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Fused deposition modeling (FDM) is one of the most widely utilized additive manufacturing techniques by virtue
of its numerous merits, such as easy operation, low cost, low energy consumption and little-to-no waste. Based on
its simple configuration and extrusion-assisted process, the research and development of this technique is
gradually shifting from traditional prototype printing to high-performance composite fabrication. This review
provides a panorama for the recent progress of FDM technology in the manufacturing of discontinuous fiber
reinforced thermoplastic composites. The entire production chain from the very beginning of FDM filament
preparation to the latest stage in large-scale manufacturing process is discussed. The enlightening strategy in
multi-axis FDM field is highlighted as it possesses a great potential to manufacture the next-generation com-
posites with superior geometric complexity and flexible fiber alignment. This review also identifies the main
challenges and outlook for the future development of this 3D printing technology in fiber reinforced composites.

1. Introduction

As one of the basic engineering materials, composites are composed
of two or more constituents with utterly distinctive physical, mechanical
and chemical properties. By organically integrating their different
characteristics, these materials exhibit superior overall performance
relative to their individual components [1-5]. Of all composite mate-
rials, the fiber reinforced polymer composites (FRPC) receives extensive
research and industrial applications due to their exceptional strength to
weight ratios [6-8]. To date, numerous techniques have been utilized in
the manufacturing of FRPC like injection molding, compression mold-
ing, hand layup, resin transfer molding, filament winding, pultrusion
and automate fiber placement [9-12]. Nevertheless, these conventional
manufacturing methods require expensive molds, dies or lithographic
masks and have the limitation for special fiber alignment, leading to the
bottlenecks for the industrial production of complex and customized
constructions [13]. Therefore, it becomes extremely imperative to
explore new manufacturing technology to bypass long and costly pro-
cessing procedures with more flexibility in structural design.

Additive manufacturing (AM), also known as 3D printing, rapid
prototyping, or solid-freeform, is a disruptive technology that not only
has a great potential to supplant many conventional manufacturing
methods, but provide a new avenue for new products, new supply chains
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and new business services [14]. The fabrication process of a part through
this technology is to add materials layer-by-layer directly manipulated
by means of a 3D model, as opposite to subtractive methodologies. It
starts with a meshed computer model that can be developed from the
computer-aided design (CAD) software and converted into standard AM
file formats that can be recognized by the corresponding 3D printers,
such as surface tessellation language (STL) file or material template li-
brary (MTL) file. These files with sliced 2D layers can be further
manipulated in terms of various machine-related processing parameters
(e.g. infill density, infill pattern, layer height, wall thickness, etc.) to
fulfil the part printing [15,16]. As a promising technology, AM offers
distinct advantages over the aforementioned manufacturing methodol-
ogies. Designs for printed parts can be easily created, modified and
shared so that the manufacturing process can be simultaneously carried
out at different locations according to the client requirement [17].
Compared to the existing subtractive manufacturing (SM) processes that
need to remove materials from their original blocks, AM makes the most
use of raw materials to fabricate the final part by simply adding mate-
rials with minimal waste [18]. The fully customized parts with intricate
geometries (internal or external) can be created in an economic manner
without the use of additional machining tools (e.g. jigs, fixtures, cutting
units, etc.). Studies show that this cost-effective technology is highly
competitive to make the small lot-size (even one piece), for instance,
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with polymer injection molding for the targeted yield below 1000 items
[19]. It, to a certain extent, facilitates the product design innovation by
avoiding extra consideration of manufacturing and assembly principle
[20]. Moreover, the lean production of maximum material utilization
rate, low energy expenditure and minimal waste with recyclable and
reusable residues endows AM with the capacity of designing and
manufacturing environment-friendly products [21]. By altering material
composition and topological structure within a part during the pro-
cessing stage, gradient and multi-functionalities can be imputed into the
printed product with hierarchical and multi-material features [22].

Since the AM concept was proposed from a patent by Charles Hull in
1984, multifarious 3D printing methods have been invented by
encompassing a wide range of technologies [23]. According to the ASTM
international standard F2792, all these AM techniques can be defined
into seven categories of manufacturing processes in terms of their
respective characteristics and limitations, including material extrusion,
material jetting, binder jetting, sheet lamination, vat photo-
polymerization, powder bed fusion and directed energy deposition [24].
By cause of the expired early patents regarding these AM methods and
devices, a significant growth with annual average of around 30% is
sustained after 2010 in global market sales (i.e. materials, products and
services), mostly ascribing to the huge decrease for purchasing a com-
mercial 3D printer with available price lower than $500 [25,26]. In-
dustry is giving enormous investments in AM systems by perceiving the
manufacturing advantages of these technologies including design
improvement, assembly reduction through part consolidation and
simplified production supply chains through point-of-use fabrication
[27]. They have been witnessed the wide application in numerous fields,
such as automotive and aerospace industries for complex and light-
weight structures with high load-bearing capacities, biomedical and
orthopedic industries for bioactive tissues, organs and implants, archi-
tectural field for prototype designs and electronic industry for active
components [28-31]. In order to produce more than 100,000 3D printed
parts for jet engines by 2020, General Electric sets the corporation plan
of $3.5 billion investment in additive manufacturing [32]. The report
from McKinsey Global Institute also estimated that the global economic
impact caused by AM in 2025 will be $200 bn-$600 bn per year with the
entire manufacturing cost reduction of 35%-60% [33].

Built upon the rapid evolution of various AM techniques, they have
been flourishing in composite industry with the ability to incorporate
various fillers into plastic printing. The manufacturing of FRPC via AM
technology currently can be accomplished by the following 4 ap-
proaches: fused deposition modelling (FDM), selective laser sintering
(SLS), laminated object manufacturing (LOM) and stereolithography
(SLA) [11]. Among all these techniques, FDM is the most widely used
and proliferated 3D printing process for FRPC fabrication by virtue of its
cheap setup cost, low energy input and material consumption, minimal
waste emission and facile operation [34]. Although the advancement of
FDM technique in the past five years enables the 3D printing of
continuous FRPC with its higher mechanical performance, the necessity
for the modification of common 3D printers with complex processing
makes it at the infant stage [35-40]. As the only company (i.e. Mark-
forged) in the world successfully commercializing the FDM printer for
continuous FRPC fabrication, most of the published researches are
central in the employment of this machine with its monopolistic raw
material supply, deficient matrix option (only one plastic material called
Onyx), finite design freedom and extravagant cost [41-43]. It leads to a
lack of robust and standard paradigm for the AM of continuous fiber
reinforced composites. The mainstream for the FDM production of
composite parts with intense investigation is still based on the applica-
tion of discontinuous fibers as a filler due to relatively low cost,
moderately improved mechanical properties and no machine modifi-
cation requirement.

Dated back to the early 1930s, hot melt extrusion (HME) has been a
well-established industrial manufacturing technology predominantly in
the plastic processing, but also in food and pharmaceutical fields. The
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majority of polymer products involve HME in their manufacturing steps
and the stage with HME processing typically accounts for 50% of the
total energy expenditure [44]. As an independent machine, the hot-
melted extruder can fabricate continuous sheets, tubes, pipes and FDM
filaments while plastic parts like toys, spools, bottles, packages can be
produced in association with other manufacturing techniques including
injection molding, thermoforming and blow molding [45,46]. The basic
principle of HME operation simply relies on the melting and cooling of
thermoplastic polymers to form desired shapes, making it a green
technology with solvent free trait [47]. Its unique blending geometry
with highly customized screw configurations can promote high-shear
localized mixing, contributing to the high-throughput manufacturing
of composite materials with great phase uniformity [48]. The contin-
uous operation with few processing requirements also endows this
technique with higher scalability and time-/cost-efficiency [49].

In this review, an exhaustive overview is presented on the recent
advances in the FDM manufacturing of discontinuous fiber reinforced
composites (Fig. 1). As the indispensable upstream operation, the HME
mechanism and its process for the fabrication of 3D printing filaments
are at the first time summarized in a review paper. Then, the detailed
FDM process involving material feeding, melting, extrusion, deposition
and solidification is analyzed as well as the common composite feed-
stock involving various thermoplastic matrices, discontinuous fibers and
support materials. Upscaling to an industrial level, the large-scale FDM
system with higher productivity and larger build volume is also dis-
cussed. Furthermore, the state-of-the-art multi-axis FDM with higher
design of freedom is highlighted as a promising technology to fulfil the
manufacturing of topologically intricate FPRC. At the end of this paper,
inspiring perspectives are concluded into future challenges and outlook
for this specific field. Our review uniquely constructs a systematic
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Fig. 1. Outline of the review. Flowchart showing the entire FDM system
spanning from discontinuous FRPC material options, HME-based 3D filament
preparation to the final FDM fabrication. The latest and potential technologies
for the FDM-FRPC development are also discussed in this review.
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knowledge spanning from the HME preparation of filaments, fiber/
polymer material options to the evolution of various FDM processes. The
summary of recent literature in this review will provide a series of cues
to structure designers, engineers, material scientists and service sup-
pliers to develop FDM-based fiber composites with better performance.

2. Hot melt extrusion (HME)

The HME system usually consists of an extruder, downstream pro-
cessing equipment and other sensors to monitor and assess the product
quality. The mixture of thermoplastic polymers and discontinuous fibers
is added into the extruder through a feed hopper where the feed rate can
be controlled by an electrically operated valve. The rotating screw
located inside of the extruder barrel is driven by a motor so that the
feedstock material can be conveyed at a predetermined speed. Concur-
rently, the polymer material is melted to mix with fibril fillers via
multiple heaters in the barrel wall. Once the molten flow of material is
pushed forward to the end of the barrel, a die is attached to assist the
material extrusion into the desired shape. The extruded filament can be
quickly cooled and solidified through a water tank, and then wrapped
onto a spool via a collection unit. All these equipment and sensors are
connected to a central control system in order to regulate the processing
parameters such as barrel temperature, screw speed, feed rate, pressure,
etc. More details regarding the operation and mechanisms of polymer
based extrusion can be referred to the related reviews [50,51]. In recent
years, HME has also be directly integrated with FDM into a single
continuous process to achieve a more effective and efficient large-scale
AM of FRPC (in section 6). Based on the material conveying mechanism,
three types of HME can be defined: ram, single-screw and twin-screw
extruders. Although the first type is easy by simply pushing the mate-
rial with a piston, the discontinuous operation and inefficient heat
transfer restrict its application [52]. Therefore, another two HME
methods (i.e. single- and twin-screw extrusion) will be discussed in this
section.

2.1. Single-screw extruder (SSE)

Invented in the 1870 s, SSE is the most widely used extruder by virtue
of its simple operation in polymer and rubber processing [53]. The most
fundamental configuration of SSE is the one rotating screw installed
inside a stationary cylindrical barrel where three discrete zones can be
distinctively subdivided: a feed zone, a compression zone and a metering
zone [54]. Dissimilar pressures along the screw length can be generated
based on the variation of the depth along with the pitch of screw flights
within each zone. In order to consistently feed the materials from the
hopper into the extruder barrel, the screw flight depth and pitch are
normally designed at larger scales than those from other zones so that a
very low pressure can be achieved at the feed zone. With the rotation-
driven conveyance into the compression zone, the solid materials need
to be melted and homogenized so that they can be converted into a
suitable form to be delivered into the metering zone. Thus, a gradual
increase of barrel pressure along the length of the compression zone is
created by decreasing the screw pitch and/or flight depth [55]. Mixing,
kneading and devolatilizing can also be accomplished in this processing
zone for some less demanding applications [56,57]. With the stabiliza-
tion of the effervescent flow into a steady state in the last zone (i.e.
metering zone), a uniform product with consistent shape can be ensured
from the die extrusion. Since it can produce a very high pressure during
the operation, the manufacturing of extrusion-based products via SSE is
extremely suited for highly viscous polymers [58].

