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Currently, the use of natural fibres as a reinforcement in composites presents many
attractive benefits, including the reduction of materials from non-renewable sources
and reduction of environmental impact. Intensive research is being carried out to
develop biocomposites which combine natural fibres with biodegradable polymers.
One major advantages of these biocomposites is that they are totally degradable and
sustainable. Additionally, such compounds exhibit a wide variety of properties and
can compete with non-biodegradable polymers in different industrial fields.

One major aspect in the use of natural fibres is the reduction in the amount of
polymeric material in the end application. The scope for using natural fibres is wide,
ranging from traditional applications, in the textile industry, to the reinforcement of
thermoplastic and thermoset polymer matrices. Natural fibres are less abrasive than
inorganic fibres, are usually used as reinforcement, and thus, generate less wear on
the equipment involved in their processing [1]. Natural fibres offer the possibility
of delivering greater added value to the final product, due to the lower costs of
manufacture, sustainability, and recyclability, especially in the automotive industry.

When selecting fibres for reinforcement in composites, it is essential to consider
several factors such as: cost and availability, effect on the viscosity characteristics of
the polymer, physical properties, thermal stability, chemical resistance, abrasiveness
or wear, biodegradability, toxicity, recyclability, wettability, and compatibility with
the polymer matrix [2—4]. A particularly important aspect, one should also consider
is the possibility of incompatibility between the polymeric matrix and the fibre,
given that the interfacial interaction is, in many cases, very weak. In this case, a third
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component is used in the composite, reducing the interfacial tension and increasing
the adhesion between the phases of the polymer blend: the compatibilizing agent.
There are several compounds that have this function, such as copolymers, glycidyl
methacrylate, maleic anhydride, and among others [5].

Natural fibres are the most widely used for fabrication of biocomposites and
can be applied in several areas such as railway sleepers[6], automotive[l, 7, 8],
for wind turbine blades[9], building/construction industry [10—12], and biomedical
applications [13—17]. The focus of this chapter is the study of natural fibre-reinforced
polymer composites, their manufacturing and biomedical applications.

The demand for new materials for cell therapy, regenerative medicine, and drug
release is increasing due to the decrease in recovery time and the improvement in
the quality of life of patients benefited by such systems. Systems for carrying and
releasing drugs for permanent or temporary replacement of injured tissues are exam-
ples of growing applications in the biomedical area; in such cases, natural degradable
polymers are shown potential in temporary tissue replacement. The development of
new materials for applications in these areas has undergone major changes in recent
decades; however, there is much to be explored in optimizing the end properties [18].

1 Natural Fibre

Natural fibres can be found in plants, animals, and minerals; occurring spontaneously
in nature and/or grown in agricultural activities. Within these fibres, there are three
main divisions namely,

1. Minerals—formed by elongated crystalline chains can be further categorized as
amosite, crocidolite, tremolite, actinolite, and anthophyllite.

2. Vegetable fibres which have a cellulosic nature [19]. Plant-derived natural fibres
can be classified according to the part, or type, of the plant from which they are
extracted, as shown in Fig. 1. These fibres include lignocellulose fibres because
the majority contains lignin in their structure, a natural polyphenol polymer
[5-7, 20, 21].

3. Animal Fibres—generally comprise proteins; examples include silk, wool, horse
hair, and alpaca hair.

1.1 Advantages and Disadvantages of Biocomposites

Biocomposites from natural fibres have multiple advantages and disadvantages as a
reinforcement in conjugated materials (composites) and these are listed in Table 1
[6, 7, 22, 23].
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Fig. 1 Classification of the natural fibres

1.2 Chemical Compositions and Physical Properties
of Natural Fibres

A natural fibre is a composite material consisting of cellulose, hemicelluloses, lignin,
and further components. In this chapter, the focus will be concentrating on cellulose;
however, we will briefly discuss each component present in natural fibre.

The chemical properties depend mainly on the content of cellulose and can vary;
therefore, it is important to analyse each component present in the structure [6].
The physical properties of vegetable fibres are mainly determined by their chem-
ical and physical composition, such as the fibre structure, cellulose, and degree of
polymerization.

