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Abstract: In this review, the potential of natural fiber and kenaf fiber (KF) reinforced PLA composite
filament for fused deposition modeling (FDM) 3D-printing technology is highlighted. Additive
manufacturing is a material-processing method in which the addition of materials layer by layer
creates a three-dimensional object. Unfortunately, it still cannot compete with conventional manufac-
turing processes, and instead serves as an economically effective tool for small-batch or high-variety
product production. Being preformed of composite filaments makes it easiest to print using an FDM
3D printer without or with minimum alteration to the hardware parts. On the other hand, natural
fiber-reinforced polymer composite filaments have gained great attention in the market. However,
uneven printing, clogging, and the inhomogeneous distribution of the fiber-matrix remain the main
challenges. At the same time, kenaf fibers are one of the most popular reinforcements in polymer
composites. Although they have a good record on strength reinforcement, with low cost and light
weight, kenaf fiber reinforcement PLA filament is still seldom seen in previous studies. Therefore,
this review serves to promote kenaf fiber in PLA composite filaments for FDM 3D printing. To
promote the use of natural fiber-reinforced polymer composite in AM, eight challenges must be
solved and carried out. Moreover, some concerns arise to achieve long-term sustainability and market
acceptability of KF/PLA composite filaments.

Keywords: additive manufacturing; natural fiber-reinforced polymer composite filaments; fused
deposition modeling; kenaf fiber; 3D printing technology

1. Introduction

Additive manufacturing (AM), generally known as 3D printing, is a material-processing
method of adding materials layer by layer to create a three-dimensional object. Polymer,
metal, and ceramic can be applied in 3D printing. To avoid confusion, important terms are
highlighted in Figure 1. AM is a term to describe a manufacturing process, 3D printing
is the technology that performs AM, and a 3D printer is the processing tool. Before AM
was introduced, subtractive manufacturing was applied in most manufacturing industries.
A bigger piece of raw material is subtracted (scraped, dissolved, turned, and/or bored)
to produce a specific shape of product [1]. Therefore, a lot of waste is produced, even
though it is a faster processing method. AM achieves minimum waste scrap production, as
the material adds up to the pinpoint location for every layer, making waste management
insignificant. It is also an economically effective tool for small-batch production. There
is high flexibility regarding product geometry, which can be varied from time to time or
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Example: Filament-based printing technology,
liquid-based printing technology & Resin-based
printing technology

even from piece to piece without altering processing tools. To date, AM has emerged in
many manufacturing divisions, including aerospace, and civil, biomedical, and automotive
engineering [2]. Countless achievements have been marked during the history of the
technology. The global 3D printing market is estimated to grow by approximately 17.00%

CAGR and is expected to gain USD 4390 million by 2027 [3].

Additive Manufacturing

A manufacturing process by adding up layer by layer.

3D Pl’intin TeChnOIO ...................... .,... \
? d 3D Printer

A tool to creates a
three-dimensional
object layer-by-layer.

A method of creating a three-
dimensional object layer-by-
layer using a computer
created design.

Example: Fused Deposition
Modelling (FDM) 3D printer,
Stereolithography (SLA) 3D
printer, Selective Laser Sintering
“‘ (SLS) 3D printer K
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Figure 1. Important terms in additive manufacturing.

Unfortunately, current 3D printing still cannot compete with conventional manu-
facturing processes. It is hardly employed in a mass production industry that produces
thousands of parts every day. Small and/or customized design products are preferred, as
the mold cost of an injection molding machine costs tens of thousands US dollars. Never-
theless, the extremely high material efficiency of AM is needed in the near future along
with the fourth industrial revolution (IR 4.0). 3D printing can be mainly categorized into
filament-, liquid-, or powder resin-based AM. Among the types of 3D printing processes,
fused deposition modeling (FDM), stereo lithography (SLA), and selective laser sintering
(SLS) are the most frequently used for these three different printing principles, and they
will grow continuously (Figure 2). Of all the techniques, FDM is the most popular working
principle for embedding natural fiber reinforcement [4]. Preformed composite filaments
made it easy to print using a 3D printer without or with minimum alterations to hardware
parts. Moreover, PLA polymer is most frequently used, due to its relative lower melting

temperature and straight polymer chains.
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Figure 2. 3D printing market size forecasting in the U.S., sorted by 3D printing technology, estimated
based on 2017 [5].

Natural fiber-reinforced polymer composite (NFRPC) filaments are receiving great
attention because it is economical and highly biodegradable. Unfortunately, challenges
to the homogenous distribution of natural fibers in the matrix are frequently highlighted.
Non-homogenous composite flow in the 3D printer nozzle may cause uneven printing
and/or a clogging situation (stuck nozzle) [6]. Powder- and liquid-based 3D printers
may have more difficulties because the lighter-density natural fibers always “float” to
the top of the matrix [7]. Moreover, void production has been observed, mainly for two
reasons: (1) low interfacial bonding in the composite due to the incompatibility between
hydrophilic natural fibers and the hydrophobic matrix; and (2) the nature of FDM 3D
printing technology, which is unable to join layers in a way in which the bottom layer is
solidified before the layer above is stacked on top. Furthermore, environmental conditions
and process and production parameters are reported to influence the performance of the
product [8]. Nevertheless, natural fiber reinforcement improves the material’s mechanical
properties. Natural fiber promotes a better load-transfer mechanism in the composite.

Kenaf fiber is one of the best-known plant fibers for reinforcement in polymer com-
posites. In Malaysia, it has been planted with an intention to replace tobacco as well as to
prevent wood-logging. The kenaf plant was selected due to its fast growth rate, superior
reinforcement properties, and high photosynthesis rate. The excellent performance of kenaf
fibers and its promising reinforcement ability can be easily tracked in the literature [9].
Specific strength and stiffness properties comparable to glass fibers can be observed [10].
It provides strength reinforcement for PLA polymer composites and creates composite
products low in cost and weight. It also acts as a nucleating agent and reduces glass
transition temperature, making it higher in flexibility.

The use of natural fiber-reinforced polymer composite in AM is still in its infancy.
However, there is no denying that it has gained a lot of attention and favor in both industry
and academia in recent years. Despite its bright future, there are eight challenges that need
to be overcome or addressed, mentioned by Fidan et al. [11]. At the same time, some future
scope of works must be undertaken to develop fiber-reinforced polymer composites for
FDM 3D printing technology. In recent years, there have been considerable achievements
made to strength enhancement for 3D-printed polymer composites for FDM 3D printing.
However, 3D printing with kenaf fiber reinforcement is yet to be observed. However,
the kenaf fiber has a good track record for composite property enhancement, along with
other natural fibers. Therefore, we discuss and review the potential of kenaf fiber polymer
composite filaments for FDM 3D printing. At the beginning of this review, the FDM 3D
printing technique will be reviewed. This will be followed by an introduction to the kenaf
plant fiber. After that, we explore and discuss the potential for kenaf fiber reinforcement
in FDM 3D printing. Challenges and future perspectives for kenaf fiber reinforcements in
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AM are included in final section. This review serves to promote the use of kenaf fiber in
PLA composite filaments for FDM 3D printing.

2. Additive Manufacturing (AM): Fused Deposit Modeling (FDM) 3D Printing Technology

The working principle of the FDM method is relatively simple compared to other 3D-
printing methods. FDM, or fused filament fabrication (FFF), is an additive manufacturing
process that belongs to the material extrusion family. Figure 3 shows the standard setup
of an FDM 3D printer. In FDM, a continuous thermoplastic polymer filament is heated
above its melting temperature in a nozzle. This molten polymer will fall, due to gravity, on
a printing bed through the nozzle, which is traveling according to code generated by CAM
software. The molten polymer quickly solidifies at room temperature and forms a layer of
polymer. An object is built by selectively depositing melted material in a predetermined
path, layer by layer, to create a 3D structure. The first layer of printing is the most crucial
in determining the success of the product. This non-laser application is the main reason
that FDM 3D printing is relatively cheap and easier to maintain.

Filament B ’\ \/llamun A

+.¥/Dri\c wheel

Extrusion nozzle
/‘/;//

-‘;:;;: Part

I TeEesew
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Figure 3. Schematic of the FDM printing method [4].