The feed system for most SSE is flood fed via the extruder hopper,
where the material is added through the feed throat into the barrel by
gravitational force and the output rate is determined by the rotation
speed of the screw. The high pressure generated in conveying materials
from this feed system tends to compact the plastic pellets or powders
into the solid bed [51,59]. Occasionally, the mass flow rate can be
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independent of the screw speed and regulated directly from the feed
system based on the starve fed mechanism, leading to the output rate
lower than the forwarding efficiency of the screw [60,61]. The occur-
rence of agglomeration can be avoided with the improvement of mixing
action since the pressure accumulated along the screw is less than that
from the flood feeding. The formation of a loose solid bed due to the
much less compaction also facilitates the melting action as those poly-
mer particles sustain their individuality [62]. However, the reduced
capacity of extrusion throughput and more complicated operation with
the introduction of a controllable feed device, to a certain extent, restrict
the application of this feed system in SSE [63]. With the rotation of the
screw in the extruder barrel, heat energy can be created owing to the
friction between the rotating screw and the inner surface barrel. Com-
bined with the heat flux from temperature-controlled heaters, the par-
ticulate materials can be melted from the solid bed into a viscous liquid
pool so that the melted extrudate can be extruded out from the die for
the further downstream processing [64].

2.2. Twin-screw extruder (TSE)

The SSE process is simple and cost-effective but does not possess a
remarkable mixing capacity that is preferred for the manufacturing of
polymer composites with multiple components compounded. Therefore,
a modified extruder called TSE with two screws arranged side-by-side in
the modular barrel was created in the late 1930s with the aim to form
intimate mixtures of two or more materials [65]. In a typical TSE, the
rotation of these two screws can be designed either in the same direction
(co-rotating) or in the opposite direction (counter-rotating) (Fig. 2).
Based on the positive displacement pump from the co-rotating twin-
screw design, a wide range of mixing actions and efficient heat transfer
are obtained with a faster throughput independent from the screw speed
[66]. In contrast, the counter-rotating arrangement can produce a very
high extensional shear force between the gap of two screws, enabling
high pressure generation, potential air entrap, and long retention time
with low screw speed and output [67,68]. Both of them can be further
classified into fully intermeshing or non-intermeshing. As the most used
type, the intermeshing TSE can not only reduce the non-motion during
extrusion but avoid the localized overheat of raw materials due to its
self-wiping feature. The rotation of both screws is able to remove re-
sidual materials from the screw roots and clean the whole inside barrel
after the operation. Meanwhile, the product waste can also be mini-
mized at the end of the production via this popular configuration [69].
For the non-intermeshing type, the mutually separate screws positioned
in the extruder barrel result in a weak interaction and low torque gen-
eration, making it a better option in processing highly viscous materials
and venting to remove internal volatile substances [70].

The diversity of screw designs also exhibits a wide variation of screw
profiles in the same extruder with the intricate combination of two basic
screw elements: conveying and kneading segments (Fig. 3). Also known
as flighted segments, the conveying segments with relatively large
channel depth (i.e. 2-3 mm for lab-scale extruders and several
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Fig. 2. The two types of screw design for twin-screw extrusion including
counter-rotation and co-rotation [71].
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Fig. 3. The two basic screw elements in intermeshing co-rotating screws [72].

centimeters for industrial counterparts) are normally employed for the
delivery of raw materials along the length of the extruder barrel. By
modifying the pitch length and the amount of flights, the conveying rate
in the feed and compression sections can be adjusted [72]. According to
the difference of rotation directions in this element, the right-handed
pitch ensure the consistent conveying of materials with high pumping
capacity while the left-handed pitch (i.e. reverse screw segments) can
yield intense shearing through pushing the molten material along the
direction opposite to its flow towards the extruder end. The combination
of these forward and reverse screw segments has been proved as an
effective avenue to compress materials due to its great pressure build-up
[73]. On the other hand, the kneading segments play a crucial role in
mixing the different materials in the barrel. The kneading capacity can
be regulated by positioning each of these segments at varying angles (e.
g. 30°, 60° and 90°), and the last angle has the best homogenizing effect
with the stagnation of these materials [74]. Although the kneading
segments can provide a sufficient mixing action, they may also impair
the material properties due to the excessive grinding force, such as the
added fiber length and matrix rheology for the composite extrusion
[75]. The modification of screw profiles by coordinating the arrange-
ment of these screw segments endows TSE with greater versatility to
achieve desirable shear, mixing and conveying levels. Meanwhile, it also
well explains the large overlap existing in the processing capabilities of
co-rotating and counter-rotating screw modes by virtue of the diversi-
fied design of screw profiles [76].

2.3. Coupling HME with FDM printing

Almost all thermoplastic-based materials used in the FDM process
are prepared by HME in the form of continuous filaments. As an indis-
pensable operation, how to manufacture good quality thermoplastic
filaments from HME should be carefully concerned so that they can be
successfully processed in FDM printing. The option of raw materials
should be stiff yet flexible enough so that the produced filament from the
extruder will not break during wrapping and unwrapping from a spool.
To meet this requirement, a minimum strain at yield of around 5% has
been recommended for its mechanical properties [77]. A sufficient
strength and stiffness should be guaranteed so as to withstand the
pushing and pinching force in the feeding mechanism of FDM. The
constant delivery of a filament without buckling is essential to print a
part with stable quality. Meanwhile, the filament fabricated from HME
should have a proper viscosity to maintain the uniform deposition. A too
low viscosity may lead to dripping while a too high viscosity could
hamper the extrusion from the printing head, although higher nozzle
temperature can be utilized to overcome this issue [78,79]. In addition,
with the increase of fiber loadings and lengths, the continuous feeding of
discontinuous fiber/matrix pellet mixture into the hopper of HME sys-
tem is a big issue since relatively long fibers with high contents will
gather at the feed throat to form a net-like structure, restricting the
continuous adding of this mixture into the barrel. In one of our recently
accepted patents, we invented an automatic material push-feeding setup

that can be freely installed onto the feed hopper of the extruder. By
punching the material throughout the feeding channel with varying
rates, we eliminated the blockage of material flow at the throat and
facilitated the homogeneous feeding of long fiber/polymer pellet mix-
tures into the extruder barrel [80]. Furthermore, high percentages of
fibers may also increase the brittleness and cause the sharkskin insta-
bility for the HME-made composite filament, impairing the process-
ability both in filament production and FDM printing [81].

3. Fused deposition modelling (FDM)

Invented by Scott Crump in 1989, FDM is the first commercialized
AM technique through the founding of his company Stratasys and now
holds the largest market in polymer based 3D printing [82,83]. Since
FDM is trademarked by Stratasys at the beginning, this technique also
has another equivalent term called “fused filament fabrication (FFF)”,
vividly depicting the fundamental mechanism underlying the melting
and deposition of feedstocks in the form of filaments to print designed
parts [84]. The basic structure of a FDM printer can be seen in Fig. 4. In
general, the operation of a common FDM based system can be catego-
rized into the following three steps: (1) the continuous loading of solid
filaments via a feeding roller; (2) the melting and extrusion of semi-
liquid materials through a nozzle; and (3) the deposition and solidifi-
cation of molten materials onto a build plate.

3.1. The continuous loading of solid filaments
The FDM process begins with loading the coiled filament from a
spool through the feed system to the heated nozzle. It consists of two

pinch rollers and a stepper motor where the stepper motor pushes the

Filament

Rollers

Heated Nozzles

Printed Part

Build Platform

Fig. 4. The schematic of the basic structure for a FDM printer with red arrows
showing the relative mechanical motion of components [84].
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solid filament forward with the aid of a radial force exerted by pinch
rollers. The surfaces of one or both of rollers possess grooved or toothed
textures so as to avoid the slippage of the moving filament with suffi-
cient friction [85]. To ensure a continuous and stable loading move-
ment, a uniform and feedable filament with suitable mechanical and
melt flow properties is required so that the constant amount of materials
can be extruded for higher quality printing. By adopting a custom-made
texture analyzer to simulate the forces of pinch rollers on the filament
and map out the flexibility profiles from the recorded force-distance
curve, Nasereddin et al. developed a simple mechanical screening
approach to predict the feedability of a filament from the comparison of
its profile with those of commercial counterparts via correlation analysis
(Fig. 5) [86]. It is also crucial to minimize the deviation of the filament
diameter since a big volume variation along the length causes errors in
the printed shape. For instance, a thickness deviation of —0.25 mm in
the filament may reduce the printed size by 11.29 mm® in a 10 mm
material consumption, which corresponds to 15.98% of the nominal
volume [87]. The HME manufactured thermoplastic based filaments for
FDM normally have three thread diameters: 1.75 mm, 2.85 mm and 3
mm [88]. For the thicker filament, its high strength and stiffness pro-
mote a smoother loading process with less likelihood of filament
breakage from the large compression force of rollers while more pres-
sure is needed to push the material into the nozzle. In contrast, the
thinner filament can be fed easier and faster through the same nozzle
size but its high flexibility may result in buckling and twisting through
the curved guide tube during the material loading [89]. No matter which
diameter is selected in FDM process, the printed parts can be maintained
with similar qualities once the processing parameters are fine-tuned.
In situations where the filament is too brittle, humid or inhomoge-
neous (sustaining inconsistent pushing force), fracture may occur during
the material feeding with the discontinuity for the forward thrust of the
filament, causing the jam in the guide tube or clogging in the printing
head. This severe issue can not only contaminate the printer with the
material burning at the heated nozzle, but bring about geometrical
misalignments or failure of the printed part [90]. Since there is no

a :
Filament
Feeding &
| A

zone

Heating
zone

Filament
holders

Texture

analyzer clamps Filament

Fig. 5. The filament loading via pinch rollers in the feed system: (a) different
behaviors of loaded filaments including buckling, stable feeding and fracture;
(b) the rest rig for the texture analysis of filament feedablility [86].

Current Opinion in Solid State & Materials Science 24 (2020) 100867

solution currently able to deal with this problem automatically in FDM
machines, operators need to visually identify it, manually terminate the
printing, clean the feeding system by disassembling the entire printing
head and restart the whole part from the scratch [91,92]. Thus, the
monitoring of filament breakage in the material loading plays an
important role in guaranteeing the successful FDM operation. By intro-
ducing an acoustic emission (AE) sensor into the loading system, Wu
et al. created a lightweight FDM machine condition monitoring tool to
identify both normal and abnormal printing states. As AE hits, the
original waveform signals were received and simplified via the com-
bined application of principle component analysis and the hidden semi-
Markov model so that common machine failures like the material run-
out or filament breakage can be diagnosed in a real-time fashion [93].
Based on the same AE technique, Yang et al. deduced the different
probability distributions of AE signals by employing two quantified in-
dicators (i.e. instantaneous skewness and relative similarity) to accu-
rately identify the filament breakage from the steady feeding state,
offering a potential strategy for in situ loading detection of FDM process
[94]. The optoelectronic contact switch or mechanical contact switch
are also utilized in industry to monitor the breakage while these
methods can only detect the existence of material in the channel. They
are incapable of identifying the dynamic motion of the filament,
restraining the effective diagnosis in material loadings.

