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Abstract: The development of bamboo fibre (BF) reinforced poly lactic acid (PLA) BF-PLA composites has been growing
fast among the natural fibre reinforced composites (NFRCs) over the past few years. BF-PLA composites have gained
significant interest as sustainable alternative materials for the engineering and industrial sectors. BF-PLA composites are
getting popular due to their remarkable features such as eco-friendliness, biodegradability, recyclability, low cost, low
specific weight, and improved mechanical and thermal properties. In this paper, a schematic review of the BF-PLA
composites was conducted in terms of mechanical properties (i.e., tensile properties, flexural properties, and impact strength),
thermal characteristics with and without chemical treatment, and creep behaviour. Moreover, the sustainability aspects,
including biodegradability and recyclability of BF-PLA composites, have been discussed based on various manufacturing
methods. In addition, the utilization of BF-PLA composites in the additive manufacturing industry, sustainable packaging,
structural, dielectric, and automotive applications are also described to make elevations toward future research and industrial
implementations or commercialization. Furthermore, the effects of 3D printing parameters on the mechanical and physical
properties of printed BF-PLA objects have been summarized. Significantly, this paper highlights the limitations and future

perspectives of the BF-PLA composites.
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Introduction

Plastic usage is widespread due to its magnificent
properties, such as lightweight, inexpensive, substantial,
flexible, and corrosion-resistant high thermal and electrical
insulation properties [1]. Most of the plastics are produced
from petroleum and chemical-based products known to be
toxic [2]. Another issue is plastic waste or plastic pollutants,
which may be a potential threat to human health, especially
if the food chain is contaminated [3]. However, the plastics
are primarily non-biodegradable, and a long time is needed
to degrade [4]. Therefore, alternative materials for plastic are
needed and required to answer that situation. Accordingly,
there is a crucial need for environment-friendly plastics that
are degraded normally and produced from renewable
resources, also to address the global environmental and
waste management problems and begin a more sustainable
society [5]. The challenge is not only to replace them but
also to create and provide the materials with the appropriate
mechanical, physical, thermal performance characteristics
and to minimize the cost for the final products [6].

The utilization of natural fibres as reinforcement is one of
the sustainable alternatives to satisfy the critical demands.
Since natural fibres are biodegradable, eco-friendly, cost-
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effective, and offer high specific strength and stiffness, low
density, lower dermal and respiratory irritation, better
insulation properties, etc. Natural fibres are classified as
plant-based and animal-based [7]. Plant-based natural fibres
are bamboo, flax, coir, hemp, jute, sisal, kenaf, pineapple,
and ramie, and animal-based fibres are silk, wool, etc.
Natural fibres are feasible to replace synthetic fibres [8-11].
Compared to most synthetic fibres, natural fibres offer good
specific mechanical properties, economical to manufacture,
are easier to handle, and require only around 20-40 % of the
production energy [12]. The utilization of natural materials
and modern manufacturing techniques minimizes construction
waste and maximizes energy efficiency toward the concept
of sustainability [12]. The increased global demand and the
percentage growth of applications of NFRCs [13] are shown
below in Figure 1.

Green composites are extracted from renewable resources,
for example, starch, sugar, vegetable oils, and soy oils
reinforced using natural fibres; PLA is the regular type used
[14-16]. Sujaritjun et al. proved BF as the most effective
reinforcement compared to other fibres such as vetiver grass
fibre and coconut fibre reinforcements [17]. Several studies
have been performed on the development of green
composites based on BF and PLA resin composites as well
as the improvement of thermal and mechanical properties
with various surface modification treatments [18] and the
effect of using different types of bamboo fibres [19]. For
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Figure 1. Demand and increase rate of NFRCs from 2013-2024.

example, double melting behaviour [20], the impact of
molding conditions on the mechanical properties of
bamboo-rayon continuous fibre reinforced PLA composites
[21], the effect of cooling rate and hot-press temperature on
thermal and physicomechanical properties [22], the impact
of bamboo flour grafted lactide on the compatibility
interface [23] and influence of polyethylene glycol on
mechanical properties of BF-PLA composites [24] had been
studied. However, various surface modification treatments
alkali (NaOH), alkali-silane coupling agent (NaOH-KHS550),
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had been applied to enhance the mechanical and thermal
properties of BF-PLA composites [17,25,26]. Moreover, the
influence of low-concentration NaOH solution pre-treatment
on the properties of BF-PLA composites had been looked
over [27]. Furthermore, different BFs such as nonwoven
membrane [28] bamboo charcoal particles had been used
in reinforcement to enhance the impact resistance of
biodegradable polymer [29]. The outcome of nano-SiO, on
the interfacial harmony and properties of PLA-grafted-BF
PLA composites [30] and MA on BF-PLA composites [31]
had been probed. Mechanical, thermal, and morphological
properties of bamboo cellulose nanowhiskers (BCNW) PLA
bio-composites [32], flame-retardancy of recycled bamboo
chopstick fibre-reinforced PLA green composites [33] had
been investigated. Liu ef al. had performed a comparative
study on six wood plastic composites (WPCs) made of
organo-montmorillonite-modified fibres and PLA [34].
Preparation and characterization of PLA-g-BF based on in-
situ solid-phase polymerization [35] and the interfacial
compatibility of BF-PLA composites in-situ solid phase
grafting [36] had been studied. The tensile and flexural
properties of PLA-based hybrid natural composites reinforced
with bamboo, coir and kenaf fibres [37], morphological
properties of hybrid composites based on PP-PLA blend
reinforced by BF [38] had been investigated. Furthermore, a
study on physicochemical properties of electron beam
irradiated bamboo powder (BP) and BP-PLA composites
had been conducted [39]. Few previous studies related to
BF-PLA composites and their applications are summarized
in Table 1.

Table 1. Previously used BF-PLA composites, their merits, demerits, and applications

Manufacturing

Material Benefit Drawback Application Reference
process

BF,PLA,MA, Mechano-chemical Eco-friendly, 100 % renewable - Industrial [181]
DCP compositing materials
BF, PLA, MFC Hot pressed Biodegradable - Engineering [182]
from wood
BF, PLA, PBS, Compression Environment-friendly - Toys, furniture, flooring,  [145]
LDI molding electronic hardware,

disposable products
BF, PLA Conventional hot ~ Green composite Low thermal conductivity - [183]

pressing than that of woods
BF, PLA, Hot-pressing Environment-friendly, high strength, low - Indoor panel [111]
NaOH density, low cost, easy to manufacture
WBE, PLA Hot-press molding Excellent energy absorption capability, - Engineering, [51]
green laminate, fully biodegradable structural
BF, PLA, CG Twin-screw Green composites, low cost, improved ther- The tensile reduced by Building interior [100]
MDI extruder mal properties, the environmentally friendly 20.1-54.3 % and flexural materials, industrial
recycling process strength reduced by 24.53-  purpose
60.1 % than of PLA with the
increment in natural fillers

BF, PLA, Cloisite Compression Enhanced mechanical properties, significant - Dielectric [184]

30B nanoclay  molding

improvement (26.58 %) in impact strength
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Table 1. Continued
Material Manufacturing Benefit Drawback Application Reference
process
BF, PLA sheets, Hydraulic press Improved thermal resistance i.e., heat ~ Should avoid high humidity =~ Packaging [116]
PP sheets heating deflection temperature increased by environments
23-34 % than PLA
BF, PLA, AP, Melt-compounding, Biodegradable - Applicable in different [185]
VM, MA, AA  compressionmolding areas of modern life
BCEF, PLA, Mini-extruder, Chemical modifications improved the ~ KH560 treatment slightly Industrial [186]
KH560, MA, mini-injection mechanical properties (Young’s decreased the crystallinity,
NaOH, ethanol, molding modulus increased by 34.6 % than of  virgin BCFs decreased
DCP untreated) mechanical properties
BEF, PLA Compression molding Eco-friendly, sustainable - Sustainable packaging [62]
BF, n-HA, Solution mixing Biodegradable - Bone, and bone fracture [90]
PLGA, KH550 method internal fixation materials
SEBF, PLA, Hot-pressed Similar strength as glass fibre Tensile strength and Young's ~ Automotive, interior [49]
NaOH reinforced plastics, three times higher ~ modulus were about half of
strength than that of mild steel those of E-glass fibre
BF, PLA Manual lay-up Environment-friendly, Applications in aerospace Structural, energy, [65]
high performance, low cost are very restricted automotive
PLA, A-151, Solution cast Bio-nano-composite Tensile strength and modulus  Engineering [118]
BCNW reduced with silane treatment
PLA, BC, Co-rotating twin- Extend the application of bamboo- - Polymer composites [187]
HNO;, NaOH  screw mini-extruder char in polymer composites
BF, PLA,NaOH Compression mold- Biodegradable, natural composite - Industrial [102]
ing, hot-pressing
BF, PP, PLA, Co-rotating twin- Biodegradable, recyclable, low cost, Addition of untreated BF 3D printing [103]
MAPP,NaOH, screw extruder catalyst-free, improved mechanical decreased the impact and
KH550, Isocyanate properties with BF modification flexural strength
BF, PLA, Reactive blending  Fully bio-based composites - Automobile interior [124]
TA-ESO solution parts, containers,
furniture, food packaging
BC, PLA Compression Tensile modulus enhanced with the The addition of BC decreased Food packaging [188]
molding addition of BC patrticles tensile strength, elongation at
break, and shear viscosity
BSSFs, starch,  Molding method Green, low-cost, Dimension stability and Replace traditional sin- [108]
PLA, NaOH, biodegradable composites biodegradability had not been gle-phase or multiphase
KH550, MAH considered materials
rBF, PLA Filament purchased Sustainable, better extrusion properties, Mechanical failure or Fused deposition [106]
superior post-printing modeling ability, adhesive failure, bubbles, modeling
versatile texture cracks, local deformations
BF, PLA Filament purchased Environment-friendly, 0 ° raster angle ~ 0° raster angle provided fewer Fused filament [109]
provided optimal flexural, compression, tensile properties fabrication
impact, and shear properties
BCP, PLA, PEG, Compression Retains good dark attire even in UV Decreased rheological High-temperature food [189]
Recyclostab 411 molding irradiation, high temperature, humidity — properties after weathering,  packaging applications
phase-separated composites
BC,PLA, AHP Melting blending,  Biodegradable, reduce CO and CO, Functional properties for its  Fire retardancy [190]
injection molding,  generation, BC boost the flame retar-  end-use need to be further
hot pressing dancy verified
BC,PLA, AHP Melt-blending Reduce generation of CO, aromatic Generated much CO, and Fire retardancy [191]
compounds, and carbonyl groups smoke during combustion
MCC from Melt-mixing, hot Biodegradable, environment-friendly - Food packaging [88]
bamboo, PLA,  pressing

