 MPa and 113.05 to

60 MPa at 5% kenaf fiber content. Further addition of kenaf fiber from 5 to 10%

increased the flexural strength and modulus from 26.48 to 32.64 MPa and 60 to

88.46 MPa, respectively.
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Table 2. Cont.

Matrix

Fiber

Results/Highlights Ref.

PBS

Hemp

The Young’s modulus of PBS can be improved by 63% by introducing hemp fibers in
conjunction with overlap. In contrast, hemp fiber reinforcement reduces the tensile
strength of PBS, but this effect is less pronounced when considering overlap in the
additive manufacturing process.

[120]

PP

Hemp

The results showed that the 5% hemp PP composite exhibited the highest tensile

strength, while the 20% hemp PP composite showed the highest Young’s modulus.

These results emphasize the importance of hemp fiber content in altering the [121]
mechanical properties of a polymeric material to achieve the desired properties for

specific industry needs.

PLA

Wood

The experimental results indicated that aligning wood fibers within PLA polymer

resulted in enhanced mechanical performance. [122]

PLA

Basalt

The results suggest that PLA /KBF exhibits comparable tensile properties and superior
flexural properties compared to the PLA /CF control. This can be attributed to the [123]
high complex viscosity of PLA /CF, which affects interlayer adhesion.

4. FDM of Continuous Fibers

Adding continuous fibers to polymers and creating Fiber-Reinforced Composites (FRCs)
improves the mechanical behavior of polymers. This includes an increase in strength and
stiffness, thermal conductivity, and a reduction in thermal expansion and warpage, when
compared to other reinforcements. However, there is still a difference between the mechanical
properties of FRCs made with the FDM process and those of composites produced via
conventional fabrication methods. Therefore, it is necessary to explore the mechanisms of the
FDM process in order to find new ways to improve the mechanical properties of reinforced
components fabricated with FDM. The goal is to make them at least comparable to those of
composites made through conventional processes. Different FDM mechanisms of Continuous
Fiber-Reinforced Composites are provided in the following sub-sections.

4.1. In-Situ Fusion Mechanism

This system utilizes two input materials: the reinforcement (dry fiber feedstock or
reinforcing fiber) and the neat/pure polymer matrix. Both the reinforcement and matrix
are combined during the printing process in this system. One commonly used technique in
this mechanism is known as “nozzle impregnation”. During this process, the reinforcing
filament/dry fiber feedstock is drawn into the nozzle and preheated, while, the matrix
polymer is introduced into the melt zone via a motor-driven hobbed gear at the same time.
In the melt zone, the melted polymer and the preheated filament come together due to the
pressure of the polymer being fed into the melt zone via the motor-driven hobbed gear,
and they are finally deposited together.

As mentioned earlier, in this mechanism, both fibers and thermoplastics are simulta-
neously drawn into the nozzle. Consequently, the user has control over the flow rate of
the thermoplastic content and can adjust it according to the application of the printed part.
Another advantage of this mechanism is that it is a single-step manufacturing method.

However, a drawback of this method is the poor bonding between the layers (fiber and
matrix) due to the short dwell time, which results in a weakened strength of the printed
part. The quick dwell time in the nozzle leads to inadequate polymer infusion into the fiber
bundles, resulting in increased porosity and weaker mechanical properties. Consequently,
this mechanism produces a subpar fiber-matrix interface due to low compaction during the
printing process [18,28].

Nakagawa et al. [35] employed this method to produce carbon fiber-reinforced plastic
components. They achieved this by inserting bundled carbon fibers (the reinforcing fibers)
into the plastic ABS filament (the matrix material) through a single nozzle and extruding
them simultaneously. The bundled carbon fibers adhered to the matrix material filaments
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by undergoing heating while passing through a single nozzle with an entry diameter of
2.5 mm and exit diameters of 0.4 mm and 0.9 mm [35]. The extruded ABS filament with
a diameter of 1.75 mm and a tensile strength of 30 MPa was used. The carbon fibers,
measuring 6 um in diameter and possessing a tensile strength of 5.3 GPa, were embedded
between ABS filaments. They reported three results for both exit diameters of the single
nozzle, for pure ABS with reinforcing fibers, for the ABS-reinforced printed parts with
carbon fibers sandwiched within the ABS filament with and without thermal bonding (with
heating pin).

According to their results, sandwiching fibers alone did not increase the nominal
tensile strength. However, thermal bonding significantly improved the tensile strength
of both composites extruded through the nozzle with 0.4 and 0.9 exit diameters. They
also showed that samples with a nozzle diameter of 0.9 mm had some cavities, resulting
in lower tensile strength compared to those deposited from the 0.4 mm diameter nozzle,
which bonded the fibers appropriately and sufficiently. The researchers also compared
the results of using a microwave oven for thermal bonding with those obtained using a
heating pin. The results showed no significant changes in the tensile strength of samples
where ABS and carbon fibers were bonded using either microwave or heating pin thermal
bonding. Additionally, thermal bonding increased the bending load compared to samples
without thermal bonding (using microwave and/or heating pin) [35].

Matsuzaki et al. [36] also utilized the same method of in-nozzle impregnation to
produce Filled and Reinforced Thermoplastics (FRTP). In their study, they separately fed
the thermoplastic resin (polylactic acid (PLA) resin) and reinforcements (carbon fiber tow
(CFRTP) and twisted jute fiber yarn (JFRTP)) into the printer head. The reinforcing fibers
were preheated using a nichrome wire before entering the nozzle, while the matrix material
was melted by a heater within the printer head. The resulting reinforced composite was
then deposited layer-by-layer on the hot build platform (80 °C) using a single nozzle.
Within the nozzle, the matrix material filament and both reinforcing fibers were heated
to 210 °C. The feeding rate and fraction volume for CFRTP were 100 mm/s and 6.6%,
respectively, while for JERTP, they were 60 mm/s and 6.1%. Figure 5 provides a comparison
of the tensile strength between pure FRTP, CFRTP, and JFRTP [36].
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Figure 5. Stress-strain curves of PLA, CFRTP and JERTP samples [36].

According to this figure, reinforcing with carbon fiber tow resulted in a much higher
tensile strength than unreinforced PLA and samples reinforced with twisted jute-fiber yarn.
For CFRTPs samples, the tensile stress increased linearly up to the maximum value, with a
negligible drop in stress before fracture. However, for the other two samples, unreinforced
PLA and JFRTPs, the stress-strain curves were not linear, and no drop in stress before
fracture was reported. The tensile strength of JFRTPs samples was only slightly higher than
that of unreinforced PLA. Both CFRTPs and JFRTPs samples exhibited fiber pull-out, which
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is a common weak point in reinforced composites. This indicates poor adhesion between
the reinforcing fibers and the matrix material (see Figure 6).

Figure 6. (a) Macroscopic and microscopic images of fractured CFRTPs and (b) macroscopic image of
JERTPs after fracture [36].

Yang et al. [37] utilized a similar approach to create Continuous fiber-reinforced thermo-
plastic composites (CFRTPCs). In their modified method, they introduced a new extrusion
head that could receive both the reinforcing fibers and matrix filament and heat them to a
semiliquid state within the nozzle. The reinforcing fibers were drawn from a fiber supply coil
and passed through the extruder’s inner core, allowing for infiltration and coating with molten
matrix material. Ultimately, the reinforced composite was extruded from the nozzle. ABS with
a 1.75 mm diameter was used as the matrix material, while carbon fiber (1000 fibers in a bundle)
was used as the reinforcement with a volume fraction of 10 wt. %.

To evaluate the performance of their CFRTPCs, the researchers conducted a three-point
bending test, as well as tensile and interlaminar shear tests. They compared the results with
those obtained from 3D printed unreinforced ABS fabricated using FDM (ABS reinforced
composite fabricated via injection molding with 10% carbon fiber). The findings showed
that reinforcing ABS with carbon fibers through the in-situ mechanism of the FDM process
significantly increased the flexural strength from 80 MPa for FDM 3D-printed unreinforced
ABS to 127 MPa, which was close to the strength of the reinforced ABS with continuous
carbon-fiber (CCF/ABS) fabricated using the injection molding process (140 MPa).

In terms of tensile strength, although reinforcing ABS through the FDM process
greatly improved the tensile strength of unreinforced 3D printed FDM ABS from 50 MPa to
147 MPa, the tensile strength of the CFRTPC was still lower than that of CCF/ABS with
injection molding (200 MPa) [37].

In both cases, the fracture mode was surface tension fracture. Initially, the matrix
material covering the reinforcing fibers fractured due to tension, followed by the pulling
out of the reinforcing fibers from the matrix. Fiber breakage persisted until the fibers inside
the matrix ruptured.

4.2. Dual Extruder Mechanism/Ex-Situ Method

In this method, the FDM process is based on fabricating the part using two extruders:
one for heating and depositing the pure polymer filament, and the other for depositing the
reinforcing filament. The reinforcing filament, known as prepreg filaments, is fabricated
before printing by combining and mixing fibers with thermoplastics/polymers.
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MarkForged is one of the most well-known companies in the world that produces
continuous fiber-reinforced prepregs filament for CFRC 3DP. The polyamide resin used by
MarkForged is suitable for impregnating continuous carbon fiber, glass fiber, aramid fiber,
and other materials to create CFRPF/PA products. Anisoprint is another company that
offers continuous carbon fiber-reinforced composite materials (CCFRC) and continuous
basalt fiber composite materials (CBFRC). The continuous fibers used by Anisoprint are
pre-impregnated and solidified in thermosetting resin materials [124].

