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State of the Art of Fiber-Reinforced Polymers in
Additive Manufacturing Technologies
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Additive manufacturing technologies have received a lot of attention in recent years for their use in
multiple materials such as metals, ceramics, and polymers. The aim of this review article is to analyze
the technology of fiber-reinforced polymers and its implementation with additive manufacturing. This
article reviews recent developments, ideas, and state-of-the-art technologies in this field. Moreover, it
gives an overview of the materials currently available for fiber-reinforced material technology.
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1. Introduction

This article emphasizes the current state of the art in fiber-reinforced polymers (FRPs) in additive
manufacturing (AM). It gives an overview of the currently available technologies and materials,
including their properties and influence on composite structures. As literature reviews on FRP in AM
are rare, this article elaborates on potential manufacturing technologies and configurations pointing
out current applications and giving an insight into the current state of the art. FRPs and applications in
multiple industries such as aerospace, automotive, wind energy, production industry, and biomedical
engineering. FRPs are based on highly strain-resistant fibers embedded into a softer polymer matrix.
This can, on the one hand, take place in an ordered manner using directional fiber placement within
the matrix, and on the other hand, in a non-ordered manner. The aim of the fibers is to strengthen the
material in terms of load, whereas the aim of the polymer matrix is to protect the fibers and to
distribute the load among them [1]-[4]. The directional fiber placement will result in anisotropic
mechanical properties whether placed in an ordered or unordered manner, whereas the stress and
strain resistance will increase only in the direction of the fibers. Moreover, Fibers and matrix material
need to interact

at their interface to distribute stress.

The materials need to be chemically compatible. Microcracks close to the interface between fibers and
matrix lead to a significant loss of stiffness and strength [7]-[9]. Other advantages of fiber-
reinforcement were summarized in [10] as:

better out-of-plane properties for multi-directional preforms and for printing spatially oriented fibers;

e broad structural designability;

e improved structural integrity and damage tolerance; and

e cost-effectiveness.
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It was pointed out in [11] - [13] that fiber-reinforcement comes with advantages in terms of the
distortion of the object during the printing process. This allows larger objects to be printed. In [11], the
authors were able to manufacture lighter beams with the same strength parameters using fused
deposition modeling.

2. Fiber Material

Two groups of sources for fibers can be identified: natural fibers and synthetically fabricated fibers.
The first group, natural fibers, can be further separated into fibers from plants and fibers from animals.
Cellulose fibers from plants are a widely used example [14], [15]. Synthetic fibers are fabricated under
dry or wet conditions. After production, they are spun into filaments, ropes, or strings [2]. Commonly
used fibers for carbon fiber-reinforced polymers (CFRP) are carbon fibers [16]. They are widely used
in the Airbus A350 aircraft, components in the automotive industry, wind turbine blades, and
endoscopic surgery [5], [17], [18]. Carbon nanotube (CNT) composites in a polymer matrix are
reviewed in [4]. However, the article does not elaborate on additive manufacturing using CNTs. CNTs
reach a tensile strength of 100 to 600 GPa and Young's moduli of 1 to 5 TPa. These properties make
it necessary to invest in a good interface between the CNTs and the surrounding matrix.

Research has also been performed on the usage of glass fibers in combination with additive
manufacturing processes ([7], [19]-[23]). This will be described in section 4.1. Long glass fibers allow
the transportation of information through the material and therefore also allow communication through
the matrix material [24]. Aramid fibers were used in [25] described in section 4.5.

Vapor-grown carbon fibers (VGCF) were used in [26] mixed by shear processing and focused on an
alignment of the fibers and avoidance of fiber breakage. VGCFs come with high stiffness and strength
as well as low weight.

Other advantages are the electrical and thermal properties of 50 pcm and 2000W/mK. Experiments
performed by [96] on a carbon fiber filled fused deposition modeling printer (as will be described in the
specific section) concluded a resistivity of 0.09+0.01 ohm/m within the printed layer and 0.12+0.01
ohm/m orthogonal to the printed layers. The measurements were taken out on a 5 mm cube of a
commercial formulation of polycaprolactone (PCL) matrix.