PBS, H,SO,
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Graupner et al. produced and analyzed the mechanical
properties of composites made entirely of renewable
materials and reviewed the influence of hemp, cotton, kenaf,
and Lyocell (one kind of artificial cellulose fibres) on
attributes of PLA based composites [40]. Bajpai er al.
highlighted the factors and challenges in producing and
characterizing PLA-based green composites [41]. Abdul
Khalil et al. provided a critical review on BF reinforced
composites, highlighting the manufacturing and ensuing
properties of BFs with polymer matrices based on
applications [42]. Liu ef al. overviewed the properties and
structure of BF, how the interface between BF and particular
the polymer matrix affects the performance of the final
composites and place few strategies on biological, chemical
and physical modification of BF [43]. Nurul Fazita et al.
conducted a review study on natural fibre-biopolymer
composites, specially BF-PLA composites intended for
sustainable packaging [44]. A review study was carried out
to understand and order the behaviour of PLA, and natural
fibre reinforced PLA composites and their characteristics
based on processing conditions [45]. Also had proved that
composites from renewable fibres are similar or sometimes
equivalent to composites from synthetic fibres, and various
properties and types of natural fibres had been pointed out as
a potential alternative to synthetic fibres [45]. Muhammad et
al. reviewed different fibre extraction processes (mechanical,
chemical treatment) of BF; the BF reinforced composites, its
manufacturing technique, and applications [46].

From the above literature, it can be postulated that limited
research has been conducted on thermo-mechanical properties,
sustainability aspects, and applications of BF-PLA composites.
Therefore, the main aim of this study is to review the
mechanical properties, thermal characteristics, applicability
of BF-PLA composites based on different manufacturing

n
Chemical structure of
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techniques to create a benchmark for future research
direction and industrialization or commercialization. The
biodegradability, recyclability, and few limitations of BF-
PLA composites are also considered to ensure environmental
sustainability. Moreover, the effects of 3D printing parameters
for BF-PLA composites are also highlighted.

PLA Bamboo Fibre Composites

Natural fibre reinforced composites (NFRCs) have gained
notable acceptance commercially over the past few years.
BF-PLA composites are one of the well-liked NFRCs. BF-
PLA composites are not only eco-friendly composites but
also inexpensive. The low specific weight, reliable thermal
properties, and excellent mechanical strength of BF-PLA
composites make it suitable for the engineering and
industrial sector.

Polylactic Acid (PLA)

Polylactic acid (PLA) or polylactide is biodegradable
[47,48] a versatile thermoplastic polymer produced entirely
from renewable resources like potato, sugarcane, sugar
beets, corn, and other starch-rich crops [49]. Figure 2 shows
the chemical structure, pellets, generation, applications, and
recycling process of PLA. The production of PLA requires
less water, less energy, and emits less carbon dioxide than
traditional polymers, which are petroleum-based [50,51].
PLA has the advantages of compostability, with a favourable
melting point of 160-180 °C [52]. PLA is biocompatible
[53], has low immunogenicity, offers a large scope of
physical and mechanical properties that ease the engineering
process, and is so fitted for multiple applications [53,54].

PLA has been used in various applications including
biomedical [53,55,56], tissue engineering [57], additive

Figure 2. (a) Chemical structure, (b) pellets, and (c) production, recyclability, and applications of PLA.
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Figure 3. Different applications of PLA.
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manufacturing or 3D printing [58-60] sustainable packaging
[61,62], textile [63,64], structural [65], automotive [66],
tissue engineering [67], drug delivery [67], technical items
[47] and also has great potential for surgical masks (FFP2
and KN95/N95 filters) especially during COVID-19
pandemic [68]. The main application areas of PLA are
mentioned in Figure 3.

Moreover, PLA is suitable as a polymer matrix [65,69,70]
for the reinforcements with natural fibres and can be
manufactured by extrusion, compression molding, injection
molding, thermoforming techniques [71]. Although PLA has
potential advantages and numerous fields of applications,
PLA has few technical restrictions also including low
rigidity, poor degradation rate in the normal environment,
less cellular interaction, and inflated hydrophobicity; which
minimizes its water absorption capacity [72-75].

Advantages from Bamboo Fibre (BF)

Bamboo is a giant grass [76], grows all over the world
except Europe and Antarctica. China has the most abundant
bamboo resources globally with an area of over 4210000
hector-meters® which is about 2.8 % of China’s total forest
land [77]. Moreover, the higher mechanical property, such as
the tensile strength of bamboo (391-1000 MPa), is greater
than steel (400-481 MPa). However, the culm of bamboo is
20 times sustainable compared to the ordinary western
building materials such as concrete, steel, and timber in their
natural form [76,78]. One earlier study showed that bamboo
is a reliable replacement for steel reinforcement, which
could minimize the cost of housing applications, especially
in regions where bamboo is more economical than steel [79].
The results from [80] showed that the usage of bamboo
would not only act as a viable alternative for wood-plastic
composites (WPCs) but also enlarge the commercial
employment of bamboo and the evolution of cleaner,
greener, and sustainable products. In terms of environmental
issues, bamboo is considered eco-friendly because it comes
from fully renewable resources.

Furthermore, the bamboo forest has a promising carbon
storage potential (higher than tree or wood), mainly when
the bamboo culms are modified into substantial products
after harvesting. The sequestered carbon will not remit
quickly to the atmosphere because of the increased lifespan
of durable bamboo products. Thereby it has significant role
in carbon sequestration as well as has a supreme impact in

S HEHO8L
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Table 2. Bio-composites and amount of carbon savings

Bio-composites (BCs) Carbon savings (%) Reference
Cellulose fibre BC 16.3-18.7 [70]
Hemp fibre BC 10-50 [70]
Cotton fibre BC 40 [70]
Kenaf fibre BC 9.2-10.7 [70]
Bamboo fibre BC 45.6 [192]
Rice husk 39.1 [192]

mitigating climate change effects [81]. Caron saving
percentage of different bio-composites is shown in Table 2.

For germs protection, bamboo fibres are antibacterial. So,
bamboo fabrics do not irritate the skin and minimize the risk
of allergies [82]. Chemically bamboo contains cellulose of
73.83 %, hemicellulose of 12.49 %, lignin of 10.15 %,
aqueous extract of 3.1 %, and pectin of 0.37 % [44]. The
chemical composition of bamboo and different types of
bamboo fibres are shown in Figure 4. BFs are organic,
recyclable, biodegradable, sustainable, eco-friendly and
cost-effective. However, the water absorbency of BF is high
[6] and so has facilitated the production of biodegradable,
cost-effective, eco-friendly, recyclable, and sustainable
materials. The potential of bamboo fibre extraction, mechanical
properties, thermal characteristics, structural variation, and
chemical modification make it appropriate for use in the
composite industry [46]. However, mechanical testing
results from previous studies showed that BFs have the
capability of the mechanical product [6].