Improvement in the throughput of FDM process is essential to fulfil
the vision of maximizing the machine utilization and advancing the
production efficiency with less lead time. One critical strategy is to in-
crease the build rate via the printing head. Both of current desktop and
professional FDM machines have the similar rate (~10-100 cm?/h) in
part printing, though the latter is more remarkable in maintaining
dimensional accuracy and overall quality [95]. This relatively slow
build rate can be attributed to the limitations of three key modules in a
FDM system: the maximum traction force of rollers from the material
feed mechanism, the heat transfer rate from the thermistor to the fila-
ment core in the liquefier, and the moving speed of the printing head
positioned in the gantry. Of all, the complex regulation of the feed rate is
not only restricted by the pressure drop in the liquefier, but affected via
the trade-off between the maximum traction of feed rollers and filament
facture [85]. Through the FEA simulation of technical parameters in the
modules of several commercial printers, Go et al. analyzed the rate-
limiting mechanism and mapped a unifying trade-space of volumetric
build rate versus resolution as a function of extrusion force, liquefying
temperature and gantry speed, predicting the big possibility in
enhancement of FDM build rate via the optimization of these modules
(Fig. 6) [95]. In consequence, a “FastFFF” system was developed, in
which a rotating nut was adopted in the feed device so that a faster feed
rate can be achieved. Combined with a laser-heated liquefier and servo-
driven parallel gantry, the maximum extrusion rate and volumetric
build rate in this prototype system respectively reached at 282 cm®/h
and 127 cm®/h, which were ~ 14-fold and ~ 7-fold greater than com-
mercial FDM printers (Fig. 7) [96]. This system as an example over-
comes the module-level performance constraints and offers a promising
potential to adapt into the high-speed printing of fiber-filled composites.

3.2. The melting and extrusion of semi-liquid materials

As the pivotal operation of a FDM system, the thermal process that
takes place at the liquefier plays a vital role in regulating the melting and
extrusion of semi-liquid thermoplastic-based materials. During this
process, the input filament is loaded forward into the liquefier body
where the solid material experiences a progressive heating up until its
glass transition temperature (Tg) is surpassed [97]. The heat flux
received by the filament converts the physical state into a thick semi-
liquid material, allowing it to be extruded out from the print nozzle at
the end of the liquefier. In order to ensure a continuous and stable
material flow without blocking the tip of the nozzle, the temperature at
the nozzle must be kept constant, which is achieved by the coiled
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Fig. 7. The FastFFF system with high-throughput printing head design: (a) the desktop FastFFF printer with H-frame gantry, diode laser with fiber coupling to
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quartz chamber surrounded by a reflective gold foil; (e) the comparison between FastFFF system and commercial destop FDM systems in terms of volumetric build

rate versus resolution [96].

resistance heater or cartridge heater inside a heat block. Besides the
heating element, the heat block attached at the top of the nozzle also
houses a thermistor (i.e. temperature sensor) to control and monitor the
required temperature for the specific printed material [98]. Although
the solid material inside the nozzle must be heated to an objective
temperature for melting, the upper part of the filament should remain as
cool as possible to avoid the possible jamming. Therefore, a heat barrier

made of a low conductive stainless steel joins at the top of the heat block
to reduce the upward heat conduction. In fact, minimizing the upward
heat flow from the heat block can not only save more energy to maintain
the desired temperature by preventing the heat lost and shortening the
working time of resistance heater, but avert the discontinuous flow of
the material due to the frequent fluctuation of temperature [99]. In
order to further decrease the temperature close to the ambient
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environment, a heat sink composed of a finned case with an external
cooling fan is connected with the heat barrier to dissipate heat via
convection (Fig. 8). This is necessary to protect the hardware durability
since supporting elements that fix the heated liquefier body to the gantry
are made from common plastics (with low weakening temperatures) and
could be subjected to irreversible deformation or failure at the pro-
longed overtemperature, leading to the mechanical dysfunction of the
printing machine [100].

The design and functionality of a nozzle in a standard FDM liquefier
are extremely important to govern the accuracy, productivity and build
quality of printed parts. One of the biggest determinants for the per-
formance of the nozzle is the orifice size. Typically, the diameters of
printing nozzles range from 0.1 to 1 mm so that the ratio of the
maximum diameter contraction of the filament to its original thickness
can ascend to 1:30 [102]. However, the most widely used nozzle size for
a desktop FDM printer is 0.4 mm (e.g. Ultimaker 3 and Makerbot Rep-
licator) since this size is small enough to achieve a refined surface
quality of parts and maintain a reasonable build time [103]. It should be
noted that the layer height should never be larger than the nozzle size
because the bonding strength between neighbouring layers will be
drastically decreased. This can be attributed to the reduction of contact
area between the extruded layer and the previous deposited layer, thus
leading to their insufficient mutual bonding. For the sake of increasing
the deposition rate and build volume to meet the requirement of in-
dustrial manufacturing, the large-scale FDM system employs the nozzle
with much large sizes while the print resolution and surface finish are
usually compromised. Post-possessing methods like polishing and
coating must be added to eliminate the rough surface of parts, which will
be more time consuming and labor intensive than the initial printing.
Recently, Chesser et al. created a novel nozzle-selectable system and
integrated into the large-scale FDM liquefier, where the nozzle size can
be altered mid-printing by utilizing a poppet nozzle selector (Fig. 9.).
With this system, the interior of a part can be printed at a course reso-
lution by using a large nozzle size while the surface can be fabricated at a
fine resolution by shifting to a small nozzle diameter. The results from
this work demonstrated that compared to the interior resolution of the
composite part, a doubling of exterior resolution can be achieved
without a significant increase of printing time [104]. As a new selective
resolution printing technique, more work needs to be done to explore its
industrialization potential, such as using finer nozzles for critical areas
and developing relevant software algorithms for the intelligent selection
of improved surfaces.

The thermal dynamics and pressure gradients in the FDM liquefier
play a critical influence on the viscous flow of the material and the
subsequent deposition onto the build plate. It has been demonstrated
that a proper melt temperature can decrease the flow viscosity and
facilitate the mutual bonding of extruded beads while a too high tem-
perature may degrade the material by damaging inner polymer chains. If
the temperature is too low, the insufficient melting of the solid material
with low pressure drop could also give rise to filament buckling [105].
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Fig. 8. The general structure of a standard FDM liquefier with all functional
parts [101].
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Many scholars conducted the theoretical research to understand the
thermal history and behaviour of the material melting and extrusion in
the liquefier [106-108]. For instance, Bellini et al. investigated the
transfer function of a liquefier through a mathematical model and found
a strong dependency of the material viscosity on the nozzle heating
[109]. As a significant factor affecting the bio-scaffold quality, Ram-
anath et al. studied the melt flow behaviour of poly-e-caprolactone in a
liquefier of a FDM printer via using two methods: mathematical
modelling and finite element analysis (FEA) via Ansys®. The compara-
tive results from these two modes revealed that the variation of nozzle
diameters (0.25-0.4 mm) and angles (20-60°) has a direct impact on the
pressure drop along the melt flow channel. The temperature gradient
analysis shows the solid biopolymer was liquefied within 35% of the
channel length [110]. Yardimci et al. presented a 2D deposition thermal
model by utilizing corresponding analytical and computational thermal
design tools to quantify the effect of nozzle design on the operational
stability and temperature distribution near the vicinity of extrusion
point [111]. Different from most studies focusing on the position of the
melt front, Jerez-Mesa and his team designed a FEA model to tackle with
the convective heat dissipation along the heat sink of a BCNozzle
liquefier by the refrigerating fan. The predicted temperature profiles
from the model with varying airflow velocities were validated with
discrete temperature values measured via four thermocouples fixed on
the liquefier body, confirming its adequacy to be applied for other
working conditions [112]. Further exploration on the impact of overheat
along the heat sink will also be useful to correlate the maximum
acceptable temperature with the fan working regime for more energy
saving. Considering the lack of related studies regarding the internal
geometry of a liquefier on thermal behaviour of FDM system, the same
group compared one commercial liquefier with two customized varia-
tions by adopting the same theoretical and experimental methodologies.
Results show that the new design of a thick-fin heat sink with higher
structural simplicity has the best performance of 3D printing under a fan
velocity higher than 10% and a much lower manufacturing time than
the commercial counterpart [101]. Without doubt, this work provides
some insight into the heat transfer effectiveness of a certain liquefier and
the optimization of this printer core component with more stable and
precise temperature control.

With respect to the melting and extrusion of FRPC, the great
importance of thermal dynamics in FDM liquefiers as a function of their
structures and interaction between parts is also projected onto the fiber
orientation in the melt flow. With the application of the Moldflow in-
jection molding analysis package, Nixon et al. modeled the fiber orien-
tation in the extruded beads from three different nozzle designs (i.e.
convergent, divergent and straight geometries) in the FDM system. The
largest overall fiber alignment was observed in the convergent nozzle
while the divergent nozzle exhibited the least fiber alignment. However,
before entering into the nozzles, fibers in the flow were oriented uni-
formly in all three liquefier channels [113]. Heller et al. presented a
computational method to analyze the effects of nozzle geometry and
extrudate swell on the fiber orientation in the polymer melt flow. The
authors demonstrated a great fiber alignment along the flow axis within
the convergent zone of the nozzle while a decreasing trend was observed
in the extrudate swell, leading to a 19.9% reduction in the axial modulus
of elasticity. By varying nozzle parameters, this study indicates the
possibility of regulating the fiber orientation and mechanical properties
of printed FRPC via the modification of FDM nozzle geometry [114].
Inspired by complex fiber arrangements in natural composites, Raney
et al. developed a rotational 3D printing system with a controllably
rotated deposition nozzle that enabled the spatially programmable
orientation of short fibers in the polymer matrix (Fig. 10.). With the
variation of rotation speeds, these researchers incorporated two fiber
patterns (i.e. orthogonally and helically arranged fibers) into different
sections of the printed composites, presenting high microstructural
complexity and enhanced performance in strain, failure and damage
tolerance [115]. In short, the specific design of a liquefier body has a
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Fig. 9. FDM printing of fiber composites with varying resolutions via selectable nozzles: (a) the poppet selector in nozzle to adjust size; (b) the fiber composite
printing with multi-diameter nozzle; (c) close-up comparison of surface resolutions between normal nozzle and diameter-selectable nozzle in large-scale FDM system;
(d) the printed part comparison between small-scale and large-scale FDM systems [104].

crucial influence on the fiber orientation in the printed bead while the
fiber orientation can also affect the flow field during extrusion. Due to
the computational complexity for anisotropic flow, the currently limited
researches simplify the modeling to consider fiber/polymer system as
Newtonian isotropic fluids, which cannot accurately reflect the fiber
orientation state [116]. Hence, more advanced simulation tools inte-
grated with supercomputing are in demand for the precise prediction of
the flow field and fiber orientation in the extrusion stage of fiber
composites.