A poor printing surface is always an issue for FDM printing. The molten polymer
drops onto a flat bed and solidifies via thermal conduction and convection. The shrinkage
of the previous layer causes structural deformation, known as warping or curling [12].
This is cause by poor bonding between the two adjacent layers that solidify at different
times. However, this issue can be regulated by lower cooling rates or smaller temperature
gradients [13]. Incomplete fusion between layers leads to weak mechanical properties
(Figure 4). Both interlayer and in-layer failure modes have been discovered during FDM
printing, leaving printed products with low tensile strength. Therefore, applications of the
PLA filament are limited to display modeling only [14].

To generate good bonding, modeling analysis shows higher extrusion and environ-
mental temperature facilitates reasonable bonding on polymer segments. Additionally,
Cummings (2016) installed four piezoelectric transducers on the flatbed of a FDM machine
to inspect real-time conditions of the partially formed model in every 30 s, to detect small
geometric defects in the printed product [15]. It showed that good correlation between
filament feeding rate, wall geometry, and G-code-defined wall structure produces high-
quality 3D-printed products [16]. This shows that a lot of work is required to improve the
printing precision of the FDM technique.
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Figure 4. Incomplete fusion between layers and weak mechanical properties [17].

Furthermore, consumable filaments generally have low melting points, and well-
developed polymers such as polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
and polyamide (PA) are among favorite choices. The materials are the cheapest among
all types of additive manufacturing, and PLA filament is the most frequently used due to
its low cost, relatively lower melting temperature, and straight polymer chains. Bardot
and Schulz (2020) reviewed the PLA filaments used in FDM 3D printing [18]. The PLA
filament melt process starts at 190-200 °C, and a lower temperature difference, compared
to room temperature, reduces the severity of cold shrinkage. A high shrinkage rate of the
printed product reduces its dimensional precision, and this is more significant for a higher
temperature gradient and stress during FDM printing.

To break this constraint, scientists have made various reinforcements to polymer
filaments. The use of fiber-reinforced polymer composite filaments has offered higher
strength performance. Long fiber reinforcements require modification to the printing head
(extruder). A continuous carbon-fiber insertion has recorded triple and 150% performance
improvements in tensile and flexural properties [19]. Delamination, matrix cracking, and
fiber-matrix debonding and fiber breakage are the main causes of failure, showing room for
improvement by repairing the fiber-matrix interface. A pressure roller is then developed
to apply pressure along the “fresh” printed path. The study shows a positive trend to
the strength improvement of up to 0.5 mm pressing level, due to enhanced interface
bonding [20]. However, short carbon-fiber reinforcements may not observe as much
strength improvement. Insufficient fiber length for effective interface bonding and high
porosity deteriorates tensile strength [21,22]. Chemically treated carbon-fiber PLA filament
increases its tensile strength by 12%. Furthermore, natural fiber-reinforced PLA filaments
continuously receive attention due to their biodegradability.

3. Development of Natural Fiber-Reinforced PLA Polymer Composite for FDM 3D Printing

In AM, natural fibers known as renewable resources such as hemp, kenaf, flax, jute,
and more can be applied as reinforcing agents. These sources are impregnated with many
types of polymers that perform differently in terms of characteristics and properties. Maz-
zanti et al.,, (2019) coined the term additive bio-manufacturing (ABM), which involves
extra factors such as cell growth, bioactivity, and service life [23]. This technique is mainly
dedicated to biomedical applications via FDM. Researchers are finding that most acceptable
methodologies or techniques offer long-lasting constancy and performance in terms of
stronger and improvised fiber-matrix bonding. In fact, most concerns regard the obtaining
of an environmentally friendly product or process by exploring raw materials and compos-
ites made from NFRPC [24]. Table 1 shows enhancement developments and difficulties
encountered in previous studies.

There are certain requirements that NFRPC needs to fulfill to be processed by AM,
namely (1) types of reinforcements and matrices; (2) good fiber-matrix bonding; (3) fiber
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homogeneity; (4) fiber alignment; (5) good interlayer bonding; and (6) minimal porosity.
Fiber reinforcement of appropriate size, shape, and length needs to be selected to suit the
intended purpose of the part. Both matrix material, which holds the fibers in place, and
reinforcement need to be compatible with the selected 3D printing technique. A good
fiber-matrix bond is required at the fiber-matrix interface to allow loads to be transferred
efficiently from the matrix, thus resulting in composites that follow the “rule of mixture.”
Fiber-loading is also crucial for obtaining AM composites with good mechanical properties.
Homogeneity in fiber distribution is needed to ensure consistent properties throughout the
printed part. The added ability to control fiber distribution and alignment in a predefined
location and direction allows the strengthening of sections of an object. A good interlayer
fusion is required to avoid delamination. Finally, unwanted voids that would affect the
mechanical properties of NFRPC should be minimized [25].

Emphasis is paid to FDM 3D printing techniques that focus on continuous fibers,
as they hold potential to become next-generation composite fabrication methodologies.
However, a special heating nozzle must be designed to fit long fiber-reinforced poly-
mer composites. Short-fiber polymer filaments are extruded via the extruder and then
fed into the commercial heating nozzle for printing. This simple printing process has
prompted many studies focusing on short-fiber reinforcement. However, limited studies
have been found regarding natural fibers with polymer mixtures in powder form for sinter-
ing/binding technology. This is because natural fibers and polymers are not spread evenly
in each layer due to different densities. Fonseca Coelho et al., (2019) pointed out that the
use of gypsum sisal fiber powder in binder jetting 3D printing method disturbs the next
layer of material deposition, and some of the sisal fiber diameter is thicker than the layer
thickness, producing a higher amount of porosity and deteriorating the strength [26]. For-
tunately, post-processing in this study induced a good fiber-matrix interface and enhanced
sample strength.

In one study, twisted yarns of jute fibers were used to reinforce PLA matrix using
fused filament fabrication [27]. These composites exhibited tensile strength and modulus
of 57.1 MPa and 5.11 GPa, which are 134% and 157% higher than that of pure PLA,
respectively. However, the tensile strain was very low, between 0.05 and 0.25%. The authors
indicated that the appropriate pre-tensioning of jute yarn fibers can help in achieving
uniform molding and improved mechanical properties. Therefore, Hinchcliffe et al., (2016)
attempted to fabricate jute and flax fiber (continuous) reinforced PLA composites using
AM. They found that pre-stressing the continuous fiber can improve tensile and flexural
properties [28]. Pil et al., (2016) discussed the use of flax and hemp fibers which are popular
as reinforcement in polymer composites. Besides their environmentally friendly values,
these natural fibers aided the composites to become stiffer than glass-fiber composites in
both tension and plate bending [29]. In fiber-oriented composites, flax and hemp fibers are
beneficial for reinforcing agents in AM. For example, a fiber arrangement for a 3D printing
process for designed furniture, especially desk lamps, can be very impactful.

As mentioned by Le Duigou et al., (2016), a study was carried out to understand the
printing parameters dedicated to mechanical properties of FDM in AM [30]. They discov-
ered a kind of biocomposite called hygromorphic biocomposite. The biocomposite con-
tained natural fibers to produce original apparatus that was able to actuate within a mois-
ture gradient. The researchers demonstrated that wood fiber-reinforced biocomposite
FDM provided stronger mechanical properties based on 0 or 90° of printing orientation.
The commercially available FFF filament, consisting of PLA p poly(hydroxyalkanoate)
(PHA) matrix, was reinforced with 15.2 wt.% recycled wood fibers to create composite
samples. The properties of these composites were found to be comparable to convention-
ally processed (extrusion and IM) PP-30% wood and HDPE-40% wood composites, but
lower than PHA-20% wood composites. The sample size (print width) was found to have
a strong influence on the total porosity of the samples, and therefore their mechanical
properties. For example, as shown in Figure 5a,b, as-received composite filament had
~ 16.5% porosity, which resulted in a similar amount of porosity (14.7-15.5%) to the
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FFF processed samples (Figure 5c). However, the porosity increased with sample size
(print width) due to the loss of deposit temperature when printing large samples with
longer deposition paths (Figure 5d), which resulted in a decrease in the properties. The
samples with short deposition paths resulted in a considerable reduction in porosity
(8.4-14%). The thermal consolidation of the filament and printed samples resulted in a
significant drop in porosity of these samples, as shown in Figure 5e. They also found that
thermal consolidation can reduce moisture absorption by these composites. From these
preliminary studies it can be said that research on AM of NFRPC is in its embryonic
stage, and a significant amount of research is required to understand and optimize
the process.