Moreover, it is a suitable replacement for conventional
fibres, such as carbon and glass, in composites material [83].
The U.S. Department of Energy report demonstrated that to
produce a BF mat, the energy consumption is a small
fraction (17 %) of the energy required for the glass fibre
[84]. However, bamboo has gained substantial interest
owing to its high strength-to-weight ratio [42]. Bamboo is
one of the fastest-growing plants, requires less water, and
needs no use of pesticides or herbicides. Also, the bamboo
fibre surface is smooth and round, and its length to diameter
ratio is high. Furthermore, BF is two times lighter; also
stronger and stiffer than glass fibre because Young’s
modulus of BF is about 12 % higher and elongation at break
for BF is up to 22 % larger than E-glass fibre [44,85]. Three
types of BFs can be obtained; long fibres, short fibres, and
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Chemical composition of bamboo fibre
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® Hemicellulose 12.49%
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® Pectin 0.37%
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(c)

Figure 4. Chemical composition of bamboo (left) and bamboo fibres, reproduced from [86] under Creative Commons Attribution 3.0

licence (right).

Table 3. Comparisons among natural fibres, glass, and metal

Properties Natural fibre Glass fibre Metal
Health risk when inhaled No Yes Yes
Renewable Yes No No
Recyclable Yes No Yes
CO;, neutral Yes No No
Biodegradable Yes No No
Energy consumption Low High High
Density Low (0.8-1.1 g/em” for BF) Twice than natural fibres Higher than natural fibres (4.52, 7.26 g/cm’ for
(2.5 g/em’ for E-glass) titanium, stainless steel, respectively)
Cost Low (1.90-2.25 $ per kg for BF) Costly than natural fibres Expensive than natural fibres (titanium per kg
(1.0-4.80 $ per Kg for E-glass) 4.1 $ in April 2021)
Biocompatible Yes Yes Yes (titanium , stainless steel, cobalt-chromium
alloy, and its alloys)
@ Additives
PLA »  Dehydrate v » High-speed mix > mg:ti?::til:?ng C?):;;l:c;ﬁe
Fibre extraction
Bamboo — Sieve —» e Mechanical [ Dehydrate

e Chemical

T

| =] |
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Compression molding

Injection mol
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Hot-press molding

Figure 5. (a) Generation process of BF-PLA composites and (b) common methods for manufacturing.
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powder [86], as shown in Figure 4. Natural fibres offer
several advantages over glass fibres, and metal. The merits
and demerits of natural fibres, glass fibres, and metal are
shown in Table 3.

Production of BF-PLA Composites

Various manufacturing techniques such as compression
molding [87], hot-press molding [51,88], extrusion with a
twin-screw extruder [24,89] injection molding [24], solution
mixing [90], solution casting [91] have been used to produce
BF-PLA composites. Figure 5 represents different manufacturing
methods of BF-PLA composites.

Characterization of BF-PLA Composites

Mechanical Properties of BF-PLA Composites

Reinforcement with natural fibres is now popular owing to
their outstanding mechanical properties, lightweight, and
low cost. Mechanical properties of few natural fibres,
especially bamboo, flax, kenaf, hemp, sisal, ramie, jute,
sisal, bamboo, bagasse, and abaca are better than synthetic
fibres [92]. Mechanical properties of few natural fibres are
shown in Table 4.

The mechanical properties can be determined by tensile
properties, flexural properties, and impact strength. All of
those properties depend on several factors [93], which are as
following

e The type of natural fibre - bamboo, flax, hemp, jute, etc.

e Fibre orientation - Normally, the alignment of fibres in

the composites affects the tensile strength of composites
[94,95]. The better the fibers' orientation, the higher the
strength of reinforced composites [94].

e Type of the polymer matrix - PLA, acrylonitrile butadiene

styrene (ABS), polypropylene (PP), etc.

¢ Type and percentage of fillers (if used)

e Percentage of fibres in the composites - The mechanical

strength (impact strength) of the BF-PLA composite
decreases with the addition of BF [94]. At 20 wt% of BF,

Table 4. Natural fibres and their mechanical properties [44,70]

Natral e " LT (GPa) bk ()
Bamboo 391-1000 48-89 1.9-3.2
Flax 800-1500 60-80 1.2-1.6
Hemp 550-900 30-70 1.6
Kenaf 295 21-60 2.7-6.9
Banana 529-914 27-33.8 53
Palm oil 248 32 2.5
Pineapple 170-1627 60-83 1-3
Cotton 287-597 6-12.6 3-10
Jute 393-700 10-55 1.5-1.8

Fibers and Polymers 2022, Vol.23, No.12 3323

the BF-PLA composites had the optimal mechanical
properties [24].

e The shape of the fibre - which may be cylindrical,
spherical, or rectangular cross-sectioned prisms or
platelets.

e Fibre separation, extraction, and treatment process
(chemical, mechanical) - KH improved the compatibility
between BF and PLA matrix, also has a prime role in the
mechanical properties of BF-PLA composites [94]. In
terms of both NaOH and KH treated BF reinforced PLA
composites, tensile modulus and strength were increased
[94]. While the flexural modulus was improved crucially
with the addition of KH treated BF [94]. A significant
stress transfer between the fibre and polymer is
suggested by the increase in the modulus [96,97]. The
mechanical properties of NaOH treated BF-PLA
composites increased compared to the untreated BF-
PLA composites [24]. Graft-modified BF enhanced the
interfacial harmony of BF and PLA, also the tensile and
flexural properties of BF-PLA composites [36].

e Manufacturing methods or techniques - compression
molding, hot-press molding, twin-screw extruder, injection
molding, solution casting, etc.

¢ Types and percentage of additives - Synthesis plant ester,
epoxidized soybean oil, ethanol, etc.

e Mixing sequence of fibre, matrix, and additives - Mixing
all the materials simultaneously results in the severe
aggregation after extrusion, wire feeding difficulties, and
blocking. To enhance processing efficiency, the PLA
particles should be first added with additives to attach the
liquid to the surface of PLA and next bamboo powders
should be mixed through a high-speed mixer, which
ensures well-proportioned wire and has better surface
quality [98].

Table 5 represents the comparison of mechanical

behaviour among PLA-based natural fibre composites.

Tensile Properties of BF-PLA Composites

The tensile moduli of BF-PLA composite increased with

NaOH treatment, and the tensile strength of BF-PLA
composites also increased with NaOH solution and KH550
specifically; the tensile strength was double than that of the
BF-PLA composite containing untreated BF [18]. The
reinforcement of BF in the weft direction improved the
tensile properties of BF-PLA composites [51]. When the
NaOH treatment had been done for 3 hours, the tensile
modulus, tensile strength, and elongation at break of BP-
PLA composites increased by maximum values of
406.41 MPa, 44.21 MPa, and 6.22 %, respectively [27]. The
poor fiber-matrix compatibility and voids of the bamboo
yarns affected the tensile strength, and the obtained
experimental values for tensile strength of BF-PLA composites
were lower (36 % in the warp and 24 % in the weft
directions) than theoretical [99]. The tensile strength was
reduced to 54.3 % compared to pure PLA by the increment
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Table 5. Mechanical properties of PLA based natural fibre reinforced composites [65,99]

Tensile strength
Natural fibre and content ensile strengt

Tensile modulus Flexural strength Flexural modulus

(MPa) (GPa) (MPa) (MPa)
BF 51 % (weft) 77.58 1.75 149 1200
BF (warp) 80.6 5.92 - -
BF (weft) 61.9 5.17 - -
Jute 15 % 44 0.88 65 3559
Jute 40 % 100.5 9.4 - -
Flax 30 % 55 8.3 - -
Kenaf textiles 82.28 - - -
Cellulose fibre from recycled newspaper 30 % 47.7 6.3 113.4 9700
Abaca 30 % 74 8.032 124 7890
Cellulose 30 % 44 5.846 72 6510
Hemp 73.0 - 102.0 -
Banana 40 % 78.6 7.20 65.4 -

of the natural fillers, and the mechanical strength was
improved from 34.6 to 54 MPa by the addition of coupling
agent MDI [100]. Molding pressure of 1 MPa and molding
temperature of 190 °C were identified as optimal molding
conditions with molding time of 4 minutes that led to
securing the significant tensile strength ratio [21]. With 1 %
of MAH, the tensile strength of the BP-PLA composite
reached a peak value of 47.6 MPa and elongation at break of
6.22 % [31]. NaOH-treated BF's tensile strength was similar
to those of usual strong natural fibres such as flax and hemp
fibres [49]. The obtained tensile strength of kenaf-bamboo-
coir-PLA composites was 187 MPa, which was about 20 %
higher than bamboo-coir-PLA and 78 % higher than kenaf-
coir-PLA composites while Young’s moduli of all three
composites were low, varying from 6.0 to 7.5 GPa [37].
With 15 phr PLA-g-glycidyl methacrylate (PLA-g-GMA),
the tensile strength and tensile modulus of the BF-PLA
composite material were improved by 135 % and 44 %,
respectively [101]. The specific Young’s modulus of the BF-
PLA composite was twice than that of the E-glass/epoxy
composite [65]. At 2 phr of BF-g-LA content, the tensile
strength of BF-PLA/BF-g-LA composites was 55.3 MPa,
i.e., increased by 30 % [23]. After chemical modification of
BFs by NaOH, the tensile properties significantly improved,
tensile strength increased by 49 %, and elongation at break
by 84 %, compared to the untreated one [102]. When 5 %
maleated polypropylene (MAPP) was applied, the tensile
strength of BF-PP-PLA composites reached 33.73 MPa with
an increase of 13 %, compared to the composites without
MAPP [103]. Reinforcing PLA filament with short BFs
where length (I) over diameter (d), /d=4-5 the modulus
increased by 91-230 %, on the contrary the dust-like
fractions increased up to 39 % only [104]. Graft-modified
treatment of BF increased the tensile strength by 19.3 % and
elongation at break by 30.1 % [105]. Tensile testing of BF-