Young*s module is located at high values of 360 to 600 GPa [27]-[30]. A range of natural fibers was
described in [31].

A characterization of silicon carbide (SiC) fibers for applications influenced by high temperatures is
given in [32].

3. Matrix Material

There is a wide range of polymer matrix materials available in conventional manufacturing processes,
including polypropylene (PP), polystyrene (PS), and polyurethane (PU). Currently, three technologies
are available in literature to produce raw composite material. They are solution casting, in situ
polymerization, and melt compounding [33], [34]. Also commonly used as matrix material are epoxy,
polyester, and acrylate blends featuring a high surface quality in terms of roughness and a good
connection to glass fiber material [7].

In terms of AMT, the range of employed polymers is currently limited. It includes but is not exclusive to
examples of the application of acrylonitrile butadiene styrene (ABS), polycarbonate (PC), polylactide
(PLA), polyamide (PA), tetraethyl orthosilicate (TEOS), and polyphenylsulfone (PPSF) [5], [26], [35],
[36].

High performance polymers are not very common in Additive Manufacturing Technologies (AMT). In
[37] polyetherimide (PEI) of the polyetherethercetone (PEEK) family was used as a matrix material. A



main advantage is the high glass transition temperature of over 200 C. A model with polymethyl
methacrylate (PMMA) powder which was later melted around the fibers was implemented in [38].

In [2], Polypropylene (PP) was discussed as matrix material in detail, naming the main advantages of
PP as a high heat-distortion temperature, flame resistance, dimensional stability, and suitability for
filling, reinforcing, and blending.

PLA was used as a matrix material for microcrystalline cellulose (MCC) whiskers in [33], [39], [40].
After a swelling process involving N,N-dimethylacetamide (DMAc) containing lithium chloride (LiCl),
the whiskers were mixed with PLA-melt during the extrusion process forming an all biodegradable
composite material with increased strength by 20% and Young’s modulus by 10% at a fiber content of
5% in weight. Although PLA is widely used in additive manufacturing, especially in Fused Layer
Manufacturing (FLM), few applications of this composite in actual components are available in
literature.

FLM is also known under the commercial trademark Fused Deposition Modeling (FDM) which is
commonly known and therefore used throughout this paper.

Concerning ultraviolet-assisted 3D (UV-3D) printing, an investigation was performed in [41] of short
carbon fibers with a co-formulation of a photocurable acrylic resin with a thermocurable epoxy resin
with the raw materials Bisphenol A diglycidyl ether (DGEBA), 1,1-dimethyl, 3-(3',4'-dichlorophenyl)
urea (Diuron™), dicyandiamide (DICY), and fumed silica.

4. Technologies for the Implementation of FRP

A tabular overview on the FRPs already produced by AMT is given in Tab. 1. All fiber percentage
values are stated in weight content.

4.1 FRP in FDM Manufacturing

FDM manufacturing using CF in ABS is possible and can result in increased tensile strength of 42MPa
at 5% fiber content in weight as shown in [5]. At a fiber content of 10% in weight, the tensile strength
was 34MPa, which is close to the tensile strength of pure ABS (depending on the composition of the
ABS). Young’s modulus was largest at 7:5% fiber content in weight with a value of 2.5GPa.
Toughness and yield strength decreased when adding fibers to pure ABS.

The same accounts for ductility. Experiments were performed with fiber lengths of 150 um resulting in
a higher Young’s modulus than with 100 um. It was concluded in [5] that a pure plastic specimen
compared to added carbon fiber into plastic materials could lead to an increased tensile strength and
Young's modulus, but also to a decreased toughness, yield strength, and ductility.

An orientation of 91.5% of the embedded carbon fibers were concluded to reach the optimal
mechanical properties in [42], using fibers with the length of 200 to 400 um. Experiments concluded an
increase of tensile strength by approximately 115% and Young's modulus by approximately 700%.
This value is the highest among the reviewed literature.