Figure 5. (a) Typical tensile test specimen of FFF processed jute fiber-reinforced PLA composites (top) and fiber pullouts
after testing (below); Microstructures of PLA-PHA-wood fiber composites (b) as-received filament, (c¢) consolidated FFF
sample, (d) 100% print width, 300% print width [31].

Hinchcliffe et al., (2016) demonstrated the enhancement of PLA via (1) additive
manufacturing; and (2) continuous natural fiber (such as jute and flax) [28]. The type
of fibers, matrix geometry, reinforcing strands, and degree of post-tension in continuous
natural fibers of PLA were also investigated using tensile and flexural testing. They claimed
that AM individually can improve tensile and flexural mechanical properties by obtaining
116%, 62%, 14%, and 10% of tensile specific strength, stiffness, flexural specific strength, and
rigidity accordingly. In another study by Milosevic et al., (2017), natural fiber-reinforced
pre-consumer recycled polypropylene composites were prepared for FDM [32]. The natural
fibers chosen were hemp or harakeke fibers. Comparison was made between reinforced
composites and plain polypropylene samples. The reinforced composites or filaments
showed tremendous results of tensile strength and Young’s modulus by having more than
50% and 143% increment than plain samples. An amount of 30 wt.% hemp or hanakeke
(Phormium tenax) was found to provide optimum results.

Stoof and Pickering (2017) applied harakeke, one of New Zealand’s distinctive native
plants, as a successful filament in AM innovations [33]. The natural fibers were found to
be a potential value-adding material to the polymer in terms of increasing its mechanical
and aesthetic properties. They investigated filaments which contained polypropylene (PP),
and 30 wt.% harakeke exhibited good results of tensile strength and Young’'s Modulus of
41 MPa (77% increment) and 3.8 GPa (275% increment) accordingly. In another study, Stoof
et al., (2017) focused on the application of hemp and harakeke in the making of the NFRC
dedicated to AM [34]. Natural fibers of hemp and harakeke were dispersed with a PLA
polymer to produce 3-mm uniform filaments. Results showed that hanakeke would be
a useful natural fiber, which enhanced 42.3% and 5.4% of Young’s modulus and tensile
strength, respectively, compared to plain PLA. To aid environmental aspects, Horta et al.,
(2018) developed composites from recycled thermoplastics and natural fibers of wood
residues via AM (FDM) [35]. Therefore, a list of parameters has been studied, such as effect
of temperature, distance between layers, deposition speed, and dimensional accuracy.
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The natural fibers that are categorized as short-fiber-reinforced filaments is applied.
However, the application of such fibers is still limited. Two studies conducted by Ning et al.,
(2015) and Ning et al., (2017) focused on the use of carbon fiber at various concentrations
and lengths, which showed better results in terms of tensile and flexural properties [36,37].
Ivey etal., (2017) reported that tensile properties—mainly the elastic modulus of the MEAM
samples—increased by adding carbon fibers (CF) to the polylactic acid (PLA) filament
making [38]. Therefore, the filament of PLA /CB was better than PLA alone.

According to Sunny et al., (2017), the use of short natural plant fiber (SPNF) can
limit problems of agglomeration and dispersion, because such fibers can align better [39].
In AM, fiber orientation is a crucial factor that has a major influence on the composite
performance during either dry or wet processing. Tekinalp et al., (2019) hypothesized and
proved that nanocellulose that is found beneficial in plant natural fibers provides significant
mechanical property improvements in the making of AM polymers [40]. However, the fibril
morphology, dispersion, and adhesion aspects need to be investigated. The nanocellulose,
which is cellulose nanofibrils, was dispersed with polylactate matrix, which resulted
in an increment of more than 80% tensile strength and 200% elastic modulus. In short,
Terkinalp et al., (2019) successfully demonstrated the preparation of full biobased renewable
feedstock material for AM.

Table 1. Enhancement development and difficulties for natural fiber-reinforced PLA composite filament in FDM 3D printing.

Type of Natural Fiber

Enhancement Development Challenges Reference

Sample surface appeared less glossy and coarser.

Short Hemp. and Tensile Strength improvement  Pores forming due to insufficient fusion of the [34]
Harakeke fiber . o
layers during printing process
. Storage modulus and Elastic =~ A reduction of viscosity due to pectin
Short Hemp Fiber modulus enhancement degradation during melt mixing stage [41]
Reinforcement in thermal and ?;Egg;;?ﬁ;ﬁ;giﬂmen due to the
Short Bamboo Fiber strength properties achieved Degradation of polymer found during [42]
by adding nanoclay 2
mixing stage
The filaments produced in non-perfect circular
shape due to immature fabrication process.
4.5 times of tensile strength Poor impregnation of yarn filament creates
Long flax yarn . . [30]
and modulus enhancement porosity and microstructures.
Overlapping printing found at the corner spot.
Low performance at transverse direction
. Better prmt.mg forrn.ablhty Weak interlayer bonding was observed
Commercial Wood than ceramic-, aluminum- and . [21]
. contributed to low strength performance
copper-based PLA filament
Poor interfacial bonding between wood fiber and
. Initial deformation resistance ~ PLA polymer reduced the strength values.
Wood short fiber has enhanced Lower thermal stability wood fiber reduced the [43]
overall thermal performance
Unflavored color changes on the filament
Rougher fracture surface with localized plastic
deformations.
Wood flour Be.tter 1nter.fac1al bonding Crystalline hmcllrance in filament produces more [44]
with coupling agent amorphous regions.
Higher water uptake
Print nozzle was clogged due to agglomeration
of wood flour
Silk fiber Retain antibacterial properties [45]

for scaffold printing
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4. Kenaf Plant Fibers

Three decades ago, Williams (1990) mentioned that natural fibers have a tendency
to improve biological characteristics in developing natural composites for biomedical
purposes [46]. Natural fibers have often been classified based on their origin such as animal,
mineral, or plant fibers. These fibers have different chemical constituents, with animal
fibers containing a higher percentage of protein, and plant fibers having more cellulose.
Plant fiber constitutes about 60-80% cellulose, 5-20% hemicellulose and lignin, and about
20% waxes, moisture, and pectin, as well as water soluble organic components [31]. The
agricultural residue of plant fibers can be derived from many parts of the plant, including
bast, leaf, fruit or seed, grass, or reed. Therefore, their cellulose and cellulose crystallinity
also vary accordingly. The same goes for the physical properties of plant fibers that
have different densities ranging from 1.1 to 1.6 g/cm? [31]. The advantages of applying
plant fibers can be listed as: (1) the potential to focus on functional, complex, and net-
shaped parts; (2) the ability to manufacture site-specifically with functionality; and (3) the
possibility to produce tailored fiber alignment [31].

Kenaf fiber (Hibiscus cannabinus L.) is in the bast fiber family, which is selected due to
its high strength [47]. The properties of kenaf fiber are caused by its chemical composite
compositions, cellulose, hemicellulose, and lignin constituents. Each of the components
provides insignificant different functionality, and therefore shows slightly different prop-
erties to natural fibers. The dependence of different properties of natural fibers on their
constituents, summarized in Figure 6, shows contradicting compositional requirements
to achieve desired properties such as mechanical, thermal, biological, and moisture ab-
sorption. High concentration of hemicellulose in the fiber provides high thermal stability
to natural fibers during processing and use. However, high hemicellulose in the natural
fiber is detrimental to its mechanical properties and consequently to composite properties.
Similarly, high crystalline cellulose is beneficial for improved kenaf fiber mechanical prop-
erties with a concomitant decrease in biological degradation and moisture resistance. It is
interesting to note that most properties can be improved if lignin can be restricted to low
concentration. It is believed that fiber treatments such as alkaline treatment (mercerization)
are very effective in removing lignin, which not only improves fiber-matrix interactions
and boding but also enhances the other properties depicted. It has been discussed that the
addition of natural fibers to thermoplastics and thermoset plastics offers several benefits,
such a low cost, eco-friendliness, renewability and lower damage to processing equipment
compared to synthetic reinforcements.