PLA composites revealed that the reinforcement of 20 %
recycled BF caused mechanical or adhesive failure since the
interface between fibre and matrix was not strong enough
[106]. Tensile properties of ultrafine bamboo-char (UFBC)
reinforced BP-PLA bio-composites were mainly influenced
by the interfacial compatibility of the ternary system [107].
The tensile strength of BSSFs-starch-PLA ternary composites
raised maximum values of 33.1 MPa with 20 wt % BSSFs
[108]. Figure 6(a) shows tensile test specimen of pure PLA,
BF-PP-PLA, and BF-PLA composites [103,109].

Flexural Properties of BF-PLA Composites

The flexural properties of the chemically treated BF-PLA
composites highly depend upon the amount of BF and the
types of treatment content. For instance, flexural moduli
increased with the rising of BF content. However, the
flexural moduli increased with NaOH treatment, and the
flexural strength also raised with NaOH and silane coupling
agents [18]. After 3 hours of NaOH treatment, the maximal
flexural modulus and flexural strength of BP-PLA composites
were 4.50 GPa and 83.85 MPa, respectively [27]. Biodegradable
BF-PLA composites offered extremely inflated flexural
strength of 273 MPa, with fibre content of 70 % and
molding temperature of 160 °C [110]. The flexural properties
increased with increasing BF content up to 40 % and then
reduced [111]. When weft direction BF reinforcement was
used, the flexural properties of PLA increased, i.e., flexural
strength by 3.43-47.35 % and modulus by 11.32-112.43 %
[51]. With 0.5% MAH, maximum flexural modulus
4.65 GPa, and flexural strength 72.61 MPa were obtained
while flexural performances were reduced by further
increasing MAH content [31]. The flexural strength was
reduced by 24.53-60.1 % compared to pure PLA by
incrementing the natural fillers while, with the addition of
coupling agent MDI, the mechanical strength was improved
by 70.5 % [100]. The flexural strength of bamboo-coir-PLA
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Table 6. Flexural properties of BF-PLA composites [110,112,113]
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Natural fibre (%) Plastic Temperature (°C) ~ Density (gm/cm®)  Flexural strength (MPa)  Flexural modulus (GPa)

BF 50 % PLA 120 1.26 191.52 3.23
BF 50 % PLA 140 1.29 199.00 5.43
BF 50 % PLA 160 1.30 197.60 5.89
BF 50 % PLA 180 1.29 158.97 5.78
BF 50 % PLA 200 1.16 106.38 5.32
BF 0% PLA 160 1.24 44.50 0.73
BF 30 % PLA 160 1.29 148.08 3.69
BF 70 % PLA 160 1.28 273.28 6.83

- PLA 61-62 1.255 65 -

- ABS 81 1.06-1.08 77 2.48

- PC - 1.20 83-97 2.28-2.35

- PE - 0.94 34-39 1.00-1.55

- POM - 1.41 94-110 2.62-3.38

- PP - 0.90 41-55 1.17-1.73

- PS - 1.05 23-69 1.10-2.69

(206 MPa) and kenaf-bamboo-coir-PLA (199 MPa) were
higher compared to that of kenaf-coir-PLA composites,
about 20 % and 16 %, respectively [37]. With 5 % MAPP,
the flexural strength of BF-PP-PLA composites reached
47.18 MPa, i.e., increased by 11.7 % than the composites
devoid MAPP [103]. The flexural strength of the BF-PLA
composites also improved by 19.3 % with the graft-modified

BF-PP-PLA

treatment of BF [105]. The flexural properties of UFBC
reinforced BP-PLA bio-composites were largely dependent
on the crystallization behaviour [107]. At 20 wt % of BSSFs,
the flexural strength of BSSFs-starch-PLA ternary composites
reached peak values of 50.3 MPa [108]. Flexural properties
of BF-PLA composites and several plastics are listed in
Table 6.

Figure 6. (a) Tensile specimens adapted with permission from [103], Copyright 2018, Society of Plastics Engineers, (b) impact test
specimen of BF-PLA composites, and (c) experimental setup for impact testing (reproduced from [109] under (http://creativecommons.org/

licenses/by/4.0/)).
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Impact Strength of BF-PLA Composites

The impact strength of NFRCs varies with the fibre type,
content, and chemical surface modification techniques. The
increase in natural fibre content decreased the impact
strength (maximum of 23.8 % for BF) of PLA-based
composites, while the impact property improved by 40 %
than neat PLA with the flexible epoxy surface treatment
[114]. BF proved to be a more effective reinforcement than
vetiver grass fibre and coconut fibre reinforcements [114].
The Izod impact energy of the BF-PLA composites was
found to be 6.53+0.23 kJ/m? with 40 mass% of micro-fibril
BF content and decreased for further increase of micro-fibril
BF [111]. With the BF reinforcement in the weft direction,
the impact properties of PLA increased by 57 % than of
PLA matrix [51]. BF-PLA-Cloisite 30B nano-clay-based
laminated hybrid composite was produced using the film-
stacking method, and the impact strength was improved by
about 26.58 %, compared to virgin BF-PLA composites
[115]. The impact strength of BF-PLA composite in warp
direction was increased by 240 % compared to pure PLA
[99,116]. With 2 phr of BF-g-LA content, the impact
strength of BF-PLA-BF-g-LA composites was increased by
27 % and reached at 9.56 kJ/m* [23]. The Charpy impact
strength of BF-PLA composites was 126 J/m, while for pure
polymers was 37.5 J/m [116]. For BF-PP-PLA composites,
at 5% MAPP, the impact strength increased by 23.5 %
compared to the composites without MAPP and reached
3.15 kJ/m? [103]. The impact test specimen of BF-PLA
composites and impact test setup are shown in Figures 6(b)
and 6(c), respectively.

Thermal Characteristics of BF-PLA Composites
Thermal behaviour also has a vital role in the practical
applications of any composites [117]. Various testing
methods, such as differential scanning calorimetry (DSC),
differential thermogravimetry (DTQG), thermogravimetric
analysis (TGA), Vicat softening point test (VST), are
performed to investigate the thermal characteristics. The
thermal decomposition temperature of BF-PLA composites
was raised with PLA-g-glycidyl methacrylate (GMA) [101].
The BF-PLA composites with titanate coupling agent
treatment (NaOH-1 % NDZ201) had significant thermal
stability among the NaOH, NaOH-KH550, and NaOH-
NDZ201 surface treatment [25]. The glass transition
temperature (T,) and crystallinity reduced from 45.6 °C/
30.33 % to 33.6 °C/13.23 % with 16 wt% A-151 treatment
[118]. A thermal analysis had performed to show the
difference in T, for two types of PLA plasticizer (cPLA1 and
cPLA2), which specified cPLA1 as more significant for 3D
printing since the T, for cPLA2 was too low, i.e., 27.1-
27.6 °C for cPLA2 and 37.6-41.9 °C for cPLA1 [104].
NaOH treatment reduced the thermal stability for BF-PLA
composites by 16.74-28.86 % than PLA [24]. Graft-
modified treatment improved the overall thermal stability of
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the BF-PLA composites relative to the unmodified form,
i.e., crystallinity increased by 5.14 % [105]. Both DSC and
X-ray diffraction (XRD) revealed that the NaOH treated BF
functioned as nucleating agents and caused harm to the
polymer crystallization [102]. However, TGA indicated the
superior thermal stability of NaOH treated BFs [102]. The
starch-polypropylene (PP) based BF reinforced composites
were fabricated through injection molding and extrusion
techniques, which concluded that adding a certain amount of
BF can enhance the thermal stability of resultant composites
[119]. The degree of crystallinity (X,) is calculated by the
equation (1)

XL,:ﬂ'x 100% @)
AH,
where, AH, denotes the heat of fusion, AH, represents the
heat of fusion for 100 % crystalline of the composites [119].
Table 7 presents different methods of thermal characterization
of BF-PLA composites with and without chemical
modification.

