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A B S T R A C T   

Fused deposition modeling (FDM) or fused filament fabrication (FFF), which is based on polymer melting and 
extrusion, offers a unique manufacturing method to fabricate objects with complex geometries due to easy 
process for polymer deformation through melting and solidification and layer-by-layer additive manufacturing. 
Because of these advantages, FDM has attracted considerable attention over the past decades in a variety of fields 
including electronics, biomechanical engineering, and sustainable materials. As the demand for functional ma
terials increases, polymer composites with diverse reinforcements such as carbon nanomaterials, metals, bio
materials, and ceramics have been tailored as feedstocks for FDM. Fabrication and printing with polymeric 
composite filaments require understandings of the physical and chemical properties as well as thermal-rheology 
behavior of polymer systems, which are crucial to advancing AM development. Herein, we first provide the 
working mechanism of FDM, the criteria for selecting polymers, and methods for manufacturing polymer and 
polymer composite filaments. After that, the physical and mechanical properties and printing conditions of the 
pure polymer filaments, multi-material/structure filaments, and various applications using polymer composite 
filaments are discussed and summarized. Finally, we share some of our perspectives for the future advance of 
polymer-based filament for FDM.   

1. Introduction 

Additive manufacturing (AM), also known as 3D printing, allows the 
fabrication of customized products with high geometric complexity and 
good scalability. The first 3D printer, stereolithography, was invented in 
1987, and during that time other types of 3D printers were also intro
duced, including fused deposition modeling (FDM) and selective laser 
sintering (SLS) [1]. Compared to the traditional manufacturing pro
cesses that produces products by cutting materials from solid blocks of 
material, 3D printing can create 3D objects by adding materials layer by 
layer. This additive process is attractive as a sustainable manufacturing 
these days because it saves materials and energy by minimizing the 
negative impact on the environment. Moreover, 3D printing has greater 
design flexibility and allows product design modification without any 
equipment or machine changes, which is required by conventional 
manufacturing techniques for thermoplastic fabrication including 
injecting molding, forging, and drawing. Among 3D printing techniques, 
FDM, or called fused filament fabrication (FFF) is the most popular due 
to the simpleness of the process and cost-effectiveness [2]. FDM has been 
widely used in not only rapid prototyping but also many functional 

applications in biomedical engineering [3], automotive [4], food [5], 
and construction [6]. 

These advanced uses require high-performance thermoplastics such 
as polyether-ether-ketones, polycarbonates, and functional polymer 
composites. To print the 3D products with these new materials, it is 
important to understand the rheology of the polymer and polymer 
composites with FDM. Rheology can be a key part as new filaments are 
formulated to develop the versatility of FDM. In addition, it is essential 
to know the characteristics of polymers and fillers to establish FDM 
material selection criteria, and how to manufacture filaments from 
polymers and polymer composite. 

In this review, we focus on the materials of the polymer composite 
filaments, filament fabrication and printing processes, and applications 
using the polymer composite filaments. First, we will provide FDM 
working mechanisms for polymer and polymer composites and the 
overall filament fabricating procedure. Second, it will be explored that 
functional filaments to handle the challenges in FDM as well as the 
applications (e.g., biomedical fields, sustainable materials, electrical 
energy storage, and electronics) using the composite filaments with 
numerous filling materials (e.g., carbon nanomaterials, metal, 
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biomaterials, and ceramic). Finally, we share our thought on the key 
challenges and future development of polymer-based filament feedstock 
and AM system. 

2. Fused deposition modeling (FDM) 

2.1. Working principle of FDM along with polymer filaments 

FDM is an extrusion-based 3D printing technology that prints 3D 
products using solid filaments made of thermoplastic. A FDM printer has 
a printer head made up of several components, such as an extruder 
motor, a heater, a nozzle, and other auxiliary parts like a temperature 
sensor and a filament guide, as shown in Fig. 1. The extruder motor 
applies enough pressure to push out a filament through the nozzle, and 
the heater changes physical state of the filament by creating a high 
temperature around the melting point of the material. The working 
principle of the FDM is simple like below. Once the filament is inserted 
into the guide and pushed down by an extruder motor, it turns into the 
semi-liquid state at a hot end. The molten filament is extruded through 
the nozzle and deposited layer by layer on the platform or previously 
printed layers. However, when printing polymer and polymer composite 
filaments, there are several things to consider. As illustrated Fig. 1, the 
first is the state of the filament when printing a composite filament. 
Depending on the filler materials, shape, and loading, the print qualities 
vary due to inconsistent extrusion, filament deterioration during print
ing, and improper properties (e.g., inadequate viscosity and too high 
brittleness) for printing, which will be covered in section 2.1. The second 
is the parameters in a nozzle and hot end. The shape of the nozzle and 
temperature of the hot end affects the surface quality of the products and 
determine printability of the polymer and polymer composites, respec
tively. The third is mechanical properties of the printed objects. Due to 
the layer-by-layer printing process, the printed products have aniso
tropic mechanical properties (higher properties in printing directions). 
Therefore, when printing objects for applications, especially structural 
applications, we should consider the printing directions. In recent, there 
are several methods to improve the mechanical properties in perpen
dicular to layers, which will be discussed in section 3. The last is the 
functional abilities of the printed composite filaments. By using smart 
polymers, such as shape memory polymers, the printed objects are able 
to have advanced functional abilities that change shape over times 
under the stimulus (e.g., electricity [7] and temperature [8,9], etc.). It is 
called 4D printing. Compared to 3D printing, 4D printing focuses more 
on the material design and provides new insights in many applications, 
including medical industries [10] and robotics [11]. Moreover, when 
using post-treatment, the printed composite can be converted functional 
products. The details on functionality of composite filaments will be 
discussed in the section from 3.2.1 to 3.2.5. 

