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Abstract: Background: Additive Manufacturing (AM) enables the accurate fabrication of designed
parts in a short time without the need for specific molds and tools. Although polymers are the most
widely used raw materials for AM, the products printed by them are inherently weak, unable to sustain
large tension or bending stresses. A need for the manufacturing of fiber reinforced composites, espe-
cially continuous fiber as reinforcement, has attracted great attention in recent years

Objective: 1dentifying the progress of the AM of continuous carbon fiber reinforced composites over
time and therefore establishing a foundation on which current research can be based

Methods: Elaborating the most related patents regarding the AM techniques for fabricating continuous
fiber reinforced composites in the top three institutions, including Markforged company, Xi’an Jiaotong
University and President and Fellows of Harvard College.

Results: The recent patents in AM of continuous fiber reinforced composites are classified into two
aspects: patents related to novel technique methods and patents related to novel structures. The current
issues and future development of AM-based composites are given.

Conclusion: New structures and techniques have been introduced into conventional 3D printers to en-
able the printing of continuous fiber reinforced composites. However, until now, Markforged is the only
company commercializing the fabrication of this kind of composites based on AM technique. Numer-
ous challenges and issues need to be solved so that AM of continuous fiber reinforced composites can

be a new manufacturing method.

Keywords: Additive manufacturing, composite, continuous fiber, 3D printing, fused deposition molding, polymer, rapid

prototyping, stereolithography.

1. INTRODUCTION

Additive manufacturing, also known as Rapid Prototyp-
ing (RP), Solid-Freeform (SFF) or 3D printing, is a process
where complex parts can be fabricated by adding materials,
layer by layer from three-dimensional (3D) models, opposite
to conventional subtractive manufacturing methods [1]. It
starts with a meshed 3D computer model that can be devel-
oped by using Computer-Aided Design (CAD) softwares
(e.g. Solidworks) and converted into a standard AM file
format such as Surface Tessellation Language (STL) file or
Material Template Library (MTL) file. The file with sliced
2D layers is then sent to the AM machine for further ma-
nipulation, such as setting the infill density and pattern, alter-
ing the position and scaling the part, so as to fulfill the pro-
duct printing [2]. Based on the ISO/ASTM standard, AM
processes can be classified into following types: binder
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jetting, material jetting, material extrusion, directed energy
deposition, sheet lamination and vat photopolymerization
[3]. First proposed by Hull in 1986, this technique has re-
ceived wide attention and research, and is expected to revo-
lutionize the contemporary manufacturing modes of objects

[4].

As a promising technology, the product fabricated via
AM has numerous distinct advantages. Compared to conven-
tional manufacturing techniques (e.g. machining and stamp-
ing) that need to remove materials from the block of raw
materials, AM can make the most use of raw materials to
create the final product with desired geometric accuracy by
simply adding materials without waste [5]. The designed
product can be directly fabricated from the computerized 3D
model without the use of other tools (e.g. jigs, fixtures, cut-
ting units, etc.). Parts with intricate internal structures which
are normally hard or impossible to be prepared by conven-
tional methods can also be fabricated by 3D printing tech-
nique. It, to a certain extent, promotes the product design
innovation by eliminating the extra consideration of manu-
facturing and assembly (DFM/DFA) principles [6]. Besides,
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the lean production with less waste and more complex ge-
ometries endows AM technique with the capability of de-
signing and manufacturing environmental friendly products.
Moreover, with the topological optimization of structural
design, exotic functionalities can be inputted into the printed
parts such as negative Poisson's ratios existing in auxetic
structures [7]. Meanwhile, the consumption of energy and
natural resources is able to be minimalized during the AM
operation [8].