A similar experiment was performed earlier in [26] using VGCF in an ABS matrix. After Banbury
mixing, extrusion, and FDM manufacturing, limited porosity of the composite and an average tensile
strength increasing of 15% up to a value of 24.4MPa (increase of 29%) at the highest level was
observed. The absolute values strongly depended on the composition of the ABS polymer.

FDM of ABS with short glass fibers that were showing the ability of up to a 30 % glass fiber content in
weight in an ABS matrix were performed in [19], [20]. Higher values require chemical treatment of the
ABS in terms of plasticizers and compatibilizers to provide a uniform distribution of the fibers. This
allows uniform and determined material parameters throughout the final part.

FDM was used in combination with FRPs and achieved an increase of the modulus by 40% with a
weight content of chopped carbon AS4 fibers of 10% in [37]. Moreover, the moisture content was
reduced by this fabrication step, which reduced the porosity of the printed objects.



Other experiments using FDM in combination with FRPs are presented in [11], [12], [43], including
natural wood fibers in [14] investigating the fiber orientation after the FDM print. It was pointed out that
FDM prints include a high porosity of around 20% leading to damage mechanisms and water
absorption, including swelling. An increasing porosity with increasing nozzle width was detected.
Similar results about the microstructural characteristic of FDM-produced parts were presented in [44]
investigating carbon fibers in an ABS matrix. For the sake of uniform reinforcement, the prints were
not performed in a layered manner, but with multi-axe, 3D-extrusion technology.

Whereas the above-mentioned research concerns short fibers, an investigation in [15], [92] concerning
continuous, fiber-reinforced, FDM technologies using PLA with short carbon fibers or continuous
twisted yarns of natural jute fibers is available. It was shown that unidirectional carbon fiber-reinforced
plastic are equipped with mechanical properties superior to jute-reinforced and unreinforced
thermoplastics. An improvement of continuous fiber-reinforcement above conventional 3D-printed
polymer-based composites in terms of tensile strength was present. The jute fibers did not significantly
increase the tensile strength, whereas the carbon fibers increased the tensile strength by 435 to 599
%. Investigations using PLA with an embedded continuous fiber was presented in [45] concluding a
weak interface between the fiber and the matrix and flexural strengths increased from 13.8 to 164 %
and storage moduli from 166 % to 351 % increased compared to conventional parts. A general
overview on the use of continuous fiber in a PLA matrix is given by [95].

Short jute fibers were investigated in [46]. Compared to [15], the strengthening of the ABS matrix
material was lower and located at 9% for tensile strength in unidirectional tensile testing with 5% fiber
content in weight. It was also concluded that the fibers located themselves in the middle of the printed
layer.

A similar system using ABS as matrix material for big-area additive manufacturing (BAAM) was
established in [47] using short carbon fibers at 20% in weight resulting in 100% increase in strength
and 380% in stiffness and, at 40% in weight, resulting in 380% increase in strength and 470%
increase in stiffness. Computational fluid dynamics (CFD) simulations modeling the fiber distribution
within an FDM nozzle and final product were performed in [48]. Investigations using Computed
Tomography (CT) were presented in [87] for objects manufactured by FDM using PLA and short
carbon fibers as matrix and fiber material. A conclusion was drawn in terms of fiber orientation during
the final part in strong relation to the printing orientation in the FDM process. Due to the two cycles of
extrusion of the material (1) when generating the filament from granule; and (2) during the AM
process, fibers were oriented longitudinally to the printing path.

Elipsoidic holes with the major axis in the nozzle orientation occurred in the PLA matrix with average
sizes of 50 to 100 um possibly resulting in a reduction of tensile strength. Compared to FRP in digital
light processing (DLP), the size of the holes was significantly increased [49]. A similar discovery was
made by [94] showing droplets spreading along the fibers. The interface between fiber and matrix
material has significant influences on the tensile strength. The distribution of fibers was therefore also
influenced whereas the fibers were generally oriented in the middle of the extrusion line [49], [91]. The
interface between the layers was indistinct due to the remelting of material during the extrusion of the
next layer, allowing for a continuous matrix material. This also resulted in an interconnected
orientation of longitudinally-oriented and orthogonally-oriented fibers.