The key part of FDM is the hot end where polymer’s physical state 
change takes place. At the hot end, the temperature control needs lots of 
attention. In order to melt the material, the temperature of the hot end 

must be high enough to keep the material molten, but not too high for 
the material to deteriorate [12]. For printing the high performance of 
polymers such as polyether-ether-ketone (PEEK), it is challenging to 
create a high temperature, since the surrounding components can 
degrade due to high temperature. Besides the hot end, there are also 
several factors that determine the quality and mechanical properties of 
printed products, including printing speed and environmental condi
tions (humidity and temperature of the chamber and bedplate). For 
instance, too high temperature of the bed plate and chamber prevents 
the natural cooling of the extruded filaments, but if the temperature is 
too low, the printed filament crystallizes prematurely, which can cause 
component distortion and warping [13]. 

In the FDM printing process, it is important to understand the 
rheology of molten filaments affected by flow rate and temperature. This 
is because rheology becomes a key factor in determining printability 
when using new materials. In Fig. 2a, the fiber with a diameter Df (2.85 
mm) is melt by heat transfer from the barrel, and when the molten 
filament passed the nozzle with a small diameter d (0.3–0.5 mm), shear 
and elongation flow is generated. The molten filament should have 
shear-thinning characteristics at elevated temperatures to have the 
adequate filament flow. At low shear rates, the viscosity is high to avoid 
premature extrusion, but at a high shear rates the viscosity decreases 
enough for the filament to be extruded [14]. However, the appropriate 
viscosity range for FDM is unable to measure because of difficulty in 
measuring the actual shear stress generated during printing [15]. For 
this reason, there is no indicator viscosity range for successful FDM. In 
addition, the viscosity is related to the die swell. When the viscosity is 
low, it allows the molecules in molten polymer to slide easily, reducing 
the elastic energy retained in the extruded polymer. As a result, die swell 
is reduced after printing. During the extruding process, the polymer 
chains become aligned with the flow direction, attributed to the shear 
stress generated along the barrel wall. At the small area of the nozzle, the 
maximum shear stress is produced, resulting in the higher alignment of 
the polymer chains. After the filament exits the nozzle, the filament 
cools down via through heat transfer between the hot filament and 
environment. At the same time, the diameter of the extruded filament 
increases by an amount of b (~300 μm), and the aligned polymer chains 
tend to return to their original state because of the elasticity of the 
polymer. Details of the changes in polymer chains (randomly distributed 
in initial state, aligned by passing the nozzle, returned to original state 
by swelling) during FDM printing are illustrated in Fig. 2b. 

There is also another type of extrusion-based 3D printing technique, 
which is screw-based 3D printing. As shown in Fig. 3a, the most common 
filament-based printing, FDM, uses solid filaments as feedstock. It is able 
to fabricate functional composite products with reinforcement aligned 
along the printing direction. However, when using solid filament, 
clogging may occur due to changes in diameter, and buckling and slip
ping of the filament in the extruder motor may result in printing failure 
due to improper flow of the filament [18]. To overcome these limita
tions, screw-based 3D printing has been studied. As illustrated in Fig. 3b, 

Fig. 1. The schematic and parameters of the FDM 
printer. The solid filament is melted into the semi- 
liquid state at the hot end, extruded through the 
nozzle, and then deposited layer by layer on the 
platform or previously printed layers to form three- 
dimensional structures. When printing the com
posite filaments, there are a few factors to be 
pointed out in terms of filament components, pa
rameters for nozzles and hot ends, and mechanical 
enhancement and functionality of the printed 
product.   
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the fillet shape of the raw material is used, and this printing is commonly 
used to manufacture products with continuous fixed shape. In this 
printing system, the fillets in the hopper are transported to the nozzle by 
the screw and melted by the heater during transfer. This printing system 
have several benefits, such as few restrictions on the shape of the 
feedstock and less clogging, but trapped air should be removed for 
continuous printing. 

2.2. Polymer feedstocks for FDM 

As materials for FDM, the standard and engineering levels of ther
moplastic such as polylactic acid (PLA), polycarbonate (PC), poly
ethylene terephthalate (PET), nylon (PA), and acrylonitrile-butadiene- 
styrene (ABS) have been widely used. As the hot end develops the 
capability to create high temperature, the advanced plastic such as 
polyether-ether-ketone (PEEK) and polyetherimide (PEI) are becoming 
printable. Due to the wide selection of feedstocks, it is important to 
know material properties (physical and mechanical properties) and 
printability when choosing the right polymer for the finished product. 
Fig. 4a shows the most common types of thermoplastics, which are 
classified according to performance, and Fig. 4b presents their print
ability, visual quality, and mechanical properties. In Fig. 4b, heat 
resistance, impact resistance, and elongation break are the chemical and 

mechanical properties that resist higher temperatures, impact energy, 
and length deformation before breaking, respectively. The ease of 
printing means how easy it is to print a feedstock in terms of bed 
adhesion, maximum print speed, ease of feeding to the printer, and the 
frequency of print failures, and visual quality refers to how good the 
printed part looks, which is determined by the surface quality such as 
smoothness of the surface. These points of view will be helpful to choose 
materials for FDM. Nowadays, as the demand for multifunctional ma
terials increases, research has been conducted to make polymer com
posite filaments by mixing carbon nanomaterials, biomaterials, metals, 
and ceramics into the polymers, which will be discussed in section 3. 

2.3. Hot-melt extrusion for 3D printing filament manufacturing 

Polymer raw materials for FDM are made into continuous filaments 
after raw materials are processed into polymers and transformed into 
pellets. For example, Fig. 5a shows the overall material processing for 
PLA filaments, which are commonly used in FDM technology. The 
process begins with corn fermentation (corn to Lactic Acid), condensa
tion (Lactide) and polymerization (Polylactic acid; PLA). After that, the 
material is pelletized and extruded into filaments for final use. From the 
point of view of the filament manufacturing process, it consists of three 
steps: hot-melt extrusion, cooling, and winding stage, as shown in 

Fig. 2. Rheology-controlled polymer molecular 
distribution in fused filament fabrication. (a) The 
extrusion process with polymer behavior [16]. After 
heat transfer from the barrel melts the filament, the 
molten filament exhibits shear and elongation flow 
in the conical nozzle. (b) An overall FDM printing 
mechanism by showing the polymer chain [17]. 
When filament is extruded, the polymer chains 
become aligned with the flow direction due to the 
generated shear stress along the barrel wall. After 
exiting the nozzle, the filament swells and the 
aligned polymer chains have tendency to return to 
their original state.   