The measurement and monitoring for the temperature and pressure
of the filament during the extrusion are vital to obtain a consistent part
quality since any fluctuations in these conditions may produce signifi-
cant impacts on the material flow, deposition rate and intra-/inter-layer
bonding. As to the vast majority of FDM printers, the localized tem-
perature is the only information that can be collected through a single
thermistor located at one side of the heat block. To interpret its variation
throughout this print head, the employment of multiple thermistors by
some solvers can be an approach but higher probability of fluctuations is
still a big issue [117]. Although infrared cameras can be integrated into
the liquefier body to monitor the temperature, the observation from
these devices is confined to the surface of the nozzle [118]. None of these
measurements can determine the temperature variation inside the semi-
liquid filament as the sensors are not in direct contact with the flow. In
addition, almost all the pressure measurements inside the liquefier are
inferred from mathematical modelling and FEA due to the big technical
challenge in the small nozzle channel. Only one report currently enables
the in-situ measurement for these two processing parameters in the melt.
By creating a customized thermocouple insertion device coupled with a
piezoresistive pressure transducer, Anderegg et al. successfully recorded
the temperature and pressure distributions in the flow field during
extrusion. Readings showed the fluctuation of + 2 °C and up to 11 °C
decrease in filament temperatures respectively at idle and at high flow
rate. There was also a significant fluctuation in pressure (140-6900 kPa)
and the in-situ measurements were higher than theoretical predictions,
indicating the limitation of computational modeling to completely
capture the dynamics in the FDM liquefier [119]. Aside from the

improvement of the internal process monitoring, this system also pro-
vides an empirical avenue to investigate the mutual relationship of
various variables in FDM, including the flow rate, rheology, heat
transfer, pressure drop, nozzle geometry and filler distribution.

3.3. The deposition and solidification of molten materials

In a typical FDM, the printing head installed onto a gantry is movable
along X, Y and Z axes so that the deposition of material can be initiated
from the nozzle by its horizontal translation at a constant height over the
build plate. After the first layer, the succeeding layer is deposited via
either the ascent of the printed head or the descent of the build plate,
which is dependent of the individual printer [120]. This automatic
process for each layer printing is repeated until the completion of the
designed part. During this deposition and solidification process, the
cross-bonding between beads is established by the inherent thermal
energy of the extruded semi-liquid filament. A bridge between the
adjacent beads called a neck is formed due to the sintering process
driven by surface tension (Fig. 11). Different with metal and ceramic
sintering governed by volume, surface and grain boundary diffusion, the
polymer sintering describes the coalescence process below the melting
point based on the viscous flow mechanism [121,122]. The mutual
bonding of beads with neck growth within a layer can be termed as
intralayer bonding. Meanwhile, as the bead from the next layer deposits
over the previous layer, its high temperature also facilitates the forma-
tion of similar bonds between the beads of two successive layers, which
can be termed as interlayer bonding [123]. Consequently, the printed
objects by conventional FDM system are normally anisotropic whether
in topological geometry or in physical properties.

The extent of bonding lies with the neck growth between the beads
and the molecular diffusion and randomization of polymer chains at the
interface. Combined with the isothermal sintering experiment, Belle-
humeur et al. utilized the polymer sintering model to predict the degree
of bonding during the deposition in FDM. Results showed that the neck
growth in the bonding zone was more affected by the extrusion tem-
perature rather than the envelop temperature [125]. On the contrary,
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Fig. 10. The rotational 3D printing system: (A) the
controllable rotation of the nozzle during printing
conducted by directly interfacing a stepper motor
with a 3D motion-control system; (B) Schematic
view of fiber orientations via the rotating nozzle to
obtain a helical pattern, where the helical angle is
adjustable by the rotational rate (0) and trans-
lational velocity (v); (C and D) Optical micrographs
of fiber-filled composite filaments (1.3 vol% carbon
fibers) printed without rotation and with a high
rotation rate; (E and F) schematic views of idealized
fiber arrangements for the same dimensionless
rotation rates; (G) Surface fiber orientation (¢)
plotted as a function of dimensionless rotation rate
(Rw/v) over a wide range of rotational and trans-
lational rates, where the solid line denotes the
kinematically ideal fiber orientation; (H and I)
Cross-sectional views of the internal structure of
composites printed without rotation and with a high
rotation rate, observed by X-ray microtomography
(print direction indicated by arrow) [115].
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Fig. 11. Bond formation between adjacent beads in FDM process: (a) the schematic of bond formation process involving (1) surface contacting, (2) neck growth and
(3) molecular diffusion at interface and randomization; (b) the microphotograph of the cross-sectional area of a FDM part where W is the filament’s width; H is the
filament’s height; 2y is the neck length between adjacent filaments [124].

Sun et al. found that both the envelope temperature and variations of characterization of flexural properties. The sintering process also has a
convective coefficients within the printer chamber have a significant great repercussion on the bond formation while the critical temperature
impact on the mesostructured and mutual bonding of beads via the cannot be maintained too long above the glass transition owing to the
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fast cooling of the extruded filament [124]. Bhalodi and his team
observed that the temperature at the neck between two neighbouring
beads decreased exponentially with time through relating time and
temperature in a mathematical model [126]. This short sintering process
has been validated as the main reason for the imperfect bonding of
partial coalescence, resulting in the generation of voids between each
bead [127]. Numerous reports have concluded that the insufficient bond
with voids acting as stress concentrators has a negative influence on the
mechanical performance of the 3D printed parts, especially for the weak
interlayer strength along the Z direction [128-131]. To address this
issue, Ravi et al. integrated an in-process near-IR heating laser into the
3D printer to locally heat up the existing layer around the nozzle before
the deposition of the extruded bead at this heated area (Fig. 12). The
increased interpenetrating diffusion from the raised interlayer temper-
ature contributes to 50% more interlayer bonding strength, 60% in-
crease in bending strength, near 100% increase of elasticity and more
than triple toughness of the FDM part compared to the counterpart
without laser pre-deposition heating [132]. With the addition of 2 wt%
thermally expandable microspheres in the polymer matrix, Wang et al.
reported a material-based approach to improve the interlaminar
bonding with reduced voids via heat treatment after FDM fabrication.
Compared to untreated samples, the tensile strength and compressive
strength were respectively increased by 25.4% and 42.2% after keeping
them at 140 °C for 120 s [133]. Besides the presence of voids, Rodriguez
et al. discovered that the loss of molecular orientation after deposition
was also an important factor in the decrease of overall mechanical
properties in FDM parts [134].

The sequential deposition of fused material layers involves the
cooling by convection into surrounding air and the solidification onto
the previous layer via heat conduction through the adjacent bead [135].
These rapid cooling cycles exacerbate the non-uniform thermal gradient
with irregular heat distribution throughout the printed structure,
resulting in the build-up of internal stresses within the deposited layers.
A bunch of problems have been caused in the final part by the thermal-
induced residual stresses and strains, including dimensional inaccuracy,
shrinkage, warping, delamination and even printing failure [136,137].
For instance, Wang et al constructed a mathematical model for the warp
deformation, in which the T; and linear shrinkage rate have been
demonstrated as influencing factors for the appearance of intra-/inter-
layer deformation, delamination and cracking [138]. Zhang and Chou
developed a 3D model with the introduction of additive feature and
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stepwise thermomechanical manner to simulate stress distributions and
part distortions as a function of several deposition parameters. Results
showed that the residual stress was significantly affected by the scan
speed followed by the layer thickness while the influence of the road
width on the stress accumulation was only effective under the interac-
tion with the layer thickness. The positive correlation between part
distortions and these deposition parameters derived from this model has
a great consistence with the deflection experiment [139]. Assisted by the
FEA analysis and element activations, they also found that the toolpath
patterns played an important impact on both the magnitude and dis-
tribution of residual stresses, in which the primary direction of the
designed toolpath guided the stress concentrations. From that simula-
tion, higher residual stresses and larger distortions were observed in
short-raster toolpath than those in long- and alternate-raster patterns
[140]. Via embedding a fiber Bragg rating sensor into the midplane of
FDM samples, Kantaros and Karalekas experimentally verified the
sensitivity of residual strains to the deposition orientation in the in-situ
solidification test, recording less strains for the beads aligned to the
0° direction than those in transverse and crisscross counterparts [141].
Armillotta et al. studied the influence of part geometries on warpage and
found less distortion on very thin parts, which is contradictory to other
literature suggesting that a lower z-direction dimension results in lower
bending stiffness and thus large warpage. Based on a 1D analytic model,
they proposed a different interpretation that a thinner part height can
not only facilitate the shrinkage on multiple layers via thermal con-
duction and contribute to the reduction of internal stresses, but cause
plastic deformation of the deposited layers to keep flat on the build plate
under bending stresses, opposite to the occurrence of elastic deforma-
tion in thicker object that will be recovered as distortion [142].
According to the above discussion, it is perceptible that considerable
variables are involved into the fabrication process of this simple AM
technology, including the part geometry (e.g. length, width, height,
spatial structures, etc.), material properties (e.g. strength, modulus,
Poisson’s ratio, Tg, etc.) and processing parameters (e.g. layer thickness,
deposition rate, nozzle temperature, chamber temperature, raster angle,
bead orientation, number of contours, etc.) [143-145]. The analysis of
all these interactive variables cannot be isolated, further increasing the
complexity to assess the possible influence of individual factor on the
FDM part quality. Last year, the material database 3D-printing grades
from DSM was integrated into the FFF process simulation software
Digimat, becoming the first commercial modelling tool for AM engineers
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Fig. 12. The integrated laser pre-heating system to enhance the inter-layer bonding in FDM: (a) the layer fixed ahead of the printing nozzle so that the previous
deposited layer can be heat up with higher interface temperatures to allow more polymer inter-diffusion between neighbouring layers; (b) the flexural results show
that the laser pre-heated samples had more than 60% increase of strength, around 100% increase of elasticity and more than 3-fold toughness compared to the FDM
counterparts without laser treatment. Micrographs demonstrate enhanced filling, contributing to overall better mechanical performance in printed parts [132].
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to predict the behaviour and performance of printed parts so that the
optimization of materials, printers and designed geometries can be
realized [146]. However, the options in this database are still limited to
some basic materials without a good cover for composites.