Currently, the materials employed in 3D printing are
largely focused on thermoplastics (e.g. Polylactic Acid
(PLA), polyamide (PA) and polypropylene (PP)) and
thermosetting (e.g. epoxy) [9-11]. The former is suitable for
the heat-assisted printing process since they can be repeat-
edly melted and cooled down into the designed geometries,
while the later normally requires UV-assisted curing to in-
crease the viscosity to complete the solidification process
from liquid state [12, 13]. Combined with the specific selec-
tion of these materials, AM processes have been involved
into various applications, such as construction industry for
structure support, aerospace industry for complex light-
weight parts, art and education industries for prototype dem-
onstration, and biomedical industry for tissue and organ re-
pairs [14-17]. However, it is challenging to most of these
pure polymer-based products fabricated by 3D printing for
high-performance engineering applications due to their low
strength and stiffness. These drawbacks, to a large extent,
hamper the manufacturing of fully functional and load bear-
ing components by 3D printing. Thus, the development of
composite materials by AM technique for better mechanical
properties has been increasingly advanced in recent years
[18].

As the materials of the future, composites consist of two
or more constituents with significantly different mechanical,
physical or chemical properties. By integrating these distinc-
tive characteristics, these materials exhibit remarkable over-
all performance with respect to their individual components
[19-26]. Apart from the above-mentioned polymers as matri-
ces, reinforcers used in composite 3D printing are usually
discontinuous fillers, such as nanoparticles, carbon nano-
tubes, carbon black, reinforcing platelets, graphene and short
fibers [27]. Up to now, most studies on 3D printed compo-
sites centered on short fibers as reinforcements for these ma-
terials by virtue of their better mechanical performance com-
pared to other discontinuous fillers [28-30]. Nevertheless, a
big gap in mechanical properties still exists between addi-
tively manufactured composites and fiber reinforced compo-
sites fabricated by conventional manufacturing methods, in
which continuous fibers are mainly adopted [31]. For in-
stance, the tensile strengths of conventionally manufactured
fiber reinforced composites can reach up to 1500MPa while
those of additively manufactured ones are merely around
70MPa [32, 33]. Therefore, to enhance the mechanical per-
formance, 3D printing of Continuous Fiber-Reinforced
Composites (CFRC) becomes a must for the development of
AM composite materials.

Due to the difficulty of adding continuous fibers to
polymer matrix, 3D printing of composites with continuous
fiber reinforcement is currently the biggest challenge. Only a
few researches are reported in the last five years, leading to a

Hu et al.

lack of robust and standard paradigm developed for 3D
printing of CFRC [34-36]. Until now, only two AM tech-
niques have the capacity for the printing of CFRC: Stereo-
lithography (SL) and Fused Deposition Modelling (FDM)
[37, 38]. Of both, FDM is more promising in additively
manufacturing CFRC compared to SL since it not only has a
technologically simpler configuration with more flexible
printing capacities via a slight modification of extrusion
nozzles but employs more durable feedstock materials with
less susceptibility to degrade [31]. In general, the fabrication
of CFRC via FDM technique can be realized by two ap-
proaches: in situ fusion and pre-impregnated fiber extrusion
[39-41]. For in situ fusion, the reinforced fiber will be fused
with the melted thermoplastic polymer when they are simul-
taneously delivered to the extruding nozzle. Based on this
approach, hierarchical composites with graded parts can be
printed via altering the extruded amount of thermoplastics to
achieve the change of fiber volume content. However, poor
interfacial bonding between fiber and polymer matrix is still
a big issue existing in this method. Although functionally
graded CFRC is difficult to be printed in pre-impregnated
fiber extrusion, it can provide strong adhesion between fiber-
matrix interfaces. It is attributed to the initial fabrication of
pre-impregnated fibers, which can be finely regulated and
controlled [27].

As an infant field, the 3D printing of CFRC will usher in
a bright future in smart manufacturing of complex compo-
sites with continuous fiber reinforcement since it can solve
many issues in conventional manufacturing (e.g. hand lay-up
and resin transfer molding) of CFRC, such as high cost, lim-
ited design of fiber pattern geometries and lack of manufac-
turing reliability and repeatability [42-44]. In this review, the
recent patents in 3D printing of CRFC will be discussed and
analysed by embracing three most influential institutions in
this area: Mark forged company, Xi’an Jiao Tong University,
and Resident and Fellow of Harvard College. These patents
invented by above institutions can be divided into two cate-
gories: patents protecting the ideas related to structure inno-
vation in 3D printing and patents protecting the ideas related
to 3D printing method innovation. The common goal is to
effectively produce CFRC by AM technique at a high rate of
speed with decreasing hazards.