Fig. 3. Schematic of extrusion-based 3D printing [18]. (a) Filament-based printing and (b) screw-based printing.  

Fig. 4. Thermoplastics as feedstock materials for 
FDM. (a) Categories of thermoplastics: Standard 
plastics (Acrylonitrile butadiene styrene (ABS), 
polylactic acid (PLA), polypropylene (PP), and 
polyethylene (PE)) are used for general parts oper
ated under low stresses. Engineering plastics (Pol
ycarbonate (PC), polyethylene terephthalate (PET), 
nylon (PA)) have good wear resistance compared to 
standard plastics and are applied to structural parts. 
Advanced plastics (Polyethyleneimine (PEI), 
polyether-ether-ketone (PEEK)) have high temper
ature resistance as well as high wear and chemical 
resistance. (b) A Rader plot graph showing polymer 
properties in terms of ease of printing, visual qual
ity, elongation break, impact resistance, and heat 
resistance.   
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Fig. 5b. Hot-melt extrusion is a technology for manufacturing polymer 
filaments and has a good ability to dispense two or more solid materials 
homogeneously [19]. This process uses heat and pressure to melt or 
soften materials and produces products with uniform shape and density 
through a die. The heater in an extruder melts the materials, and the 
rotating screw mixes the materials and passes the softened materials 
along the barrel to the end of the screw. The extrusion step is important 
as it can manipulate the orientation of the particles while extruding the 
composite filament [20]. For example, when extruding the composite 
with carbon nanotubes (CNTs), which have high electrical conductivity 
and tensile strength, CNTs tend to be aligned in the direction of the 
extrusion, resulting in high mechanical properties and electrical con
ductivity in the aligned direction [21]. This process can be controlled 
with several parameters such as temperature, screw speed, and feed rate. 
Once the filaments are extruded, they are cooled by fixing their shape in 
the cooling stage and wound for the filament bundle in the winding 
stage. 

Typically, the extruders used for hot-melt extrusion are divided into 
two types depending on the number of the screws: single-screw extruder 
and twin-screw extruder, as shown in Fig. 5c. The single screw and the 
twin-screw have some advantages and disadvantages, which are 

summarized in Table 1. The single-screw extruder has one screw and is 
mainly used to produce homogeneous polymers in a continuous shape 
[23]. When the screw rotates, frictional forces are generated between 
the rotating screw and the barrel surface, which make a flow that moves 
the materials to the die [24]. As screw speed increases, higher friction 
and thermal energy are generated, making single screw extruders un
suitable for heat sensitive materials. Also, high pressure occurs during 
the extrusion process and compresses the materials to produce fila
ments. However, the lack of shear deformation may tend to cause 
agglomeration and poor mixing. Therefore, it will be suitable for fabri
cating pure polymer filament, but it is difficult to extrude high-quality 
polymer composite filaments that require mixing two or more mate
rials. In the case of the twin-screw extruder, it has two screws, which are 
parallel to the barrel. Unlike the single-screw extruder, a twin-screw 
extruder creates a higher shear force not only in the gap between the 
screws and the barrel, but also between the rotating screws, helping to 
mix the materials well [19]. Moreover, when the molten material is 
squeezed between the screws, it stretches and causes a viscous flow by 
dissipating heat. Therefore, the speed and heat generation of the screw 
are independent. The other difference is that the shear forces can be 
increased by manipulating the rotating direction of the two screws: 
co-rotating whereby the screws rotate in the same direction, and 
counter-rotating whereby the screws rotate in the opposite direction. 
Compared to the co-rating system, the counter-rotating system is more 
useful for dispersing the fillers in the polymer matrix, because it pro
duces higher shear forces when the materials are squeezed in the gaps 
between the screws [25]. For these reasons, the twin-screw extruder is 
more efficient to mix two or more materials homogeneously and is 
widely used to make polymer composite filaments [26]. 

After the filaments are extruded from the extruder, they pass through 
a hot and cold bath to have a certain diameter (1.75 or 2.85 mm), which 
is the typical size of FDM filament. A roller, compensator, and coiler 
make the filaments to be wounded for filament bundle, as shown in 

Fig. 5. The process for fabricating a filament. (a) The material processing for the polylactic acid (PLA) filaments. The process begins with corn fermentation, 
condensation and polymerization, and the material is pelletized and extruded into filaments. (b) An overall process in the fabrication of a filament. (c) Schematic 
representation of single-screw and twin-screw extruder. (d) Figure of the filament production line for FDM, including extruder, hot bath, cold bath, roller, 
compensator, and coiler [22]. 

Table 1 
Comparison between single-screw and twin-screw.  

Types of 
extrusion 

Advantages Disadvantages 

Single-screw 
extrusion 

Low cost, mechanical simplicity, 
low maintenance 

Poor mixing, and not suitable 
for heat-sensitive materials 

Twin-screw 
extrusion 

High dispersing capacity, 
resulting in better mixing, better 
control of process parameters, 
easy material feeding, and high 
productivity and flexibility 

Relatively high cost, high input 
energy, and not suitable for 
shear-sensitive materials  
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Fig. 5d. 

3. Filaments 

Various thermoplastics including PLA, ABS, PC, PET, nylon, and 
PEEK are used as feedstocks for FDM technology. As physical, me
chanical, and chemical properties of thermoplastics are different, it is 
essential to know the physical and mechanical properties and print
ability of a material to choose an appropriate material according to its 
function and purpose. In this section, we will address the most popular 
thermoplastics (PLA, ABS, PC, PET, nylon, and PEEK) for the filaments 
in 3D printing, and Table 2 compares them in terms of physical and 
mechanical properties, and printing conditions. In general, heat 
deflection temperature measures polymer’s resistance to distortion 
under a given load at elevated temperature, and it can be used as an 
indicator for the service temperature of the polymer materials. In the 
table, heat deflection temperature refers the temperature, at which a 
given material specimen is bended of 0.25 mm under a given load (0.46 
MPa or 1.8 MPa for PEEK).  