The prepreg filament is then extruded simultaneously with the polymer filament through
dual extrusion. By using this FDM mechanism, the user can reinforce specific layers and have
control over the content and position of the reinforcing filament in those layers.

This mechanism also has its own advantages and disadvantages. While adding one
more extruder leads to an increase in the printer cost and maintenance, uses more filaments,
and can be time-consuming due to balancing parameters for each extruder, there are some
advantages to this mechanism, such as strengthened infill, greater flexibility, and precision.
This mechanism allows printing two identical parts simultaneously, enhancing mechanical
properties. Another big advantage of independent dual extruders is that it allows the
two nozzles to have a big temperature difference, therefore enabling the combination of
different materials. Since the heads are separated from each other, it is possible to set the
nozzles at different temperatures with a large difference between them. This allows the
user to create many more material combinations.

The dual extruders system allows printing two identical parts simultaneously, dou-
bling the production speed of the printer and making the machine much more effective for
serial manufacturing.

Continuous carbon fiber reinforced polyamide composite (CCF/PA) parts were fabricated
using the FDM mechanism, based on a patented dual extrusion FFF technology, via the Mark
Two® 3D printer from MarkForged® (Watertown, MA, USA) by Lupone et al. [125].

The Markforged Two is a dual extruder printer equipped with two extrusion nozzles
that allow the printing of two spools of filaments, one of a plastic matrix and one of rein-
forcing continuous fibers, respectively (Figure 7a). The CCF/PA samples were constructed
using four different layups: longitudinal (referred to as (0)), cross-ply (referred to as (0,90)s),
quasi-isotropic (0/£60)s, and (0/+45/90/—45)s, The aim of the study was to investigate the me-
chanical and microstructural properties of 3D printed CCF/PA composites with various layups.

4
.)\ [0/45/90/-45],
x y [0/60/~60],, P
[0/90], —
Iﬂ] A e —_\.
7 A\ P e
=~ AN e B
Roof layer /L:_\-\ 2 /—____\) N Té:/\ 4 \/‘__Tb&\
PA-48* ——— — 60" (X & 90" NN
i resistance heater  — ’& g m 7_,<\6\' G o Héﬁ?{fg 259 . AN <\/(\<';
0°CCF — 20\ 4s ) \& //x i B \’-\ = - ‘-'I]‘u 1) :
layer  SO775 | o ONYZK A4 o N2
. KIT /II;/ N {‘/z PN I-.> L /ﬁﬁ A
Floor layer ™ /|/. 2 N Rl . .\[\ 4/ N (1)
\ PA 45° \IQ/'/ | N1 | o \\l\'\‘/-/'y
PA wall \ / b S e
'\
PA walls
(b)

Figure 7. (a) Schematic representation of the MarkForged FFF printing process; (b) internal struc-
ture of the CCF/PA composites includes PA roof/top layers, CCF reinforced intermediate layers
displaying fibers infill with different orientations (0°, 90°, 45°, 60°) based on the layup used, and a
PA contour for each layer [125].

The typical stress-strain curves of CCF/PA samples with different layups are shown
in Figure 8. The composites exhibited linear elastic behavior until failure, indicating that
the fibers effectively withstand most of the applied stresses. A very low strain at break (in
the range of 1-1.2%) was recorded, which is typical of brittle materials (Figure 8).
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Figure 8. Typical stress-strain curves of CCF/PA composites with different layups [125].

Melekna et al. [6] conducted a study on the elastic properties of 3D-printed structures
using a nylon filament and varying volume fractions (4.04%, 8.08%, and 10.1%) of continu-
ous Kevlar fibers. The choice of Kevlar was based on the research group’s prior experience
with the material. The researchers utilized the Volume Average Stiffness method (VAS) to
predict the resulting properties.

The print parameters used in the study were as follows: each layer had a height of
0.1 mm, the infill percentage was 10%, and the orientation was set at 45 degrees. The
shell thickness was 0.4 mm, with two shell layers. The number of infill, floor, ceiling, and
solid layers were 8, 4, 4, and 8, respectively. To reinforce the 3D-printed test specimens,
concentric fiber rings (Kevlar rings) were employed. These test specimens were prepared
in accordance with ASTM D638-14. One sample was printed without any rings, while three
others were printed with two rings (4.04% volume fraction), four rings (8.08% volume
fraction), and five rings (10.1% volume fraction), with the neck region limited to 13 mm.
The aim was to assess the impact of these reinforcements on the properties of the samples,
as depicted in Figure 9a,c.
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Figure 9. (a) Schematic of the ASTM standard used for tensile test specimens, (b) cross-section view
of the printed parts, and (c) 3D-printed tensile samples with nylon filament and Kevlar rings [6].

Four different regions can be observed in Figure 9b: two gray regions represent shell
layers that surround the external area of the structure, with nylon filament deposited along the
longitudinal axis of the sample. Additionally, there are white solid layers consisting of compact
layers of nylon, with orientations alternating between 145 degrees from the longitudinal axis.
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The yellow regions correspond to Kevlar layers with longitudinally oriented concentric rings.
Infill regions can also be observed in the middle of the Kevlar layers.

To investigate the internal structure and failure mechanism of the printed samples,
an optical microscope was utilized in their study. Additionally, Malekna et al. developed a
mathematical /analytical predictive model based on the VAS method to determine the effective
elastic constants of the printed composite. This model considers the elastic constants of each
region, as each part of the printed composite possesses its own elastic constant. Consequently,
the model predicts the effective constant by taking into account the elastic constants of all
regions, thereby contributing to the overall constant of the entire composite.

Figure 10 displays the elastic modulus obtained from experimental tests compared to
the values obtained from the analytical model.
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Figure 10. A comparison between the elastic modulus of specimens obtained from (a) experimental
tests and (b) analytical model [6].

Based on Figure 10, there was an acceptable agreement between the experimental and
analytical model results. It is also clear that by using reinforcing rings and increasing the
number of rings, the tensile properties also increased.

Additionally, the researchers observed that all sample fractures occurred at the location
where the fiber started to deposit (see Figure 11). Therefore, the starting point of the fiber is
of great importance, as it has lower strength compared to other parts. Consequently, the 3D
printed part is more likely to fail in this region.
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Figure 11. Failure location of a sample with four rings [6].
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Van Der Klift et al. [38] also utilized a similar technique to create 3D-printed continuous
carbon fiber reinforced thermoplastic (CFRTP) using FDM and examine its tensile properties.
They employed Nylon FFER as the matrix material positioned in the center of a square-
shaped sample measuring 45 mm x 45 mm x 3 mm. Carbon fibers (CFRTP layers) were
then applied continuously along the edges of the square, as shown in Figure 12. However,
the figure reveals that there are visible gaps in the reinforcement deposit, indicating that the
carbon fibers were not continuous in certain areas. This lack of continuity can be attributed
to the printing pattern, which aims to prevent the printer head from becoming stuck as it
approaches the surface of the sample.

| Pure Nylon® layer
| CFRTP layer

Pure Nylon®
specimen

6CF specimen

2CF specimen

Figure 12. (a) 3D printed FDM composite with matrix material in the center and reinforcing fibers
surrounding it and the discontinuity of the fibers (b) schematic of the printed reinforced composite
showing the discontinuity of the reinforcing fibers around the matrix material, and schematic of three
different 3D printed FDM parts with (c) pure Nylon, (d) two layers of reinforcing fibers, and (e) six
layers of reinforcing fibers [38].

They prepared three samples: the first one with ten layers of pure Nylon, the second
(6CF) with two layers of Nylon on each side plus six layers of CFRTP in the center, and
the third one (2CF) with four layers of Nylon on each side plus two layers of CFRTP in
the center (Figure 12c—e). By conducting tensile tests on three types of samples (specimens
with and without tapered tabs, 6CF and 2CF, and pure nylon), they observed that for pure
Nylon, the average tensile strength was about 17 MPa, while for 6CF, it was in the range
of 370 Mpa and 520 Mpa, and for 2CF, the value was between 128 Mpa and 171 Mpa.
The result showed that 6CF samples had higher tensile strength than 2CF, and samples
fabricated with pure Nylon had the lowest amount.

According to their results, for 6CF samples, failure occurred in the vicinity of tabs, where
the samples are clamped, while this place was not the one with the smallest cross-section.

As mentioned earlier, continuous fibers are developed to substitute short fibers and in-
crease structural composites’ performance in terms of their mechanical properties. However,
for these composites to be used as engineering materials and in engineering applications,
it is essential to evaluate the influence of environmental conditions on their different me-
chanical properties. One of these environmental conditions is moisture, especially for
polymers like PA, which are moisture sensitive. Therefore, Ghabaud et al. [25] used the
same mechanism to fabricate composites with PA 6 as the matrix material and continuous
carbon or glass fibers coated with the PA matrix and studied the effect of moisture on the
properties of the resultant composite. Pure PA 6 was also printed as the top and bottom
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layer for each sample, preventing the part from dismantling. They prepared three types of
samples with different fraction volumes and thicknesses.

They first kept tensile test samples in enclosures with Relative Humidity (RH), which was
regulated by a saturated solution of Potassium-Hydroxide (KOH), Magnesium-Chloride (MgCly),
Sodium-Chloride (NaCl), and Potassium-Sulfate (K,SO;) to obtain an RH of 10%, 30%, 75%, and
97%, respectively. The samples were then stored at 50% humidity in the test room at 23 °C. They
also studied the porosity and microstructure of the composite using ASTM D2734-16 2009 and an
optical microscope, respectively. They observed that 9-98% muoisture content could decrease the
longitudinal tensile modulus and tensile strength of samples reinforced with continuous carbon
fibers and the thickness of Imm by 25% and 18%, respectively. Moreover, the debonding between
the layers is more significant at 95% RH than at 15% RH. For samples with continuous glass fibers,
the tensile modulus was stable in different moisture contents, but the tensile strength decreased by
25% with increasing the RH. Therefore, water sorption can significantly weaken the mechanical
properties of the composite and degrade the matrix/fiber interface adhesion. Samples with carbon
fibers also showed 40% more internal porosity than those with glass fibers, which is attributed to
the higher porosity of carbon-based filaments than the glass-based ones [25].