The interface between the fibers and the PLA matrix was destroyed during a tensile-test. This was
fatal at the layers with orthogonal fiber orientation towards the tensile strength. 40% of all fibers in a
longitudinal orientation towards the tensile strength were ripped out of the matrix at the fracture
surface. A device to align fibers in the FDM nozzle was recently patented [50] in 2016, claiming
reinforcement of the polymer due to the directional fiber distribution. A modified nozzle design using
multiple matrix materials was described in [51]. The nozzle provided the ability to include fibers and
increase mechanical properties. The design is claimed to reduce the staircase effect, warp, and gaps
as well as selective reinforcement and load-based infill.



Despite the short carbon fibers described above, continuous fused manufacturing was developed by
the company MarkForged [90] offering ABS matrix material with Nylon-micro-carbon, carbon, nylon,
fiberglass, Kevlar and high-temperature fiberglass as fiber materials.

4.2 FRP in Stereolithography (SLA)

The possibilities of manufacturing three-dimensional, printed objects with additives using mask
stereolithography (mSLA), also known as direct light processing (DLP), were investigated in [21].
Glass fibers were chosen for the process with a diameter of 10 to 15 pm. A weight content of 10% was
selected to reach optimal mechanical parameters, but still keep viscosity of the resin in an applicable
regime. The experiments described in [21] were unsuccessful even with a weight content of 3 to 5 %.
It was not possible to mix the resin with the fibers and keep the concentration in an isotropic
distribution. From the experiments, it was concluded that the concentration of the fibers needed to
meet specific levels to gain proper results.

Experiments using carbon nanotubes were performed, investigating a UV-curable resin in a mixture
with carbon nanotubes of 0:1 to 5 % weight ratio [52]. The experiments were performed using molds
filled with the curable resin which were then cured under UV light for 30 to 120 min. Other results of
FRPs in UV-curable resins was presented in [53].

Earlier research was undertaken in [54] using Somos 7110 epoxy-based resin and layered, loosely-
woven, long, fiber material. It demonstrated the possibility of increasing the elastic modulus along the
direction of the fibers due to the fact that they created a layered fiber structure.

Short glass fibers have also been used [55]. The fibers were mixed into the resin and were therefore
randomly oriented in space, resulting in a uniform reinforcement. Adding 15%, they calculated an
increase of the tensile modulus from 1.5GPa to 2.5GPa [22], [55] calculated the modulus by the
equation
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The factor X1 depends on the fiber orientation (0.2 for three-dimensionally randomly oriented and 1 for
unidirectional orientation). Experiments using molding technology showed an increase of tensile
strength by 64%. Experiments using rapid prototyping stereolithography showed an increase of tensile
strength by 60% whereas the level of the tensile strength is located at half the value of the material
used for the experiments manufactured by molding [22], [55].



The manufacturing machine used in [55] implemented a combination of fused deposition modeling and
stereolithography feeding the material from a mixing device directly onto the surface where it was
cured using ultraviolet light.

A different study, also using short glass fibers in an urethane acrylic-based resin cured with a laser
system, was performed in [22], [23]. It showed an increase of the mechanical parameters in
dependence on the angle of the fiber. Moreover, the shrinkage of usually 1 to 6 % was reduced by the
short glass fibers. The mechanical properties were directly connected to the fiber concentration,
increasing the strength when increasing the fiber content. Moreover, the laser power and lower layer
pitches were found to increase the mechanical strength. Shrinkage decreased with increasing fiber
content.

Building on this research, other filler material of which carbon can be considered the most similar one
to fiber-reinforced polymers was added in [56]. The authors were able to significantly increase the
mechanical properties by adding so-called “carbon black” with particle sizes of 30nm.