4. Discontinuous FRPC feedstock for FDM
4.1. Thermoplastic matrices in FRPC

As it was mentioned above, both of HME and FDM processes are built
upon the melting and cooling of materials to obtain the desired shape. In
a sense, the extrusion-based FDM technology can be deemed as the
automatic upgrade of the conventional HME method. Thus, the revers-
ible liquid-solid state change of thermoplastics makes these polymers to
be the eligible feedstock for these two manufacturing techniques.
Compared to thermosetting resins, these heat-regulated polymers alone
or as composite matrices have numerous unique merits, including high
recyclability, less hazardous chemical compositions, no curing require-
ment and ease of mass production [147]. The common thermoplastic
polymers that can be utilized as composite matrices for FDM process
include acrylonitrile butadiene styrene (ABS), polylactic acid (PLA),
high density polyethylene (HDPE), polypropylene (PP), polyamide/
nylon (PA), polycarbonate (PC), thermoplastic polyurethane (TPU),
polycaprolactone (PCL) and polyethylene terephthalate (PET)
[148-151]. The commercially available polymer filaments in the FDM
market can be seen in Fig. 13 [152].Among them, ABS and PLA are the
most extensively used 3D printing thermoplastic. The former is a tough
terpolymer composed of a long polybutadiene chain criss-crossed by
short chains of poly (styrene-co-acrylonitrile) and can be printed at high
speed while it tends to warp and delaminate when printing large parts.
The latter is a biodegradable and biocompatible aliphatic polyester
derived from renewable resources (e.g. corn and sugarcane) and harder
than PLA. Although it can strongly adhere to the build plate without the
need of heating, this polymer is prone to jam in the liquefier owing to its
high friction [153]. Other expensive engineering thermoplastics (e.g.
poly ether ether ketone (PEEK), poly ether ketone ketone (PEKK), pol-
yphenylene sulphide (PPS) and polyeherimide (PEI)) with higher ther-
mal and mechanical performance can also be printed while specialized
AM machines are required, further increasing the fabrication cost
[154,155]. Different with normal FDM printers that are operated at low
temperature (<280 °C), these specialized printers have better thermal
management, higher heating capacity and stronger resistance to high
temperature that these engineering thermoplastics need. Normally, FDM
processing of these polymers aims to high value-added field like

Not available for ME-AM |

amorphous semi-crystalline

Fig. 13. Pyramid of polymeric materials as a function of the material avail-
ability in FDM market [152].
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aerospace and biomechanical applications.

Most of these thermoplastics are amorphous as their low T and large
viscous softening range can facilitate the extrusion and deposition of
plastic beads. However, amorphous polymers normally have weak
chemical resistance and low mechanical performance (e.g. Young’s
modulus between 1.9 and 2.4 GPa, and elongation at break between 3
and 9%). In contrast, the limited amount of semicrystalline thermo-
plastics have a drastic change in viscosity due to a very small temper-
ature range for softening. Despite their difficulty in FDM processing,
these polymers exhibit wider mechanical properties than amorphous
counterparts (e.g. Young’s modulus between 0.8 and 4 GPa, and elon-
gation at break between 2.5 and 1600%) [152,156]. In order to make
full use of respective advantages from each material, two or more
polymers can be blended during the HME of filaments. One typical
example is ULTEM® 9085 from Stratasys, a blend of PEI and PC. With
the incorporation of PC, this commercial filament not only possesses
lower Tg for easy extrusion, but presents better flowability, ductility,
transparency, strength and stiffness [157]. Due to the high cost of
Stratasys ULTEM® 9085 (~200 $/kg), Cicala et al. studied the fabri-
cation of PC/PEI blends by varying the PC content and found that the
standard PEI modified with 10 wt% PC outperformed ULTEM® 9085 in
terms of thermal and tensile properties, which shows a great potential in
the development of polymer blends for better performance [158].

4.2. Discontinuous fibers in FRPC

A wide variety of discontinuous fibers with varying sizes have been
incorporated into the FDM fabrication of FRPC. According to their
source, these fibril fillers can be classified into two categories: synthetic
fibers and natural fibers. The former includes carbon fiber (CF), glass
fiber (GF), Kevlar and liquid crystalline polymer (TLCP) and the latter
has hemp, bamboo, flax, jute, harakeke and wood [159-162]. The
synthetic fibers employed for FDM composites have numerous advan-
tages such as lightweight, corrosion resistance, flame retardancy,
chemical resistance and superior stiffness and strength while the natural
fibers are normally biocompatible, biodegradable, renewable, recy-
clable and relatively cheap. Since the majority of natural fibers are un-
stable at temperature > 200 °C, polymer matrices that require high
processing temperatures in HME and FDM will be not suitable for the
manufacturing of AM composites [163]. The mechanical properties for
FDM-fabricated discontinuous FRPC has been listed in Table 1.

As the primary filler, the fiber content plays a crucial role in the
overall properties of printed composite parts. By compounding and
extrusion of CF/PA mixture via TSE and SSE processes, Liao et al.
fabricated the composite filaments with varying fiber contents (0, 2, 4,
6, 8 and10 wt%) and comprehensively characterized the material
properties after FDM printing. The high stiffness of CF promoted an
upward trend in tensile and flexural performance with the increase of
fiber contents while the impact strength presented a sharp loss at low CF
contents. This can be attributed to the generation of stress concentra-
tions at fiber ends, initiating the crack propagation. With the increase of
CF loading, the crystallization behaviour of PA composites didn’t have a
big change since the existence of CF acted as not only an inhibitor in the
motion and arrangement of molecular chains, but a beneficial nucle-
ating agent to facilitate polymer nucleation. Results also showed the
increasing thermal conductivities at higher CF contents due to the
establishment of this fiber-induced conductive network. The positive
correlation between tensile properties and fiber contents was also
observed in the 3D printing of natural fiber (hemp and harakeke) rein-
forced PP composites by Stoof and Pickering. Nevertheless, the FDM
composites had lower strength and modulus than those of feedstock
filaments. The lower pressure in FDM process incurred stress relaxation
and formed more voids as stress concentrators. Natural fibers also
proved to be a remarkable filler to maintain dimensional stability with
much less shrinkage [164]. The discontinuous fiber loading in FDM is
normally less than around 50% composites because higher contents may
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Table 1

List of mechanical properties for FDM-fabricated discontinuous FRPC.

Current Opinion in Solid State & Materials Science 24 (2020) 100867

Source  Polymer matrix Fiber Fiber content (wt Initial fiber length HME Tensile strength Young’s modulus
reinforcement %,/vol%) (mm) (Mpa) (GPa)

[188] ABS CF 5 0.1 SSE 26.5 1.3 (+44%)

[189] ABS CF 10 0.1 SSE 37.4 (+32.6%) 0.79 (+58.0%)

[171] ABS CF 10, 20, 30, 40 3.2 Ram ~67.0 ~14.5

[167] ABS CF 3,5,7.5,10,15 0.1, 0.15 / 42.0 (+23.5%) 2.5 (+31.2%)

[184] ABS CF 5 / / 36.8 1.1

[190] ABS CF 15 / / 39.05 (+41.0%) 5.9 (+141.3%)

[169] PLA CF 15 0.06 / 53.4 (~0%) 7.5 (+123.4%)

[175] PLA CF 15 / / 38.2 /

[191] PLA CF 15 0.1 / / /

[166] PLA CF 3,5,7,10 0.1 SSE ~55.0 /

[186] PLA CF 12.6 0.07 / 68.4 (+14.0%) 9.28 (+162.9%)
ABS CF 16.8 0.05 50.9 (+33.2%) 7.15 (+212.2%)
PET CF 17.7 0.07 68.3 (+48.2%) 8.47 (+313.2%)
Amphora CF 11 0.05 49.3 (+5.1%) 3.93 (+95.5%)

[192] PEKK CF 30, 40 / / / /
PPS CF 40, 50

[193] PA12 CF 2,4,6,8,10 15-20 TSE + 93.8 (+102.2%) 3.58 (+265.9%)

SSE

[194] PA6 CF / / / ~21.0 1.29

[172] PA CF 15 0.1 / 83.8 4.6

[185] TPU CF 0,1,2,4 / / ~24.0 ~0.64 (+34.07%)

[178] ABS GF 15, 20, 25 TSE 58.6 /

[195] PP GF 30 / / ~39.0 ~1.4

[177] PP GF 30 / / ~34.0 ~0.4

[196] PP TLCP 20, 40 / SSE 37.0 2.7

[164] pP Hemp fiber 10, 20, 30, 40, 50 <8 TSE 22.45 (4+31.9%) 2.00 (+181.0%)

Harakeke fiber 23.55 (+38.4%) 2.09 (+193.7%)
[197] ABS Jute fiber 5 / TSE 25.9 1.54
[176] PLA + polyhydroxyalkanoate Wood fiber 15.2 £ 0.9 / / 46.0 3.29

(PHA)

decrease the melt flowability and clog the nozzle [165]. In addition,
some papers reported worse mechanical performance at high fiber
loadings owing to the increase of porosity, which indicates the impor-
tance to eliminate this defect so that the benefits of fiber incorporation

can be maximized [166,167].

Fiber length is an important factor in the limited improvement of
strength for FDM-made discontinuous FRPC. Although initial lengths are
long enough to promote the stress transfer from fiber to matrix,
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Fig. 14. Fiber length distributions as a function of varying fiber contents: (a) compression-molded, (b) FDM-printed, and (c) weight average fiber lengths of dog-bone
samples [171].
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discontinuous fibers are largely shortened by the high shear force in
mixing and extrusion of rotating screws during the HME process,
resulting in fiber lengths around one order of magnitude lower than the
critical length [168]. Instead of fiber rupture under the external loading,
these micro-scale fibers in composite filaments as FDM feedstock pull
out of matrix without the effective transferring of the applied stress
[169]. Moreover, shorter fibers can incur more stress concentrations
with increasing fiber ends at the same fiber content [170]. Ning et al.
printed ABS composites with the CF lengths of 150 pm and 100 pm and
found that the longer fiber endowed the FDM composite with larger
tensile strength and stiffness [167]. Tekinalp et al. analysed fiber length
distributions both in FDM- and compression molding (CM)-fabricated
samples. Results showed that compared to the initial length of 3.2 mm
before the HME, the majority of fibers in FDM composites were broken
down into the length of less than 0.4 mm. With the increase of CF
content, fibers in FDM samples became shorter since more fibers were
damaged due to the increasing interaction between these fillers. In
contrast, composites made from CM had slightly longer fibers, crediting
to the lower shear applied onto the material (Fig. 14) [171]. Blok et al.
also investigated the composite printing by respectively using short fiber
(~100 pm) and continuous fiber feedstocks. Although much higher
mechanical performance was observed in continuous FRPC, design
freedom was largely compromised with the incapability of free deposi-
tion through small steering radii and sharp angles. Filaments with short
fibers exhibited better printability and higher degree of design freedom
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[172]. Undoubtedly, there is a great promise in the production of high
performance complex FRPC if the printed fiber length can be increased
in this HME + FDM system.

During the extrusion process, a high shear force is generated between
the semi-liquid composite flow and the inner wall of nozzle, contributing
to the fiber alignment along the printing direction. To be specific, the
external force from the feed roller pushes the composite melt into the
nozzle with a small diameter, leading to a high velocity gradient and
thus great shear stress in the flow direction. Fibers are forced to be
aligned along the axis of nozzle so as to reduce the flow resistance. These
highly oriented fibers are preserved after depositing onto the build plate
due to the fast cooling and solidification [173,174]. Higher fiber load-
ings contribute to more uniform fiber alignment. As a result, the
anisotropic feature in FDM-based parts is further aggravated with the
incorporation of fibers, whether in structural distribution or in me-
chanical properties. The tensile strength in the build direction normally
is only 50-75% of in-plane strength while the fibril fillers increase the
anisotropy with the reduction of out-of-plane strength close to 90%
[175]. Inspired by the traditional z-pinning concept to improve through-
thickness performance and avoid delamination, Duty et al. introduced
this scheme into the FDM process, where the part was conventionally
printed with staggering seams designed to be z-axis aligned throughout
the structure. This length and position of these seams can be controlled
and filled by extruded pins prior to the deposition of subsequent layers
(Fig. 15). Results showed that the z-direction strength and toughness of

Fig. 15. Z-pinning approach for FDM printing mechanically isotropic materials: (a-f) process steps for 3D printing with z-pinning; (g) cross section of printed sample

with 120% pins [175].
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printed CF/PLA composites can be enhanced by more than a factor 3.5,
and even higher than x-direction strength after normalizing these
values. The printed part with the largest pin volume also demonstrated
isotropic properties in mechanical characterization [175]. This strategy
builds a new platform for AM designers to customize directional prop-
erties that are independent of print orientation.