Creep Behaviour Analysis of BF-PLA Composites

Creep behaviour refers to the tendency of a polymer to
bend under extrinsic loads, mainly with the temperature
rises. In an earlier study, the creep resistance and mechanical
properties of BF-rPLA composites were investigated. The
BF-rPLA composites were manufactured using the
compression molding technique and exhibited the ultimate
creep resistance at 60 wt% of fibre among all the BF-rPLA
composites, and then reduced with increasing the fibre by
more than 70 wt%. That study also highlighted that the
modulus of all BF-rPLA composites decreased around 27-
40 % within 30 years [87]. The creep curves of BF-rPLA
composites in a normal time scale and the creep master
curves at a reference temperature (20 °C) are shown in
Figure 7.

Sustainable Aspects of BF-PLA Composites

Natural fibre reinforced composites (NFRCs) or green
composites or bio-based products derived from reinforcement
with the renewable resources possess recyclability and
triggered biodegradability (i.e., would degrade easily after
disposal in composting conditions but remain stable in an
intended lifetime) with environmental acceptability, and
commercial feasibility are referred as “sustainable” bio-
based products or composites [120]. The schematic
representation of sustainability is shown in Figure 8. Fazita
et al. concluded BF-PLA composite as eco-friendly and
sustainable in product packaging [62]. Due to bamboo's
excellent structural, mechanical properties, and environmental
advantages, it is considered a primary building material for
sustainable construction [76]; also, bamboo has a high
potentiality to be developed as sustainable raw material for
composites [86].
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Table 7. Thermal characterization of BF-PLA composites
Composite Fibre (%) Chemical treatment Characterization Result Reference
BF, PLA 0, 10, 20, 30, MAH, DCP DSC X, enhanced with the addition of BF as well [181]
40, 50 as BF-e-MA in non-isothermal crystallization
BF, PLA, PBS 10, 20, 30, 40, 50 LDI (coupling agent) DSC, TGA X, increased and enthalpy decreasd in both [145]
composites with increasing LDI
BF, PLA 60 - Hotwire method BF-PLA composites had low thermal con- [183]
ductivity comparable with that of woods
BF, PLA - NaOH, stream exploded, DSC The heat resistance and thermal properties [193]
mechanically (rolling and cutting) improved with the addition of BF
BF, PP, PLA 35 MAH-g-PP DSC Atratio 0f 48.75:13:35:3.25 for PP:PLA:BF:  [38]
MAH-g-PP optimal thermal properties were
obtained, similar phenomena had found for
rheological and morphological properties also
BF, PLA, Talc 1 no DSC BF had a minor effect on the X, while the [20]
talc played a significant role
BF, PLA 10, 20, 30 NaOH, KH TGA Silane treated BF-PLA composite showed [18]
better thermal and mechanical properties
relative to delignified BF-PLA composite
BF, PLA, CF, WF 2,8 - DSC, DMA, [194]
VST, TGA
WBEF, PLA - no TGA (on BF yarn) The BFs are stable until around 220°C [51]
BF, PLA 50 no DSC Thermomechanical properties of BF-PLA [22]
composites highly depened on the process
parameters
BF, PLA, Cloisite - NaOH, HCl TGA Increased thermal stability [184]
30B nano-clay
BF, CG PLA 30 MDI TGA The thermal characteristics were enhanced by ~ [100]
the coupling agent
BP, PLA 30 wt NaOH DSC Treated BP offered better interfacial [27]
compatibility and a higher X,
BCF, PLA 2 wt NaOH, KH, MA, grafting, DSC The crystallinity enhanced with NaOH [186]
ethanol, DCP treatment while slightly decreased after KH
treatment, T, for all composites were slightly
higher compared to pure PLA
BF, PLA 15 wt PLA-g-GMA TGA Thermal decomposition temperature [101]
increased with the addition PLA-g-GMA
BF, PLA, - no DSC, TGA Increased the thermal stability of both PLA [116]
PP sheet and PP
BF, PLA 10, 20, 30 NaOH, KH and acrylation, TGA Both AA and MA enhanced the thermal [185]
MA grafting characteristics of BF-PLA composites
BP, PLA - NaOH, MAH DSC T, was improved, whereas X, was reduced at ~ [31]
0.5 % MAH and opposite was true for
excessive MAH
BF, n-HA, PLGA 10 NaOH, KH DSC Different surface modification treatmentshad ~ [90]
significant impact on crystallization
behaviour of PLGA
BF, PLA - no DSC BF had minimal effect on T, and T,, both for ~ [62]
recycled and virgin BF-PLA composites
rBF, nano-clay, - KH, NaOH TGA The enhancement for heat distortion tempera- ~ [33]
PLA ture raised up to 102 %, also improved
thermal stability significantly
BF, lactide, PLA 15 BF-g-LA (compatibilizer) TGA Thermal decomposition temperature was [23]

increased
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Table 7. Continued
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Composite Fibre (%) Chemical treatment Characterization Result Reference
BF, RWF,PLA 5,10, 20, 30, Acetone, CH2CI2, Ul, A171 DSC With the increasing content of fibres, T, and ~ [195]
40, 50 T,, of BF-PLA composites enhanced first
and then reduced, but reverese phenomena
had been ovserved for RWF-PLA composites
BF, PLA - no TGA, DSC The innovative mechanical extraction [65]
process can be used in the industrial level
BCNW, PLA - NaOH, NaClO,, AA, H,SO,, DSC, TGA The thermal degradation stability, The T,, [196]
(3-mercaptopropyl) (A-189) and crystallinity decreased remarkably after
treatment
BF, PLA 40 wt DA, NaOH DSC, TGA Thermal stability improved significantly [26]
with synergistic treatment
UFBC, BP,PLA UFBC(0,1.0,2.5,5.0,no DSC X, enhanced with the increment of UFBC [107]
7.5,10.0, 12.5 wt) and reached to 42.2 %, slightly decreased at
BP (0, 30,29,27.5,25, UFBC of 5.0 wt%
22.5,20,17.5)
BF, PLA NaOH, NaOH-KH550, DSC, TGA, Thermal characteristics of BF-PLA compos-  [25]
NaOH-NDZ201 VST ites improved with surface modified treated
BF compared to both pure PLA and
untreated BF-PLA composites
BF, PLA - NaOH, grafting DSC, TGA The grafting modification improved the [35]
overall thermal performance of PLA-g-BF
composites
BCNW, PLA - NaOH, NaClO,, H,SO,, A-151  TGA, DSC Thermal properties including T, and crystal- ~ [118]
linity decreased remarkably after treatment
BCNW, PLA 0,0.5,1.0,1.5,2.0, NaOH, NaClO,, H,SO,, DSC At 2.5 wt% of BCNW, the optimal T, and [91]
2.5,3.0,3.5, and ultrasonically treated, uranyl cold crystallinity were obtained for BCNW-
4.0 wt% acetate PLA composites
BF, PLA - NaOH TGA, DSC Superior thermal stability [102]
BF, PLA - NaOH, Grafting, glycerol, DSC, TGA The optimal thermal stability was found [197]
tributyl citrate, formamide when the ratio of glycerol: tributyl citrate:
formamide was 2:3:1
BSSFs, starch, 0,10,20,30,40 wt  NaOH, KH550, MAH TGA The addition of BSSFs might lessen the [108]
PLA thermal stability
BCNW, PLA KH, NaClO,, NaOH, H,SO,, DSC T, and crystallinity decreased after the [32]
A-151, A-1100, A-174, A-189 surface modifications
BP, PLA 5,10 Electron beam DSC Improved the thermal properties, impact [39]
strength and overall mechanical performance
BF, PLA 10, 20, 30, 40 TA-ESO solution DSC TA-ESO content from 5 to 20 wt% [124]
promoted the crystallization of PLA
BF, PLA - NaOH, glycerol/formamide/ DSC, TGA Improved the final thermal stability [36]
tributyl citrate, Grafting
BE, PLA 10,15,20,30 NaOH, PEG TGA, DSC The increment of BF content reduced [24]
thermal stability
BF, PP, PLA 0, 10,20, 30 NaOH, KH, Isocyanate, NaOH  TGA, DSC MAPP enhanced thermal stability, chemi- [103]
and isocyanate treatment cally modified BF has better thermal stability
BCP, PLA 50 wt PEG, Recyclostab 411 DSC, TGA Improved thermal stability while no signifi-  [189]
cant effect had been found for the weathering
condition in case of thermal stability
BC, AHP 5,15,25,35 Derived from [190] DSC, TGA Thermal decomposition decreased signifi- [191]
cantly with the addition of AHP
BF, PLA, - NaOH TGA Maximal thermal stability was obtained for [30]
nano-SiO, 1.5 % of nano-SiO,
MCC from bam- 0.5, 1, 1.5 wt Acid hydrolysis technique (to TGA, DTG MCC enhanced the crystallinity, and thermal ~ [88]
boo, PLA, PBS extract MCC), H,SO, DSC stability
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Figure 7. Creep master curves of various BF-rPLA composites: (a) in a normal time scale, (b) at 20 °C temperature (Adapted with

permission from [87], Copyright 2015, Elsevier).