In terms of coventional manufacturing, a review of the flow characteristics of a resin filled with fibers is
given in [57]. A special focus was set on the characteristic flow on the corners of objects when coating
parts with the resin. It was claimed that residual stresses inducing defects such as cracking and
delamination are inevitable. Research according to [57] should go into the direction of microbuckling of
fibers, void formation, as well as global layer buckling and resin percolation at corners.

As the SLA process is based on a layer-wise build-up of the manufactured object, fiber orientation
within the object is limited by the fiber characteristics and the layer height. Orientation and distribution
of fibers were investigated for the first time in [49]. It was demonstrated that a fiber-filled structure
could be printed using digital light processing (DLP) technology showing an even fiber distribution in
the direction of the manufacturing layers. This allows reinforcement in the orientation of the layers by
placing the part according to the desired reinforcement direction. Other directions were only minimally
bound by the carbon fibers for physical reasons as the layer thickness of 35 um was significantly
smaller than the average fiber length of 200 um. No clustering around edges was detected, allowing
the conclusion of a more even distribution of fibers standing in contrast to injection moulding. Post-
processing was necessary due to the fact that the carbon fibers were not affected by the visual curing
in the DLP machine. Therefore, the fibers were standing out of the boundary of the object. This
resulted in an uneven surface, which needs to be further processed. It was furthermore inspected that
a clustering of 30% of all fiber placements happened among the fibers and is shown in a scanning
electron microscope (SEM) analysis in Fig. 3.

This resulted in holes in the polymer affecting the strength and durability of the material. Looking at the
entire part, the fibers were evenly distributed among the photopolymer, allowing the conclusion that no
major sedimentation due to the different material densities occurred during the printing process.

Gaps between the fibers and the polymer with the diameter of 1 to 2 um resulted in cracks of the
polymer shown in Fig. 4 with an average length of 3 to 4 um which would affect the strength of the
final part.

4.3 FRP in Additive Gypsum Printing Manufacturing

While most references discussed the implementation of FRP on FDM (or a modification of FDM) and
SLA, in [58] fibers were added to a matrix of cellulose-modified gypsum powder. The authors used a
ZPrinter 300 by ZCorporation with a layer thickness of 0.1mm. As fibers, polyacrylonitrile fiber fillers
(PAN), polyacrylonitrile shortcut fiber (PAN-sc), polyamide fiber fillers (PA), and alkali resistant
zirconium silicate glass shortcut fiber (glass fiber) were discussed. Fibers at a content of 1% of weight
ratio and the matrix were mixed before the manufacturing process was started. This led to an
anisotropic direction of the fibers within the matrix, which stands in contrast to the experiments using
FDM. The bending strength was increased by up to 180% while flexural strength was increased by up



to 400%. A fiber weight content of over 1.5% led to a slight decrease. Printing was performed with a
fiber content of up to 2.5% in weight.

4.4 Fiber Encapsulation Additive Manufacturing (FEAM)

A new technology, namely fiber encapsulation additive manufacturing (FEAM), was introduced in [59].
It combines the advantages of FDM technology with the reinforcement by long fibers. The fiber is
placed onto a surface and covered with a mantle of melted polymer from an FDM extruder.

The technology allows the equipping of the manufactured object with certain properties of mechanical
parameters as well as magnetic properties. It is furthermore possible to generate adaptive surface
properties [60].

4.5 Other AMTs

Randomly-oriented multi-material (ROMM) using a Polyjet 3D Printing (3DP) machine was introduced
in [3]. Nevertheless, there have not yet been any known attempts to implement a technology on 3D
printing FRPs. An experiment was conducted using 3DP with fiberglass or an aramid fiber and a layer
thickness of 0.028mm [25]. It could be shown that Young's modulus with fiberglass was significantly
increased from 2100MPa of the non-reinforced material to 3700MPa. While the strength of the non-
reinforced object was relatively constant, the strength of the reinforced object varied strongly.

An attempt to embed fibers into a laminated object manufacturing (LOM) process using continuous
fiber ceramic matrix composites (CMCs), and short fiber CMCs was performed in [61]. The layers
finally had a thickness of 230 to 260 um and a relatively high fiber content compared to the FDM
process as described above of approximately 50%. Other examples were given in [62] concluding the
increased strength and reduced weight.