2. MARKFORGED COMPANY

Markforged Company has the most patents in 3D print-
ing of CFRC based on their numerous innovation plans.
Some of the innovation lies in printing techniques while oth-
ers lie in the invention of the mechanical structure itself.

2.1. Patents Related to Novel Technique Methods

In one technique innovation plan, a void-less reinforced
filament is introduced into the nozzle of a conduit, which is
shown in Figs. (1 & 2) [45]. The reinforced filament consists
of a core and the host material surrounding the core [46, 47].
The core can be either continuous or semi-continuous. Be-
fore inserting the filament into the nozzle of the conduit, the
reinforced filament is heated up to a temperature that is
higher than the melting temperature of the host material and
lower than the melting temperature of the core [48, 49].
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Fig. (2). A plane design drawing for the 3D printer [45].
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Another patented printing technique innovation initiated
by Mark forged Company is related to the 3D printer for
composite fabrication. As can be seen in Fig. (3), a 3D com-
posite printer receives tool paths that define the filling shell,
as well as tool paths that define the supporting shell [50, 51].
It also receives 3D tool paths that define the bending shell
made of long fiber reinforced composite materials. The
deposition head tracks the tool paths to, at least partially,
deposit some filling shell or supporting shell in a position
that is unparalleled to the printing substrate [52, 53]. The
long fiber deposition head tracks 3D tool paths in a position
that is at least partially unparalleled to the printing substrate
so as to deposit long fiber composites, which has been pre-
sented in Fig. (4). Shells with bending, concave, annular,
tubular or winding shapes are used to enclose the filling shell
or the supporting shell or at least part of it [45, 54].
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Fig. (3). A plane design drawing for multiaxis fiber reinforcement
for 3D printing [50].

One more patented printing technique innovation created
by Mark forged Company involves the supply of reinforced
multi-core structure filaments including flowable matrix and
near-continuous reinforced strands. The strands extend paral-
lel to the direction of the length of the filament during the
production of reinforced materials [55, 56]. First, a consoli-
dated composite material whose height is less than half of
the filament width deposits in the first reinforced structure.
This first reinforced structure consists of at least one straight
path and at least one bending path abutting on the deposition
surface, as well a second consolidated height composite
wideband in the second reinforced structure relative to the
first consolidated composite swath, which is more than half
of the filament width [57]. Each deposition enables the host
material to flow and exerts the ironing and pressing force to
unfold the reinforced strands within the filament so that it
abuts on the surface beneath and/or the strip deposited previ-
ously [58, 59]. Related SEM images are exhibited in Fig. (5)
[56].

2.2. Patents Related to Novel Structures

In terms of mechanical structural innovation, Markforged
Company has come up with two patented inventions. One of
them involves the combined continuous/random reinforced
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Fig. (4). A complex plane graph for multiaxis fiber reinforcement for 3D printing [50].
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Fig. (5). Some real photos for composite filament 3D printing [56].

fiber composite filaments in multiple fiber strands along the
axial direction. The filaments continuously extend within the
host material of the reinforced fiber composite filament as
well as in multiple short-cut fiber rods that at least partially
extend in a random form within the same host material. 3D
printer extrudes the filament through the deposition head that
consists of a conduit, continuously extending to an outlet
with a circular shape. The outlet has an ironing and pressing
edge, which is driven to adhere to the reinforced fiber com-
posite filament onto the previously deposited part of the
mentioned component [60]. The first part of short-cut fiber
rods which are the mentioned as a host material and also
included in it flow intermittently within the axial fiber

strands that extend from the ironing and pressing edge. The
second part of short-cut fiber rods is forced to abut the pre-
viously deposited part of this component [61, 62]. Schemat-
ics including the design principle and fiber reinforcement
can be found in Figs. (6 & 7) [60].
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Fig. (6). A plane design for continuous and random reinforcement
in a 3D printed part [60].
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Fig. (7). A real photo for continuous and random reinforcement in a
3D printed part [60].