Caminero et al. [126] also studied the impact damage resistance of FDMed composites
reinforced with continuous fibers using the same FDM mechanism, where two nozzles
are present; one prints the matrix material, and the other prints reinforcements. Nylon
filaments with a diameter of 1.75 mm were used as the matrix material, and three continuous
fibers made out of carbon, glass, and Kevlar with bundles of 0.35 mm, 0.3 mm, and
0.3 mm, respectively, were used as reinforcements. Three energy absorption and dissipating
mechanisms, including fiber pull-out, delamination, and fiber breakage, define the impact
resistance properties of reinforced composites under loading, leading to weakened load-
carrying capacity. Therefore, studying the interfacial characteristics of the composite as
well as fiber content is of great importance [126].

The Charpy test was long used for metals for low-velocity impact circumstances and
has now been extended for polymers. Therefore, Caminero et al. used this test to investigate
the impact damage performance of the fabricated reinforced composite. They used two
build directions, flat and on-edge, where both matrix and reinforcement fibers are oriented
and deposited along the longitudinal direction. Two types of specimens were also prepared,
one with pure Nylon and the other with reinforcements, Figure 13a,b. While pure nylon
samples were prepared in three thicknesses of 0.1, 0.125, and 0.2 mm, reinforced samples
were prepared in three types (Type A, Type B, and Type C) with different fraction volumes
for each reinforcement (Figure 13d).

SEM images of three types of fibers plus the interface between the glass fiber bundles
and matrix (nylon) are also shown in Figure 13c.

For unreinforced samples (samples fabricated with pure Nylon), build orientation
significantly affected the impact strength, so Flat samples showed higher impact strength
than One-edge ones in all thicknesses. For Flat samples, increasing the thickness from
0.1 mm to 0.125 mm and, lastly, 0.2 mm dramatically increased impact strength from
20 MPa to 40 MPa. Unlike Flat samples, for which there was a direct relationship between
the thickness and the impact strength, for One-edge samples increasing thickness led to a
reduction in the impact strength from 20 MPa to just below 10 MPa.

One-edge samples had slightly higher impact strength for reinforced samples with
carbon, glass, and Kevlar fibers than Flat ones. Increasing the volume fractions (changing
from Type A to C) increased impact strength in both building orientations. Generally, sam-
ples reinforced with glass fibers had the highest impact strength compared to carbon and
Kevlar fibers, with maximum impact strength between 250-300 MPa. However, samples
fabricated via carbon fibers had the weakest impact resistance, showing a maximum of 50
to 80 MPa impact strength for One-edge and Flat samples. Samples reinforced with Kevlar
fibers had a maximum impact strength of 80-200 MPa for One-edge and Flat samples.
Moreover, according to Figure 14, samples with carbon fiber showed more brittle facture
than two other fibers. Table 3 summarizes the studies conducted on this FDM mechanism.



Polymers 2024, 16, 831

20 of 29

Unreinforced Reinforced

Lt = {0.1, 0.125, 0.2}mm Type A

Unreinforced Reinforced
Lt ={0.1, 0.125, 0.2}mm Type A

Fibre volume type

Build Type A TypeB TypeC
Orientation

Carbon fibre

Flat 3.44 24.94 53.18
on-edge 3.38 24.82 33.16
Kevlar” fibre

Flat 8.60 29.50 56.06
on-edge 7.82 29.53 34.65
Glass fibre

Flat 8.40 29.15 55.60
on-edge 7.82 29.68 34.30

X
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Figure 13. (a) Flat samples, unreinforced, and Type A-C, (b) One-edge samples unreinforced, Type

A-C, (c) SEM images of a reinforced composite and the fibers, and (d) fraction volumes of three

reinforcing fibers in three Types of A, B, and C for Flat and On-edge samples [126].

Figure 14. SEM images of Flat samples in Type C with (a) carbon fiber, (b) glass fiber, and

(c) Kevlar fiber [126].

Table 3. A summary of research based on 3D printing of reinforced composites using dual extruder

FDM mechanism.

Matrix . . s Tests
Material Reinforcement Filament (s) FDM Printing Pattern (Tested Properties) Ref.
Printable CNT yarn filaments (The Mechanical and Electrical
average diameter of the N properties. Tensile test, material
Ultem filaments containing 10-30% resin unidirectional layup pattern characterization tests, electrical [26]
by weight was around 350 um) conductivity tests.
PA6 sized car bon fiber (SCF) and interfacial performance and
In 1.75 mm virgin fracture patterns, flexural [127]
diameter carbon fiber (VCF) strength and modulus
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Table 3. Cont.
Matrix . . s Tests
Material Reinforcement Filament (s) FDM Printing Pattern (Tested Properties) Ref.
plane strength and
PA (Nylon) Continuous glass or carbon fibers elliptical patterns stiffness properties of the [128]
composites
The infill pattern
. deposition directions for Strength, ductility, stiffness,
ABS Carbon fiber different layers were 45 and toughness (751

135 degrees

4.3. Other FDM Mechanisms
4.3.1. 3D Compaction Printing

Ueda et al. [129] developed a 3D compaction printing mechanism (3DCP) by attaching a
hot compaction roller to increase the adhesion between deposited layers (beads) to lessen the
voids and promote the mechanical behavior. Figure 15 shows the schematic of this modified FDM
printing equipment with a compaction roller made from aluminum and with a 10 mm diameter.
In this system, the compaction term refers to pressing filament against the printer bed after it
is injected from the guiding nozzle [129]. In other words, the roller’s main role is pressing the
printed filament on the previous layers immediately after it is deposited from the nozzle to reduce
the voids and porosities and increase the adhesion between printed layers. According to Figure 15,
in addition to the roller, a cartridge is also attached to the nozzle performing as a fixed shaft for
supporting the roller. The roller has some internal bearings for making the roller able to rotate. The
roller is heated via the attached cartridge heater. In their study, Ueda et al. [129] prepared CFRTP
via conventional 3D printers and 3D compaction printers to compare their results. Based on their
results, 3DCP could increase the tensile strength of CFRTPs by 33% compared to that of samples
printed using conventional 3D printing. However, there was no significant difference between
the modulus of both samples. Bending test results also showed 26% and 62% improvement in
flexural modulus and flexural strength using 3DCP compared to 3DP. XCT and SEM images also
exhibited many large voids in specimens fabricated by conventional 3D printers in contrast to
dispersed small voids in samples with 3D compaction printers.

Compaction roller

N\ Guiding nozzle

| Printer bed

= =0,

| x-y-z stage

Figure 15. Schematic of 3DCP printer developed by Ueda et al. [129].
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4.3.2. Modified In-Situ Fusion Mechanism

Akhoundi et al. [130] developed a modified FDM printer by designing a nozzle into
which continuous glass fiber was drawn and guided exactly at the melt zone and through
an orifice plate attached to the side of the nozzle and then impregnated by the molten
matrix material filament and immediately extruded on the build platform or previous
layers (Figure 16).

=N ‘o)

=\ Idle Pulley

Continuous
Fiber

Fixed Pulley

Figure 16. A FDM modified machine developed by Akhundi et al.

As shown in Figure 16, there is a fixed pulley used for fixing the continuous glass fiber
yarn and an idle pulley de-coiling the fiber yarn and feeding it into the molten region as the
nozzle moves. They used PLA as a matrix material in 1.75 mm diameter and continuous
glass fiber yarn as the reinforcing element with different fraction volumes. They compared
tensile strength and modulus obtained from experimental and theoretical analysis through
the mixture rule. Their results showed a good agreement between data obtained from
experimental tests and theoretical analysis, which indicates a sound glass fiber depositing.
Changing the faction volume from 49.3% to 35.1% decreased tensile modulus and strength.
Based on their claims, the main advantage of their method was the system’s capability for
online changing of the fiber fraction volume.

Table 4 compares the introduced FDM mechanisms.

Table 4. A comparison between different FDM mechanisms.

Mechanism Type of the FDM Process Advantages Disadvantages

In-situ Fusion mechanism

e  The poor bonding between the
layers (fiber and matrix) due to the

e  The user has control over the flow short dwell time, which results in a
rate of the thermoplastic content we.akened strength of the
and can adjust it according to the prmted. part o
application of the printed part e The qulc.k dwell time in the nozzle
e Itisasingle-step leads to inadequate polymer
manufacturing method. infusion into the fiber bundles,

resulting in increased porosity and
weaker mechanical properties
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Table 4. Cont.
Mechanism Type of the FDM Process Advantages Disadvantages
Have greater flexibility ) o
Offers higher precision ® ngh cost of building and
Dual extrud Enables combination of different mamtenance
vatextruder filaments and reinforcements ® Negdmg more fﬂamgnt )
e  Improve mechanical properties *  Setting it up can be Time-consuming
e  Increases the adhesion between
deposited layers (beads) e  The printer is not as simple as
3D compaction printing Lessens the voids others.