1) Polylactic acid (PLA). PLA is the most widely used as a filament 
material due to its low cost and ease of print. PLA has a relatively low 
melt point around 145–186 ◦C and can be easily formed into filament 
with a temperature over 185–190 ◦C [27]. Biocompatibility and 
good mechanical properties (relatively high strength and modulus) 
of PLA make it popular in the industrial packing and biomedical field 
[28].  

2) Acrylonitrile butadiene styrene (ABS). ABS is an amorphous and 
synthesized by polymerizing styrene and acrylonitrile in the pres
ence of polybutadiene. Not only does it have better strength and 
toughness than PLA, but it also has better resistance to corrosive 
chemicals, making ABS more attractive for use in FDM [29]. How
ever, it is slightly difficult to print due to the tendency to warp, 
attributed to a high shrinkage factor.  

3) Nylon 6. Nylon 6 is a popular synthetic polymer and used in many 
industries due to its good strength, flexibility, and durability. But it is 
sensitive to moisture and should be kept in a cool, dry place for high- 
quality products [30].  

4) Polycarbonate (PC). PC is one of the engineering plastics and has 
carbonate groups in their chemical structure. PC is popular in 3D 
printing owing to its excellent mechanical properties (toughness, 
flexural strength, and impact resistance) and wide heat resistance 
ranging from − 150 ◦C to 140 ◦C [31]. Therefore, it is widely used for 
tough applications such as functional testing and tooling [32]. 
However, PC is one of hygroscopic plastics, meaning that it absorbs 
moisture in the air. To prevent the degradation of the filament, it 
should be stored in dry or airtight environment. It is also prone to 
occur warping between the filaments and the build plate or between 
filaments. When the PC is printed without heated environment, re
sidual stress can be created in the polymer, and as printing proceeds, 
the residual stress eventually overcome the bed or inter-layer adhe
sion, causing distortion. Therefore, it is important to ensure sufficient 
bed adhesion by controlling the bed and environmental temperature 

(Bed temperature: 90–105 ◦C, environmental temperature: ~250 ◦C) 
and adjusting the gap between nozzle and the bed.  

5) Polyethylene terephthalate (PET). PET is a semi-crystalline polymer 
and one of the polyester family. Rather than raw PET, glycol- 
modified polyethylene terephthalate (PETG) is more popular in 3D 
printing filament owing to less brittle and easy to use. PETG has 
better printability compared to ABS and enables the production of 3D 
products with smooth surface finish and excellent impact resistance, 
but PETG has the high absorbability of moisture from the air.  

6) Polyether-ether-ketone (PEEK). PEEK is a semicrystalline polymer in 
the Polyaryletherketone (PAEK) family and one of the advanced 
plastics, which has a high melting temperature. PEEK was difficult to 
print due to the high melting temperature around 343 ◦C, but as the 
hot end in FDM printer has recently progressed, it has led to the 
development of PEEK filaments for more general FDM. Moreover, 
many advantages of PEEK, including excellent mechanical and 
chemical resistance properties (high resistance to biodegradation 
and thermal degradation), allow the applications of the polymer in 
extreme conditions requiring high service temperatures or mechan
ical properties such as bone, bearing, piston parts, vehicle, and 
aircraft [33]. 

Polyether-ketone-ketone (PEKK) is also a semicrystalline polymer in 
PAEK family. PEKK is a rising material in aerospace and tooling in
dustries due to its high mechanical and chemical resistance properties 
like PEEK. The melting temperature of PEKK is around 385 ◦C, slightly 
higher than PEEK [34]. The main difference between PEEK and PEKK is 
that PEKK has a much lower crystallization rate (about 3 orders of 
magnitude) [35] and is less sensitive to cooling in a low-temperature 
build chamber below 200 ◦C. Thus, PEKK is popular as an alternative 
feedstock for FDM, because it can be processed like an amorphous 
polymer, providing good layer adhesion and dimensional stability. 

One of the challenges in FDM is that the bond between the printed 
layers is weak, resulting in lower strength and toughness. Several at
tempts have been made to solve this problem by locally heating the 
printed layers and promoting a crosslinking network between the in
termediate layers. A simple method is using a laser or infrared ramp to 
locally heat the surface of the printed layer prior to the deposition of the 
new layer [42,43]. Modifying the filament by adding thermal conduc
tive fillers is another method. These fillers help to generate heat between 
interlayers and entangle the polymer on the surface under external 
stimulus like a microwave and infrared lamps. For example, thermo
plastic filaments coated with carbon nanotube (CNT)-rich layer were 
used to weld the printed interfaces using microwave irradiation [44]. 
CNTs were selected since they are known to quickly generate heat on 
exposure to microwave radiation. The thermoplastic coated CNT layer 
was made via the bath coating process, as shown in Fig. 6a. Once the 
printed coaxial composite filaments were exposed to the micro irradia
tion, the CNT-rich layers were selectively heated, and the entanglement 
of polymers across the interface was enhanced, resulting in increased 
fracture strength, as shown in Fig. 6b. 

Table 2 
Comparison of the physical and mechanical properties, and printing conditions of PLA, ABS, Nylon, PC, PET, and PEEK for FDM.   