Figure 8. Concept of sustainable composites.

Biodegradation of BF-PLA Composites

Biodegradability refers to the ability of materials or
composites to completely break down into water (H,O) and
carbon dioxide (CO,) through the action of natural
microorganisms, like algae, bacteria, and fungi, and no
ecological harm occurs during the process [5,121]. Different
test methods such as soil burial and compost conditions,
tests with river or sea water, aerobic tests are used to
determine the biodegradability of composites. The degradation

Environmental Economic
* Energy efficiency
* Green technology
* Renewable fuels

rate of aerobic tests with water and compost conditions is
faster than the soil burial test. It is required to measure the
weight loss of composites to calculate the degradation rate.
The weight loss of the composite can be determined by
equation (2),
Weight loss (%) = w % 100 ?)
0

where W, denotes the sample weights before biodegradation
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Figure 9. Biodegradation of BF-PLA composites; (a) under controlled composting conditions and (b) in open environment (reused from

[62] under (http://creativecommons.org/licenses/by/4.0/)).

test and W, represents the sample weights after the
biodegradation test.

To develop biodegradable composites, BFs might
potentially be a viable applicant as reinforcements [102]. A
study was performed to analyze the biodegradability of BF-
PLA composites for sustainable packaging, and the results
indicated that the degradation rate of BF-PLA composites
decreased with the reinforcement of BF [62]. Wang et al.

Compression
molding

Injection
molding

fabricated 100 % biodegradable composites for industrial
applications by reinforcing PLA with NaOH treated BF
[102]. The BF-PP-PLA composites demonstrated the
advantages, including low cost and biodegradability [103].
Adding a certain mass of BF can enhance the biodegradation
rate and thermal stability of the starch-PP-BF composites
[119]. The natural aging of BF-PLA composites (prepared
by injection molding process) was serious and needed to

Thermoforming

Extrusion &
pelletization

Figure 10. Manufacturing and recycling of BF-PLA composites (reproduced from [62] under (http://creativecommons.org/licenses/by/4.0/)).
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adopt certain technical means to further improve the
composites outdoor use performance as the impact strength
and tensile strength were reduced by 75.8 % and 69.6 %,
respectively, after aging for 137 days [122]. Figure 9 shows
biodegradation of BF-PLA composites both under controlled
composting conditions and naturally.

Recyclability of BF-PLA Composites

In previous research, BF-PLA composites were produced
by compression molding, and thermoforming technique was
applied to employ those resultant composites in sustainable
packaging. Later the composites were then recycled through
granulation, extrusion, and pelletization methods. Again
sustainable products for packaging were fabricated from
recycled BF-PLA composites by injection molding. That
study concluded that the resultant BF-PLA composites had
sufficient thermal stability and mechanical rigidity to be
reused and recycled potentially [62]. Also, the BF-PP-PLA
composites include the advantage of recyclability [103].
Figure 10 represents the manufacturing and recycling
process of BF-PLA composites.

Applications of BF-PLA Composites

Bamboo PLA Composites for Sustainable Packaging
The incredible characteristics of plastic, such as cheap
availability, lightweight, long-lasting, flexible, corrosion-
resistant high thermal and electrical insulation properties [1],
make it suitable for packaging applications. However, the
usage of plastics causes serious pollutant emissions [44].
Usually, plastic packaging is thrown away after using it once
and results in continuous waste flow. One of the key
approaches to minimizing this waste is using biodegradable
polymers or natural fibres in reinforcement with non-
biodegradable polymers as packaging materials. Some
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major features of packaging products are biodegradability,
heat deflection temperature, impact resistance, physical
properties, and recyclability [44]. PLA is a common type of
biodegradable thermoplastic polymer, has been generally
used as planting cups and plastic bags [123]. NFRCs,
especially BF-PLA composites, have been employed for
packaging, which are environment friendly, renewable, and
can replace the plastics efficiently [92]. However, BF-PLA
composites have superior impact strength and thermal
resistance compared to virgin PLA [116]. Thus, BF-PLA
composites have great potential to be used in sustainable
packaging [62,116]. A comparative study on the functional
characteristics of BF-PP and BF-PLA composites intended
for packaging applications had done in earlier research.
Results indicated that Charpy impact strength for both BF-
PP and BF-PLA was increased than that of the virgin
polymers. A similar trend was obtained from drop weight
impact tests also. From the DSC, TGA, and heat deflection
temperature analysis, it was proven that the addition of BF
influenced the thermal resistance positively. In terms of
water absorption, BF-PP composites revealed lower water
absorption (7.3 %) compared to BF-PLA composites (13 %)
[116]. One previous review study discussed various effective
properties and examples of packaging products to investigate
the potentiality of BF-PLA composites for sustainable
packaging applications [44]. The obtained BF/TA-ESO/
PLA ternary bio-composites had great potential applications
such as containers and food packaging [124]. The MCC-
PBS-PLA composites can be considered suitable material
for packaging applications where MCC was extracted from
bamboo [88]. The applications of BF-PLA composites in
sustainable packaging and structural field are shown in
Figure 11.

BF-PLA composites in sustainable packaging

Food packaging

Cosmetics packaging

BF-PLA composites in structural applications

Structural applications J

S

(e)

(g)

() (sl)
-

(h)

Figure 11. Some conventional packaging products of BF-PLA composites; (a) lunch box [125], (b) food tray [126], (c) cutlery set [127], (d)
coffee mug [128], (e-h) cosmetic jar packaging [129,130], (s1-s2) structural applications of BF-PLA [65].
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Structural Applications of Bamboo Fibre-filled PLA
Composites

Bamboo culm (bamboo in natural form) demonstrates
around 20 times more sustainability than common western
building substances such as concrete, steel, and timber in
several applications [78]. Bamboo has significant potential
as a building material mainly for organic-shaped buildings
also become a reliable building material like concrete and
steel. It is easy to lithe and bend the bamboo while used as a
structural material. Therefore, bamboo can be used reliably
and responsibly [131]. A biodegradable BF-PLA composite
was manufactured for structural applications. The fully
biodegradable BF-PLA composite was manufactured by
manual lay-up and then melting, where the heating temperature
was 185 °C for 20 minutes to avoid the degradation of
bamboo. A meager amount of PLA resin (3.5 %) was used
to bond the mechanically extracted bamboo strips through
Resin Film Infusion (RFI), where the BF content was 63 %
and lignin 33.5 % [65]. That BF-PLA composite showed
compressive strength (approximately 187 MPa-cm’/g) similar
to aerospace composites, about 84 % of the specific tensile
strength. In Young’s modulus, BF-PLA (38 GPa-cm’/g) was
more than double that of E-glass/epoxy (18 GPa-cm®/g). The
flexural strength (about 273 MPa-cm?/g) was near E-glass/
epoxy (270 MPa-ecm’/g approximately). However, the in-
plane shear strength (around 8 MPa-cm’/g) was too lower in
comparison to that of E-glass/epoxy (about 33 MPa-cm’/g) due
to the gaps between strips and poor adherence between the
matrix and fibre [65]. Besides offering good mechanical
behaviour, BF-PLA might be considered a viable alternative
to wood-reinforced materials, aluminium alloys, and E-
glass/epoxy composites [65].

BF-PLA Composites in Automotive Applications

The application of NFPCs (Natural fibre reinforced
polymer composites) in transportation diligence has become
inexorable due to lightweight, superior properties, less cost
of production, and suitability to many products [93]. NFRCs
have been applied in the automotive sector widely. The
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replacement of glass fibre with reinforcement of natural
plant fibres in plastic polymers has gained significant
popularity. While the common natural plant fibres are
bamboo, kenaf, cotton, flax, banana, wood, bust, coir, jute,
hemp, rice straw, wheat straw, sisal, tomato, potato, and
ramie, etc. [132-135]. The benefits of using NFRCs are
mainly owing to their lightweight instead of their renewable
sources or natural origin [135]. Materials experts estimated
that advanced composites might create 50-67 % lighter auto-
body in comparison to a similar-sized auto-body made from
steel, with a mass reduction of 40-55 % for an aluminum and
mass reduction of 25-30 % for an optimized steel auto-body
[14,136]. However, according to estimation, vehicle weight
influenced the fuel consumption around 75 %, while fuel
efficiency increased about 6-8 % with each 10 % reduction
of vehicle weight. Furthermore, emission of CO, reduced
(20 g/km) for every 100 kg reduction in the weight of
automotive [137]. Figure 12(b) represents the automotive
part (door trim) made by bamboo composite material.
NFRCs are mainly employed in automotive interior parts
due to their comparatively low mechanical properties and
inherent moisture sensitivity. Generally, interior parts such
as dashboard, indoor panels, floor mats, fillers, seatbacks,
liners, storage bins, and package shelves are manufactured
with NFRCs. Also, NFRCs can be applied to few exterior
parts of vehicles. For example, abaca reinforced composites
have been used in bumpers, spoilers, spire tire covers, load
floors, seat frames, fender components, etc. The utilization
of flax-polyester composites, especially in engine and
transmission enclosure, can help in sound insulation. Recent
research had been done to expand the potentiality of NFRCs
in automotive applications, flax-acrodur with soaked flax
tape in fast molding parts, flax-vinyl ester composites in
hoods, and hemp-PP composites in decking and interior
parts in vehicles [137,139,140]. Also, kenaf-epoxy composites
in spall liners, pine-maple flour reinforced nylon composites
in under hood parts, palm-phenolic resin composites in
brake pads [95,141-143]. Furthermore, bamboo-polyurethane
(BF-TPU) composites in door panels can be used for sound