Promotes the mechanical behavior b It needs post processing

e  Capability for online changing of

Modified in-situ fusion mechanism the fiber fraction volume

5. Conclusions

Continuous and discontinuous/short reinforcing fibers have been introduced to en-
hance the mechanical properties of 3D-printed FDM parts, resulting in fiber-reinforced
composites. Continuous fibers have shown significant potential in improving the me-
chanical properties of these printed composites, particularly in terms of their load-bearing
capacity. As a result, researchers have predominantly focused on continuous fibers rather
than short fibers. There are different mechanisms available for manufacturing reinforced
composites using FDM technology and continuous fibers. Two main mechanisms are
in-situ fusion and ex-situ prepreg. The in-situ fusion method involves drawing two input
materials into a single nozzle, heating them, and combining them before printing. This
method offers the advantage of allowing the operator to control the fiber content, and it is
also a cost-effective process that can be completed in a single step. However, one drawback
of this method is the insufficient adhesion between the deposited layers. On the other
hand, the ex-situ prepreg mechanism involves using two extruders, one for depositing the
reinforcing fiber and the other for the matrix material. This method is more expensive and
time-consuming compared to the in-situ fusion mechanism. Both mechanisms have been
found to result in the presence of voids and porosities in the fabricated parts. To address
these issues, researchers have developed new mechanisms by modifying the two main
mechanisms mentioned above. For example, compaction rollers can be attached to the
FDM machine to apply more pressure on the printed layers, thereby filling the voids and
gaps and leading to improved mechanical properties.

Author Contributions: Conceptualization, A K. and D.R.; methodology, A.K. and D.R.; formal
analysis, A.K. and D.R,; investigation, A.K., D.R. and M.B; resources, A.K. and D.R.; writing—original
draft preparation, A.K. and D.R.; writing—review and editing, A.K., D.R. and M.B.; supervision, D.R.
and M.B.; project administration, D.R. and M.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Polymers 2024, 16, 831 24 of 29

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ren, L.; Li, B,; Song, Z.; Liu, Q.; Ren, L.; Zhou, X. 3D printing of structural gradient soft actuators by variation of bioinspired
architectures. J. Mater. Sci. 2019, 54, 6542-6551. [CrossRef]

Chen, X,; Liu, Y,; Liu, H.; Li, L,; Liu, Y,; Liu, P; Yang, X. Bioactive bone scaffolds manufactured by 3D printing and sacrificial
templating of poly(e-caprolactone) composites as filler for bone tissue engineering. J. Mater. Sci. 2023, 58, 5444-5455. [CrossRef]
Ma, Y;; Wu, Q.; Duanmu, L.; Wu, S; Liu, Q.; Li, B.; Zhou, X. Bioinspired composites reinforced with ordered steel fibers produced
via a magnetically assisted 3D printing process. J. Mater. Sci. 2020, 55, 15510-15522. [CrossRef]

Abbaslou, M.; Hashemi, R.; Etemadi, E. Novel hybrid 3D-printed auxetic vascular stent based on re-entrant and meta-trichiral
unit cells: Finite element simulation with experimental verifications. Mater. Today Commun. 2023, 35, 105742. [CrossRef]
Raghunathan, V.; Ayyappan, V.; Rangappa, S.M.; Siengchin, S. Development of fiber-reinforced polylactic acid filaments using
untreated/silane-treated trichosanthes cucumerina fibers for additive manufacturing. J. Elastomers Plast. 2024, 56, 277-292.
[CrossRef]

Melenka, G.W.; Cheung BK, O.; Schofield, ].S.; Dawson, M.R.; Carey, ].P. Evaluation and prediction of the tensile properties of
continuous fiber-reinforced 3D printed structures. Compos. Struct. 2016, 153, 866—875. [CrossRef]

Masood, S.H. Advances in Fused Deposition Modeling. Compr. Mater. Process. 2014, 10, 69-91. [CrossRef]

Ahmadi, M.; Tabary SA, A.B.; Rahmatabadi, D.; Ebrahimi, M.S.; Abrinia, K.; Hashemi, R. Review of selective laser melting of
magnesium alloys: Advantages, microstructure and mechanical characterizations, defects, challenges, and applications. J. Mater.
Res. Technol. 2022, 19, 1537-1562. [CrossRef]

Jiang, Y.; Zhou, ].; Shi, H.; Zhao, G.; Zhang, Q.; Feng, C.; Xv, X. Preparation of cellulose nanocrystal/oxidized dextran/gelatin
(CNC/OD/GEL) hydrogels and fabrication of a CNC/OD/GEL scaffold by 3D printing. J. Mater. Sci. 2020, 55, 2618-2635.
[CrossRef]

Yousefi, N.; Hashemi, R.; Sedighi, M. Printing strategies to fabricate a disk through the fused deposition modeling method. Proc.
Inst. Mech. Eng. Part L ]. Mater. Des. Appl. 2023. [CrossRef]

Chen, F; Ni, X,; Liu, Y,; Xia, X.; Gao, X. Preparation and properties of heat-treated esterified wood flour/polylactic acid composites
for FDM 3D printing. J. Mater. Sci. 2022, 57, 14819-14834. [CrossRef]

Rahmatabadi, D.; Aberoumand, M.; Soltanmohammadi, K.; Soleyman, E.; Ghasemi, I.; Baniassadi, M.; Abrinia, K.; Zolfagharian,
A.; Bodaghi, M.; Baghani, M. A New Strategy for Achieving Shape Memory Effects in 4D Printed Two-Layer Composite Structures.
Polymers 2022, 14, 5446. [CrossRef] [PubMed]

Fernandez-Cervantes, I.; Morales, M.A.; Agustin-Serrano, R.; Cardenas-Garcia, M.; Pérez-Luna, P.V.; Arroyo-Reyes, B.L,;
Maldonado-Garecia, A. Polylactic acid/sodium alginate /hydroxyapatite composite scaffolds with trabecular tissue morphology
designed by a bone remodeling model using 3D printing. J. Mater. Sci. 2019, 54, 9478-9496. [CrossRef]

Rahmatabadi, D.; Soltanmohammadi, K.; Aberoumand, M.; Soleyman, E.; Ghasemi, I.; Baniassadi, M.; Abrinia, K.; Bodaghi, M.;
Baghani, M. Development of Pure Poly Vinyl Chloride (PVC) with Excellent 3D Printability and Macro- and Micro-Structural
Properties. Macromol. Mater. Eng. 2023, 308, 2200568. [CrossRef]

Ayyappan, V.; Rangappa, S.M.; Tengsuthiwat, J.; Fiore, V.; Siengchin, S. Investigation of thermo-mechanical and viscoelastic
properties of 3D-printed Morinda citrifolia particle reinforced poly(lactic acid) composites. Polym. Compos. 2024. early view.
[CrossRef]

Yasir, M.; Ullah, Z.; Noroozi, R.; Zolfagharian, A. 4D printing of shape memory polymer composites: A review on fabrication
techniques, applications, and future perspectives. . Manuf. Process. 2022, 81, 759-797.

Rahmatabadi, D.; Ghasemi, I.; Baniassadi, M.; Abrinia, K.; Baghani, M. 4D printing of PLA-TPU blends: Effect of PLA con-
centration, loading mode, and programming temperature on the shape memory effect. J. Mater. Sci. 2023, 58, 7227-7243.
[CrossRef]

Adil, S.; Lazoglu, I. A review on additive manufacturing of carbon fiber-reinforced polymers: Current methods, materials,
mechanical properties, applications and challenges. J. Appl. Polym. Sci. 2023, 140, e53476. [CrossRef]

Rahmatabadi, D.; Aberoumand, M.; Soltanmohammadi, K.; Soleyman, E.; Ghasemi, I.; Baniassadi, M.; Abrinia, K.; Bodaghi,
M.; Baghani, M. Toughening PVC with Biocompatible PCL Softeners for Supreme Mechanical Properties, Morphology, Shape
Memory Effects, and FFF Printability. Macromol. Mater. Eng. 2023, 308, 2300114. [CrossRef]

You, X.; Yang, J.; Dong, S. Structural and functional applications of 3D-printed graphene-based architectures. J. Mater. Sci. 2021,
56,9007-9046. [CrossRef]

Moradi, M.; Hashemi, R.; Kasaeian-Naeini, M. Experimental investigation of parameters in fused filament fabrication 3D printing
process of ABS plus using response surface methodology. Int. ]. Adv. Manuf. Technol. 2023, 126, 1-18. [CrossRef]

Zhang, S.; Rehman MZ ur Bhagia, S.; Meng, X.; Meyer, HM.; Wang, H.; Koehler, M.R.; Akhtar, K.; Harper, D.P.; Ragauskas,
A.]. Coal polymer composites prepared by fused deposition modeling (FDM) 3D printing. J. Mater. Sci. 2022, 57, 10141-10152.
[CrossRef]

Zhang, H.; Huang, T; Jiang, Q.; He, L.; Bismarck, A.; Hu, Q. Recent progress of 3D printed continuous fiber reinforced polymer
composites based on fused deposition modeling: A review. J. Mater. Sci. 2021, 56, 12999-13022. [CrossRef]