The formation of voids has been discussed above as the consequence
of insufficient bonding between adjacent beads in FDM process, yielding
a detrimental impact on the mechanical properties and structural
integrity for the printed parts. Thus, discerning the change of pores and
voids after the introduction of discontinuous fibers is essential to ensure
the printing quality of FRPC parts. Tekinalp et al. investigated the
microstructure of FDM-based CF/ABS composites and found that in
addition to the triangular voids on the bead surface, internal voids inside
the extruded beads started to form in the printed composites. The size of
those relatively large triangular voids became smaller with the addition
of fibers, which can be ascribed to the high thermal conductivity of CFs
and the decreased die swell at the nozzle, contributing to the improved
packing after bead deposition (Fig. 16). As a comparison, the authors
also fabricated composite samples with the same feedstock materials via
CM method and no visible porosity was observed due to its high pressure
operational process [171]. Ning et al. illustrated the same void changes
and varieties with the incorporation of CFs into the ABS matrix. Mean-
while, the porosities at different fiber contents were calculated, showing
a V shape trend from 0 to 15 wt% CF contents with the lowest value at
the 3 wt% fiber loading [167]. Due to the increased stress concentrations
from these voids, it to a certain extent explains why a higher CF content
didn’t impart a better mechanical performance of FDM composites in
this paper. The defect of inner-bead voids is mainly caused by the weak
interfacial adhesion between fibers and polymer matrix. Fig. 17 depicts
the inner-bead and inter-bead voids inside the FDM printed fiber
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reinforced composites. However, higher porosity can facilitate more
swelling in printed biocomposites (e.g. wood fiber + PLA matrix),
shifting this drawback into an advantage in designing programmable
moisture-actuated hygromorph products [176]. Although various plas-
ticizers and compatibilizers have been added to the FDM composite
matrices with improved mechanical properties (e.g. flexibility and
handleability), few is related to the surface modification of fibers for
better interfacial bonding [177-179]. Since most of these fillers are
synthetic fibers with no active groups and smooth surface, it’s difficult to
form a strong fiber-matrix adhesion by merely using the unmodified
fibers as the reinforcement. Some reviews have focused on the
enhancement of this interphase in conventionally manufactured com-
posites via various surface treatment approaches (e.g. sizing, coating,
grafting, etc.) [180-183]. This enlightening information may inspire
material researchers, scholars and experts to develop AM-based FRPC
with superior fiber-matrix interfacial properties so as to achieve better
mechanical, thermal and electrical performance.

Apart from the material properties, it is vital to understand the in-
fluence of various processing parameters in FDM on the morphology and
overall performance of FRPC, including deposition parameters (e.g.
infill pattern, infill density, layer thickness, bead width, build orienta-
tion, etc), operation parameters (e.g. nozzle temperature, nozzle size
and shape, feed rate, print bed temperature, etc.) and ambient param-
eters (e.g. humidity, temperature, etc.). Based on the own-made 5 wt%
CF/ABS composite filament, Ning et al. investigated the tensile prop-
erties as a function of raster angle, infill speed, nozzle temperature and
layer thickness. Using X axis as the benchmark during printing, raster
angle of [0, 90] presented much large tensile strength, yield strength and
Young’s modules than those from raster angle of [+45, —45], which can
be attributed to effective load transfer from the matrix to reinforced CFs.
This was also proved from the facture interface after tensile test that

Fig. 16. Micrographs of polished surfaces of CF/ABS samples fabricated by CM and FDM methods: (a) CM neat-ABS, (b) CM10%CF, (c) CM20%CF, (d) CM30%CF, (e)

FDM neat-ABS, (f) FDM10%CF, (g) FDM20%CF, and (h) FDM30%CF [171].
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Fig. 17. The schematic of the multiscale structure of FDM-fabricated fiber reinforced composite parts with inner-bead (intra-bead) and inter-bead voids inside [84].

fibers were ruptured for [0, 90] samples rather than pulled out for [+45,
—45] counterparts. The best infill speed was found at 25 mm/s since
faster speed caused less interaction and poorer intra-/inter-layer
bonding between deposited beads. With the altering of nozzle temper-
ature, a peak point for tensile performance appeared at 220 °C since
beads cannot firmly bonded together at lower temperature while
porosity in printed composites increased at higher temperature owing to
the polymer degradation. Although 0.25 mm layer thickness contributed
to the higher toughness and ductility, tensile strength and stiffness
exhibited the best values at the layer thickness of 0.15 mm by virtue of
the tighter coalescence between each layer [184]. Shifting bead layout
orientations from 45° to 0°, Anwer and Haguib reported higher me-
chanical performance for TPU composites with varying CF contents from
0 to 4 vol%, suggesting larger stiffness imparted by the fiber at the
0° print. To further elucidate the fiber orientation, they observed higher
water contact angle from the 0° printed composite than that from the
45° bead orientation via hydrophobicity test, indicating greater
entrapment from the higher fiber alignment at the smaller angle [185].
Jiang and Smith also studied the correlation between tensile properties
and bead orientations at four angles (0°, 45°, +£45°, 90°) relative to the
load direction. Compared to the pure polymers, results showed that CF
reinforced composites in general had higher tensile modulus at all print
orientation while less improvement and even a decrease were observed
for tensile strength except at the 0° print orientation [186]. This could be
the low conformity of CFs to the previous layer, thus reducing the
contact area for neighbouring layers during printing. This phenomenon
has been reflected on the work from Love et al. that the out-of-plane
tensile properties of the pure ABS was better than that of CF rein-
forced composites [187].

4.3. Support materials

The incorporation of support into designed parts is necessary for the
printing of complex geometries when overhangs and cavities are sus-
pended in the mid-air. The increased fabrication freedom also enables
designs with freely moving parts inside once the support is removed.
Currently, there are three types of support materials employed in FDM:
build materials, breakaway materials and soluble materials. The first
type is mainly used for single-nozzle printers where the support material
is the same with the thermoplastic filament for the model building while
a low-density format is usually chosen for the support so that it can be
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broken off after printing. Although material compatibility is remarkable
in this economic approach, more effort is required for support removal
and yield poor surface quality, to a certain extent compromising the
structural accuracy. The second type is like the first one while a separate
polymer material is deposited with the build material. It’s quicker and
easier to be peeled off and leave a clean surface without the need of post-
processing. Nonetheless, the compatibility of breakaway materials due
to their less adhesion is still a concern, especially for multi-material 3D
printing [22]. Instead of requiring manual removal, the last type can be
dissolved away in the proper solution. They allow for the fabrication of
dense and intricate geometries where normal tools cannot reach into the
support. Two soluble polymers are widely utilized in this type: polyvinyl
alcohol (PVA) and high impact polystyrene (HIPS). The first one is a
hygroscopic, biocompatible and flexible thermoplastic that can be
directly dissolved into water while the second one has lightweight, rigid
and impact resistant properties that needs to use proper chemical sol-
vents like limonene [198,199]. The main drawback for soluble materials
as the support is the long dissolving time. To enhance their removal
efficiency in printed parts, some processing strategies have been
attempted to improve solvent dissolution, such as the increase of tem-
perature, the application of agitation and/or the introduction of other
solvents (e.g. hydrogen peroxide) [200-202]. Up to now, there is no
relevant report on the effect of varying support materials on the inter-
layer bonding with FRPC-based build materials, which is imperative to
fulfil the FDM printing of complex composite objects with precisely
designed dimensions.

5. Large-scale FDM

Since most of the commercialized FDM systems only offer a small-
scale fabrication capacity with small building volumes of 0.03-0.3 m®
and low printing speeds of 15-85 cm3/h, it greatly restricts the feasi-
bility of these 3D printers in the industrial manufacturing of large parts
and tooling on the order of several to dozens of meters [203]. A special
research has been focused on the goal to achieve the fastest deposition
rates, the maximum printing size and the highest material throughput.
In collaboration with Lockheed Martin, Oak Ridge National Laboratory
(ORNL) developed the first Big Area Additive Manufacturing (BAAM)
system with the moving speed of the deposition head reaching at 12.7
cm/s in the X-Y plan [204]. Later, ORNL improved this large-scale AM
system with Cincinnati Incorporated©, featuring the build geometry of
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6m x 2.5m x 1.8 m and the maximum material output up to 45 kg/h
[205]. This new system possesses the capability to print 10x larger parts
at 200x faster speed with 20x cheaper prices compared to desktop FDM
systems. Meanwhile, a Large Scale Additive Manufacturing (LSAM)
system created by another company named Thermwood Corporation©
exhibited an even higher material output rates at 227 kg/h with the
maximum building size of 30 m x 3m x 1.5m [116]. Relative to the 3D
printing of large components using regular temperature polymers like
ABS, Purdue University invented the Composite Additive Manufacturing
Research Instrument (CAMRI), a medium size extrusion deposition
printer that can not only print high temperature polymers (e.g. PPS)
with the reinforcement of high CF contents (50 wt%), but provide a valid
simulation tool to predict the outcomes of a designed print structure that
arises from the extrusion deposition based AM process [206,207].

Distinct from the operation principle of FFF technique, large-scale
AM systems (i.e. BAAM and LSAM) are capable of directly utilizing
pellets as 3D printing feedstocks rather than filaments due to the organic
integration of HME process into the deposition head. The extra pro-
cedure of converting pellets into filaments before AM is therefore
eliminated with the feedstock cost decreased from $50-100/kg to under
$10/kg [208]. For a BAAM machine based on this extrusion deposition
AM method, a customized SSE with high extrusion rates is attached to a
3-axis gantry system, through which thermoplastic pellets are fed,
melted and conveyed into the printing nozzle so that they can be
deposited onto a large heated substrate (Fig. 18). In contrast to the small
diameter of nozzles (less than 1 mm) in conventional FDM printers, the
nozzle sizes of large-scale AM machines normally range from 5 to 10 mm
dependent on the requirement of printing resolution and speed [209].
By using a printed mold from BAAM as an example, Post et al. discussed
the economic efficiency of this technology and found that 17 x reduction
in manufacturing cost and 50x reduction in manufacturing time can be
realized for the composite tooling industry [210].