1.2.1 Cellulose

Cellulose is the essential component of all plants and this polymer exists abundantly
in nature. Due to its chemical nature, it is capable of forming hydrogen bonds and is
very hydrophilic. Between 40 and 50% of wood dry weight is in the form of cellulose
[24]. Chemically, cellulose is a polysaccharide of molecular formula (C¢H9Os), and
composed from the union of B -D-glucopyranose molecules through -1,4-glycosidic
bonds. Due to its high degree of crystallinity and polymerization, cellulose is usually
more stable to degradation, be it mechanical, chemical, or thermal, when compared
to non-cellulosic components co-forming these fibres.
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Table 1 Advantages and

. Advantages
disadvantages for natural g
fibres in biocomposites » Resources from renewable sources
* Abundant

* Desirable mechanical properties

» High specific strength

¢ Flexible behaviour

* Biodegradable

¢ Non-abrasive

* Low thermal conductivity

» Nonmagnetic and nonconductive

» Lightweight

* Environmentally safe and non-toxic

* Unique acoustic and thermal insulating properties

* Low cost

Disadvantages

* Low biological resistance—attacked by fungus and bacteria

 Usually requires low processing temperature in order to be
shaped into desirable materials

» High thermal expansion coefficient

* Inconsistent physical properties for natural fibres vary with
harvesting season and region

* Properties are dependent on the harvesting process, locality,
and maturity of the plant

1.2.2 Hemicellulose

In addition to cellulose, hemicellulose also exists in natural fibres where 25-40% of
the wood dry weight is in the form of hemicellulose [24]. The differences observed
between cellulose and hemicellulose are associated with the chemical structure.
Hemicelluloses are formed from various sugars with several branches that binds
to cellulose microfibrils. The low crystallinity may be related to the branched and
random structure of the hemicelluloses. In comparison with cellulose, hemicelluloses
have shorter polymer chains and, therefore, low molecular weight. Hemicellulose is
composed of pentoses, hexoses and is more susceptible to hydrolysis when compared
to cellulose, since it has a lower degree of polymerization[24]. It occurs mainly in
the primary cell wall with branched polymers containing five to six carbon sugars of
varied chemical structures.
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1.2.3 Lignin

Lignin is the third component fundamental to natural fibres, comprising between 15
and 35% of the wood dry weight. Lignin is a highly complex non-crystalline molecule
comprised of a large number of phenyl-propane units [24]. Lignin is amorphous and
has an aromatic structure with a high molecular weight.

1.2.4 Further Components

In addition to cellulose, hemicellulose, and lignin, we can find several other compo-
nents in the structure of natural fibres. These compounds are in lesser quantity and
can be turpins, waxes, acids, alcohols, proteins, inorganic material, among others.
Chemical modification is usually required for natural fibres in order to remove surface
impurities, and to eliminate the hydrophilic hydroxyl groups and, along with phys-
ical treatments, are widely used to modify its surface and structure to increase its
performance [25, 26].

1.3 Modifications in the Surfaces of Natural Fibres

The interfacial bonding between both materials (matrix/fibre) in a biocomposite
defines many of the composite properties. If the interface is clean, there will be a
good bond between matrix and fibre which will help in effective load transfer. In
the case of a lack of compatibility and adhesion between fibres and matrix, it could
cause problem in processing and material performance [27]. Therefore, in order to
achieve a better interaction, and to enhance the fibre/matrix compatibility, fibres
are usually subjected to physical and chemical modifications [28]. Chemical and
physical methods treat the surface of the fibre and optimize this interaction [29].

In chemical treatments, a variety of chemicals can be used, such as alkali treat-
ments or coupling agents. These treatments can influence the cellulosic fibril, the
degree of polymerization, the extraction of lignin and hemicellulose compounds,
reduce the number of cellulose hydroxyl groups in the fibre-matrix interface, improve
fibre-matrix adhesion, increase the strength of composite, decrease its water absorp-
tion and improve thermal stability [25, 30]. Abaca, coir, aspen, flax, hemp, ramie,
sisal, and jute fibres have been studied using chemical treatments and the mechanical
properties such as tensile strength, flexural modulus, and Young’s modulus of the
composites were increased significantly as well as the storage modulus [31-37].