Research on highly-ordered fiber composites has been conducted in [36], aiming at the development
of military applications in the field of aerospace using biologically-inspired composites with short fibers
having a length of around 3mm. Glass fibers with ZnO coated by TEOS were used resulting in self-
healing of the composite material in case of defects. The system is inspired by the fiber-based
structures of tendons and their interaction among each other. The synthetic fibers were aligned
acoustically with ultrasonic waves.

Direct writing was presented in [63] using nylon fibers in a soft, UV-curable, matrix material. The fibers
were electrically aligned before the application on the surface.

Ultrasonic consolidation (UC) or ultrasonic additive manufacturing (UAM) is one of the novel methods
in additive manufacturing related to laser welding processes. The technology is capable of including
fiber composites for localized strengthening using long and short fibers, as well as optical data
transmission using long optical fibers as described by [64]. This also includes a potential for actuation.
For instance, SiC fibers were embedded into an Al 3003 matrix [65]-[67]. In [24], embedded optical
fibers into a metal coating were presented. In [68]-[70], NiTi fibers in an Al matrix were described. It
was pointed out that fiber-reinforcement contradicts the shrinkage of the matrix material after the
welding process. Carbon fibers were embedded by [88] in an Al matrix.

Implementation of composites in a selective laser sintering (SLS) process generating a metal matrix
using graphene oxide (GO) as filling material, enhancing the mechanical properties was presented in
[71], [72]. Experiments with carbon fiber were performed in [73]. They were sintering carbon nano
fibers (CNF) from PA12 with 3% content in weight. It was possible to increase the strength of the
object as well as the storage module by 22%.

Another approach was performed [38] where carbon and metallic fibers were embedded into a PMMA
bed. Tensile strength was thereby increased by 27%.



5. Applications of FRP by Additive Manufacturing

Applications of FRPs in conventional manufacturing are widely known and often used. Applications for
AMT are currently rare and mostly focus on FDM. Advantages such as light weight and increased
strength for multiple applications were pointed out by [62].

5.1 Applications in Biomedical Engineering

Strategies to induce self-healing behavior in FRP-based composites were introduced in [7]. The aim
was to induce a self-healing functionality in the polymers by filling the fiber tubes with a healing agent.
It was concluded that it was difficult to exactly locate the fibers in the epoxy polymer which increased
the production costs considerably. Recent research was conducted with non-ordered filled fibers [8],
[74].

So far, there are no approved applications of additive manufacturing of FRP in the field of medicine-
related technologies. A summary of the possibilities of AMT in biomedical engineering focusing on
tissue and scaffold generation is given in [75]. It was concluded that the main advantage of AMT is
located in the reproduction of hierarchical structures.

In [76], fiber-reinforced polymers in biomedical engineering discussing biologically-inspired materials
using direct printing were reviewed. It could be concluded that the storage module and the shear
stress increased significantly when the polymer was filled with SiC fibers.

5.2 Applications in Aerospace

Research performed by NASA and published in [37] aimed to reduce emissions, fuel burn, and weight
of the turbofan engines of business jets. For this aim, FRPs were used in combination with the FDM
printing of chopped carbon fiber in a polyetherimide for a valve on the first stage of the compressor
blade.

Another example of the commercial use of FRP and AMT in aerospace is the Airbus A350XWB as
well as the Airbus A380 [5], [17], [77] where weight reduction at similar or higher strengths are key
issues.

The properties of FRP in AM, comparing carbon fiber-reinforced parts produced by AM with
aerospace-quality aluminum, mentioning the following advantages in terms of the application were
discussed in [11], [93]. It concluded that production rates are extremely low and that the physical size
of the parts is generally small. Moreover, the mechanical properties of the polymer parts are generally
poor, which limits the potential for direct part replacement and functional use of the polymer
components.