Another mechanical structural innovation patent by
Markforged Company involves forming a reinforced mold
piece, within which the preform continuous internal fiber
piece is embedded. The designed structure is shown in Fig.
(8) [63]. The reinforced continuous fiber deposits within the
reinforced bulk so as to form the prefab reinforced continu-
ous fiber piece. Then the preformprepreg reinforced piece is
placed in the mold of the molding equipment [64]. The mold
is equipped with mobile and basically isotropous molding
material, such as infusing heated and/or pressurized resin
[65]. Hardening is conducted on the molding material (via
solidification or cooling) so that it covers the preform re-
inforced continuous fiber piece. The hardened and basically
isotropous molding material is employed to enclose the pre-
fab reinforced continuous internal fiber piece of the obtained
reinforced mold product [66, 67].

3. XI’AN JIAOTONG UNIVERSITY

Xi’an Jiaotong University also has a number of patents in
terms of printing technique and a few patents in terms of
structural innovation of the printer.

3.1. Patents Related to Novel Technique Methods

A 3D printer fabricating continuous long fiber reinforced
composite material and its printing method is one of the pa-
tented printing techniques invented by Xi’an Jiaotong Uni-
versity, which can be viewed in Figs. (9 & 10) [68]. It
utilizes the 3D printing technique and combines with the
composite material fiber placement technology, achieving
the fabrication of reinforced continuous long fiber resin ma-
trix composites. This process does not require prefab mold or
pre-processed fiber prepreg, which greatly reduces the cost.
At the same time, adopting 3D printing method can better
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Fig. (8). A design paper for embedding 3D printed fiber reinforce-
ment in molded articles [63].

L

Fig. (9). A 3D printer made of continuous long fiber reinforced
composites [68].

and more conveniently control the direction of reinforced
fiber in the manufactured component, and obtain composite
material component with customized mechanical properties
more easily [69, 70]. It can achieve speedy manufacturing of
composite material component with complex structure [71].
Compared to the existing composite material fiber placement
technology, this invention has a wider range of application
and higher production efficiency.



30 Recent Patents on Mechanical Engineering 2019, Vol. 12, No. 1

16 15 14 13

Fig. (10). A 3D printing head capable of continuous long fiber re-
inforced composites [68].

Another printing technique invention is also about the
AM of continuous fiber reinforced thermosetting resin ma-
trix composite. First, thermosetting resin prepolymer, high-
temperature curing agent, photo-curing resin prepolymer and
photoinitiator as prepreg materials are optioned [72]. After
heating and even mixing, the resin prepolymer system is pre-
impregnated with continuous dry fiber tow, and then cooled
to obtain a continuous fiber reinforced thermosetting resin-
based composite wire; the composite wire is conveyed to a
3D printing head, heated again, and the molten wire is pulled
out from the printing nozzle [73]. The tow is immediately
ventilated and cooled after being pulled out and is pre-cured
by irradiation with a follow-up ultraviolet light source. Here,
the layer-by-layer printing is performed to obtain a pre-
formed component. In the end, the preformed piece is placed
under a temperature that is able to trigger a thermosetting
reaction to form a solid shape, thus creating the 3D printed
parts [74]. This invention realizes rapid forming of a con-
tinuous fiber reinforced thermosetting resin-based composite
component by 3D printing.

In another printing technique innovation patent, various
surface modified metal-based continuous fiber reinforced
composites are fabricated via 3D printing. Continuous fiber
is first coated by metals, which is pulled out from the coated
filament disk [72]. The soldering flux adheres on the con-
tainer and is processed into mold, providing the continuous
fiber with uniform and adhesive flux. The wire is pulled out,
in which the continuous fiber uniformly adheres the flux
from the continuous fiber reinforced composite material, and
is put in through the line tray printer. The printer flux in the
3D melting chamber is melted, removing the oxide layer on
the surface of continuous fiber of the metal coating. The con-
tinuous fiber of the coating penetrates with the liquid metal
matrix. Starting from the nozzle, under the action of the wet-
ting force, the liquid metal matrix uniformly adheres to the
continuous fiber of the coating and continuously flows out,
and then forms a part through the superposition layer [74].
This invention improves the feasibility of 3D printing and
printing resolution of continuous fiber reinforced metal ma-
trix composites, so as to improve the mechanical properties
of the components.
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Another patented printing technique innovation involves
the fabrication of an electromagnetic shielding structure of
continuous fiber reinforced composite material via AM
method [75]. A rough layout for this design is shown in Fig.
(11). Firstly establish a three-dimensional model of shielding
structure, then design a conductive fiber path, correct a 3D
conductive fiber path, then generate a shielding structure
printing path, and finally perform a 3D printing to produce a
shielding structure. The shielding structure manufactured by
this invention not only has high shielding performance, but
also has low density, and design capability of electromag-
netic shielding performance and mechanical property [76]. It
can adjust the electromagnetic shielding performance of the
shielding structure according to the needs of the application
situation [77]. At the same time, the continuous fiber compo-
site used has good mechanical properties.