Physical treatments can improve thermal stability, crystallinity, physical and
mechanical properties, modification of the surface, polarity, and compatibility
between hydrophilic fibres and the hydrophobic matrix [27, 38, 39]. As an example,
thermal treatment (autoclave) as shown by Tavares et al. (2019) on agai seeds (Euterpe
oleracea) fibre were performed in order to use it as a composite reinforcement with
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a polypropylene (PP) matrix; which contributed to an increase of the fibre crys-
tallinity and an increase in the fibre surface roughness, without compromising the
thermal stability of the fibres. In addition, this treatment improved tensile strength but
with a reduction in the tensile modulus [40]. Another useful treatment is the plasma
treatment in which Sun (2016) demonstrated that surface modification of natural
fibres can produce rougher and smoother surfaces. The treatment can provide many
advantages, including altering surface properties of textiles and reducing the use of
environmentally hazardous chemicals [41].

Recent works report the combined usage of using both chemical and physical
methods in order to obtain materials with improved properties [42—45].

2 Composites/Biocomposites

Different combinations of metals, ceramics, and polymers can form composite mate-
rials. The composites can be classified on the basis of their structural components

[3]:

1. Scale: nano-composites;

2. Reinforcement geometry: Fibre reinforced, particles reinforced, and sheet
moulded;

3. Matrix material: Polymer matrix composites (PMCs), ceramic matrix compos-
ites (CMCs), and metal matrix composites (MMCs);

4. Biocomposites.

The focus of this chapter will be on the effect of natural fibres processed under
various manufacturing processes in order to produce composites within various
common polymetric matrices.

Natural fibres have been garnering considerable attention in composite appli-
cations because of advantages like reasonable mechanical properties, low density,
renewability, resources from renewable sources, abundance, and economic feasibility
[45]. The performance of natural fibre composites depends on numerous factors such
as composition, structure, length, treatment of fibres, and fibre/matrix interface [29].

2.1 Composites Reinforced with Natural Fibres

Several studies incorporating natural fibres such as hemp [46-48], jute [48-50],
banana [48, 51, 52], kenaf [48, 53-55], ramie[48], sisal [48, 56], coir [57], bamboo
[52, 58-60], flax [61, 62], and Abaca [36, 49] have been reported, exploring their
potential as a reinforcement into different polymer matrices.
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2.2 Polymer Matrix Composites (PMCs)

A matrix is a binder material that is used to hold fibres and transfer external loads
to internal reinforcements. A wide variety of thermoset and thermoplastic resins are
used in polymer composites which have different chemical structures and undergo
different reactions.

The polymeric matrix reinforced with natural fibres has higher resistance and this
enables the interfacial bonding to maintain their chemical and mechanical identities.
Fibres are the main members of the charge carriers, while the matrix retains them in
place, and at a desired orientation [63]. In these composites, two types of matrices are
commonly used, thermoplastic and thermoset, as shown in Table 2. A thermoset resin
is cured by the application of heat and often by the addition of chemicals labelled as
curing agents.

The mechanical properties of bast, fibrous material from a specific part of a plant—
phloem—depend on the cellulose content and the angle of the microfibrils. Banana
fibres have a complex structure with a high cellulose content (60-65%) and low
microfibrillar angle. As such, banana fibre is emerging as one of the most important
reinforcements due to its good specific strength and rotting resistance [28].

2.3 Advantages in Using Composites with Natural Fibres

Natural fibres are used as reinforcement in polymeric composites and depend on
factors such as plant fibre structure, thermal stability, length, loading and orientation,
presence of voids and moisture absorption of fibres [64]. The thermal behaviour is
always affected by the moisture, additives, and other factors [137].

Varying the composite matrix, it is possible to have significant variations in the
values of tensile strength and Young’s modulus as seen in Fig. 2. Depending on the
interfacial bonds and surface tension, it is possible that increasing the concentration
of fibre will increase the mechanical properties values and make it stiffer. In addition,
if more than one fibre is added and if they have similar polyvalences and charges,
it is possible that these properties remains even more strong and a more resistant
material is obtained. Finally, if these fibres are aligned towards the desired load,
the resistance is also increased. Such behaviour has been reported extensively in the
literature [138].