(a) Seat cushions N
E Structural foam
Sunshade \ "
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Energy
management

= Carpet backing

= Elastomers
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Headrest 2
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Headliner \
Acoustical
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Figure 12. (a) Automotive parts that can be made with composites [138] and (b) door trim prototype of bamboo composite. Adapted with

permission from [42], Copyright 2012, Elsevier.
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Table 8. NFRC:s in the automobile sector
Natural fibre Automotive part Brand name Vehicle Reference

Abaca Spare tire well Mercedes-Benz A-Class, two-door coupe vehicle [14]
Jute Door panels Mercedes-Benz E-class vehicles [14]
Kenaf Spare tire cover Toyota RAUM 2003 [14]
Bamboo Interior components Mitsubishi Motors - [14]
Soy Seat foams Toyota RAV4 [14]
Wheat straw Inner lid and storage bin Ford 2010 Flex crossover vehicle [14]
Prepreg Lower door panels BMW 7 Series sedan [14]
Flax Engine and transmission enclosures Mercedes-Benz Travego travel coach model [14]
Bamboo Door panels Fiat - [135]
Mixed flax/sisal Door trim and Panels Audi A2 midrange car [198]

absorption [144]. Because of high mechanical properties,
BF-PLA composites are considered viable materials for
industrial applications, commonly in automotive and energy
applications [65]. From one earlier study [49], the obtained
tensile strength of BF-PLA composites was significantly
comparable to that of glass fibre reinforced plastic
composites. Moreover, the particular strength of final BF-
PLA composites was three times higher than that of mild
steel. Thus BF-PLA composites can be a sustainable
alternative to common glass fibre reinforced composites for
automotive interior parts, including door trim panels,
luggage compartment floor, and load floor [49]. The obtained
BF/TA-ESO/PLA ternary bio-composites had great potential
for automobile interior parts [124]. The implementations of
NFRCs in the automobile industry are shown in Table 8.

Other Applications of BF-PLA Composites

Since bamboo is one of the economical raw materials, the
usage of bamboo panels has expanded significantly in the
secondary structural sector, mainly as flooring, building
application, and sports [65]. BF-PLA and BF-PBS composites
have potential applications, including flooring, furniture,
disposable products (one-way), toys for children, and hardware
for electronic products [145]. Bamboo with polyester can be
used as footwear [146], biomedical appliances [146]
dielectric materials [147,148]. Bamboo and wood fibres
based composites are used to produce various instruments
for musical applications [149]. One earlier study overviewed
different types of natural fibres based composites used for

Table 9. NFRCs intend for dielectric applications

dielectric applications [147]. The NaOH and KH treatments
with nano-clay filler enhanced BF reinforced composites'
mechanical and dielectric properties [115,150]. The obtained
BF/TA-ESO/PLA ternary bio-composites had great potential
applications such as furniture [124]. Table 9 presents the
dielectric properties of NFRCs, including BF-PLA composites.

Bamboo PLA Composites for Additive
Manufacturing

Three-dimensional printing (3DP) or additive manufacturing
(AM) [151,152] is a fast rapid prototyping process and has
been growing at an exponential rate in the last few years.
AM has gained significant interest because of its sustainability,
simplicity, low cost, waste remediation, and ability to
produce complex shapes without any modifications [153].
This fast-emerging technique allows fabricating products
directly from computer-aided design (CAD) or computed
tomography (CT) scan under computer control [154].

The 3D printing technology has found various applications,
including automobile, aerospace, building, architectural
design, metal and alloy, digital art, telecommunication,
electronics, biomedical equipment, bone tissue engineering,
sports, textile, apparel, and fashion industry [153,155,158-
161]. Figure 13 illustrates the schematic, types, and
applications of 3D printing.

ASTM classified 3DP into seven categories: material
extrusion, powder bed fusion, sheet lamination, vat
photopolymerization, directed energy deposition, binder

Natural fibre Polymer Dielectric constant Frequency Chemical treatment Reference
BF PLA 4.5-14 100 Hz-1 MHz Nano-clay, mercerization [115]
BF Epoxy 5-7 0-1 MHz NaOH, KH [150]
Palm sugar Epoxy 8-24 1 kHz NaOH [199]
Chicken feather fiber Epoxy 34-54 10 kHz-1 MHz EPON 862, Epikure W [200]
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Figure 13. (a) Schematic, (b) types, and (c) applications of 3D printing (automotive [160], aecrospace [161], architecture [162], fashion & art
[163], biomedical [164], telecommunication [165], textile [166], sports [167]).

jetting, and material jetting [168]. There are several methods
of 3D printing such as fused filament fabrication (FFF) or
fused deposition modeling (FDM) (based on material
extrusion); stereolithography (SLA), digital light processing
(DLP), and continuous liquid interface production (CLIP)
(based on vat photopolymerization); direct metal laser
sintering (DMLS)), selective laser sintering (SLS), and multi-
jet fusion (MJF) (based on powder bed fusion) [168,169].
FDM was first developed by Stratasys in Eden Prairie,
Minnesota [170]. FDM provides optimum strength-to-
weight ratios, excellent chemical and thermal resistance to
the functional prototypes and 3D printed parts. It is easy to
design and assemble FDM 3D printers at a low cost and is
thus known as personal 3D printers [171]. FDM 3D printing
methodology has been commonly used because of its
affordability, simplicity, reliability, material availability, and
minimal wastage [171]. In FDM, a filament (commonly
made of plastics or wax materials) is extruded via a nozzle,
and the 3D objects are printed layer by layer on the printing

bed through the deposition of the filament material.

The nozzle has resistive heaters to keep the filament at a
temperature just aloft to its melting point to flow smoothly
through the nozzle and create the layers. Each layer is piled
onto the previous layer until the whole part is fabricated
[170]. FDM utilizes strong, engineering-grade materials like
PLA, acrylonitrile butadiene styrene (ABS), polyamide,
polycarbonate (PC), polyethene (PE), polypropylene (PP),
polyurethane (TPU), polyvinyl alcohol (PVA), acrylonitrile
styrene acrylate (ASA) and investment casting wax
[170,172]. Printable filaments for FDM 3D printers can be
made from a variety of thermoplastic materials. Most
commercially available thermoplastic filaments are not
biodegradable and sometimes may not be safe for human
health. So production of biodegradable, non-toxic, sustainable,
recyclable, low-cost filaments for 3D Printing has become
one of the leading issues for AM. Currently, innovative
research has been found in producing new environment-
friendly, cost-effective filaments using natural fibres such as
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(a) (b)

Figure 14. Filaments for 3D printing: (a) PLA and (b) BF-PP-
PLA. Adapted with permission from [103], Copyright 2018,
Society of Plastics Engineers.

wood, bamboo, flax, kenaf, coir, sisal as an alternative
sustainable material. Natural fibre reinforced composite
materials are sustainable and greener alternative to the field
of additive manufacturing. Implementing natural fibres
alternative to synthetic fibres to produce the filaments for 3D
printing can minimize the gas emissions linked to the
manufacture of the synthetic fibres [173]. Due to abundant
resources of bamboo, fast growing rate, great water
absorbency, antibacterial properties, lightweight, low-cost,
durability, higher tensile strength bamboo has greater
efficiency for the development of FDM filaments. However,
PLA is a biodegradable plastic that is made from corn.
Innovative research has focused on producing new
composite materials based on PLA reinforced with BF.
Different studies on bamboo PLA composites intend for
additive manufacturing are shown in Table 10.
Where wt% was calculated by the equation (3),

Fibers and Polymers 2022, Vol.23, No.12 3335

_ weight dry fibers after dissolving

9 -
Wit filament weight

3
Figure 14 shows FDM filaments for 3D printing made
with pure PLA and BF-PP-PLA composites.
Nowadays, few natural fibre reinforced FDM filaments
are available commercially, which are listed in Table 11.
Where the percentage of BF in the filament material was
calculated using equation (4) [109],

pcompasite_pmatrix =9 ofﬁller material (4)