Fig. (11). A rough layout for 3D printing manufacturing via an
electromagnetic shielding structure of continuous fiber reinforced
composite material [75].

7

This method uses computer-aided design software to es-
tablish a 3D model of the workpiece according to the shape
characteristics of the function control structural material and
then introduces computer-aided engineering software to per-
form corresponding performance analysis on the workpiece.
It also conducts function adjustment design for key feature
areas, and draws the curve of fiber trajectory; then conducts
algorithm optimization for the fiber trajectory, and considers
the technique in 3D printing, and re-adjusts the fiber trajec-
tory to obtain the final fiber trajectory curve [78]. The 3D
printing path instruction file of the product is generated ac-
cording to the track curve; finally, the instruction file is im-
ported into the continuous fiber reinforced composite ma-
terial 3D printer to complete the preparation of the function
control structure material. This invention can realize dy-
namic control of the fiber path and content in the composite
material, enabling designable manufacture of function con-
trol materials such as variable stiffness fiber composite ma-
terials, heat conduction regulatable materials and
electromagnetically tunable materials [79]. Both design lay-
out and real photo can be seen in Figs. (12 & 13).
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Fig. (12). A real photo for function regulation and control structure
production method [78].
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Fig. (13). A design layout for function regulation and control struc-
ture production method [78].

A method for manufacturing a lightweight structure of
continuous fiber reinforced composite material is another
patented printing technique innovation owned by Xi’an Ji-
aotong University [80]. A rough design layout in 2D and 3D
drawings can be seen in Figs. (14 & 15). It utilizes the light-
weight structure of a continuous fiber reinforced composite
material, namely inner core material jointing method and
inner core material complex shape jointing method, to obtain
an integrated lightweight structure made of continuous fiber-
reinforced composite material; it utilizes the 3D printing
technique by continuous fiber enhanced composite, and uses
continuous path strategy, in order to achieve speedy and low-
cost integrated manufacturing of high-performance continu-
ous fiber reinforced composite lightweight structures.

\

Fig. (14). A method for manufacturing lightweight structure of con-
tinuous fiber-reinforced composite material (2D drawing layout) [80].

Fig. (15). A method for manufacturing lightweight structure of con-
tinuous fiber-reinforced composite material (3D drawing layout) [80].
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A fiber reinforced thermosetting resin-based composite
material 3D printing device is one more printing technique
patent held by Xi’an Jiaotong University. Dry fiber filament
material is rolled and placed on an unwinding device, and
the dry fiber tow is conveyed into a hot-melt pre-dip mixing
chamber by a conveying device and a tension control device
[81]. The dry fiber wire is pre-impregnated by the thermoset-
ting resin and then outputted by the printing nozzle, laid on
the printing platform or the printed fiber layer, and then
cured by the follow-up low-energy electron beam emitter to
complete the printing. This new utility model directly adopts
dry fiber wire for heat-melt prepreg, 3D printing and low
energy electron strand radiation curing [82]. During the heat-
melt prepreg process, temperature control and prepreg path
control are achieved through the tension control, making the
fiber tow and the resin matrixuniformly mixed, and then out-
put completed composites through the printing nozzle [83].
Finally, it conducts irradiation and curing by the follow-up
low-energy electron strand emitter. The chemical bonding of
curing is fast and efficient, and the component performance
is excellent. A design layout is shown in Fig. (16).

1 23

et e

Fig. (16). A design layout for a fiber reinforced thermosetting resin-
based composite material 3D printing device [81].