However, natural fibres may present different mechanical properties depending
on the interfacial bond between the polymer, for example, the tensile modulus of
jowar fibre composite is reported to be 11% greater than those of bamboo compos-
ites and 45% greater than those of sisal composites, respectively, at 0.40 volume
fraction of fibre. The flexural strength of jowar composite is greater 4% than those
of bamboo composites and also 35% greater than those of sisal composites with a
flexural modulus 1.12 times and 2.16 times greater than those of bamboo and sisal
composites, respectively. Jowar fibres as reinforcement in polyester matrix can be
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Table2 Thermoplastic and thermoset polymeric composites reinforced with different natural fibres
[63, 64]

Thermoplastic

Characteristics

Vegetal fibres

Polypropylene (PP)

Lightweight material, good
insulation properties,
non-toxic, low moisture
absorption, and low cost

Curaua [65], flax [66, 67],
hemp [68], jute [69], palm,
sisal [67], wheat straw [67],
banana [70]

Polyethylene (PE)

Non-toxic, low moisture
absorption, low cost, rigid,
and moisture resistant

Banana [71], green coconut
husks [72], rice husk [73],
sisal

Nylon

High stability and adaptability

Kenaf, flax, hemp [74]

Cellulose acetate

Low toxicity, good stability,
high permeability, high glass
transition temperature (Tg),
production of resistant films,
biocompatibility with a series
of additive agents, and ability
to form micro and
nanoparticles

Kenaf [75, 76], curaua [77],
sisal [78]

Polystyrene (PS)

High resistance to alkalis and
acids, low density and
moisture absorption, low
resistance to organic solvents,
and heat

Agave [79], banana [80],
hemp [80], sisal [80]

Polycarbonate (PC)

Excellent electrical insulating
characteristics, strong, and
rigid

Pineapple [81]

Polyvinyl chloride (PVC)

Resistant, waterproof,
durable, innocuous, non-toxic

Areca [82], bamboo [83],
straw [84], rice [85]

Acrylonitrille-butadiene-styrene
(ABS)

Outstanding impact strength
and high mechanical strength

Palm [86], kenaf [87]

High-density polyethylene
(HDPE)

Good low-temperature impact
resistance and excellent
chemical resistance

Banana [88], curaua [89],
sisal [90]

High impact polystyrene (HIPS)

Flexibility, impact resistance,
easy machinability, and low
cost

Green coconut husks [91],
sisal [92], sugar cane bagasse
[93]

Thermoset

Characteristics

Vegetable fibres

Polyester

Strong, flexible, dries quickly,
resists wrinkles and shrinking

Bamboo [94], banana [95,
96], coconut [97, 98], curaua
[99], flax [100],hemp [101,
102], jute [103, 104],
pineapple [105], sisal
[106-108]

(continued)
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Table 2 (continued)

33

Thermoplastic Characteristics

Vegetal fibres

Polyurethane (PU) High abrasion resistance,
good low-temperature
capability, wide molecular
structural variability, ambient

curing possible, and low cost

Banana [109], coir [110],
sisal [110-112], curaua [113]

Epoxy Virtually no post-mould Banana [114-116], coir
shrinkage, resistance to high | [117], cotton [118], flax
impact and high temperatures, | [119, 120], hemp[120], Jute
chemical resistant and fungus | [121, 122], pineapple [123],
resistant sisal [116, 124-127]

Phenolic Excellent dielectric strength, | Banana [128, 129], cotton

great mechanical strength and
dimensional stability, resistant
to high heat, wear resistant,
low moisture absorption

[130] flax [131], jute [130],
sisal [112, 132]

Urea—Formaldehyde Very hard, scratch-resistant
material with good chemical
resistance, electrical qualities,

and heat resistance

Allo [133], cotton [133], sisal
[134], coir [135], straw [136]

Without A /\?\
fibers /\ /\
25%
50%
Type One fibre loading Two fibre loading

Unidirectional and'
Two fibre loading

Fig. 2 Schematic representing the effect of adding different fibres, direction, and concentration in

the resistance of the material
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successfully developed as a composite material containing high strength and rigidity,
with lightweight applications compared to conventional sisal and bamboo composites
[139].