PLA ABS Nylon 6 PC PETG PEEK 

Glass transition temperature (◦C) 53–64 102–115 47–57 140–151 75–80 137–152 
Melting temperature (◦C) 145–186 – 220 220–260 – 335–343 
Heat deflection temperature (◦C) 56 100 190 190 71 160 
Modulus (GPa) 1.2–3.0 1.8–2.39 2.8–3.1 2.34 0.9–1.1 3.56 
Tensile strength (MPa) 28–50 25–65 79 62 55 92 
Printing temperature (◦C) 190–220 220–250 220–270 260–310 230–250 360–450 
Bed temperature (◦C) 45–60 95–110 70–90 80–120 75–90 120–150 
Ref. [36,37] [37,38] [36,37] [36,37] [37,39,40] [36,41]  
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3.1. Multi-material/structure filaments 

Multi-material/structure filaments such as core-shell filament have 
been also studied to improve printing quality and mechanical properties, 
including impact resistance and fracture toughness. For example, the 
semi-crystalline polymers are difficult to be printed with high quality 
because of the large volume change on crystallization [45]. But these 
challenges can be overcome using multi-material/structure filaments. 
For instance, a core-shell filament was manufactured using the con
ventional filament fabrication method for enhanced mechanical prop
erties, such as impact resistance and toughness [46]. In the fabrication of 
the filaments, two single screw extruders were used by connecting them 
to a core-shell coextrusion die with a circular opening, as shown in 
Fig. 7a. As materials, PC/ABS mixture was used as core and either 
high-density polyethylene (HDPE) or low-density polyethylene (LDPE) 
was used as an outer shell. This core-shell filament exhibited higher 
toughness than those of PC/ABS blend filament. As shown in Fig. 7b. and 
7c., the core-shell filament had lower modulus than the PC/ABS blend 
filament because of the less stiffness of polyethylene, but better tough
ness because of the high ductility of polyethylene. Another 
multi-material/structure filament is dual-material filaments using a 
novel thermal draw process [47]. The dual-material filaments were 
composed of PC and ABS in a core and an outer, respectively. The fila
ments were printed using FDM and then thermally drawn into contin
uous filaments, as shown in Fig. 7d. Different from the previous 
example, this manufacturing method can manipulate the core shape of 
the filaments. 

3.2. Polymer composite filaments 

As the demand for custom-shaped functional products increases, 3D 
printing for composites has also been developed, which has advantages 
in terms of cost and optimized structure. Depending on the purpose of 
the final product, such as electronic products and artificial bone im
plants, different types of fillers including carbon nanomaterials [48–50], 
metals [51,52], biomaterials [53–55], and ceramics [56–58] are 
employed. 

3.2.1. Composite filaments using carbon nanomaterials 
Carbon nanomaterials such as graphene/graphite and carbon nano

tube (CNT) are actively utilized as reinforcement materials due to high 
electrical and thermal stability, low density, and good mechanical 
properties (strength, stiffness, and toughness) [59–61]. The carbon 
composites with high electronic conductivity are attractive in many 
potential applications especially in the field of electronics including 
energy storage devices, sensors, and electrically conductive structures 

[62]. Compared to electronics and electrochemical devices manufac
tured by the conventional manufacturing techniques, such as slurry 
casting and coating nanomaterials on the substrate, 3D printing provides 
a simplistic, rapid, and low-cost approach to producing these electronics 
with complex structure. In addition, 3D printing allows to manipulate 
the structure of the components by overcoming limitations of electronics 
and electrochemical devices (i.e., the trade-off between power and en
ergy of conventional electrode, a lack of scalability and high cost for 
producing high-resolution sensors). As 3D printing for these products 
have been actively studied, they exhibit better performance in terms of 
high areal energy and power density and high sensitivity, compared to 
the conventional electrodes and sensors, respectively [63,64]. One 
example is a solid-state supercapacitor using commercial filament, a 
graphene-based-PLA filament [48]. The graphene composites with a 
circular disk shape were printed via an FDM printer and then coated 
with gold. They were used as a working electrode and current collector, 
as shown in Fig. 8a. The 3D printed supercapacitor exhibited good 
capacitive performance (specific capacitance with 98.37 F g− 1 at a 
current density of 0.5 Ag− 1) and stable cycling stability up to 100 
charges/discharge cycles (81.94% in capacitance retention). Another 
example is 3D disc electrodes for the lithium-ion anode and the 
solid-state graphene supercapacitor using graphene-based commercial 
filament [49]. The filament was comprised of only 8% graphene and 
92% PLA, but it had a conductivity of 2.13 S/cm. Fig. 8b shows the 
printing process for 3D disc electrodes with the graphene-based-PLA 
filament and the coin cell assembly for the lithium-ion battery. In 
addition to the energy storage devices, force sensors can be manufac
tured with FDM using functional nanocomposite filament, which is 
CNT/polyurethane (TPU) filaments [50]. CNTs were dispersed in a TPU 
matrix using a shear melting process with a twin-screw extruder to 
manufacture the composite filaments, and the resistivity of the extruded 
filaments was about 0.143 Ω m. The two discrete parts (structural part 
and sensing part) were fabricated via FDM with multi-nozzles capable of 
individually printing pure TPU and CNT/TPU composite filaments, as 
shown in Fig. 8c. In a bending test, the force sensor with the 2.4 mm 
thickness of the TPU beam and 0.6 mm thickness of the CNT/TPU beam 
exhibited piezoresistive properties with 0.55% resistance changes at 2 
mm deflection. 

In addition to improving the functional abilities, the use of carbon 
nanomaterials as reinforcements can enhance mechanical properties. 
This is because that these nanomaterials, including graphene-nanoplate 
(GNP) and CNT, have a large aspect ratio and excellent mechanical 
properties. In the literature, there are examples of using carbon nano
materials such as GNP [65] and CNT [66] to improve mechanical 
properties of the printed products. The composites using GNP showed 
higher Young’s modulus (158.4%), ultimate tensile strength (43.2%), 

Fig. 6. Strategies to increase interfacial bonding of printed filaments. (a) Thermoplastic filament coated with CNT/polymer ink [44]. (b) Schematic of 3D printing 
using thermoplastic filaments coated with a CNT-rich layer to locally heat the interface between the printed layers [44]. 
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and lower elongation at break (495.9%) in the printed direction, 
compared to the Poly (vinyl alcohol) (PVA) [65]. For CNT-reinforced 
composite, the composite had improved tensile strength (~130%) in 
an aligned orientation, compared to the ABS object [66]. 