3.2. Patents Related to Novel Structures

A fiber reinforced composite material multi-freedom-
degree 3D printer is one of the patented printing innovations
made by Xi’an Jiaotong University in terms of structural
innovation, as is shown in Fig. (17). It utilizes the flexibility
of a robot so that 3D printing can be performed at any angle
and any motion tracking. The 3D printing head mounted
thereon can perform 3D printing of high strength and short
fiber reinforced composite materials [84]. It can also be used
for slicing and weaving continuous resin-based long fibers in
order to produce a continuous fiber reinforced resin-based
composite material [85]. This invention can accurately con-
trol the orientation of reinforced fibers in composite material
during 3D printing, enabling rapid manufacturing of compo-
site material with complex structures that have specific me-
chanical, electrical and thermal properties; at the same time,
no pre-customized molds and pre-treated fiber prepreg tapes
are required in the process. It is not only suitable for manu-
facturing large components, but is also suitable for high-
volume manufacturing of small components, which greatly
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Fig. (17). A design layout illustrating a fiber reinforced composite
material multi-freedom-degree 3D printer [85].

reduces manufacturing costs and production cycles, and fur-
ther promotes the wide application of composite material
[86].

Continuous fiber reinforced intelligent composite ma-
terial 3D printing head includes a 3D printing head support,
as it can be seen in Fig. (18) [87]. The 3D printing head sup-
port is connected with a 3D printing head truss. A throat is
connected between the 3D printing head truss, and the two
ends of the throat are respectively connected with the heat
dissipation frame and the heating block. The heat dissipation
frame is connected with a thermoplastic base material, which
forms the first inner hole with the throat tube via the heat
dissipation frame. The heating block is connected with a
needle tube, a copper nozzle, a heating tube, a thermal sen-
sor. The continuous fiber bundle passes through a second
inner channel formed by a copper nozzle via the needle tube
[88]. The continuous fiber bundle and the thermoplastic base
material which is under the molten state are compounded at
the front end of the copper nozzle, and extruded from the
copper nozzle outlet, thereby realizing rapid manufacturing
of the composite material component with complicated
structures [89].

Continuous fibre 1
Continuous fibre 2

Continuous fibre 3

Fig. (18). The schematic of a continuous fiber reinforced intelligent
composite material 3D print head [87].

A multi-stage wire feeding printing head for continuous
fiber reinforced composite material 3D printing is another
patented structural innovation in printing made by Xi’an

Hu et al.

Jiaotong University. It includes a fiber conduit fixed on the
upper surface of the first-level heating block [90]. The inner
channel of the fiber conduit forms a fiber passage, and the
first-level throat pipe is fixed on one side of the first-level
heating block. The inner hole of the first-level throat forms a
first-level inner channel, and the polymer material passes
through the first-level inner channel and enters the melting
chamber of the first-level heating block; the first-level heat-
ing block is fixed above the second-level heating block, and
the second-level throat pipe is fixed on one side of the sec-
ond-level heating block. The inner hole of the secondary
throat pipe forms a secondary inner channel, and the high-
performance thermoplastic material passes through the
secondary inner channel into the melting chamber of the
secondary heating block; by the same structure, all the heat-
ing blocks are fixed above the end heating block eventually.
The nozzle is fixed on the lower surface of the final heating
block. This invention adopts a multi-stage wire feeding print
head, which enables great coating of the continuous fiber in
a multi-level manner with the base material, providing a con-
tinuous fiber reinforced composite material components with
good comprehensive properties. Some design layouts are
presented in Figs. (19-21) [90].

4. PRESIDENT
COLLEGE

AND FELLOWS OF HARVARD

The president and fellows of Harvard College have also
come up with a printing patent in terms of technological in-
novation.

Fig. (19). Design layout 1 for a multi-stage wire feeding print head
[90].

2177307284 2947 \v/ N29 T~A28

Fig. (20). Design layout 2 for a multi-stage wire feeding print head
[90].



New AM Systems for CFRC Fabrication

27 28 29 \29
12

30 28

Fig. (21). Design layout 3 for a multi-stage wire feeding print head
[90].