Bodaghi, M.; Sadooghi, A.; Bakhshi, M.; Hashemi, S.].; Rahmani, K.; Keshavarz Motamedi, M. Glass Fiber Reinforced Acrylonitrile
Butadiene Styrene Composite Gears by FDM 3D Printing. Adv. Mater. Interfaces 2023, 10, 2300337. [CrossRef]


https://doi.org/10.1007/s10853-019-03344-8
https://doi.org/10.1007/s10853-023-08319-4
https://doi.org/10.1007/s10853-020-05092-6
https://doi.org/10.1016/j.mtcomm.2023.105742
https://doi.org/10.1177/00952443241229186
https://doi.org/10.1016/j.compstruct.2016.07.018
https://doi.org/10.1016/B978-0-08-096532-1.01002-5
https://doi.org/10.1016/j.jmrt.2022.05.102
https://doi.org/10.1007/s10853-019-04186-0
https://doi.org/10.1177/14644207231194880
https://doi.org/10.1007/s10853-022-07419-x
https://doi.org/10.3390/polym14245446
https://www.ncbi.nlm.nih.gov/pubmed/36559813
https://doi.org/10.1007/s10853-019-03537-1
https://doi.org/10.1002/mame.202200568
https://doi.org/10.1002/pc.28133
https://doi.org/10.1007/s10853-023-08460-0
https://doi.org/10.1002/app.53476
https://doi.org/10.1002/mame.202300114
https://doi.org/10.1007/s10853-021-05899-x
https://doi.org/10.1007/s00170-023-11468-0
https://doi.org/10.1007/s10853-022-07276-8
https://doi.org/10.1007/s10853-021-06111-w
https://doi.org/10.1002/admi.202300337

Polymers 2024, 16, 831 25 of 29

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Chabaud, G.; Castro, M.; Denoual, C.; Le Duigou, A. Hygromechanical properties of 3D printed continuous carbon and glass
fibre reinforced polyamide composite for outdoor structural applications. Addit. Manuf. 2019, 26, 94-105. [CrossRef]

Gardner, ].M,; Sauti, G.; Kim, ].W,; Cano, R.J.; Wincheski, R.A ; Stelter, C.].; Grimsley, B.W.; Working, D.C.; Siochi, E.J. 3-D printing
of multifunctional carbon nanotube yarn reinforced components. Addit. Manuf. 2016, 12, 38-44. [CrossRef]

Ghorbani, J.; Koirala, P; Shen, Y.-L.; Tehrani, M. Eliminating voids and reducing mechanical anisotropy in fused filament
fabrication parts by adjusting the filament extrusion rate. J. Manuf. Process. 2022, 80, 651-658. [CrossRef]

Dickson, A.N.; Abourayana, H.M.; Dowling, D.P. 3D Printing of Fibre-Reinforced Thermoplastic Composites Using Fused
Filament Fabrication—A Review. Polymers 2020, 12, 2188. [CrossRef] [PubMed]

Hu, Q.; Duan, Y;; Zhang, H.; Liu, D.; Yan, B.; Peng, F. Manufacturing and 3D printing of continuous carbon fiber prepreg filament.
J. Mater. Sci. 2018, 53, 1887-1898. [CrossRef]

Jiang, L.; Zhou, Y,; Jin, F. Design of short fiber-reinforced thermoplastic composites: A review. Polym. Compos. 2022, 43, 4835-4847.
[CrossRef]

Um, HJ.; Lee, J.S.; Shin, ]. H.; Kim, H.S. 3D printed continuous carbon fiber reinforced thermoplastic composite sandwich structure
with corrugated core for high stiffness/load capability. Compos. Struct. 2022, 291, 115590. [CrossRef]

Li, H,; Jiang, Z.; Zhang, Q.; Zhang, H.; Zhang, J. Improving the mechanical property of continuous fibre reinforced composites by
promoting the polymer molecular chain activity. Compos. Commun. 2023, 38, 101518. [CrossRef]

Pizzorni, M.; Prato, M. Effects of hygrothermal aging on the tensile and bonding performance of consolidated 3D printed
polyamide-6 composites reinforced with short and multidirectional continuous carbon fibers. Compos. Part A Appl. Sci. Manuf.
2023, 165, 107334. [CrossRef]

Zhang, K.; Zhang, H.; Wu, J.; Chen, J.; Yang, D. Improved fibre placement in filament-based 3D printing of continuous carbon
fibre reinforced thermoplastic composites. Compos. Part A Appl. Sci. Manuf. 2023, 168, 107454. [CrossRef]

Nakagawa, Y.; Mori, K.i.; Maeno, T. 3D printing of carbon fibre-reinforced plastic parts. Int. J. Adv. Manuf. Technol. 2017,
91,2811-2817. [CrossRef]

Matsuzaki, R.; Ueda, M.; Namiki, M.; Jeong, T.K.; Asahara, H.; Horiguchi, K.; Nakamura, T.; Todoroki, A.; Hirano, Y. Three-
dimensional printing of continuous-fiber composites by in-nozzle impregnation. Sci. Rep. 2016, 6, 23058. [CrossRef] [PubMed]
Yang, C.; Tian, X,; Liu, T.; Cao, Y.; Li, D. 3D printing for continuous fiber reinforced thermoplastic composites: Mechanism and
performance. Rapid Prototyp. ]. 2017, 23, 209-215. [CrossRef]

Klift FVan Der Koga, Y.; Todoroki, A.; Ueda, M.; Hirano, Y.; Matsuzaki, R. 3D Printing of Continuous Carbon Fibre Reinforced
Thermo-Plastic (CFRTP) Tensile Test Specimens. Open ]. Compos. Mater. 2016, 6, 18-27. [CrossRef]

Masood, S.H. 10.04—Advances in Fused Deposition Modeling A2—Hashmi, Saleem. In Comprehensive Materials Processing;
Elsevier: Amsterdam, The Netherlands, 2014.

Bayati, A.; Rahmatabadi, D.; Ghasemi, I.; Khodaei, M.; Baniassadi, M.; Abrinia, K.; Baghani, M. 3D printing super stretchable
propylene-based elastomer. Mater. Lett. 2024, 361, 136075. [CrossRef]

Ranakoti, L.; Gangil, B.; Mishra, S.K.; Singh, T.; Sharma, S.; Ilyas, R.A.; El-Khatib, S. Critical Review on Polylactic Acid: Properties,
Structure, Processing, Biocomposites, and Nanocomposites. Materials 2022, 15, 4312. [CrossRef] [PubMed]

Reddy, A.B.; Reddy GS, M.; Jayaramudu, J.; Sudhakar, K.; Manjula, B.; Ray, S.S.; Sadiku, E.R. Polyethylene Terephthalate-Based
Blends: Natural Rubber and Synthetic Rubber. In Poly(Ethylene Terephthalate) Based Blends, Composites and Nanocomposites; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 75-98. [CrossRef]

Kumar, N.; Ukey, P.D.; Francis, V.; Singh, R.P; Sahu, S. Plastic pellets. In Polymers for 3D Printing: Methods, Properties, and
Characteristics; Elsevier: Amsterdam, The Netherlands, 2022; pp. 307-323. [CrossRef]

Das, J.P; Divakaran, N.; Alex, Y.; Manoj, T.P.; Mohanty, S. Fabrication of 3D printing extrusion-based Nylon 12/Bi,O3 composite
filaments for thermal interface device application. J. Manuf. Process. 2023, 85, 885-893. [CrossRef]

Farina, I.; Singh, N.; Colangelo, E; Luciano, R.; Bonazzi, G.; Fraternali, F. High-Performance Nylon-6 Sustainable Filaments for
Additive Manufacturing. Materials 2019, 12, 3955. [CrossRef] [PubMed]

Wang, J.; Yang, B.; Lin, X.; Gao, L.; Liu, T,; Lu, Y.; Wang, R. Research of TPU materials for 3D printing aiming at non-pneumatic
tires by FDM method. Polymers 2020, 12, 2492. [CrossRef] [PubMed]

Hanitio, E.W.; Lutfhyansyah, N.R.; Efendi, B.M.; Mardiyati, Y.; Steven, S. From Electronic Waste to 3D-Printed Product, How
Multiple Recycling Affects High-Impact Polystyrene (HIPS) Filament Performances. Materials 2023, 16, 3412. [CrossRef]

Doble, M.; Kumar, A. Degradation of Polymers. In Biotreatment of Industrial Effluents; Elsevier Science: Amsterdam, The
Netherlands, 2005; pp. 101-110. [CrossRef]

Havstad, M.R. Biodegradable plastics. In Plastic Waste and Recycling: Environmental Impact, Societal Issues, Prevention, and Solutions;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 97-129. [CrossRef]

Hassan, M.H.; Omar, A.M.; Daskalakis, E.; Hou, Y.; Huang, B.; Strashnov, I.; Grieve, B.D.; Bartolo, P. The Potential of Polyethylene
Terephthalate Glycol as Biomaterial for Bone Tissue Engineering. Polymers 2020, 12, 3045. [CrossRef] [PubMed]

Vidakis, N.; Petousis, M.; Grammatikos, S.; Papadakis, V.; Korlos, A.; Mountakis, N. High Performance Polycarbonate Nanocom-
posites Mechanically Boosted with Titanium Carbide in Material Extrusion Additive Manufacturing. Nanomaterials 2022, 12, 68.
[CrossRef]