1. Hemicellulose
2. Non-crystalline cellulose
3. Lignin

4, Crystalline cellulose

(1. Cellulose erystallinity
2. Non-crystalline cellulose
3. Hemicellulose + lignin
4. Lignin

Moisture
absorption

Mechanical
properties

1. Hemicellulose 1. Hemicellulose
2. Cellulose 2. Non-crystalline cellulose
3. Lignin 3. Crystalline cellulose
4. Lignin
"

Figure 6. Contribution of chemical constituents of natural fibers on selected properties.
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Kenaf fiber has been one of the raw resources for fiber-based industries and paper
production in Malaysia since 2000. The kenaf plantation project in Malaysia was initiated in
1999 by the National Economic Action Council (NEAC). It formed a steering committee to
study the potential to grow kenaf in Malaysia as another industrial crop, and was intended
to replace tobacco, and prevent wood-logging for the paper industry. The kenaf plant was
selected due to its fast growth, high productivity/land ratio, extraordinary photosynthesis
rate, and suitability in the Malaysian climate. However, Paridah et al., conducted a cost-
benefit analysis on kenaf fiber production in Malaysia and it found not so profitable. Kenaf
plantation should be aided by government, giving consideration to kenaf plantations’
contribution to socioeconomic and environmental benefits [48].

Kenaf fibers are one of the most well-known plant fibers used for reinforcement in
polymer composites. It is an herbaceous annual plant, which can be grown under a wide
range of weather conditions with 1-10 cm/day growth rate [49]. The large difference in
plant heights is due to various factors such as cultivation method, plantation season, field
light intensity, plantation period, intensity, and age of the plant cultivars. Rouison (2004)
discovered that kenaf has been used in two distinct manners [50]. Kenaf takes up nitrogen
and phosphorus in the soil. Applying 90 kg N/ha of nitrogen was reported to improve
plant growth significantly [51]. These minerals also contributed to increasing the overall
weight of weeds, increasing the height of crops, the diameter of stems, and the yield of
fiber. Moreover, kenaf has a significantly higher photosynthesis rate when compared to
grass or conventional trees. As compared to conventional trees under 1000 pmol/cm? /s,
the photosynthesis rate of kenaf is 23.4 mg CO,/dm?/h. This shows that kenaf plants
are environmentally friendly, not only due to their biodegradability, but also because they
release more oxygen and reduce carbon dioxide than other plantations.

Conventional NFRPC has been manufactured through techniques such as manual
layup, resin transfer molding, spray-up, automated tape laying, automated fiber placement,
filament winding, and pultrusion [25]. One common issue with the majority of conventional
techniques is the need for molds, which not only makes processing more expensive, but
also limits the formability of final part. As a result, producing complex and customized
parts becomes tedious and costly. The need for low-cost design flexibility and an automated
fabrication process has spurred the development of AM for NFRPC. AM has brought about
a revolution in the way we can manufacture complex products with customized features.
AM has paved the way for application areas ranging from aerospace to automotive to
consumer to biomedical. Composites produced by AM have attracted special attention
due to their promise in improving, modifying, and diversifying the properties of generic
material by introducing reinforcements.

Multiple studies of kenaf reinforcement have been carried on thermoplastic [52,53] and
thermoset [54] polymer composites, due to its superior strength of single-fiber analysis [55].
Furthermore, lots of kenaf fiber polymer composite review papers have been published,
showing its high interest regarding fiber reinforcements [56-59]. Its biodegradability re-
duces some major issues such as disposal, non-renewability, expense, non-biodegradability,
and other environmental problems. However, despite being known as renewable, abun-
dantly available, biodegradable, environmentally friendly, cost-effective, and light-weight,
as well as portrayed as having strong future potential and prospects, the properties of
kenaf fiber-reinforced PLA polymer composites still require improvements to be compara-
ble to synthetic fiber-reinforced polymer composites and to reach long-term sustainable
performance and stability [31].

4.1. Potential Use of Kenaf Fibers for PLA Polymer Composite in FDM 3D Printing

Although many natural fibers have already been adopted in polymer composite
filaments for FDM 3D printing, kenaf fiber reinforcement has not yet been seen in previous
studies for 3D printing. Kenaf fiber-reinforced PLA (KF/PLA) composite is one of the
most famous natural fiber polymer composite combinations, and has undergone intense
research in recent decades. A KF/PLA composite was studied and found to have similar
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strength enhancements to other natural bast fiber PLA composites [60]. Interfacial bonding
at the fiber-matrix boundary is the main factor for determining strength. An excess of
fiber contents leads to insufficient resin for complete fiber wetting. Optimum kenaf fiber
contents were found at a 30 wt.% loading [61]. A large variation in fiber dimension made
it deviates from theoretical/modeling analysis. Higher fiber volume fraction recorded
bigger differences between experimental and theoretical values [62]. This is because high
fiber contents cause an insufficient amount of resin for fiber wetting, resulting in bad
interface adhesion and thereby disturbing the load-transfer mechanism from matrix to
the fiber [63]. Poor fiber-matrix ratio also resulted in extreme high—low viscosity. Both
conditions may lead to a high number of void contents, which act as stress concentration
spots, receiving lower load capacity before cracking occurs. Besides that, the removal
of non-cellulosic components on the fiber surface helped to improve interfacial bonding,
and hence strength performance [64]. Alkaline treatment is cost-effective, and a relatively
simpler fiber surface treatment than reported in previous study. It exposes reactive sites to
cellulose components and provides mechanical interlocking via rough-surface topography,
to ensure better bonding with the PLA matrix [65].

On the other hand, kenaf fibers act as a nucleating agent and reduce glass transition
temperature, making them higher in flexibility. Moreover, they provide another reinforcing
mechanism and encourage the nucleation of less common B-phase crystals to achieve
higher impact strength and toughness [66]. Similar effects were reported for hemp [67],
jute [68], and coir [69] reinforced PLA composites. The abovementioned studies shows
that kenaf fiber has very high potential for use in PLA filaments as other natural fiber
PLA composites.

Today, plant-fiber reinforced PLA composites have been developed and fabricated
into filament shapes for use in FDM 3D printing. PLA composite filaments are claimed to
have better strength performance. Therefore, KF/PLA composite filament should also join
this innovation application due to its well-tracked property enhancements by kenaf fiber
reinforcement. However, some challenges face scientists to apply kenaf fiber reinforcement
in PLA composite filaments for 3D printing. This will be discussed in the following section,
with some future perspectives.

4.2. Comparison between Synthetic and Natural Fibers as Reinforcing Agent

Synthetic fibers have already found space in the field of additive manufacturing
earlier than natural fibers. A review by Goh et al., (2019) mainly emphasized synthetic
fibers as a reinforcing agent. Generally, the tensile strength of the composites reinforced
with synthetic fibers reportedly increased by more than 100% compared to pure polymer
counterpart [25]. According to a review by Sekar et al., (2019), various synthetic fibers were
used as a reinforcing agent, e.g., short glass fiber, short carbon fiber, and continuous carbon
fiber. All the studies reported increases in modulus and tensile strength in the reinforced
composites [8].

By comparison, the adoption of natural fiber-reinforced composites in 3D printing
technology is relatively new. Moreover, the properties of the resultant composite did not
increase drastically, particularly in terms of mechanical properties, compared to that of
pure polymers. Stoof and Pickering (2017) initiated a study using harakeke and hemp fibers
as reinforcing agents for PLA composite [34]. The results revealed that the surface of the
samples became coarser, and voids appeared throughout the samples. These voids could
act as stressing concentration points and lead to samples failing, which consequently lead to
inferior mechanical properties. Poor adhesion was also observed, as indicated by fiber pull-
out. On the other hand, tensile strength was decreased along with increasing fiber content.
Contrarily, Young’s modulus increased with increasing fiber content. However, optimum
results were obtained when 20 wt.% harakeke fibers were used, where an increment of
5.4% and 42.5% in tensile strength and Young’s modulus, respectively, was recorded.
Nevertheless, this improvement was not worth mentioning when compared to synthetic
fibers. Matsuzaki et al., (2016) reinforced PLA with continuous carbon fiber and found
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an improvement of 335% in tensile strength compared to pure polymer with merely
6.6 vol.% fiber-loading [27]. Despite that, the issue can be resolved by optimizing some
processing parameters.