Owing to the high CTE of thermoplastic polymers and big tempera-
ture gradients existing in neighbouring layers, residual stresses are
commonly accumulated in BAAM from the non-uniform shrinkage when
the previous layer has already cooled down and thermally contacted
before the succeeding deposition of a hot layer. The huge residual stress
in BAAM’s large part deteriorates the 3D printed formation of accurate
geometry, leading to the occurrence of warping and delamination, and
even the failure of AM fabrication [211]. The inclusion of CF has become
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a rule of thumb to avoid these issues for its near-zero thermal expansion
along the fiber axis [212]. Apart from the increased thermal conduc-
tivity and enhanced dimensional integrity, the high stiffness and
strength of CF also result in a positive impact in improving the me-
chanical performance of BAAM thermoplastic materials [187,213].
Nonetheless, the incorporation of discontinuous CF confines the
decrease of thermal gradients and part distortion to the printing direc-
tion while the CTE in the transverse direction is still governed by the
polymer matrix, which can be attributed to the induced alignment of CF
along the movement of deposited beads based on the convergence zone
in nozzles and shear alignment effects [113]. The strength transverse to
the printing direction is thus less than that parallel to the bead deposi-
tion. In order to improve transverse properties and maintain the
dimensional fidelity of in-plane geometry, mechanical compaction was
recently adopted in the modification of CAMRI with a tamper system
attached onto the printing nozzle to squeeze the flow of molten materials
and fill the voids between extruded beads [214].

To date, the application of 3D printed parts as load-bearing elements
via large-scale AM techniques is still limited partly because of the me-
chanical anisotropy. Instead, various tools and molds have been printed
for the conventional polymer composite manufacturing, such as VARTM
and hand layup molds for low temperature fabrication, as well as
autoclave and compression molding tools for high temperature appli-
cations [205,215-217]. These large-scale printed composite tools not
only necessitate lower cost and shorter lead time, but present better
dimensional stability with negligible deviations after even ten cycles of
manufacturing process [205]. In view of the induced alignment of CF in
the flow direction with corresponding low CTE compared to the trans-
verse bead, the entire expansion of tools and molds can also be tailored
by elaborately controlling the printing patterns so that a similar thermal
properties with the molded material can be obtained for the production
of high-quality parts.

Similar with the mechanical phenomenon in small-scale AM process,
the existence of interlayer gaps also weakens the tensile strength of
successive layers, resulting in the much lower mechanical performance
in the z-direction. Via the addition of 20 wt% CF into ABS matrix, Duty
et al. discovered that the out-of-plane strength of BAAM-fabricated
composites (1.5 ksi) lost almost 85% compared to that from the in-
plane test (9.5 ksi). They ascribed this poor interlayer strength to the
reduced contact area and weak bonding between adjacent beads due to

Fig. 18. BAAM system developed by ORNL and Cincinnati Incorporated [208].
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their increased rigidity from the high CF content [218]. As the deposi-
tion of one layer in BAAM large articles takes a long time and the surface
temperature of prior layer has already dropped below the Ty of the
polymer material with the following layer printing, another factor
regarding the impeding of intermolecular diffusion between the layers
should also be considered since it could also lead to the poor interlayer
adhesion [124]. Hence, increasing the surface temperature of the
deposited layer will be an effective measure to enhance the interlayer
bonding of the material. With the installation of infrared lamps into a
BAAM system, Kishore and his team increased the substrate layer tem-
perature to above Ty via this preheating technique before the printing of
the next layer and achieved better interlaminar strength with doubled
fracture energy under certain circumstances [219].

According to the special features of large-scale AM (e.g. larger
printing size, thicker extruded beads and faster deposition rates), the
possible delamination and warping of printed parts remain tricky issues
although the introduction of CF can reduce internal stresses. Even a
small thermal strain may give rise to several millimeters of deformation
considering these magnified defects at large sizes [220]. For instance, in
partnership with Local Motor, ORNL produced the world’s first printed
car via the BAAM system while the first trial was not very satisfactory
with the accumulation of large thermal mass and the severe warpage
and delamination between deposited layers [221]. Consequently, in-
depth research of thermal evolutions in large-size composite fabrica-
tion based on varying material combinations and processing parameters
is extremely essential to achieve desirable properties under this high-
throughput AM process. By capitalizing on a series of thermal charac-
terization approaches (e.g. DSC and TGA), Ajinjeru et al. analysed the
glass transition temperatures and degradation profiles of PEI and 10 wt

Print
head
1

Field of
view

Printed thin
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% CF/PEI pellets to identify the upper and lower thresholds for appro-
priate processing temperature ranges with the view of imparting
excellent strength and modulus to the end part. They found that the
increase of processing temperature had a strong impact on the viscosity
of PEI with the decrease up to 50% while the addition of CF into this
thermoplastic matrix yielded a 108% increase for its viscosity, which
indicates the importance to build a close correlation between processing
parameters and the rheological behaviour of candidate materials for
BAAM fabrication [222]. Compton et al. developed a simple 1D thermal
finite difference model to predict layer temperatures of BAAM-made
thin wall sections using CF/ABS composite materials and compared
these results with corresponding experimental measurements through
infrared imaging (Fig. 19). A high-level matching was observed with the
indication that the steady temperature of the top layer and ambient
temperature in the build chamber are crucial to minimize the likelihood
of deformation for printed large objects. However, higher thermal
conductivity from the incorporation of CF showed a detrimental effect
on the printing size of this structure since more heat was lost with the
increase of wall surface area [220]. Conspicuously, a further exploration
of temporally and spatially complex thermal evolutions combined with
printing conditions, geometry and material properties will be helpful in
the understanding of internal stress accumulation, deformation and
bead fusion in the large-scale AM process.

Currently, the fabrication of short CF reinforced composites via
large-scale AM methods (i.e. BAAM, LSAM and CAMRI) is mainly
dependent on the empirical calibration with tedious trials and errors
required to systematically optimize the manufacturing process. It’s time-
consuming, energy/materials-wasting and only limited to a certain
printing scale. Hence, the development of process simulation tools to

Fig. 19. Thermal analysis of CF/ABS composites fabricated by large-scale FDM system: (a) photograph of a full-size car chassis being printed on the BAAM-CI system;
(b) photograph of the printed car chassis, in which several cracks, labelled with white arrows, have initiated from the thin fender sections due to the high cooling
rates in these thin regions; (c) experimental setup showing the thermal camera, the approximate size of the view frame, and a printed thin wall on the BAAM-CI print
bed; (d) a representative thermal image of the thin wall during the printing process, in which orange and yellow represent higher temperatures and blue and black
represent cooler temperatures [220]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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predict specific outcomes of designed parts from the modelling of
various manufacturing profiles is preferred in this field research. By
integrating multi-scale damage mechanics and linear elastic fracture
mechanics into finite element method [223-227], Talagani et al. created
a computational tool with a fully coupled thermo-mechanical analysis
ability to the extrusion deposition based AM of polymer composites, in
which problem areas prone to high residual stresses and crack forma-
tions can be identified in this simulation model [228]. Taking material
properties into account, Brenken and his co-workers developed a
physics-based simulation tool Additive 3D in Abaqus© 2017 to theo-
retically investigate the AM process of fiber-reinforced thermoplastic
composites in CAMBRI printer. Without the need of additional calibra-
tions, physical properties of 50 wt% CF/PPS composites (e.g. crystalli-
zation Kkinetics, thermoviscoelastic stress relaxation and material
shrinkage behavior) were first characterized via corresponding experi-
ments and then modelled using this customized tool, demonstrating an
accurate prediction (less than 7% relative deviations) for residual
stresses and final deformations of printed structures [229]. Advanced
simulation tools incorporating comprehensive material portfolio,
extrusion deposition-based process mechanism and product perfor-
mance analysis are still in demand in light of the sensitivity of different
large-scale AM configurations to product quality and significant con-
sumption of materials and time during each printing.

6. Multi-axis FDM

Although the recent development of large-scale FDM ushers in the
industrial revolution for the manufacturing of large thermoplastic
composites (with all current applications focusing on discontinuous
high-performance fibers as the reinforcement), the inherent operational
mechanism of these commercially available FDM printers is still built
upon the gantry-style CNC machine with three-axis Cartesian coordinate
system to move the extruder head [230]. As the incapability to rotate the
extruder head during printing, its motion is restricted to only translate in
the horizontal x-y plane while the vertical z movement is executed
intermittently after each layer deposition. This 2D layer pattern in FDM-
fabricated parts has a negative influence on the mutual bonding between
neighbouring layers, forming weak boundaries with significantly less
strength and ductility [231]. The inconsistent material properties un-
derlying this anisotropic geometry impair the global mechanical per-
formance of the printed object. Meanwhile, the conventional FDM
technique is also problematic for the fabrication of cellular structures,
especially for metamaterials with intricate topological designs
[232,233]. These materials recently are booming in various fields for
their exotic properties like negative poisson’s ratios, negative bulk
modulus and density, and negative refractive indices in electromagnetic
waves, all of which are artificially manipulated by the internal geome-
tries featuring small, complex repeating unit cells with hierarchical
coverage from macro- to micro-scale arrangements [234-236]. It makes
extremely difficult for this layer-based method to print lattice objects
with numerous overhang structures since a vast amount of support
materials are required, leading to the increase of fabrication costs and
the reduction of production efficiency, let alone those with closed hol-
low cells in which the deposited supports are even impossible to be
removed after printing [237]. Moreover, the right fiber orientation in
composite fabrication is crucial to achieve the proper functioning of end
parts. The FDM based process can only orient fibers in the plane of each
deposited layer without the capacity to position them along out-of-plane
directions. Therefore, the free distribution of fibers in 3D space based on
this primitive planar layer deposition technique is insurmountable,
resulting in the limited application for the attenuated performance of
printed composites [238]. In order to overcome these barriers caused by
the single-plane layering process, the concept of multi-axis AM
possessed with higher degree of freedom (DoF) is undergoing intense
development based on its tremendous potentials in multi-plane printing
[239]. Besides, the introduction of additional DoF can not only shorten
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the build time with less setup alterations, but minimize the stair-step
effect and improve the surface quality of printed parts by reducing re-
location and re-positioning in the deposition process [240,241]. Since
the multi-axis FDM is still an emergent area with scarce research, to
authors’ best knowledge, there is no specific work at present on the
fabrication of discontinuous fiber reinforced composites via this
approach but relevant studies for this field will be discussed hereinafter
that could be extended to explore the application of multi-axis 3D
printing into fiber/polymer composite system.

The simplest strategy to realize the multi-plane printing is to inte-
grate a rotatable building platform with the commercial 3-DoF printers.
By modifying a standard low-cost FDM printer with a rotatory cuboidal
platform, Gao et al. presented a “RevoMaker” system in which an extra
1-DoF was added to the cuboid so that the multidirectional rapid pro-
totyping process can be conducted through depositing PLA polymer onto
the different cuboidal base facets, simultaneously reducing the time and
support material consumptions [242]. However, for intricate structures
with long, slender protruding and massive curvy lines, support genera-
tion or sub-cuboids for further partitioning of 3D parts are still needed
using this approach. Differing from slice-wise 2D motions in conven-
tional FDM method, Wu and his team included two extra DoF into a
standard delta 3D printer with two rotation axes for the building plat-
form, enabling arbitrary 3D movements for lattice mesh printing. A
collision avoidance algorithm was also created for this 5-DoF wireframe
printer while the computation efficiency remains a big issue for dense
meshes [243]. To facilitate multi-plane motions between an accumula-
tive tool and an object, Song et al. developed a 6-axis FDM system by
employing six relatively cheap linear actuators to move the printing
head and an embedded laser camera to correct backlash errors for higher
deposition accuracy. Apart from depositing the thermoplastic material
(i.e. ABS) in multiple directions, this system opened the door for more
toolpath planning like non-planar layering in the AM process [244].
Other related configurations based on parallel mechanism have also
been proposed to manipulate the structural DoF via regulating the cor-
responding rotation and translation motions, which may give useful
ideas for engineers to achieve more flexible mobility in 3D printing
platform [245-247]. Despite the merits of above multi-axis FDM
schemes and their capacities to do multi-plane printing without the need
of support structures for overhangs, the difficulty in further improve-
ments of deposition rates, printable complexity and build scale is the
biggest obstacle to fulfil the industrialization of these novel
technologies.