3.2.2. Composite filaments using metals 
Metal/polymer filaments are also actively used in energy storage 

devices, semiconductors, and circuits. The filaments come in diverse 
materials ranging from copper and bronze to iron and stainless steel 

Fig. 7. Multi-material/structure filament design and manufacturing. (a) Schematic of co-extrusion process for core-shell filaments (PC/ABS with LDPE or HDPE) 
[46]. (b), (c) Modulus, and toughness of the printed samples at various temperatures, respectively [46]. (d) The filament fabrication procedure using 3D printing and 
thermal draw process [47]. 
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[67–69]. A commercial metal/PLA filament, shown in Fig. 9a, was 
actively used for electronic devices, because the metal filament showed 
more flexibility and lower electronic resistivity (0.006 Ω cm) and lower 
impedance (around 3 Ω over a range of frequencies from 1 Hz to 1 MHz), 
compared to those of carbon black and graphene-based filaments [51]. 
Using the copper-based filament as conductive materials, bronze-fill PLA 
filament as dielectric materials, and pure PLA filament as insulating 
materials, a variety of conductive traces, resistors, inductors, and ca
pacitors with optimized shape were fabricated. Fig. 9b shows the 
embedded circuits for lightning LED and capacitor. Meanwhile, research 
to make their own copper/PLA filament for semiconductor printing has 
been done. The polymer composites were prepared by mixing 80 wt% of 
copper particles into the PLA matrix, and the filaments were fabricated 
by the extrusion method under the controlled pressure [52]. After that, 
the printed samples using FDM were sintered and calcined at 900 ◦C to 
convert the copper models to copper oxide (CuO) models, as shown in 
Fig. 9c. The printed semiconductor can be used as a multifunctional 
semiconductor device responding to light, pressure, and temperature. 

Metal is a good reinforcement material in structure parts due to their 
higher mechanical properties such as hardness, toughness, and strength. 
Compared to metal printing, the metal-reinforced composites are easy to 
print because they do not need high-temperature extruder and cost- 
effective due to no requirement of a specific power distribution. 
Among many types of metals, copper [70,71], aluminum [70], and 

stainless steel [72] in powder form are actively used as reinforcement for 
filaments. For example, the copper or aluminum-based PLA composite 
showed higher tensile modulus (104.8% or 134.5%, respectively) [70]. 

3.2.3. Composite filaments using biomaterials 
Filaments containing biomaterials seek to not only fabricate 

customized implants such as artificial bone but also mitigate the envi
ronmental impact of plastic waste on the earth. Instead using petroleum- 
derived plastic such as nylon and PET, biobased materials, come from 
carbon-neutral feedstock like lignin, can help to reduce environmental 
pollution. The eco-friendly filament can be fabricated by adding lignin 
into PLA [53]. In particular, lignin is abundant in the fibrous parts of 
various plants. Compared to petroleum-based polymers, PLA, which has 
a lower carbon footprint in production, can be mixed with lignin to make 
composite filaments more environmentally friendly without mechanical 
degradation. Fig. 10a shows the PLA/lignin filament with 5 wt% of 
lignin contents. With the addition of lignin, PLA filaments became 
environmentally friendly without compromising the modulus of elas
ticity. In a thermogravimetric analysis of kraft lignin, thermal decom
position occurred over a wide temperature range starting from 216 ◦C. 
Another eco-friendly filament is bio-composite filament through 
twin-screw extrusion using PLA and microcrystalline cellulose (MCC) 
[54]. Fig. 10b shows the PLA/MCC filament and 3D printed porous circle 
using the filament. Processing PLA/MCC filament is a little bit 

Fig. 8. Applications of the composite filaments using carbon nanomaterials. (a) 3D printed electrode in a solid-state supercapacitor using commercial graphene- 
based conductive filament [48]. (b) 3D disc electrode for solid-state battery with commercial graphene-based-PLA filament [49]. (c) Force sensor produced by 
CNT/TPU filaments [50]. 
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challenging as the cellulose is prone to creating bubbles within the fil
aments. The printed bio-composites under the optimized printing con
ditions exhibited a higher storage modulus, compared with pure PLA. 
O-acetyl galactoglucomannan (GGM), a wood-derived biopolymer, can 
also be used to replace the PLA as bio-feedstock in 3D FDM printing 
[55]. GGM is a common derivative of hemicellulose from spruce wood 
and prominent as cost-effective biomaterials. The PLA and hemicellu
lose (up to 25% ratio) were mixed through a solvent blending approach. 
The mixtures were extruded into filament via hot-melt extrusion (using a 
single-screw extruder), and the 3D scaffold samples were printed via 
FDM printing, as shown in Fig. 10c. These biocompatible and biode
gradable scaffolds have significant potential in various biomedical ap
plications (e.g., tissue engineering and drug-eluting scaffolds). 

3.2.4. Composite filaments using ceramics 
The high mechanical strength and hardness, good thermal and 

chemical stability, and feasible optical and electrical performance of 
ceramics make ceramics versatile materials [73]. Ceramic components 
are generally produced using conventional technologies, such as injec
tion molding, die pressing, and gel casting, but takes long time to process 
and limits design flexibility. For these reasons, 3D printing for ceramics 
has been prominent as alternative manufacturing method, some 3D 
printing techniques, including stereolithography and laminated object 
manufacturing, have printed composites with mechanical properties 
similar to those produced by conventional process [73]. Ceramics are 
widely used as fillers for FDM printing to apply various applications 
including biomedical fields [56,74] and electronics [57,58,75]. Ceramic 
composites produced with FDM can achieve high quality (e.g., homo
geneity, dimensional accuracy, and mechanical properties) when prin
ted with optimized parameters, including layer thickness and building 
orientation. For instance, 3D artificial bones were manufactured to 
mimic natural goat femurs through computed tomography (CT)-guided 
FDM using polycaprolactone (PCL)/hydroxyapatite (HA) filament, as 
shown in Fig. 11a [56]. CT-guided FDM uses X-ray CT to scan the goat 
leg and the CT data is converted into a 3D model. This printing method is 
a simple, relatively low-cost for artificial bones. The PCL/HA filament 
was fabricated using a twin-screw, and the bone made from the filament 
had mechanical properties close to that of natural bone (adult goat 
femur: >18.17 MPa and >132.22 MPa, and 3D printed bone: 15.43 MPa 