5. Challenges and Future Perspectives

Natural fiber-reinforced polymer composite in AM is still in its infancy. However,
no one could deny that it has gained a lot of attention and favor in both industry and
academia in the recent years. Starting in 2014, the numbers of publications related to the
topic “fiber—composite—AM” or “carbon fiber—composite—3D printing” has increased
drastically from around 10 publications in 2014 to around 160 publications in 2019 [70]. It is
interesting to note that the accumulated papers on the topic was around just 20 publications
before 2014. There has been a gratifying growth in the number of publications over the
course of 6 years, which indicates the tremendous potential of AM.

AM has a very promising future in the manufacture of natural fiber-reinforced polymer
composites. According to Ho et al., (2012), conventional processing methods used in
producing natural fiber-reinforced polymer composites are compression molding, resin
transfer molding, injection molding, hot pressing, and vacuum infusion molding [71].
However, in competing with the conventional methods, several universities and research
institutes have already started to adopt fiber-reinforced additive manufacturing (FRAM)
techniques to print lightweight and sustainable components. In fact, car frames made from
carbon-fiber-reinforced acrylonitrile butadiene styrene (ABS) has already been produced
using AM, as a replacement to serial production, by several researchers from Oak Ridge
National Laboratory [72].

Despite its bright future, there are some challenges that need to be overcome or
improved by the current FRAM technique. It is anticipated that these challenges will
frame the directions of future research on the topic. The main challenges are summarized
in Figure 7.
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Figure 7. Future challenges of natural fiber-reinforced polymer composites in AM (modified
from [11]).

Reviews done by Goh et al., (2019), Fidan et al., (2019), and Zindani and Kumar (2019)
have identified some future scope for works regarding FDM 3D printing technology of fiber-
reinforced polymer composite [11,25,73]. This future work includes: (i) material development;
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(ii) fiber-matrix interfacial properties; (iii) fiber homogeneity; (iv) fiber alignment; (v) interlayer
bonding; (vi) porosity; and (vii) printability. Mazzanti et al., (2019) also mentioned problems
of natural fiber reinforcement in FDM printing [23]. Figure 8 display the concept map of
factors critical to the fabrication of composites using AM techniques.
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Figure 8. Concept map of factors critical to the fabrication of composites using AM techniques [25].

Technological challenges in the processing of continuous fiber and fiber sheets have
resulted in more than 80% of studies on FDM composite materials using short fibers as a
reinforcing agent. Nevertheless, the demand for stronger materials for AM will call for more
applications of continuous fibers in the future. Apart from that, the future challenge in AM
comes from the quantification of the interface properties of the composite. Currently, most
interface properties are characterized qualitatively using scanning electron microscope
(SEM) images. More detailed research is therefore required to evaluate the interfacial
strength of composites. Fiber homogeneity and fiber alignment are also important factors
that need to be considered in future works, as it will affect the transfer efficiency of stress
from the matrix to the reinforcements.

Regarding interlayer bonding, the bonding between adjacent layers is very important,
because FDM is a layer-by-layer process. Tensile properties in the z-direction were found
to be weaker compared to those in-plane [74]. It was reported that the ultimate tensile
strength in the z-direction is only two thirds that in the x- and y-directions. Van Hooreweder
et al., (2013) reported that interlayer fracture is more brittle than intralayer fracture, as
lower fracture strain in the z-direction has been observed compared to the x-direction [75].
Improving interlayer bonding of filament materials in future work would be beneficial
when producing materials with better mechanical properties.

Porosity refers to the number of pores or voids that exist in materials. These unfilled
spaces are undesirable, as they are bound to negatively affect the material integrity and
subsequently lead to poor mechanical properties of the materials [70]. The cause of pores
or voids is therefore vital so that the right steps can be taken to eliminate or reduce these
pores. The porosity is affected by printing parameters such as laser power, beam speed, and
scan spacing [76]. In addition, the incorporation of natural fibers also affects the formation
of porosity due to incompatibility in the fiber-matrix interface [77]. Therefore, future
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work should focus on the optimization of the printing parameters and fiber pre-treatment
to enhance the compatibility of the fiber-matrix interface. Another issue when dealing
with natural fibers as reinforcing agents is the alteration of the rheology properties of the
materials, which affects the printability of the materials [25]. Controlling rheology response
such as the addition of a rheology modifier could help to solve this issue.

Moreover, NFRC filaments suffer from low mechanical properties due to fiber-matrix
incompatibility and an inherently weaker nature of natural fibers compared to that of
synthetic fibers [78]. These issues can be effectively addressed by hybridization with
(i) synthetic fibers and polymer matrices in addition to natural fibers; or (ii) more than one
type of natural fibers with different mechanical and other characteristics/properties. Other
considerations for long-term sustainability and market acceptability of KF/PLA filaments
include (i) continuous and reliable sources of kenaf fibers; (ii) energy and cost involved in
the kenaf fiber supply chain; (iii) tax incentives for production, use, and recycling of kenaf
fiber and its filament (Nuunna et al., 2012). Variations in kenaf fiber supply during seasonal
and unseasonal times can affect its quantity, cost, quality, and characteristics, and therefore
the production and properties. As discussed above, the hybridization of composites using
different natural fibers with kenaf fiber can also address deficiencies in fiber supplies.
Establishing processing and storage facilities near farmland can provide significant cost
benefits in the production of kenaf fiber-reinforced PLA composite filaments.

6. Conclusions

Additive manufacturing (AM), generally known as 3D printing, is a material-processing
method of adding materials layer by layer to create a three-dimensional object. AM achieves
minimum waste production, making waste management insignificant. Unfortunately, cur-
rent 3D printing still cannot complete with conventional manufacturing processes due to
its low production rate. It is an economically effective tool for small-batch or high-variety
product production.

Of all techniques, FDM is the most popular working principle for embedding natural
fiber-reinforced polymer composites. Being preformed of composite filaments makes it
easy to print using a 3D printer without or with minimum alteration to hardware parts. A
continuous filament of a thermoplastic polymer is heated to above its melting temperature
in a nozzle. An object is built by selectively depositing melted material in a predetermined
path, layer by layer, to create a 3D structure.

Unfortunately, 3D-printed products with pure polymer exhibit low performance, lim-
iting its range of applications. Prototype models are usually printed for display purposes,
but are hardly ever treated as functional models. Therefore, natural fiber-reinforced poly-
mer composite (NFRPC) filaments are attracting attention because they are economical and
highly biodegradable. Uneven printing, clogging, and inhomogeneous distribution of the
fiber-matrix interface are the frequently highlighted challenges. Void observation of FDM
3D-printed products was proof of low interfacial bonding and poor joining between layers.
Nevertheless, natural fiber reinforcement did improve mechanical properties, paving the
way for functional products.

Kenaf fibers are one of the best-known plant fibers for reinforcement in polymer
composites. They are available abundantly, biodegradable, and are one of the famous
natural fibers in the history of NFRPC. Kenaf provides strength reinforcement for PLA
polymer composites and creates composite products low in cost and weight. It also acts as
a nucleating agent and reduces glass transition temperature, making it higher in flexibility.

Natural fiber-reinforced polymer composite in AM is still in its infancy. Eight chal-
lenges and some future work must be solved to develop fiber-reinforced polymer com-
posites for FDM 3D printing technology. Moreover, some researchers have mentioned the
need to achieve long-term sustainability and market acceptability of KF/PLA composite
filaments. Variations in kenaf fiber supply during seasonal and unseasonal times can affect
their quantity, cost, quality, and characteristics, and therefore its production and properties.



Polymers 2021, 13, 1407 15 of 18

Establishing processing and storage facilities near farmland can provide significant cost
benefits in the production of KF/PLA composite filaments.

Although kenaf fiber has a good track record regarding composite property enhance-
ment as well as with other natural fibers, 3D printing with kenaf fiber reinforcement has
not yet been seen in previous study. We think that kenaf fiber has much potential and
should be brought up to a higher stage. Therefore, this review serves to promote kenaf
fiber in PLA composite filaments for FDM 3D printing.

Author Contributions: Conceptualization, C.H.L.; methodology, S.H.L.; formal analysis, L.C.A.;
writing—original draft preparation, C.H.L.; writing—review and editing, S.H.L. and EN.B.M.P;
supervision, ZM.A.A.; project administration, L.C.A. All authors have read and agreed to the
published version of the manuscript.