Bahar, A.; Belhabib, S.; Guessasma, S.; Benmahiddine, F.; Hamami AE, A.; Belarbi, R. Mechanical and Thermal Properties of 3D
Printed Polycarbonate. Energies 2022, 15, 3686. [CrossRef]


https://doi.org/10.1016/j.addma.2019.01.005
https://doi.org/10.1016/j.addma.2016.06.008
https://doi.org/10.1016/j.jmapro.2022.06.026
https://doi.org/10.3390/polym12102188
https://www.ncbi.nlm.nih.gov/pubmed/32987905
https://doi.org/10.1007/s10853-017-1624-2
https://doi.org/10.1002/pc.26817
https://doi.org/10.1016/j.compstruct.2022.115590
https://doi.org/10.1016/j.coco.2023.101518
https://doi.org/10.1016/j.compositesa.2022.107334
https://doi.org/10.1016/j.compositesa.2023.107454
https://doi.org/10.1007/s00170-016-9891-7
https://doi.org/10.1038/srep23058
https://www.ncbi.nlm.nih.gov/pubmed/26965201
https://doi.org/10.1108/RPJ-08-2015-0098
https://doi.org/10.4236/OJCM.2016.61003
https://doi.org/10.1016/j.matlet.2024.136075
https://doi.org/10.3390/ma15124312
https://www.ncbi.nlm.nih.gov/pubmed/35744371
https://doi.org/10.1016/B978-0-323-31306-3.00005-1
https://doi.org/10.1016/B978-0-12-818311-3.00019-7
https://doi.org/10.1016/j.jmapro.2022.11.061
https://doi.org/10.3390/ma12233955
https://www.ncbi.nlm.nih.gov/pubmed/31795290
https://doi.org/10.3390/polym12112492
https://www.ncbi.nlm.nih.gov/pubmed/33120954
https://doi.org/10.3390/ma16093412
https://doi.org/10.1016/B978-075067838-4/50010-5
https://doi.org/10.1016/B978-0-12-817880-5.00005-0
https://doi.org/10.3390/polym12123045
https://www.ncbi.nlm.nih.gov/pubmed/33353246
https://doi.org/10.3390/nano12071068
https://doi.org/10.3390/en15103686

Polymers 2024, 16, 831 26 of 29

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Zhang, H.; Liu, D.; Huang, T.; Hu, Q.; Lammer, H. Three-Dimensional Printing of Continuous Flax Fiber-Reinforced Thermoplastic
Composites by Five-Axis Machine. Materials 2020, 13, 1678. [CrossRef]

Zhang, H.; Lei, X.; Hu, Q.; Wu, S.; Aburaia, M.; Gonzalez-Gutierrez, J.; Lammer, H. Hybrid Printing Method of Polymer and
Continuous Fiber-Reinforced Thermoplastic Composites (CFRTPCs) for Pipes through Double-Nozzle Five-Axis Printer. Polymers
2022, 14, 819. [CrossRef]

Park, S.J.; Lee, ].E.; Lee, H.B,; Park, J.; Lee, N.K,; Son, Y.; Park, S.H. 3D printing of bio-based polycarbonate and its potential
applications in ecofriendly indoor manufacturing. Addit. Manuf. 2020, 31, 100974. [CrossRef]

Kannan, S.; Ramamoorthy, M. Mechanical characterization and experimental modal analysis of 3D Printed ABS, PC and PC-ABS
materials. Mater. Res. Express 2020, 7, 015341. [CrossRef]

Zander, N.E,; Gillan, M.; Burckhard, Z.; Gardea, F. Recycled polypropylene blends as novel 3D printing materials. Addit. Manuf.
2019, 25, 122-130. [CrossRef]

Eichenhofer, M.; Wong JC, H.; Ermanni, P. Exploiting cyclic softening in continuous lattice fabrication for the additive man-
ufacturing of high performance fibre-reinforced thermoplastic composite materials. Compos. Sci. Technol. 2018, 164, 248-259.
[CrossRef]

Zhang, H.; Chen, J.; Yang, D. Fibre misalignment and breakage in 3D printing of continuous carbon fibre reinforced thermoplastic
composites. Addit. Manuf. 2021, 38, 101775. [CrossRef]

Blok, L.G.; Longana, M.L.; Yu, H.; Woods, B.K.S. An investigation into 3D printing of fibre reinforced thermoplastic composites.
Addit. Manuf. 2018, 22, 176-186. [CrossRef]

Ding, S.; Zou, B.; Wang, P; Huang, C.; Liu, J.; Li, L. Geometric modeling and recycling of 3D printed fiber reinforced thermoplastic
composite plain weft knitted structures. Compos. Part A Appl. Sci. Manuf. 2021, 149, 106528. [CrossRef]

Todoroki, A.; Oasada, T.; Mizutani, Y.; Suzuki, Y.; Ueda, M.; Matsuzaki, R.; Hirano, Y. Tensile property evaluations of 3D printed
continuous carbon fiber reinforced thermoplastic composites. Adv. Compos. Mater. 2020, 29, 147-162. [CrossRef]

Oladapo, B.I; Zahedi, S.A.; Ismail, S.0.; Omigbodun, ET. 3D printing of PEEK and its composite to increase biointerfaces as a
biomedical material- A review. Colloids Surf. B Biointerfaces 2021, 203, 111726. [CrossRef]

Hao, W,; Liu, Y.; Zhou, H.; Chen, H.; Fang, D. Preparation and characterization of 3D printed continuous carbon fiber reinforced
thermosetting composites. Polym. Test. 2018, 65, 29-34. [CrossRef]

Aberoumand, M.; Soltanmohammadi, K.; Rahmatabadi, D.; Soleyman, E.; Ghasemi, I.; Baniassadi, M.; Abrinia, K.; Bodaghi, M.;
Baghani, M. 4D Printing of Polyvinyl Chloride (PVC): A Detailed Analysis of Microstructure, Programming, and Shape Memory
Performance. Macromol. Mater. Eng. 2023, 308, 2200677. [CrossRef]

Karimi, A.; Rahmatabadi, D.; Baghani, M. Direct Pellet Three-Dimensional Printing of Polybutylene Adipate-co-Terephthalate for
a Greener Future. Polymers 2024, 16, 267. [CrossRef] [PubMed]

Sztorch, B.; Brzakalski, D.; Pakuta, D.; Frydrych, M.; épitalsky, Z.; Przekop, R.E. Natural and Synthetic Polymer Fillers for
Applications in 3D Printing—FDM Technology Area. Solids 2022, 3, 508-548. [CrossRef]

Asim, M.,; Jawaid, M.; Saba, N.; Ramengmawii Nasir, M.; Sultan MT, H. Processing of hybrid polymer composites—A review. In
Hybrid Polymer Composite Materials: Processing; Elsevier: Amsterdam, The Netherlands, 2017; pp. 1-22. [CrossRef]

Hasan, Z.; Rahman, M.Z,; Saha, B.; Ador, S.H. Composite materials from synthetic and natural sources: Fabrication techniques
and applications. In Reference Module in Materials Science and Materials Engineering; Elsevier: Amsterdam, The Netherlands, 2023.
[CrossRef]

Jamir MR, M.; Majid MS, A.; Khasri, A. Natural lightweight hybrid composites for aircraft structural applications. In Sustainable
Composites for Aerospace Applications; Elsevier: Amsterdam, The Netherlands, 2018; pp. 155-170. [CrossRef]

Inagaki, M. Carbon Fibers. In New Carbons—Control of Structure and Functions; Elsevier: Amsterdam, The Netherlands, 2000; pp.
82-123. [CrossRef]

Pusch, J.; Wohlmann, B. Carbon Fibers. In Inorganic and Composite Fibers: Production, Properties, and Applications; Elsevier:
Amsterdam, The Netherlands, 2018; pp. 31-51. [CrossRef]

Acatay, K. Carbon fibers. In Fiber Technology for Fiber-Reinforced Composites; Elsevier: Amsterdam, The Netherlands, 2017; pp. 123-151.
[CrossRef]

Ferreira RT, L.; Amatte, I.C.; Dutra, T.A.; Biirger, D. Experimental characterization and micrography of 3D printed PLA and PLA
reinforced with short carbon fibers. Compos. Part B Eng. 2017, 124, 88-100. [CrossRef]

Ning, F.; Cong, W.; Qiu, J.; Wei, J.; Wang, S. Additive manufacturing of carbon fiber reinforced thermoplastic composites using
fused deposition modeling. Compos. Part B Eng. 2015, 80, 369-378. [CrossRef]

Tekinalp, H.L.; Kunc, V.; Velez-Garcia, G.M.; Duty, C.E.; Love, L.].; Naskar, A.K.; Blue, C.A.; Ozcan, S. Highly oriented carbon
fiber-polymer composites via additive manufacturing. Compos. Sci. Technol. 2014, 105, 144-150. [CrossRef]

Sathishkumar, T.P,; Satheeshkumar, S.; Naveen, J. Glass fiber-reinforced polymer composites—A review. J. Reinf. Plast. Compos.
2014, 33, 1258-1275. [CrossRef]

Peng, X.; Zhang, M.; Guo, Z.; Sang, L.; Hou, W. Investigation of processing parameters on tensile performance for FDM-printed
carbon fiber reinforced polyamide 6 composites. Compos. Commun. 2020, 22, 100478. [CrossRef]

Hu, Y;; Ladani, R.B.; Brandt, M.; Li, Y.; Mouritz, A.P. Carbon fibre damage during 3D printing of polymer matrix laminates using
the FDM process. Mater. Des. 2021, 205, 109679. [CrossRef]


https://doi.org/10.3390/ma13071678
https://doi.org/10.3390/polym14040819
https://doi.org/10.1016/j.addma.2019.100974
https://doi.org/10.1088/2053-1591/ab6a48
https://doi.org/10.1016/j.addma.2018.11.009
https://doi.org/10.1016/j.compscitech.2018.05.033
https://doi.org/10.1016/j.addma.2020.101775
https://doi.org/10.1016/j.addma.2018.04.039
https://doi.org/10.1016/j.compositesa.2021.106528
https://doi.org/10.1080/09243046.2019.1650323
https://doi.org/10.1016/j.colsurfb.2021.111726
https://doi.org/10.1016/j.polymertesting.2017.11.004
https://doi.org/10.1002/mame.202200677
https://doi.org/10.3390/polym16020267
https://www.ncbi.nlm.nih.gov/pubmed/38257066
https://doi.org/10.3390/solids3030034
https://doi.org/10.1016/B978-0-08-100789-1.00001-0
https://doi.org/10.1016/B978-0-323-96020-5.00171-0
https://doi.org/10.1016/B978-0-08-102131-6.00008-6
https://doi.org/10.1016/B978-008043713-2/50004-2
https://doi.org/10.1016/B978-0-08-102228-3.00002-5
https://doi.org/10.1016/B978-0-08-101871-2.00006-0
https://doi.org/10.1016/j.compositesb.2017.05.013
https://doi.org/10.1016/j.compositesb.2015.06.013
https://doi.org/10.1016/j.compscitech.2014.10.009
https://doi.org/10.1177/0731684414530790
https://doi.org/10.1016/j.coco.2020.100478
https://doi.org/10.1016/j.matdes.2021.109679