and 80.16 MPa in compressive strength and modulus, respectively), 
good biocompatibility, and biodegradation ability. Another example is 
dielectric devices using ABS and barium titanate (BT) [57]. The com
posites exhibited a shear thinning behavior as the ceramic content 
increased but showed brittle behavior. The ABS/BT composites were 
prepared by kneading the ABS pellets with the BT particles (up to 74.2 
wt% BT powder), and the filaments were made using a melting shear 
process with a single screw, and then the electrodes were printed via 
normal FDM machine, as shown in Fig. 11b. and c. Fig. 11d shows the 
manufactured ABS/BT filaments and the printed electrodes. The ABS/BT 
with 35 vol% sample had a relative permittivity of 11.5 at 200 kHz, and 
the relative permittivity of the composites increased as the amount of BT 
filler increased. 3D structures for actuators, transducers, and sensors can 
also be printed using piezoelectric ceramics such as lead– 
zirconate–titanate (PZT) and lead-magnesium-niobate-lead-titanate 
(PMN-PT) [58]. For the green ceramic filament, ECG9 was used as a 
polymer binder, and silver-palladium powders and piezoelectric mate
rials were added for the functional use. The printing process was same 
with normal FDM process, as shown in Fig. 11e. After printing the 3D 
structure, the binder was removed through sintering. With the com
posite filament, various transducers with different shape were manu
factured for actuator, broadband resonant transducer, and sensor 
applications, as shown in Fig. 10f. 

3.2.5. Composite filaments using fibers 
Fiber-reinforced polymer composites have great potential in struc

tural industries, including aerospace, automotive, and energy applica
tions, due to high mechanical properties with lightweight. Both 
discontinuous fibers (e.g., chopped glass fibers [76], chopped carbon 
fibers [77], and short basalt fibers [78]) and continuous fibers (e.g., 
glass [79], carbon [79,80], and aramid fibers [81]), are used as re
inforcements for the composite, but continuous fiber-reinforced com
posites exhibit high performance compared to the discontinuous 
fiber-reinforced ones. Because continuous fibers have long aspect ratio 
and normally have aligned orientation in composites. Nowadays, 3D 
printing for fiber-reinforced composites has actively studied to manu
facture structural applications using high mechanical properties and 
design flexibility of 3D printing. 

One example using continuous fiber composite is 3D printing of 

Fig. 9. Applications of the composite filaments using metals. (a) The commercial PLA/copper filament. (b) The printed embedded circuit and five-layer parallel plate 
capacitor using commercial PLA/copper filament and pure PLA separator [51]. (c) The process to make 3D printed CuO semiconductor using copper/PLA fila
ment [52]. 
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carbon fiber-reinforced filament (CFF) for steering blades, elevators, and 
rudders in aircraft [80]. FDM printer has successfully printed light
weight and high-performance composites using a sandwich structure 
that provides both light weight in the core and high mechanical prop
erties (tensile and compressive strength) in the outer skin. Using com
mercial CFF, the sandwich structures with various core shapes 
(honeycomb, rhombus, rectangle, and circle) were printed, as illustrated 
in Fig. 12a. The mechanical properties of the sandwich structures 
showed large difference in three-point bending tests depending on the 
core shape. The corners of each core have different angles from the side 
of the outer skin, such as 60◦ in honeycomb and 45◦ in rhombus, and it 
affects the reinforcement effect of each composite. The structures with 
rhombus exhibited the highest flexural modulus per density (E/ρ = 18 
GPa/(g/mm3)), followed by circle (17.8), honeycomb (15), and rect
angle (14.3). 

Short fiber is also attractive because of their ease of processing, cost- 
effectiveness, and good mechanical properties. As an example, the cir
cular honeycombs of PLA-Polycaprolactone (PCL)/KH550-treated basalt 
fiber (KBF) were printed with FDM [78]. Basalt fiber-reinforced com
posites are prominent as an alternative to carbon fiber-reinforced com
posite in terms of cost, and PLA/KBF has good printability and 
comparable mechanical properties with PLA/CFF composites. In addi
tion, by mixing soft phase PCL with hard phase PLA, the composites had 
both stiffness and toughness. In this example, the composites were 

printed with different weight fraction of PCL from 0% to 40%. As shown 
in Fig. 12b, with the addition of PLC, side surface became smooth, and 
the printed composite had improved printing interlayer adhesion, 
resulting in high compressive strength and energy absorption. The 
printed sample with 30 wt% of PLC showed the highest mechanical 
properties, but the modulus of the specimen was lower than that of pure 
PLA/KBF due to lower modulus of PCL. This experiment showed the 
potential of the PLA-PCL/KBF structures for energy absorption. 

4. Perspective and conclusion 

This paper presents an overview of the polymer-based filament 
feedstocks for FDM from material and process to applications. FDM 
technology has been considered a promising technology due to its 
various choice of materials. For example, in the case of stereo
lithography (SLA), it is difficult to add black fillers such as carbon 
nanomaterials into the liquid resin, because the dark color of the ma
terials can interfere with the light absorption of the resin, resulting in 
poor solidification. Due to these advantages, FDM technology has been 
actively used in many applications with the development of the polymer 
composite filaments. In this section, we will share our view on the key 
challenges and future development of FDM for polymer-based filament. 
This is summarized in Fig. 13 and the relevant contents are discussed 
below. 