As an automatically controlled equipment, industrial robotic arms
have been widely utilized in a wide variety of assembly lines, excel at
performing repetitive and precise tasks such as welding, cutting, pol-
ishing, painting, pick and place, product testing, inspection and so forth
[248,249]. Compared to these cyclic operations with singular move-
ments, robotic arms are being repurposed to the customized fabrication
of complex and multi-functional materials with the advance of digital
manufacturing technology [250]. According to the marketing survey
and feasibility study conducted by Zhang et al., the interviewed service
providers gave as high as 70% probability of using industrial robots in
their AM processes [251]. In consequence, a new concept of combining
FDM technique with multi-axis robot-manipulated system is becoming
the hotspot in the latest years. Based on the adjustable freedom of mo-
tion via regulating the number and types of joints, the increased DoF of
robotic arms can be exerted either on the build substrate or on the
extrusion head of a 3D printing system [252-255]. For example, Wu
et al. proposed a RoboFDM device by offering 6-DoF motions to the
printing platform via the robotic arm so that molten filaments of PLA can
be deposited along different directions from a fixed nozzle at the
working frame. A decomposition algorithm was computed to sequen-
tially print each segment of a model in a support- and collision-free
fashion [256]. Instead of using the flat build bed, Brooks et al. fixed a
fiberglass made concave platform onto the ABB robot’s end effector so
that thin shells with varying mesh shapes were printed onto this flexibly
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moving mandrel surface from a fixed extrusion head [254]. By installing
a FDM extrusion system onto a 6-DoF robotic arm, Ishak demonstrated
the multi-plane layering capacity of this robot AM printer to fabricate 3D
lattice parts with no support structures. The flexible printing toolpath
can be designed via the corresponding algorithm to obtain the desired
mechanical properties [257]. Similar with the feeding mechanism in
large-scale AM processes, McGee et al. added the thermoplastic elas-
tomer (TPU) into a screw-driven extruder that was mounted to a 7-axis
robot and deposited this melted material onto a heated aluminium bed
to form a monolithic elastic net with tailored anticlastic features. This
system was created for the fabrication of lightweight spatial enclosures
with dynamic reconfigurations and minimal material usage [258]. Tam
and Mueller integrated a custom-designed heater with the 6-axis KUKA
small robot to explore a new approach of material printing called Stress
Line Additive Manufacturing. Structural behaviours of printed objects in
terms of geometry, topology and bead layout were experimentally
characterized, exhibiting better mechanical performance than the con-
ventional layer-based paradigm [231]. Most other relevant cases
regarding the employment of multi-axis robotic arms in FDM process
also focus on the extrusion head as the end effector, which may attribute
to the easier toolpath planning, higher deposition accuracy, larger
moving flexibility and more complex printability for this modification
type.

With the assistance of various industrial robots, the multi-axis FDM
technology has gained popularity among architects, designers and en-
gineers to fabricate construction elements at an architectural scale with
their superior topological intricacy compared to those made by 3-axis
layer-based large-scale AM counterparts. For the purpose of printing
curved thermoplastic strips to form shell-like building part, Felbrich
et al. equipped an industrial 6-DoF robotic arm with a customized flat
slit-like printing head and six pneumatic cooling nozzles around its tip to
facilitate the rapid crystallization of extruded material (Fig. 20). HDPE
granulates were fed through an Archimedes’ screw and printed out at an
extrusion velocity of 0.8 mm/s to form each single strip with a width of
80 mm and a thickness of 2 mm. After printing a large-size closed shell, a
strong loadbearing object was obtained via spraying concrete on the
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surface, showing the great promise of continuous free-form accumu-
lating process [259]. Through mounting an ABB robot on a mobile
platform, Hack and Lauer patented a method with the industry partner
Sika Technology AG to robotically produce a series of 3D mesh archi-
tectural formworks with high capacity of precise spatial coordination
(Fig. 21). Thanks to the movable robotic system, the FDM printed mesh
mould can be varying sizes and cast with cementitious materials to meet
different construction requirements [260,261]. Learning from the spider
webbing behaviour (e.g. spining and weaving), Yuan et al. customized a
printing tool consisting of one fixed nozzle and three flexible nozzles
that can move synchronously around the central one in a regular manner
(Fig. 22). Carried by a Kuka 6-axis robot arm, a rosary-like building
structure with variable cross-sections was printed through the collabo-
ration of collective nozzle depositions and programmable robot motions
[262]. With the strategic alliance between robotic technology and FDM
printing, it opens a new pathway to manufacture sophisticated archi-
tectural elements with a high degree of spatial and geometrical
complexity. Nevertheless, the production rate of this robot-assisted AM
technique still needs to be improved for the construction industry and
the suggested solutions here can be the synergistic operation of multiple
robotic arms and/or the development of faster multi-nozzle printing
heads.

With the aim of further advancing the performance of 3D printed
products to reach the standard for some specific applications, a wide
variety of SM methods have been intelligently integrated with AM
processes to create a hybrid manufacturing system. The advantageous
combinations of multiple AM + SM approaches can not only circumvent
individual technological limitations to fabricate parts with higher
quality, but lower the threshold for some economical products with less
lead time and higher material utilization efficiency [263,264]. In a
hybrid manufacturing process, all these machines are usually coalesced
into the same workspace and each of them can be utilized concurrently
or independent of others’ operations [265]. Up to now, most of additive-
subtractive hybrid processes with multi-axis motions are heavily relied
on the CNC machines to increase the DoF via rotatable building platform
and thus the movements of AM or SM heads are still confined to

Fig. 20. The robot-based FDM system for composite shell construction: (a) the industrial 6-axis robot equipped with a granulate extrusion printing head; (b) the
printed piece of a doubly curved composite shell with 1.2 m high and 24 cm wide; (c) outlook towards possible large-scale freeform printing [259].
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Fig. 21. Robotically fabricated spatial meshes based on FDM mechanism: ((a), (b) and (d)) different views of the movable robotic arm-assisted FDM printing of
lattice mesh; (b) various meshes printed by the robot; (e) the printed ABS sample with sizes of approximately 80 x 60 x 8 cm was casted by concrete [261].
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Fig. 22. Robotic multi-dimensional printing with structural performance: ((a) and (b)) the robot-assisted FDM printing process with multiple nozzles; (c) the
exploded axonometric view of the mechanical system for the end effector [262].

Cartesian 3-axis planes [241,266]. Only two studies are published on the platform called compound fabrication where the major manufacturing
adoption of multi-axis robots to offer more DoF for tool heads in hybrid methods including additive, formative and subtractive processes were
manufacturing. Keating and Oxman assembled a 6-axis robotic arm combined. One case in this work was to add a milling effector and a
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urethane spraying head onto the robotic arm to cast a urethane part from
a sculpted mold while the other case was to mount the build substrate
onto the robot so that the work piece can be moved between the fixed
ABS 3D printing head and milling head to manage the additive and
subtractive processes [267]. By integrating an industrial robot arm with
changeable FDM head and milling head, the hybrid manufacturing
platform built by Li et al. supported the fabrication of freeform objects
via non-linear trajectory movements. From the investigation of five case
studies, this hybrid system exhibited numerous merits such as relatively
low costs, short production time, minimized physical footprint, low
collision probability and remarkable surface quality of parts [241].
Although the multi-axis robot engaged hybrid manufacturing technol-
ogy provides higher adaptability and flexibility for multi-functional and
multi-material part fabrication, the more complicated control system,
process planning, computational simulation, hardware and kinematic
configurations become the tremendous barrier to its progress.

7. Conclusions and future perspectives

After decades of research and development, FDM technology in the
production of discontinuous fiber reinforced thermoplastic composites
has experienced two stages of evolution: (1) the low-speed, small-scale
fabrication of polymer composites via desktop 3D printers and HME-
sourced filaments to realize high customization and extra properties
from fiber fillers; (2) the high-speed, large-scale manufacturing of FRPC
via the processing integration of FDM and HME into a single AM system
with increased mass throughput and printing size. With the advance-
ment of techniques in computing science, automatic manufacturing,
process control and material science, we are now ushering in a new
phase of developing multi-axis FDM strategies to break through the DoF
limitation in conventional 3-axis printers and to achieve higher
complexity and diversity in structure design, material option and
product functionality. However, there are still numerous challenges
needing to be conquered for the ultimate industrial application of this
technology in fiber composite field:

e How to create a comprehensive methodology for optimizing fiber/
matrix compositions to increase the versatility of composite printing
How to enhance the interfacial adhesion between fibers and ther-
moplastic matrices both in HME and FDM so that inner-bead voids
can be avoided

How to identify an ideal compounding and extrusion process that can
homogenize the fiber distribution and minimize the fiber damage for
efficient stress transfer

e How to increase the printable fiber weight/volume fractions without
causing surface defects in HME filament fabrication and nozzle
clogging in FDM

What is the influence of varying fiber specifications on the thermal
and viscoelastic behaviours of melt flow, the resulting bond forma-
tion, dimensional stability and final print resolution

How to fully eliminate the inter-bead and inter-layer voids with
complete bond formation between adjacent beads

How to expand the composite material bank applicable in the current
large-scale FDM system that has very limited material options

How to build a unified information flow for robot-assisted multi-axis
printing so as to better link CAD, robotic arm and FDM processes that
are based on different algorithms and languages

How to improve the positioning of a robot manipulator in the FDM
system so that higher printing accuracy can be achieved

How to strike a balance between printing speed and resolution
without compromising the overall quality of printed composites
How to systematically integrate various in-situ monitoring and
feedback units into HME and FDM systems so that the entire
manufacturing chain can be regulated
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e How to solve the increased complexity in the development of theo-
retical models and simulations for FDM composites due to the
introduction of fibers

e How to maintain the repeatability and consistency for the FDM
manufacturing of fiber/polymer composites with more process
uncertainties

e How to establish the corresponding test standards for 3D printed
FRPC that are still relied on conventional composite testing methods

Although we are still far from understanding the intricate relation-
ship of all influencing parameters in the holistic FDM-FRPC system, the
fast progress in this field has been witnessed especially in recent years.
The fabrication of discontinuous fiber reinforced composites associated
with the latest FDM techniques gives us a bright vision not only for the
revolution of conventional composite manufacturing industries with
high customization and full automation, but for the creation of some
new fields that are still staying at theoretical study due to the production
difficulty of their topologically intricate structures. Moreover, by
leveraging the merits from this next generation of manufacturing, the
incorporation of different fibers into the polymer matrix to print multi-
fiber reinforced composites will need to grow for the development of
advanced smart materials with multi-functionality. Moreover, as a
branch of artificial intelligence, we believe machine learning [268] will
also be a promising tool to probe the design space in FDM-FRPC system
for the optimal fiber composite printing given its faster and smarter
computing capacity compared to conventional modeling tools.
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