In the case of jute fibres, its usage can also improve the mechanical properties of
composites, for example, the tensile strength obtained for PP laminate prepared from
its own filaments was 23.24 MPa. However, when this same PP filament is synthe-
sized with jute yarns, with a jute content of 19.34%, its tensile strength increased
up to 31.21 MPa. On further increase the jute content to 37.1% and 55.89%, the
tensile strength increased to 38.27 MPa and 53.06 MPa, respectively. Tensile modulus
of composite containing jute yarn with matrix PP resulted, with fibre contents of
19.34%, 37.1%, and 55.89%, exhibits a tensile modulus increase in 23.7%, 50.42%,
and 79.31%, respectively, compared with pure PP [69], as shown in Fig. 2.

The maximum tensile strength and tensile modulus of banana fibres incorporated
into polypropylene composites (50%wt) are 70.82% and 67.60% higher than PP
pure, respectively [70]. Using the same matrix, the variation in mechanical properties
occurs by using different natural fibres, using flax fibre with epoxy resin increased
81.95% the tensile strength compared with banana fibre in the same matrix [116, 140].
In addition, hybrid composite with two or more fibre in the same matrix presents
an improvement in tensile strength. Hemp composites with epoxy resin present a
tensile strength of 36.48 MPa, a hybrid composites with Hemp/flax had 44.17 MPa
and hybrids composites with hemp/flax/jute this value increased to 58.59 MPa. An
increase of 21.08% and 60.60%, respectively [140].

3 Manufacturing Techniques

From ancient civilizations through to future innovation, composites have an important
role. These materials offer many advantages such as: corrosion resistance, design
flexibility, durability, lightweight ratios, and strength. Composites have been used
for thousands of years in different areas. The first record was in 1500 BC when early
Egyptians and Mesopotamian settlers used a mixture of mud and straw to create
strong and durable buildings. This combination of mud and straw gives it a strong
property against compression, torsion or bending [45]. In 1200 AD, the Mongols
combined “animal glue”, bone, and wood in order to produce the first composite
bow. In 1945, more than 3 million kg of glass fibres were used for various products,
primarily for military applications. Composite materials continued to take off after the
war and grew rapidly through the 1950s. In the following years, many records of the
use of composites can be found in the most diverse areas. With the advance in the use
of composites, processing techniques have been improved, and today, it is possible to
develop diverse materials for applications ranging from aircraft turbines or advanced
products in the biomedical field. Indeed, the composite industry is still developing,
with much of the growth now focused on renewable energy and new manufacturing
techniques. The following sections will discuss the main manufacturing techniques
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in the production of composites like hand lay-up, filament winding, compression
moulding, injection moulding, and among others [141].

3.1 Open Moulding Technique

In this process, resin and fibres are cured in an open mould.

3.1.1 Hand Lay-up or Spray Lay-up

This technique is the simplest method of composite processing requiring minimal
infrastructure [142]. Fibre reinforcements are placed by hand in a mould and resin
is applied with a brush, roller, or spray, as shown in Fig. 3. There is no requirement
of heat for the curing process.

However, there are quality issues using this technique, such as air entrapment
can create a weak matrix and low-strength parts; the resin and catalyst should be
accurately metered and thoroughly mixed for correct curing times; its toxicity and
flammability of resin is an important safety issue, especially because of its high
manual handling and the final application product; in addition, the surface roughness
and surface detail could be acceptable on a moulded surface, but very poor in the
opposite surface and shrinkage increases with higher resin volume fraction [143].

3.1.2 Filament Winding

Filament winding is an automated open moulding process that uses a rotating mandrel
as the mould. The mould configuration produces a finished inner surface and a lami-
nate surface on the outside diameter of the product as shown in Fig. 4. Various
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benefits to filament winding are evident such as short winding because of simpli-
fied tooling concept; short mandrel preparation time; availability of raw materials;
relatively low cost of raw materials (matrices and reinforcements); relatively low
tooling costs; polymers can easily be formulated, and the formulation can easily
be changed according to individuals’ needs; the process is reproducible or repeti-
tive; continuous fibres can be used for the entire components; high fibre volume is
achievable; fibres can be oriented in the loading direction; part size is not limited
by oven-size; and process can be automated with cost savings. The main drawbacks
of this process are that component must facilitate removal of mandrel; high cost of
mandrel and complex; winding reverse curvature is not possible; difficulty in placing
fibres parallel to the mandrel axis and need for external mandrel surface treatment
for surface evenness [144, 145].