Fig. 10. Applications of the composite filaments using biomaterials. (a) Reflected light micrographs of PLA/5 wt% of lignin [53]. (b) The filament and the 3D printed 
circle of PLA/MCC filament with 3 wt% MCC [54]. (c) Overall process to manufacture bio-composite products from the preparation of the filaments using GGM and 
PLA to FDM 3D printing [55]. 
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1) Filament. A lot of research has been done to develop higher perfor
mance polymer composites by incorporating diverse fillers and 
thermoplastics. Before making the thermoplastic composite fila
ments, we should consider the type and shape of the fillers you need 
for a specific purpose. For example, the carbon nanomaterials are 

actively used as reinforcements for the composite filaments to 
manufacture lightweight and conductive 3D products. In carbon 
materials, there are various choices from carbon black (0-dimen
sional shape), CNT (1-dimensional shape), and graphene (2-dimen
sional shape) to 3D hybrid networks such as 3D CNT networks and 

Fig. 11. Applications of the composite filaments using ceramics. (a) The 3D artificial goat femurs made of PCL/HA filament through computed tomography (CT)- 
guided FDM [56]. (b) A schematic of melting shear process with a single screw for the ceramic filament and FDM techniques for printing electrodes. The kneaded 
composite chunks were used to fabricate the ceramic filament [57]. (c) The fabricated ABS/BT composite filament [57]. (d) The printed electrode using ABS/BT 
filament with sputtered gold on the top surface for dielectric devices [57]. (e) A schematic of fused deposition of ceramics to manufacture the advanced ceramic 
components [58]. (f) Transducers with tube, curved, radical shape made of piezoelectric ceramics [58]. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article. 
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graphene-CNT hybrids. In the case of the 3D network carbon nano
materials, they have several advantages like high surface area, 
minimized agglomeration or re-stacking, and enhanced thermal and 
electrical transport. Another thing to consider when manufacturing 
composite filaments is the thermal decomposition of the fillers. In the 
case of the polymer composites using microcrystalline cellulose, it 
needs to pay attention to set the parameters including temperature, 
backpressure, and extrusion speed to prevent the formation of bub
bles within the filament [54]. Moreover, we should take into account 
the loading of fillers and filler size. If a high content of fillers is added 
to the polymer, the filaments can become brittle due to particle 
clustering and may break during printing, resulting in clogged 
nozzle. Also, if the ratio of filler diameter to a nozzle diameter is 
greater than 6.2 under an extrusion force less than 42 N, complete 
clogging occurs [82]. To overcome these limitations, a higher 
extrusion force or smaller size filler is required.  

2) Nozzle and hot end. An important part in a FDM printer is the hot end 
including a nozzle. There are different shape styles of nozzle 
depending on the length and the width. For the nozzle length, a 
shorter nozzle gives shorter cooling time and reduces heat loss before 
the filament leaves the nozzle, providing good adhesion to the pre
viously printed layer. Longer nozzle, on the other hand, has more 
distance and gives more time for the filament to cool, making printed 
filament harder before bonding the printed layer. In the case of 
nozzle width, it can affect the surface quality of the object. For 
example, the narrow one may cause bulge outwards and upwards, 
especially when layer height is low. Also, the temperature at the hot 
end is the essential parameter to print out the filaments. When 
printing the high performance of polymer composites, the hot end 
requires a high temperature to melt the materials, but the tempera
ture of the hot end is kept as low as possible to prevent the material 
degradation. The last thing to consider when printing polymer 
composites is the wear of the nozzles due to rigid reinforcements, 
including ceramics and metals. These fillers can wear down the 
nozzle, so it is better to use wear-resistance nozzle, such as steel 
nozzle, instead of a standard brass nozzle that is relative soft.  

3) Mechanical properties. The main issue in FDM printing is the 
anisotropic mechanical properties of the printed parts. One of rea
sons is the weak interlayer bonding between printed layers in the 
thickness direction, resulting in the limited strength of the printed 
objects. As mentioned in section 3, there are several attempts to 
handle this challenge by locally heating the printed layer using a 
laser, microwave, and infrared lamps. Another factor that causes 
anisotropic properties depending on the printing direction is the 
arrangement of polymer chains and fillers. The polymer chains and 
fillers in the filaments are aligned in the direction of flow within the 
nozzle, resulting in high mechanical properties in printed direction, 
compared to the those in the transverse direction or the direction 
perpendicular to the layers.  

4) Functional abilities. With the recent introduction of smart materials, 
including shape memory polymers, smart hydrogel composites, and 
liquid crystal polymers and elastomers, 3D printing has been devel
oped into 4D printing to get advanced functional abilities. The pro
cess of 4D printing is the same as 3D printing, but 4D printing is 
based on the materials system for the desired state and movement. 
4D printing produces 3D objects that change their shape and prop
erties as a function of time under external stimuli such as heat [8,9] 
and water [83]. Another way to manufacture functional objects is 
utilizing post-treatment like thermal treatment. Metal oxides, for 
example, have excellent optical, electrical, thermoelectric, and 
chemical properties, and are most often studied as inorganic semi
conductors. For copper oxide semiconductors, sintering process can 
be applied to convert the printed ceramic composite products made 
of PLA and copper into copper oxide products [52]. 

5) Sustainability and recycling. With the growing interest in the envi
ronment, there are many attempts to reduce and recycle plastic 
wastes in 3D printing. One of the ways to increase the suitability of 
3D printing is making the filament environmentally friendly. As 
discussed in section 3.1.4, research has been conducted to use bio- 
based materials instead of petroleum-derived plastics, such as 
nylon and PET, to mitigate the environmental impact of plastic waste 
on the earth. Another way for 3D printing sustainability is the use of 
filaments made from recycled waste plastics. Most of filaments are 
made of thermoplastics and thermoplastics are easier to recycle than 
thermosets due to no or low degradation of the polymer chain when 
they melted. For example, the polyethylene terephthalate bottles and 
packaging have been recycled as filaments for 3D printing [84]. The 
recycled filaments showed the potential to replace commercial fila
ments by showing similar tensile strength and elongation. 
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Fig. 12. Applications of the fiber-reinforced composite filaments. (a) The sandwich structure with various course shapes (honeycomb, rhombus, rectangle, and 
circle) [80], and (b) The 3D printed circular honeycombs of PLA-PCL/KBF with varying ratios (from 0 wt% of PCL to 40 wt% of PLC) [78]. 

Fig. 13. Several factors to consider for FDM printing of the thermo
plastic composites. 
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