4.1. Patents Related to Novel Technique Methods

The filamentary structure squeezes out from the nozzle
during 3D printing to shape continuous long filaments. This
long filament comprises filling particles dispersed within it.
At least part of the filling particles in the continuous long
filaments comprise high aspect ratio particles with a pre-
determined orientation relative to the longitudinal axis of the
continuous filaments [91]. Three real photos can be seen in
Figs. (22-24) respectively for this technique patent [91]. The
high aspect ratio particles can, at least partially, align along
the longitudinal axis of the continuous filaments. In some
implementation plans, the high aspect ratio particles can be
aligned along the height of the longitudinal axis. Addition-
ally or alternatively, at least part of the high aspect ratio par-
ticles is able to form a screwing orientation including a tan-
gential component and a longitudinal component, within
which the tangential component is attached through rotation
of the deposition nozzle while the longitudinal component is
attached through the translational component.

Fig. (22). Images for the patented 3D printing process [91].

CONCLUSION

3D printing of continuous fiber reinforced composites
will be the turning point for both AM technology and con-
ventional composite industry. Based on the superior me-
chanical properties of CFRC, the huge possibility of fabrica-
ting these materials by properly modifying existing commer-
cial 3D printers has aroused great interest in the development

Recent Patents on Mechanical Engineering 2019, Vol. 12, No. 1 33

AVAY/
\WAVAVATAVAN
JAVAVAVAVAY,

\WASAVAVAN
N/ \/

N
AV

it Y

03

Rotating nozzle %

Motor speed Deposition nozzle

control

Fig. (24). The image of patented 3D printer structures [91].

and research of this area. However, until now, Markforged is
the only company commercializing the 3D printing of this
kind of composites. There are numerous challenges and ob-
stacles to be solved in this new field before it becomes a
mainstream manufacturing method.

CURRENT & FUTURE DEVELOPMENTS

Although 3D printed CFRC has already improved the
mechanical performance compared to the short fiber re-
inforced counterparts, the overall strength and stiffness are
still inferior to the polymer composites fabricated by conven-
tional manufacturing methods. This limits the application of
3D printed CERC in high-end industries with strict mechani-
cal requirements. Additional post-treatments such as infiltra-
tion, coating or consolidation can be employed to further
improve the performance of 3D printed parts while the cost
and time are correspondingly increased. One reason for the
low mechanical strength is the void formation during 3D
printing. With the introduction of fiber reinforcement, the
porosity will be largely increased, leading to the poor inter-
facial bonding between fibers and matrix. How to reduce the
void formation and increase the adhesion strength onto fibers
becomes a big issue since it offsets the improvement from
fiber reinforcement. For FDM method, how to enhance the
bonding strength between neighbouring layers also requires
significant research.
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The printing process for most 3D printers are normally
time-consuming and the volume can be printed is also re-
stricted to small parts. These, to a certain extent, hinder the
application of this technique into the industry. In addition,
how to ensure the consistency of printed parts needs to be
further investigated since the repeatability of 3D printing is
usually difficult to be guaranteed. A feedback system should
be introduced into 3D printer to timely monitor the printing
process so that errors can be immediately detected following
the proper correction. Since most of the current commercial
printers are designed for pure polymers, the addition of con-
tinuous fibers will also cause the nozzle clogging, wear,
curving and poor adhesion. In addition, how to design the
composite structure with optimal orientation of fibers plays a
crucial role in improving the overall mechanical properties.
As a new technique, there is no related theoretical models
and design optimization software for the 3D printing of
CRFC. How to build new models or modify existing models
for conventionally manufactured composites will be ex-
tremely important to take full advantage of this advanced
manufacturing technology.

The fabrication of CFRC via AM method gives us a fu-
ture vision for the industrialized manufacturing of compo-
sites with continuous fibers. The unique traits of this tech-
nology, such as high customization, full automation and
minimal waste, combined with remarkable strength of con-
tinuous fibers, also enable the production of intricate 3D
composites with multifunctional properties. Although many
challenges and restricts still exist, the fast development in
this field has been witnessed by the above-mentioned publi-
cations. With the progress and expansion of AM-based
CFRC, it will undoubtedly promote the revolution of other
industries, whether they are high-tech fields or consumer
low-performance business markets.
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