Ansari et al. (2019) studied the effect of winding speed on the mechanical prop-
erties of kenaf fibre reinforcement as geopolymer composites via filament winding
technique. In this study, four speed winding (very low, low, high, very high) were
used. The kenaf fibre was impregnated with resin by the means of a homemade
impregnation machine. Compression tests in vertical axis results in values of 3.022,
7.328, 10.705, and 14.278 MPa for windings speeds from low to very high. The
highest winding speed also resulted in highest strain, 9.69 mm/mm, while the lowest
strain was for the lowest winding speed, 2.4 mm/mm. The maximum load to increase
as well when increasing the speed, from 1.54 kN to 10.19 kN. Results of testing for
the horizontal position were similar to vertical position. The speed of winding had
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affected the pattern of winding, additionally, it will also affect the thickness of fila-
ment wound product and the mechanical properties of the filament wound product
[146].

3.2 Closed Moulding

In this process, resin and fibres are cured inside the mould.

3.2.1 Centrifugal Casting

Centrifugal casting, also called rotational moulding, rotomoulding, rotational casting,
or corotational moulding. Fibre-reinforced composites can be produced by rotating
a mixture of chopped strand and catalyzed resin inside a hollow mandrel as shown
in Fig. 5. These composites can be less homogeneous than those produced by other
techniques, because of differences in specific gravity [ 147]. Advantages of centrifugal
casting include its ability to produce hollow parts with complex shapes; both mould
and machine are simple and low cost; low-pressure process allows thin-walled low-
strength moulds to be used; different sizes of parts can be produced simultaneously
on the same machine; large metal inserts, graphics, surfaces, and textures can be
moulded directly into parts with, usually, very low scrap as all the materials are
consumed to make the part. On the other hand, this process has some disadvantages
like the process is not suited for very large production runs of smaller parts; there
is limited selection of material available for this process [141, 147]; cycle times are
comparatively longer as the mould needs to be heated and then cooled, loading, and
unloading of the mould could be labour intensive and large flat surfaces, bosses, ribs,
and dimensional tolerances can be difficult to produce [141].

CENTRIFUGAL CASTING PROCESS
MouLD COATING CASTING

‘_ ToP ROLLERS —’

MOLTEN METAL
L—u ouLD

MoTor

BOTTOM ROLLERS

Fig. 5 Centrifugal casting process



38 T. A. de M. de Lima et al.

Jamaludin et al. (2019) fabricated cylindrical tubes of functionally graded natural
fibre-reinforced polymer (FGNF/epoxy) composite using horizontal centrifugal
casting method. In this work, a coconut coir was mixed with epoxy; obtaining four
different compositions 0%, 5%, 10%, and 15%. The fibres were chemically treated
(NaOH solution) for 24 h and were mixed with epoxy using the centrifugal casting.
When more natural fibre is added, decreases the material density from 1.1782 to
1.1656 (g/cm?) at maximum load. The hardness and compression strength increased
with natural fibres reinforcement from 66,25HD to 84HD 5% for hardness and 15
to 33,631 MPa, but it was slightly decreased with additional fibres load which was
attributed to the porosity increase [147].

3.2.2 Pultrusion

Pultruded material has a constant cross section, manufactured through a mould (or
mandrel). The matrix consists of mixing homogeneous resin and mineral fillers,
whereas the reinforcement is a continuous filament (roving), as shown in Fig. 6 [141].
Fibre content varies between 50 and 80% by weight, depending on strength require-
ments; vinyl ester and epoxy resins provides up to 30% more strength than polyester
resins; residual stresses and distortions can be minimized by specifying constant wall
thicknesses, which cools more uniformly; approximately, 2—3% shrinkage can occur
on the cross section when fully cured [143]. The range of the temperature for the
pultruded composite profile is generally between 100 and 200 °C. The temperature
setting for the pultruded fibre composites has to be carefully chosen to prevent the
loss in their properties [148]. The main advantages of using pultrusion can be related
to its high stiffness-to-weight ratio; ability to make tubes and sheets with precision

PULTRUSION PROCESS
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—
HeATED DIE
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PROFILE CUTTER

RESIN BATH

Fig. 6 Pultrusion process
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wall thickness; high strength-to-weight ratio; low cost; high efficiency, durability,
and noncorrosive character traits [141]. However, limited work has been reported on
the processing parameters of pultruded natural fibre composites.