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

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

References

1.  Kietzmann, J.; Pitt, L.; Berthon, P. Disruptions, decisions, and destinations: Enter the age of 3-D printing and additive manufac-
turing. Bus. Horiz. 2015, 58, 209-215. [CrossRef]

2. Ngo, T.D,; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive manufacturing (3D printing): A review of materials,
methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172-196. [CrossRef]

3. Research, I. Global 3D Printing Market Forecast 2019-2027. Available online: https://www.inkwoodresearch.com/reports/3d-
printing-market/ (accessed on 28 December 2020).

4. Wang, X,; Jiang, M.; Zhou, Z.; Gou, J.; Hui, D. 3D printing of polymer matrix composites: A review and prospective. Compos. Part
B Eng. 2017, 110, 442-458. [CrossRef]

5. Research, G.V. 3D Printing Market Size, Share & Trends Analysis Report By Component, By Printer Type, By Technology (FDM,
Stereolithography), By Software, By Application, By Vertical, By Region, And Segment Forecasts, 2018-2025. Available online:
https:/ /www.grandviewresearch.com/industry-analysis/3d-printing-industry-analysis (accessed on 28 December 2020).

6.  Zhong, W,; Li, E; Zhang, Z.; Song, L.; Li, Z. Short fiber reinforced composites for fused deposition modeling. Mater. Sci. Eng. A
2001, 301, 125-130. [CrossRef]

7. Nannan GUO, M.C.L. Additive manufacturing: Technology, applications and research needs. Front. Mech. Eng. 2013, 8, 215-243.
[CrossRef]

8.  Sekar, V,; Fouladi, M.H.; Namasivayam, S.N.; Sivanesan, S. Additive Manufacturing: A Novel Method for Developing an Acoustic
Panel Made of Natural Fiber-Reinforced Composites with Enhanced Mechanical and Acoustical Properties. J. Eng. 2019, 2019, 19.
[CrossRef]

9.  Gholampour, A.; Ozbakkaloglu, T. A review of natural fiber composites: Properties, modification and processing techniques,
characterization, applications. J. Mater. Sci. 2020, 55, 829-892. [CrossRef]

10. Mohanty, A.; Misra, M.; Drzal, L.; Selke, S.; Harte, B.; Hinrichsen, G. Natural Fibers, Biopolymers, And Biocomposites; CRC Press,
Taylor & Francis: Boca Raton, FL, USA, 2005; Volume 1, pp. 1-36.

11. Fidan, I; Imeri, A.; Gupta, A.; Hasanov, S.; Nasirov, A ; Elliott, A.; Alifui-Segbaya, F.; Nanami, N. The trends and challenges of
fiber reinforced additive manufacturing. Int. J. Adv. Manuf. Technol. 2019, 102, 1801-1818. [CrossRef]

12.  Malekipour, E.; Attoye, S.; El-Mounayri, H. Investigation of Layer Based Thermal Behavior in Fused Deposition Modeling Process
by Infrared Thermography. Procedia Manuf. 2018, 26, 1014-1022. [CrossRef]

13. Costa, S.E; Duarte, EM.; Covas, J.A. Estimation of filament temperature and adhesion development in fused deposition techniques.
J. Mater. Process. Technol. 2017, 245, 167-179. [CrossRef]

14. Yao, T; Ye,].; Deng, Z.; Zhang, K.; Ma, Y.; Ouyang, H. Tensile failure strength and separation angle of FDM 3D printing PLA
material: Experimental and theoretical analyses. Compos. Part B Eng. 2020, 188, 107894. [CrossRef]

15. Cummings, I.; Hillstrom, E.; Newton, R.; Flynn, E.; Wachtor, A. In-Process Ultrasonic Inspection of Additive Manufactured Parts;
Springer: New York, NY, USA, 2016; pp. 235-247.

16. Gordeev, E.G.; Galushko, A.S.; Ananikov, V.P. Improvement of quality of 3D printed objects by elimination of microscopic
structural defects in fused deposition modeling. PLoS ONE 2018, 13, e0198370. [CrossRef]

17.  Wang, Y,; Liu, Z.; Gu, H.; Cui, C.; Hao, J. Improved mechanical properties of 3D-printed SiC/PLA composite parts by microwave
heating. J. Mater. Res. 2019, 34, 3412-3419. [CrossRef]

18. Bardot, M.; Schulz, M.D. Biodegradable Poly(Lactic Acid) Nanocomposites for Fused Deposition Modeling 3D Printing. Nanoma-

terials 2020, 10, 2567. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bushor.2014.11.005
http://doi.org/10.1016/j.compositesb.2018.02.012
https://www.inkwoodresearch.com/reports/3d-printing-market/
https://www.inkwoodresearch.com/reports/3d-printing-market/
http://doi.org/10.1016/j.compositesb.2016.11.034
https://www.grandviewresearch.com/industry-analysis/3d-printing-industry-analysis
http://doi.org/10.1016/S0921-5093(00)01810-4
http://doi.org/10.1007/s11465-013-0248-8
http://doi.org/10.1155/2019/4546863
http://doi.org/10.1007/s10853-019-03990-y
http://doi.org/10.1007/s00170-018-03269-7
http://doi.org/10.1016/j.promfg.2018.07.133
http://doi.org/10.1016/j.jmatprotec.2017.02.026
http://doi.org/10.1016/j.compositesb.2020.107894
http://doi.org/10.1371/journal.pone.0198370
http://doi.org/10.1557/jmr.2019.296
http://doi.org/10.3390/nano10122567
http://www.ncbi.nlm.nih.gov/pubmed/33371307

Polymers 2021, 13, 1407 16 of 18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Heidari-Rarani, M.; Rafiee-Afarani, M.; Zahedi, A.M. Mechanical characterization of FDM 3D printing of continuous carbon fiber
reinforced PLA composites. Compos. Part B Eng. 2019, 175, 107147. [CrossRef]

Zhang, ].; Zhou, Z.; Zhang, F.; Tan, Y.; Tu, Y.; Yang, B. Performance of 3D-Printed Continuous-Carbon-Fiber-Reinforced Plastics
with Pressure. Materials 2020, 13, 471. [CrossRef] [PubMed]

Liu, Z.; Lei, Q.; Xing, S. Mechanical characteristics of wood, ceramic, metal and carbon fiber-based PLA composites fabricated by
FDM. J. Mater. Res. Technol. 2019, 8, 3741-3751. [CrossRef]

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

Mazzanti, V.; Malagutti, L.; Mollica, F. FDM 3D Printing of Polymers Containing Natural Fillers: A Review of their Mechanical
Properties. Polymers 2019, 11, 1094. [CrossRef] [PubMed]

Faruk, O.; Bledzki, A.K.; Fink, H.-P; Sain, M. Biocomposites reinforced with natural fibers: 2000-2010. Prog. Polym. Sci. 2012, 37,
1552-1596. [CrossRef]

Goh, G.D.; Yap, Y.L.; Agarwala, S.; Yeong, W.Y. Recent Progress in Additive Manufacturing of Fiber Reinforced Polymer
Composite. Adv. Mater. Technol. 2019, 4, 1800271. [CrossRef]

Fonseca Coelho, A.W.; da Silva Moreira Thiré, R.M.; Araujo, A.C. Manufacturing of gypsum-sisal fiber composites using binder
jetting. Addit. Manuf. 2019, 29, 100789. [CrossRef]

Matsuzaki, R.; Ueda, M.; Namiki, M.; Jeong, T.-K.; Asahara, H.; Horiguchi, K.; Nakamura, T.; Todoroki, A.; Hirano, Y. Three-
dimensional printing of continuous-fiber composites by in-nozzle impregnation. Sci. Rep. 2016, 6, 23058. [CrossRef] [PubMed]
Hinchcliffe, S.A.; Hess, K.M.; Srubar, W.V. Experimental and theoretical investigation of prestressed natural fiber-reinforced
polylactic acid (PLA) composite materials. Compos. Part B Eng. 2016, 95, 346-354. [CrossRef]

Pil, L.; Bensadoun, F,; Pariset, J.; Verpoest, I. Why are designers fascinated by flax and hemp fibre composites? Compos. Part A:
Appl. Sci. Manuf. 2016, 83, 193-205. [CrossRef]

Le Duigou, A.; Castro, M.; Bevan, R.; Martin, N. 3D printing of wood fibre biocomposites: From mechanical to actuation
functionality. Mater. Des. 2016, 96, 106-114. [CrossRef]

Balla, V.K.; Kate, K.H.; Satyavolu, J.; Singh, P.; Tadimeti, J.G.D. Additive manufacturing of natural fiber reinforced polymer
composites: Processing and prospects. Compos. Part B Eng. 2019, 174, 106956. [CrossRef]

Milosevic, M.; Stoof, D.; Pickering, K.L. Characterizing the Mechanical Properties of Fused Deposition Modelling Natural Fiber
Recycled Polypropylene Composites. J. Compos. Sci. 2017, 1, 7. [CrossRef]

Stoof, D.; Pickering, K.L. 3D Printing of Natural Fibre Reinforced Recycled Polypropylene. In Proceedings of the Processing and
Fabrication of Advanced Materials XXV, Auckland, New Zealand, 22-25 January 2017; pp. 668-691.