5.3 Applications in Injection Molding

The aim of this technology is to replace conventional injection molding (IM) cavities by inserts
manufactured by DLP at a cost of reduced lifetime and with the advantages of reduced costs,
production time, and environmental impact. Investigations in [78], [79] indicated that, for chosen IM
insert sizes and geometries, DLP as a production method with plain photopolymer without fibers is
environmentally preferable against all compared options for a small numbers of shots, i.e. until about
90 shots.

This rose step-wise potential impact for the polymer above 90 shots, since the assumed lifetime for
the metal inserts was much longer than for the PM. The break-even investigation showed that
photopolymers are the preferable option for up to 100 to 300 shots, both in terms of climate change
impact and human toxicity. Lifetime was significantly increased by adding short carbon fibers into the
photopolymer matrix with the influencing parameters of fiber orientation within the IM insert [49], [80].
It was concluded that the lifetime of fiber-reinforced IM inserts could be extended compared to plain IM
inserts. The surface wear in terms of mean surface roughness was negligible when inspecting the



surface without crack-like features. The surface roughness changes were negligible as can be seen in
Fig. 6.

Minor cracks on the surface appeared as early as from 300 shots but did not propagate to the major
cracks shown in Fig. 6, and therefore did not result in the fatal failure of the entire insert. Propagation
of major cracks through the entire insert were found to spread more slowly compared to plain inserts.
Thus, it was concluded that the lifetime of the insert was increased by generating a composite using
short carbon fibers by 800 %.

Additively-manufactured, fiber-reinforced inserts can be considered suitable for pilot production with
low part numbers, and are therefore an effective alternative to more expensive inserts made from
brass or steel.

5.4 Applications in Racing

Combining the need for high individualization, high strength, light weight, and a low production
number, Formula 1 (F1) racing cars use fiber-reinforced SLS parts with carbon fibers in their wheel
suspension [72].

FDM technology has been used to build an oil sump with increased mechanical properties, combined
with the advantage of a more free design of the layered structure of the FDM part in comparison to
conventional manufacturing [81], [82].

5.5 Applications in Train Technologies

Modern technologies such as the powertrain are critical in structure weight. Big area additive
manufacturing for prototyping was used by [89].

6. Summary and Conclusion

Several solutions for FRP in additive manufacturing have been recently investigated and are currently
available. Experiments using FDM, SLA, UC, LOM, and gypson printing in combination with short
fibers were successful. LOM was also performed with long fibers. Current applications for additively
manufactured FRPs are rare, although there are multiple conventional applications using short and
long fibers embedded in a polymer matrix, such as aerospace, automotive, wind energy, and
biomedical engineering. Only in the last field, biomedical engineering, was a potential application
pointed out where additive manufacturing might be able to intelligently deposit fibers into the polymer
to customize mechanical properties.

FRPs, in any case, lead to new mechanical, thermal, and chemical properties of the polymer matrix.
The alignment and proportion of the fibers compared to the matrix have a critical influence on these
properties.

It can be concluded that the potential for FRPs in additive manufacturing can be considered as very
promising for future applications. However, most technologies for embedding FRPs in additively
manufactured products are currently not fully developed. This aspect will need particularly dedicated
research efforts in order to increase the applicability of FRPs in AMTSs.
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Strength Increase with Fibers
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Fig. 1: Strength increase in relation to the fiber content in weight [5], [11], [12], [22], [26], [33], [34],
[42], [46], [47], [58]



Youngs Modulus Increase with Fibers
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Fig. 2: Young's modulus increase in relation to the fiber content [5], [11], [12], [22], [26], [33], [34], [41],
[42], [46], [47]



Fig. 3: Clustering of fibers in a DLP processed photopolymer in [49]. Used with permission.



Fig. 4: Gaps and cracks in a DLP processed photopolymer around a carbon fiber in [49]. Used with
permission.



Fig. 5: Cracks of an additively manufactured IM insert with 5% weight fraction carbon fibers after 2200
shots in [80]. Used with permission.
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Fig. 6: Surface roughness of an IM insert with 5% weight fraction of carbon fibers with negligible
increase of surface roughness in [80]. Used with permission.
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