Polymers 2024, 16, 831 27 of 29

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Giani, N.; Mazzocchetti, L.; Benelli, T.; Picchioni, F.; Giorgini, L. Towards sustainability in 3D printing of thermoplastic composites:
Evaluation of recycled carbon fibers as reinforcing agent for FDM filament production and 3D printing. Compos. Part A Appl. Sci.
Manuf. 2022, 159, 107002. [CrossRef]

Donnet, J.B.; Bahl, O.P,; Bansal, R.C.; Wang, T.K. Carbon Fibers. In Encyclopedia of Physical Science and Technology; Elsevier:
Amsterdam, The Netherlands, 2003; pp. 431-455. [CrossRef]

Jubsilp, C.; Mora, P; Bielawski, C.W.; Lu, Z.; Rimdusit, S. Thermosetting matrix based glass and carbon fiber composites. In Fiber
Reinforced Composites: Constituents, Compatibility, Perspectives and Applications; Elsevier: Amsterdam, The Netherlands, 2021; pp. 341-403.
[CrossRef]

Chawla, K.K. Glass Fibers. In Reference Module in Materials Science and Materials Engineering; Elsevier: Amsterdam, The Netherlands,
2016. [CrossRef]

Cevahir, A. Glass fibers. In Fiber Technology for Fiber-Reinforced Composites; Elsevier: Amsterdam, The Netherlands, 2017; pp. 99-121.
[CrossRef]

Yalamag, E.; Stitgti, M.; Bastiirk, S.B. Chapter 9: Ceramic Fibers. In Fiber Technology for Fiber Reinforced Composites; Seydibeyoglu,
M.O,, Mohanty, A.K., Misra, M., Eds.; Woodhead Publishing Series; Elsevier: Amsterdam, The Netherlands, 2017; Available
online: http://www.sciencedirect.com:5070/book /9780081018712 /fiber-technology-for-fiber-reinforced-composites (accessed
on 22 May 2017).

Katiyar, J.K.; Jena, H. The role of synthetic fibers in the tribological behavior of polymeric materials. In Tribology of Polymers,
Polymer Composites, and Polymer Nanocomposites; Elsevier: Amsterdam, The Netherlands, 2023; pp. 173-194. [CrossRef]

Roy Choudhury, A K. Dyeing of synthetic fibres. In Handbook of Textile and Industrial Dyeing; Elsevier: Amsterdam, The
Netherlands, 2011; pp. 40-128. [CrossRef]

Fink, J.K. Aramids. In High Performance Polymers; Elsevier: Amsterdam, The Netherlands, 2014; pp. 301-320. [CrossRef]

Abdin, Y,; Jain, A.; Lomov, S.V.; Carvelli, V. Fatigue analysis of carbon, glass and other fibres. In Fatigue of Textile Composites;
Elsevier: Amsterdam, The Netherlands, 2015; pp. 85-104. [CrossRef]

Hamouda, H. Thermal and Fire Protective Fabric Systems. In Handbook of Environmental Degradation of Materials, 3rd ed.; Elsevier:
Amsterdam, The Netherlands, 2018; pp. 323-341. [CrossRef]

Gabara, V. High-Performance Fibers. In Ullmann’s Encyclopedia of Industrial Chemistry; Wiley: Hoboken, NJ, USA, 2016; pp. 1-22.
[CrossRef]

Tian, X,; Liu, T; Yang, C.; Wang, Q.; Li, D. Interface and performance of 3D printed continuous carbon fiber reinforced PLA
composites. Compos. Part A Appl. Sci. Manuf. 2016, 88, 198-205. [CrossRef]

Mori, K.I; Maeno, T.; Nakagawa, Y. Dieless Forming of Carbon Fibre Reinforced Plastic Parts Using 3D Printer. Procedia Eng.
2014, 81, 1595-1600. [CrossRef]

Caminero, M.A.; Chacén, ].M.; Garcia-Moreno, L; Reverte, ]. M. Interlaminar bonding performance of 3D printed continuous fibre
reinforced thermoplastic composites using fused deposition modelling. Polym. Test. 2018, 68, 415-423. [CrossRef]

Li, N.; Li, Y;; Liu, S. Rapid prototyping of continuous carbon fiber reinforced polylactic acid composites by 3D printing. ]. Mater.
Process. Technol. 2016, 238, 218-225. [CrossRef]

Bettini, P; Alitta, G.; Sala, G.; Di Landro, L. Fused Deposition Technique for Continuous Fiber Reinforced Thermoplastic. J. Mater.
Eng. Perform. 2017, 26, 843-848. [CrossRef]

Kuschmitz, S.; Schirp, A.; Busse, J.; Watschke, H.; Schirp, C.; Vietor, T. Development and Processing of Continuous Flax and
Carbon Fiber-Reinforced Thermoplastic Composites by a Modified Material Extrusion Process. Materials 2021, 14, 2332. [CrossRef]
[PubMed]

Akhoundi, B.; Behravesh, A.H.; Bagheri Saed, A. An innovative design approach in three-dimensional printing of continuous
fiber-reinforced thermoplastic composites via fused deposition modeling process: In-melt simultaneous impregnation. Proc. Inst.
Mech. Eng. Part B |. Eng. Manuf. 2020, 234, 243-259. [CrossRef]

Rijckaert, S.; Daelemans, L.; Cardon, L.; Boone, M.; Van Paepegem, W.; De Clerck, K. Continuous Fiber-Reinforced Aramid/PETG
3D-Printed Composites with High Fiber Loading through Fused Filament Fabrication. Polymers 2022, 14, 298. [CrossRef]
[PubMed]

Alarifi, LM. PETG/ carbon fiber composites with different structures produced by 3D printing. Polym. Test. 2023, 120, 107949.
[CrossRef]

Tholibon, D.; Tharazi, I.; Sulong, A.B.; Muhamad, N.; Ismial, N.F,; Radzi, M.; Radzuan, N.A.M.; Hui, D. Kenaf fiber composites: A
review on synthetic and biodegradable polymer matrix. |. Kejuruter. 2019, 31, 65-76. Available online: http://journalarticle.ukm.
my/14300/1/08.pdf (accessed on 30 April 2019). [CrossRef]

Sanjay, M.R.; Arpitha, G.R.; Naik, L.L.; Gopalakrishna, K.; Yogesha, B. Applications of Natural Fibers and Its Composites: An
Overview. Nat. Resour. 2016, 7, 108-114. [CrossRef]

Sanjay, M.R.; Madhu, P,; Jawaid, M.; Senthamaraikannan, P.; Senthil, S.; Pradeep, S. Characterization and properties of natural
fiber polymer composites: A comprehensive review. J. Clean. Prod. 2018, 172, 566-581. [CrossRef]

Pecas, P; Carvalho, H.; Salman, H.; Leite, M. Natural fibre composites and their applications: A review. ]. Compos. Sci. 2018, 2, 66.
[CrossRef]

Allaby, R.G.; Peterson, G.W.; Merriwether, D.A.; Fu, Y.B. Evidence of the domestication history of flax (Linum usitatissimum L.)
from genetic diversity of the sad2 locus. Theor. Appl. Genet. 2005, 112, 58-65. [CrossRef] [PubMed]


https://doi.org/10.1016/j.compositesa.2022.107002
https://doi.org/10.1016/B0-12-227410-5/00082-X
https://doi.org/10.1016/B978-0-12-821090-1.00012-0
https://doi.org/10.1016/B978-0-12-803581-8.02325-0
https://doi.org/10.1016/B978-0-08-101871-2.00005-9
http://www.sciencedirect.com:5070/book/9780081018712/fiber-technology-for-fiber-reinforced-composites
https://doi.org/10.1016/B978-0-323-90748-4.00002-9
https://doi.org/10.1533/9780857094919.1.40
https://doi.org/10.1016/B978-0-323-31222-6.00013-3
https://doi.org/10.1016/B978-1-78242-281-5.00005-5
https://doi.org/10.1016/B978-0-323-52472-8.00016-2
https://doi.org/10.1002/14356007.A13_001.PUB2
https://doi.org/10.1016/j.compositesa.2016.05.032
https://doi.org/10.1016/j.proeng.2014.10.196
https://doi.org/10.1016/j.polymertesting.2018.04.038
https://doi.org/10.1016/j.jmatprotec.2016.07.025
https://doi.org/10.1007/s11665-016-2459-8
https://doi.org/10.3390/ma14092332
https://www.ncbi.nlm.nih.gov/pubmed/33946263
https://doi.org/10.1177/0954405419843780
https://doi.org/10.3390/polym14020298
https://www.ncbi.nlm.nih.gov/pubmed/35054704
https://doi.org/10.1016/j.polymertesting.2023.107949
http://journalarticle.ukm.my/14300/1/08.pdf
http://journalarticle.ukm.my/14300/1/08.pdf
https://doi.org/10.17576/jkukm-2019-31(1)-08
https://doi.org/10.4236/nr.2016.73011
https://doi.org/10.1016/j.jclepro.2017.10.101
https://doi.org/10.3390/jcs2040066
https://doi.org/10.1007/s00122-005-0103-3
https://www.ncbi.nlm.nih.gov/pubmed/16215731