Stoof, D.; Pickering, K.; Zhang, Y. Fused Deposition Modelling of Natural Fibre/Polylactic Acid Composites. J. Compos. Sci. 2017,
1, 8. [CrossRef]

Horta, ].E; Simées, EJ.P.; Mateus, A. Large scale additive manufacturing of eco-composites. Int. |. Mater. Form. 2018, 11, 375-380.
[CrossRef]

Ning, F; Cong, W.; Hu, Y.; Wang, H. Additive manufacturing of carbon fiber-reinforced plastic composites using fused deposition
modeling: Effects of process parameters on tensile properties. |. Compos. Mater. 2016, 51, 451-462. [CrossRef]

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

Ivey, M.; Melenka, G.W.; Carey, ].P.; Ayranci, C. Characterizing short-fiber-reinforced composites produced using additive
manufacturing. Adv. Manuf. Polym. Compos. Sci. 2017, 3, 81-91. [CrossRef]

Sunny, T.; Pickering, K.L.; Lim, S.H. Alignment of Short Fibres: An Overview. In Proceedings of the Processing and Fabrication of
Advanced Materials XXV, Auckland, New Zealand, 22-25 January 2017; pp. 616-625.

Tekinalp, H.L.; Meng, X,; Lu, Y.; Kunc, V,; Love, L.].; Peter, W.H.; Ozcan, S. High modulus biocomposites via additive manufactur-
ing: Cellulose nanofibril networks as “microsponges”. Compos. Part B Eng. 2019, 173, 106817. [CrossRef]

Coppola, B.; Garofalo, E.; Di Maio, L.; Scarfato, P.; Incarnato, L. Investigation on the Use of PLA /Hemp Composites for the Fused
Deposition Modelling (FDM) 3D Printing. AIP Conf. Proc. 2018, 1981, 020086.

Wang, C.; Smith, L.M.; Zhang, W.; Li, M; Wang, G.; Shi, 5.Q.; Cheng, H.; Zhang, S. Reinforcement of Polylactic Acid for Fused
Deposition Modeling Process with Nano Particles Treated Bamboo Powder. Polymers 2019, 11, 1146. [CrossRef] [PubMed]

Tao, Y.; Wang, H.; Li, Z.; Li, P; Shi, S.Q. Development and Application of Wood Flour-Filled Polylactic Acid Composite Filament
for 3D Printing. Materials 2017, 10, 339. [CrossRef]

Petchwattana, N.; Channuan, W.; Naknaen, P.; Narupai, B. 3D Printing Filaments Prepared from Modified Poly(Lactic Acid)/Teak
Wood Flour Composites: An Investigation on the Particle Size Effects and Silane Coupling Agent Compatibilisation. J. Phys. Sci.
2019, 30, 169-188. [CrossRef]

Mangat Amarveer, S. Experimental investigations on natural fiber embedded additive manufacturing-based biodegradable
structures for biomedical applications. Rapid Prototyp. |. 2018, 24, 1221-1234. [CrossRef]

Williams, D. An introduction to medical and dental materials. In Concise Encyclopedia of Medical & Dental Materials; Williams, D.,
Ed.; Pergamon Press: Oxford, UK, 1990; pp. 17-20.

Lee, C.; Khalina, A.; Lee, S.H.; Liu, M. A Comprehensive Review on Bast Fibre Retting Process for Optimal Performance in
Fibre-Reinforced Polymer Composites. Adv. Mater. Sci. Eng. 2020, 2020, 1-27. [CrossRef]


http://doi.org/10.1016/j.compositesb.2019.107147
http://doi.org/10.3390/ma13020471
http://www.ncbi.nlm.nih.gov/pubmed/31963792
http://doi.org/10.1016/j.jmrt.2019.06.034
http://doi.org/10.1016/j.compositesb.2017.05.013
http://doi.org/10.3390/polym11071094
http://www.ncbi.nlm.nih.gov/pubmed/31261607
http://doi.org/10.1016/j.progpolymsci.2012.04.003
http://doi.org/10.1002/admt.201800271
http://doi.org/10.1016/j.addma.2019.100789
http://doi.org/10.1038/srep23058
http://www.ncbi.nlm.nih.gov/pubmed/26965201
http://doi.org/10.1016/j.compositesb.2016.03.089
http://doi.org/10.1016/j.compositesa.2015.11.004
http://doi.org/10.1016/j.matdes.2016.02.018
http://doi.org/10.1016/j.compositesb.2019.106956
http://doi.org/10.3390/jcs1010007
http://doi.org/10.3390/jcs1010008
http://doi.org/10.1007/s12289-017-1364-5
http://doi.org/10.1177/0021998316646169
http://doi.org/10.1016/j.compositesb.2015.06.013
http://doi.org/10.1080/20550340.2017.1341125
http://doi.org/10.1016/j.compositesb.2019.05.028
http://doi.org/10.3390/polym11071146
http://www.ncbi.nlm.nih.gov/pubmed/31277428
http://doi.org/10.3390/ma10040339
http://doi.org/10.21315/jps2019.30.2.10
http://doi.org/10.1108/RPJ-08-2017-0162
http://doi.org/10.1155/2020/6074063

Polymers 2021, 13, 1407 17 of 18

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Mohammed, H. Cost Benefit Analysis of Kenaf Cultivation for Producing Fiber in Malaysia. Arab. ]. Bus. Manag. Rev. 2017, 7, 1-4.
[CrossRef]

Nishino, T.; Hirao, K.; Kotera, M.; Nakamae, K.; Inagaki, H. Kenaf reinforced biodegradable composite. Compos. Sci. Technol.
2003, 63, 1281-1286. [CrossRef]

Rouison, D.; Sain, M.; Couturier, M. Resin transfer molding of natural fiber reinforced composites: Cure simulation. Compos. Sci.
Technol. 2004, 64, 629-644. [CrossRef]

Kuchinda, N.C.; Ndahi, W.B.; Lagoke, S.T.O.; Ahmed, M.K. The effects of nitrogen and period of weed interference on the fibre
yield of kenaf (Hisbiscus cannabinus L.) in the northern Guinea Savanna of Nigeria. Crop Prot. 2001, 20, 229-235. [CrossRef]
Zampaloni, M.; Pourboghrat, F.; Yankovich, S.A.; Rodgers, B.N.; Moore, |.; Drzal, L.T.; Mohanty, A.K.; Misra, M. Kenaf natural
fiber reinforced polypropylene composites: A discussion on manufacturing problems and solutions. Compos. Part A Appl. Sci.
Manuf. 2007, 38, 1569-1580. [CrossRef]

Lee, C.H.; Sapuan, S.M.; Lee, ].H.; Hassan, M.R.].S. Melt volume flow rate and melt flow rate of kenaf fibre reinforced Flo-
reon/magnesium hydroxide biocomposites. SpringerPlus 2016, 5, 1680. [CrossRef]

Aisyah, H.A,; Paridah, M.T.; Sapuan, S.M.; Khalina, A.; Berkalp, O.B.; Lee, S.H.; Lee, C.H.; Nurazzi, N.M.; Ramli, N.; Wa-
hab, M.S,; et al. Thermal Properties of Woven Kenaf/Carbon Fibre-Reinforced Epoxy Hybrid Composite Panels. Int. J. Polym. Sci.
2019, 2019, 5258621. [CrossRef]