P, reinforcement Pmatrix

Effects of 3D Printing Parameters on Printed Objects

It has been proofed that the mechanical properties of 3D
printed objects highly depend upon the printing parameters
[174,175]. There are certain printing parameters such as the
nozzle diameter, nozzle type, printing temperature, infill
density, layer height, raster angle, deposition geometry
[109], extrusion velocity, printing speed, air gap, etc. which
significantly influence the mechanical properties of 3D
printed objects [98,106,174,176]. Appropriate adjustments
of parameters are required for smooth printing using BF-
PLA composites [98]. Tensile strength increases appreciably
with a larger nozzle diameter; higher layer thickness, higher
extrusion, and filling velocity reduced the build time while
the surface roughness increased [174]. Moreover, the
printing parameters can affect the surface roughness as well.
The surface roughness leads to worsening if wall thickness
or and layer height increases [177]. The printing process was

Table 10. Bamboo fibre reinforced filaments for Fused Deposition Modeling (FDM) 3D Printer

Natural fibre Plastic Additives Extruder AM method Result Reference
BF PP MAPP Co-rotating Injection  The thermal stability of final composites reduced with  [103]
(20 wt%) PLA MDI twin-screw molding  the increment of MAPP
IPDI extruder At 5% MAPP the flexural, tensile, & impact strength
AR,KH increased by 11.7, 13, & 23.5 %, respectively
BF-PP-PLA composites were potential for 3D printing
BF+FF PLA cPLA1 Co-rotating Reinforcement of short BF with PLA filament [104]
(15 wt%) cPLA2 twin-screw enhanced the modulus by 91-230 %
extruder The dust-like fractions raised up to 39 % only
BP PLA PEG600 Conical 3D Printing The ideal proportion of PLA and BP was 5:2 along [98]
(20.1, 19.99, DOP twin-screw with plasticizer of 2 %, lubricant of 2 %, and the
20.02 %) Synthesis Plant Ester extruder extrusion temperature was 180 °C
Epoxidized Soybean
Oil
rBF PLA - - 3D Printing Mostly fill density and deposition geometry influenced [106]
(20 %) the elasticity
BF PLA - - 3D Printing Raster angle of 0 © was suitable for each properties [109]
(11.8 %) except tensile
BF PLA Ethanol, 3-Aminopro- Extruder 3D Printing The optimal BF-PLA bio-composites for manufactur-  [201]
(10, 20, 30) pyl triethoxysilane ing 3D printer filament was used in a mixture ratio of

10:90
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Table 11. Commercially available natural fibre reinforced FDM filaments

Natural fibre Filler percentage Plastic Filament name, company Reference
Bamboo 11.8 PLA eBamboo, eSUN, China [109]
Bamboo 20 PLA, PHA - ColorFabb, Netherland [202]
Recycled bamboo 20 PLA BambooFill, ColorFabb, Netherland [106]
Recycled wood 15 PLA, PHA - ColorFabb, Netherland [202]
Bamboo/Bamboo fill - PLA - ColorFabb, Netherland [70]
Pine/Wood fill - PLA ColorFabb, Netherland [70]
Recycled wood - PLA, PHA WoodFill fine [202]
Recycled wood 40 PLA Laywoo- D3 [202]
Wood 40 PLA Bilby 3D [202]
Cedar fibre 40 PLA EasyWood [202]
Cellulose 40 PLA Laywood [202]
Dried crop residues - PLA Jinghe, China [70]
Cherry wood or lay wood - PLA CC Products, Germany [70]
Table 12. 3D printing parameters for BF-PLA composites

Printing Extrusion Printing Nozzle Printing bed Nozzle Printing Support
speed speed temperature temperature temperature size thickness angle Reference
(mm/sec) (mm/min) ((®) (°C) (°C) (mm) (mm) (degree)
50 41 - 195 - - 0.25 60
30 31 - 195 - - 0.15 20 [98]
30 25 - 190 - - 0.2 50
60 - - 230 50 0.6 0.2 - [109]
40 - 200 - 50 - - - [106]
40-60 - - 180-200 40-60 - - - [103]
60 60-80 - 215 90 - - - [201]

smooth and steady with a nozzle diameter of 0.4 mm, and a
printing thickness of 0.20 mm-0.40 mm for bamboo powder
(0.27 mm in size) [98]. Impact energy absorption and
ductility effectively relate to the raster angle orientation.
Raster angle of 0 ° orientation was efficient among the four
orientations (0°, 90°, 0°90°, and -45°/45°) for all
aspects, except tensile properties [109]. Table 12 represents
the printing parameters of bamboo-based FDM filaments for
the existing literature.

Restrictions of 3D Printing with BF-PLA Composites
and Future Recommendation

As mentioned above, bamboo contains cellulose of
73.83 %, hemicellulose of 12.49 % [44]. However, cellulose
materials can decompose thermally before melting and
become flowable when heated. Thus cellulose materials are
considered infeasible for 3DP [178]. Different chemical
modification processes (NaOH, KH), grafting, electron
beam, compatibilizer have been employed to resolve this
issue. For example, using partially liquefied cellulose in
NaOH/urea solvent system, an ultra-strong, lightweight,

flexible, and thermally insulated structure was manufactured
through 3DP successfully [179]. Contrastingly, the nanocellulose
hydrogels, cellulose esters, cellulose solutions in ionic
liquids, MCC, can be used to fabricate high quality, stable
3D structures [178,180]. MCC also improves thermal
crystallinity [88]. Significant research should be done to
create a benchmark for 3DP using cellulose-based materials
in the upcoming future.

Limitations of BF-PLA Composites

Although natural fibres offer several advantages like low
cost, low density, biodegradability, high strength, better
insulation, less dermal and respiratory irritation, etc. A major
disadvantage regarding natural fibres is their poor interfacial
compatibility with plastic polymers because of their
hydrophobic feature. This hydrophilic nature results in
irregular distribution of fibres in the polymer matrices. The
irregular growth conditions of fibre can change the mechanical
properties [16]. Moreover, lower durability, higher moisture
absorption, lower mechanical properties, inferior fire resistance,
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difficulties to process compared to synthetic fibres, and
variation in quality and price reduce the applicability of
natural fibres [12]. Several studies have been conducted to
resolve these issues through different chemical surface
modification treatments of natural fibres to minimize the
water absorption and enhance the interfacial bonding of fibre
and matrix [12,16]. Morales et al. concluded that the
applications of BF-PLA composites in the aerospace
industry are minimal [65], and Rawi et al. suggested that the
possible packaging applications with BF-PLA composite
should avoid a high humidity environment [116].

Conclusion

In this review, various manufacturing processes of BF-
PLA composites were summarized. The mechanical
properties, thermal characterization, sustainability aspects,
and applications of BF-PLA composites were also discussed.
Moreover, the uses of BF-PLA composites in additive
manufacturing, effects of 3D printing parameters were
mentioned. Furthermore, few limitations of BF-PLA
composites were reported. The following interfaces can be
extracted from the current study.

1. The mechanical properties and thermal characteristics of
BF-PLA composites remarkably depend upon the different
fibre extraction processes, surface modification, or
chemical treatment such as NaOH, silane coupling agent,
and uses of coupling agent.

2. The weft direction BF reinforcement improves the tensile
properties of PLA. The specific Young’s modulus of the
BF-PLA composites was double in magnitude than that of
E-glass/epoxy composites. The mechanical properties of
BF-PLA composites can be improved significantly after
graft-modified treatment of BF. On the other hand,
reinforcement of recycled BF can cause mechanical
failure.

3. The thermal stability decreases with the NaOH treatment.
On the other hand, the graft-modified treatment enhances
the overall thermal stability of the resulting BF-PLA
composites compared to the unmodified form. However,
the thermal decomposition temperature of BF-PLA
composites was enhanced with the inclusion of PLA-g-
glycidyl methacrylate (GMA).

4. At 60 wt% of BF, BF-rPLA composites offered optimal
creep resistance and flexural properties among all the
BFRPCs. However, these characteristics were decreased
with more than 70 wt% of BF fibres.

5. The degradation rate is reduced with the reinforcement of
BF in the PLA matrix. However, a 100 % natural
biodegradable BF-PLA composite material can be
obtained for industrial purposes with the reinforcement of
NaOH-treated bamboo fibres.

6. BF-PLA composites have great potential (thermal stability
and mechanical strength) to be reused and recycled.

Fibers and Polymers 2022, Vol.23, No.12 3337

7. The 3D printing parameters such as speed, temperature,
layer thickness, nozzle size, supporting angle significantly
affect the mechanical strength and surface roughness of
the printed BF-PLA parts.

8. BF reinforcements with PLA influenced the thermal,
mechanical, electrical properties and feasibility of the
composites. Therefore, BF-PLA composites are suitable
for application in various sectors, including automotive,
construction, sustainable packaging, dielectric items, and
musical specialties.

9. The applications of the BF-PLA composites are restricted
in the aerospace industry. Possible packaging applications
of BF-PLA composites should avoid a high humidity
environment.

Finally, this study has great potential for future research
and industrial applications or commercialization of BF-PLA
composites. It also has a positive impact related to
sustainability and environmental issues.
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