Polymers 2024, 16, 831 28 of 29

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Chand, N.; Fahim, M. Natural fibers and their composites. In Tribology of Natural Fiber Polymer Composites; Elsevier: Amsterdam,
The Netherlands, 2008; pp. 1-58. [CrossRef]

Hosseini Ravandi, S.A.; Valizadeh, M. Properties of fibers and fabrics that contribute to human comfort. In Improving Comfort in
Clothing; Elsevier: Amsterdam, The Netherlands, 2011; pp. 61-78. [CrossRef]

Koh, J. Dyeing of cellulosic fibres. In Handbook of Textile and Industrial Dyeing; Elsevier: Amsterdam, The Netherlands, 2011; pp. 129-146.
[CrossRef]

Chand, N.; Fahim, M. Natural fibers and their composites. In Tribology of Natural Fiber Polymer Composites; Elsevier: Amsterdam,
The Netherlands, 2021; pp. 1-59. [CrossRef]

Haule, L.V.; Nambela, L. Sustainable application of nanomaterial for finishing of textile material. In Green Nanomaterials for
Industrial Applications; Elsevier: Amsterdam, The Netherlands, 2022; pp. 177-206. [CrossRef]

Rahman, R.; Putra, S.Z.ES. Tensile properties of natural and synthetic fiber-reinforced polymer composites. In Mechanical and
Physical Testing of Biocomposites, Fibre-Reinforced Composites and Hybrid Composites; Elsevier: Amsterdam, The Netherlands, 2019;
pp. 81-102. [CrossRef]

Chand, N.; Fahim, M. Industrially significant natural fiber-reinforced polymer composites: Hemp, kenaf, flax, oil palm, date
palm, and rice husk-based composites. In Tribology of Natural Fiber Polymer Composites; Elsevier: Amsterdam, The Netherlands,
2021; pp. 193-205. [CrossRef]

Varghese, A.M.; Mittal, V. Surface modification of natural fibers. In Biodegradable and Biocompatible Polymer Composites: Processing,
Properties and Applications; Elsevier: Amsterdam, The Netherlands, 2018; pp. 115-155. [CrossRef]

Maher, M.; Prasad, M.; Raviv, M. Organic Soilless Media Components. In Soilless Culture: Theory and Practice; Elsevier: Amsterdam,
The Netherlands, 2008; pp. 459-504. [CrossRef]

Aly-Hassan, M.S. Aly-Hassan, M.S. A new perspective in multifunctional composite materials. In Multifunctionality of Polymer
Composites: Challenges and New Solutions; Elsevier: Amsterdam, The Netherlands, 2015; pp. 42-67. [CrossRef]

Mabhltig, B. Basalt Fibers. In Inorganic and Composite Fibers: Production, Properties, and Applications; Elsevier: Amsterdam, The
Netherlands, 2018; pp. 195-217. [CrossRef]

Le Duigou, A.; Barbé, A.; Guillou, E.; Castro, M. 3D printing of continuous flax fibre reinforced biocomposites for structural
applications. Mater. Des. 2019, 180, 107884. [CrossRef]

Kelch, M.; Kiithn, N.; Wieland, H.; Goedecke, G.; Rottmann-Meyer, M.L.; Van Noordenne, C.; Grashorn, C.; Miissig, J. Cotton
Fibre-Reinforced Composites for Injection Moulding and 3D Printing. 2018. Available online: https://api.semanticscholar.org/
CorpusID:198182436 (accessed on 30 April 2019).

Han SN, M.E;; Taha, M.M.; Mansor, M.R.; Rahman, M.A.A. Investigation of tensile and flexural properties of kenaf fiber-reinforced
acrylonitrile butadiene styrene composites fabricated by fused deposition modeling. J. Eng. Appl. Sci. 2022, 69, 52. [CrossRef]
Donitz, A.; Kollner, A.; Richter, T.; Loschke, O.; Auhl, D.; Vollmecke, C. Additive Manufacturing of Biodegradable Hemp-
Reinforced Polybutylene Succinate (PBS) and Its Mechanical Characterization. Polymers 2023, 15, 2271. [CrossRef] [PubMed]
Sultan, R.; Skrifvars, M.; Khalili, P. 3D printing of polypropylene reinforced with hemp fibers: Mechanical, water absorption and
morphological properties. Heliyon 2024, 10, e26617. [CrossRef]

Billings, C.; Siddique, R.; Sherwood, B.; Hall, J.; Liu, Y. Additive Manufacturing and Characterization of Sustainable Wood
Fiber-Reinforced Green Composites. J. Compos. Sci. 2023, 7, 489. [CrossRef]

Sang, L.; Han, S.; Li, Z.; Yang, X.; Hou, W. Development of short basalt fiber reinforced polylactide composites and their feasible
evaluation for 3D printing applications. Compos. Part B Eng. 2019, 164, 629-639. [CrossRef]

Chen, X.; Wang, Y.; Liu, M.; Qu, S.; Zhang, Q.; Chen, S. Preparation and Process Parameter Optimization of Continuous Carbon
Fiber-Reinforced Polycarbonate Prepreg Filament. Polymers 2023, 15, 607. [CrossRef]

Lupone, F; Padovano, E.; Venezia, C.; Badini, C. Experimental Characterization and Modeling of 3D Printed Continuous Carbon
Fibers Composites with Different Fiber Orientation Produced by FFF Process. Polymers 2022, 14, 426. [CrossRef]

Caminero, M.A.; Chacén, ].M.; Garcia-Moreno, 1.; Rodriguez, G.P. Impact damage resistance of 3D printed continuous fibre
reinforced thermoplastic composites using fused deposition modelling. Compos. Part B Eng. 2018, 148, 93-103. [CrossRef]

Liu, T; Tian, X,; Zhang, M.; Abliz, D.; Li, D.; Ziegmann, G. Interfacial performance and fracture patterns of 3D printed continuous
carbon fiber with sizing reinforced PA6 composites. Compos. Part A Appl. Sci. Manuf. 2018, 114, 368-376. [CrossRef]

Justo, J.; Tavara, L.; Garcia-Guzman, L.; Paris, F. Characterization of 3D printed long fibre reinforced composites. Compos. Struct.
2018, 185, 537-548. [CrossRef]

Ueda, M.; Kishimoto, S.; Yamawaki, M.; Matsuzaki, R.; Todoroki, A.; Hirano, Y.; Le Duigou, A. 3D compaction printing of a
continuous carbon fiber reinforced thermoplastic. Compos. Part A Appl. Sci. Manuf. 2020, 137, 105985. [CrossRef]

Akhoundi, B.; Behravesh, A.H.; Bagheri Saed, A. Improving mechanical properties of continuous fiber-reinforced thermoplastic
composites produced by FDM 3D printer. ]. Reinf. Plast. Compos. 2018, 38, 99-116. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1533/9781845695057.1
https://doi.org/10.1533/9780857090645.1.61
https://doi.org/10.1533/9780857094919.1.129
https://doi.org/10.1016/B978-0-12-818983-2.00001-3
https://doi.org/10.1016/B978-0-12-823296-5.00011-3
https://doi.org/10.1016/B978-0-08-102292-4.00005-9
https://doi.org/10.1016/B978-0-12-818983-2.00008-6
https://doi.org/10.1016/B978-0-08-100970-3.00005-5
https://doi.org/10.1016/B978-044452975-6.50013-7
https://doi.org/10.1016/B978-0-323-26434-1.00002-7
https://doi.org/10.1016/B978-0-08-102228-3.00009-8
https://doi.org/10.1016/j.matdes.2019.107884
https://api.semanticscholar.org/CorpusID:198182436
https://api.semanticscholar.org/CorpusID:198182436
https://doi.org/10.1186/s44147-022-00109-0
https://doi.org/10.3390/polym15102271
https://www.ncbi.nlm.nih.gov/pubmed/37242845
https://doi.org/10.1016/j.heliyon.2024.e26617
https://doi.org/10.3390/jcs7120489
https://doi.org/10.1016/j.compositesb.2019.01.085
https://doi.org/10.3390/polym15030607
https://doi.org/10.3390/polym14030426
https://doi.org/10.1016/j.compositesb.2018.04.054
https://doi.org/10.1016/j.compositesa.2018.09.001
https://doi.org/10.1016/j.compstruct.2017.11.052
https://doi.org/10.1016/j.compositesa.2020.105985
https://doi.org/10.1177/0731684418807300

	Introduction 
	FDM Filaments 
	Filaments Production and Reinforcing Process 
	Filaments Types 
	Poly (Lactic Acid) (PLA) 
	Acrylonitrile Butadiene Styrene (ABS) 
	Nylon 
	Thermoplastic Polyurethane (TPU) 
	High-Impact Polystyrene (HIPS) 
	Poly (Vinyl Alcohol) (PVA) 
	Polyethylene Terephthalate Glycol-Modified (PETG) 
	Polycarbonate (PC) 


	FDM 3D Printed Fiber Reinforced Composites (FRCs) 
	Composite Matrix 
	Reinforcing Elements 
	Fillers 
	Fibers 
	Synthetic Fibers 
	Natural Fibers 


	FDM of Continuous Fibers 
	In-Situ Fusion Mechanism 
	Dual Extruder Mechanism/Ex-Situ Method 
	Other FDM Mechanisms 
	3D Compaction Printing 
	Modified In-Situ Fusion Mechanism 


	Conclusions 
	References