Mahjoub, R.; Yatim, ].M.; Mohd Sam, A.R.; Hashemi, S.H. Tensile properties of kenaf fiber due to various conditions of chemical
fiber surface modifications. Constr. Build. Mater. 2014, 55, 103-113. [CrossRef]

Lee, C.H.; Salit, M.S.; Hassan, M.R. A Review of the Flammability Factors of Kenaf and Allied Fibre Reinforced Polymer
Composites %] Advances in Materials Science and Engineering. Adv. Mater. Sci. Eng. 2014, 2014, 8. [CrossRef]

Hassan, F; Zulkifli, R.; Ghazali, M.; Azhari, C. Kenaf Fiber Composite in Automotive Industry: An Overview. Int. |. Adv. Sci. Eng.
Inf. Technol. 2017, 7, 315. [CrossRef]

Mohd Radzuan, N.; Farhani, N.; Md Radzi, M.K.F,; Razak, Z.; Tharizi, I.; Bakar, A.; Haron, C.; Muhamad, N. Kenaf Composites
for Automotive Components: Enhancement in Machinability and Moldability. Polymers 2019, 11, 1707. [CrossRef]

Salman, S.D.; Leman, Z.; Sultan, M.T.H.; Ishak, M.R.; Cardona, F. Kenaf/synthetic and Kevlar®/cellulosic fiber-reinforced hybrid
composites: A review. BioRes 2015, 10, 8580-8603. [CrossRef]

Graupner, N.; Miissig, J. A comparison of the mechanical characteristics of kenaf and lyocell fibre reinforced poly(lactic acid)
(PLA) and poly(3-hydroxybutyrate) (PHB) composites. Compos. Part A Appl. Sci. Manuf. 2011, 42, 2010-2019. [CrossRef]
Ibrahim, N.A ; Yunus, WM.Z.W.; Othman, M.; Abdan, K.; Hadithon, K.A. Poly(Lactic Acid) (PLA)-reinforced Kenaf Bast Fiber
Composites: The Effect of Triacetin. J. Reinf. Plast. Compos. 2010, 29, 1099-1111. [CrossRef]

Ochi, S. Mechanical properties of kenaf fibers and kenaf/PLA composites. Mech. Mater. 2008, 40, 446-452. [CrossRef]

Lee, C.H.; Khalina, A.; Lee, S.H. Importance of Interfacial Adhesion Condition on Characterization of Plant-Fiber-Reinforced
Polymer Composites: A Review. Polymers 2021, 13, 438. [CrossRef]

Han, S.O.; Karevan, M.; Sim, LN.; Bhuiyan, M.A ; Jang, Y.H.; Ghaffar, J.; Kalaitzidou, K. Understanding the Reinforcing
Mechanisms in Kenaf Fiber/PLA and Kenaf Fiber /PP Composites: A Comparative Study. Int. J. Polym. Sci. 2012, 2012, 679252.
[CrossRef]

Kamarudin, S.H.; Abdullah, L.; Aung, M.M.; Ratnam, C.T.].B. Mechanical and Physical Properties of Kenaf-reinforced Poly(lactic
acid) Plasticized with Epoxidized Jatropha Oil. BioResources 2019, 14, 9001-9020.

Huy, T.A.; Adhikari, R; Liipke, T.; Henning, S.; Michler, G.H. Molecular deformation mechanisms of isotactic polypropylene in o-
and B-crystal forms by FTIR spectroscopy. J. Polym. Sci. Part B Polym. Phys. 2004, 42, 4478-4488. [CrossRef]

Aliotta, L.; Gigante, V.; Coltelli, M.-B.; Cinelli, P.; Lazzeri, A.; Seggiani, M. Thermo-Mechanical Properties of PLA /Short Flax
Fiber Biocomposites. Appl. Sci. 2019, 9, 3797. [CrossRef]

Tanaka, K.; Katsura, T.; Shinohara, M.; Morita, Y.; Katayama, T.; Uno, K. Heat-Resistant and Mechanical Property of Jute
Continuous Fiber Reinforced PLA. J. Soc. Mater. Sci. Jpn. 2010, 59, 546-552. [CrossRef]

Dong, Y.; Ghataura, A.; Takagi, H.; Haroosh, H.J.; Nakagaito, A.N.; Lau, K.-T. Polylactic acid (PLA) biocomposites reinforced
with coir fibres: Evaluation of mechanical performance and multifunctional properties. Compos. Part A Appl. Sci. Manuf. 2014, 63,
76-84. [CrossRef]

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

Ho, M.-p.; Wang, H.; Lee, ].-H.; Ho, C.-k.; Lau, K.-t.; Leng, J.; Hui, D. Critical factors on manufacturing processes of natural fibre
composites. Compos. Part B Eng. 2012, 43, 3549-3562. [CrossRef]

Talagani, F.; DorMohammadi, S.; Dutton, R.; Godines, C.; Baid, H.; Abdi, E; Kunc, V.; Compton, B.; Simunovic, S.; Duty, C.; et al.
Numerical Simulation of Big Area Additive Manufacturing (3D Printing) of a Full Size Car. Sampe |. 2015, 51, 27.

Zindani, D.; Kumar, K. An insight into additive manufacturing of fiber reinforced polymer composite. Int. |. Lightweight Mater.
Manuf. 2019, 2, 267-278. [CrossRef]

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

Van Hooreweder, B.; Moens, D.; Boonen, R.; Kruth, J.-P.; Sas, P. On the difference in material structure and fatigue properties of
nylon specimens produced by injection molding and selective laser sintering. Polym. Test. 2013, 32, 972-981. [CrossRef]


http://doi.org/10.4172/2223-5833.1000310
http://doi.org/10.1016/S0266-3538(03)00099-X
http://doi.org/10.1016/j.compscitech.2003.06.001
http://doi.org/10.1016/S0261-2194(00)00138-1
http://doi.org/10.1016/j.compositesa.2007.01.001
http://doi.org/10.1186/s40064-016-3044-1
http://doi.org/10.1155/2019/5258621
http://doi.org/10.1016/j.conbuildmat.2014.01.036
http://doi.org/10.1155/2014/514036
http://doi.org/10.18517/ijaseit.7.1.1180
http://doi.org/10.3390/polym11101707
http://doi.org/10.15376/biores.10.4.Salman
http://doi.org/10.1016/j.compositesa.2011.09.007
http://doi.org/10.1177/0731684409344651
http://doi.org/10.1016/j.mechmat.2007.10.006
http://doi.org/10.3390/polym13030438
http://doi.org/10.1155/2012/679252
http://doi.org/10.1002/polb.20117
http://doi.org/10.3390/app9183797
http://doi.org/10.2472/jsms.59.546
http://doi.org/10.1016/j.compositesa.2014.04.003
http://doi.org/10.1016/j.addma.2018.04.039
http://doi.org/10.1016/j.compositesb.2011.10.001
http://doi.org/10.1016/j.ijlmm.2019.08.004
http://doi.org/10.1016/j.polymertesting.2018.04.038
http://doi.org/10.1016/j.polymertesting.2013.04.014

Polymers 2021, 13, 1407 18 of 18

76. Hon, KK.B.; Gill, T.]. Selective Laser Sintering of SiC/Polyamide Composites. Cirp Ann. 2003, 52, 173-176. [CrossRef]

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

78. Ramezani Kakroodi, A.; Kazemi, Y.; Rodrigue, D. Mechanical, rheological, morphological and water absorption properties of
maleated polyethylene/hemp composites: Effect of ground tire rubber addition. Compos. Part B Eng. 2013, 51, 337-344. [CrossRef]


http://doi.org/10.1016/S0007-8506(07)60558-7
http://doi.org/10.1016/j.compscitech.2014.10.009
http://doi.org/10.1016/j.compositesb.2013.03.032

	Introduction 
	Additive Manufacturing (AM): Fused Deposit Modeling (FDM) 3D Printing Technology 
	Development of Natural Fiber-Reinforced PLA Polymer Composite for FDM 3D Printing 
	Kenaf Plant Fibers 
	Potential Use of Kenaf Fibers for PLA Polymer Composite in FDM 3D Printing 
	Comparison between Synthetic and Natural Fibers as Reinforcing Agent 

	Challenges and Future Perspectives 
	Conclusions 
	References