Changetal. (2019) investigated the mechanical and wear properties of heat-treated
pultruded kenaf fibre-reinforced polyester composites (PKFPCs) using pultrusion
technique. The results showed that PKFPC with a 140 °C heat treatment exhibited
better wear performance than untreated PKFPC and PKFPC using 120 and 170 °C
heat treatments. The temperature of 120 °C had the best results regarding its flexural
strength and modulus of PKFPC compared with untreated samples with an increase of
37% and 16%, respectively. The kenaf fibre in PKFPC was damaged when the heating
temperature reached about 170 °C and led to the reduction in flexural properties.
Physical modification by heat treatment, on the natural fibre, can be an effective way
to improve the mechanical and wear properties of natural fibre-reinforced polymer
composites [149].

Fairuz et al. (2016) studied the effect of filler loading on mechanical properties
of pultruded kenaf fibre-reinforced vinyl ester composites. The tensile strength and
tensile modulus showed an increase in the filler loading, improved the mechanical
properties of the composites. The tensile strength had an increase of 20% when the
percentage of the filler loading was increased from 20 to 50%. The tensile modulus
increases 25% from 20 to 50% of filler loading, as in the case of tensile strength
[150].

3.2.3 Compression Moulding

A measured quantity of raw, unpolymerized plastic material is introduced into a
heated mould, which is subsequently closed under pressure, forcing the material into
all areas of the cavity as it melts, this is shown in Fig. 7. Variation in raw material
charge weight results in variation of part thickness and scrap; air entrapment is
possible; internal stresses are minimal; dimensions in the direction of the mould
opening and the product density will tend to vary more than those perpendicular to
the mould opening. Surface detail is good and the surface roughness is a function of
the die condition, in which typically, 0.8 pm is obtained [143].

COMPRESSION MOULDING PROCESS
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Fig.7 Compression moulding process
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Halim et al. (2019) studied the fabrication of unidirectional coir fibre as reinforce-
ment for nonwoven melt-blown glass fabric using compression moulding. In this
work, the fibres were chemically treated with NaOH and silane coupling agent, and
the fibres were immersed in the materials which were oriented to achieve unidirec-
tional preforms. A sandwich of preform with glass sheet in the middle was compacted
in 5 MPa for 8 min at 170 °C. The tensile strengths were improved in samples with
chemical modification, in addition to their storage modulus. The higher value indi-
cates the higher stiffness and load bearing capacity of coir fibres in the reinforcement
system. The chemical treatment of coir fibres acting as reinforcement to the nonwoven
glass fabric increased the thermal resistance of the composite [151].

Yang et al. (2019) studied thermal and mechanical performance of unidirectional
composites from Bamboo fibres reinforced with epoxy resin by the hand lay-up
technique followed by compression moulding using various fibre volume fractions
(0%-70%). Bamboo fibre-epoxy-based composites have a better thermal stability
when compared with neat resin. The resin storage modulus is 2.5 GPa but when rein-
forced it increases from up to 9.7 GPa at the maximum filler addition. This increase in
storage modulus with an increase in fibre content indicated that the composite stiff-
ness is improved. The loss modulus of composites is much higher than that of neat
resin, and the peak value of loss modulus increases with the increase of fibre content.
In addition, the tensile strength increases from 21.0 to 134.3 MPa when increasing
the fibre content from 0 and 70%. The improvement of mechanical performance
makes it possible for epoxy-based composites to be widely used in certain practical
applications [137].

3.24 Vacuum Bag Moulding

The vacuum bag moulding is one of the most versatile processes used for manufacture
composite parts. This process combines a manual method using hand lay-up, or spray-
up, on an open mould to produce a laminated component with a vacuum process and
covering using a polymeric sheet. A vacuum is applied between the mould and the
bag to squeeze the resin/reinforcement together, removing any trapped air, as shown
in Fig. 8. Curing is normally performed in an oven [3, 152]. Some advantages of
vacuum bag moulding are higher fibre content, laminates are easily produced with
this technique; lower void contents and resin flow throughout structural fibres, with
excess into bagging materials; the vacuum bag reduces the amount of volatiles emitted
during cure, in addition to high-quality moulds, with complete elimination of voids
and air bubbles.

Manjunath and Krishnamurthy (2019) studied the mechanical properties of hybrid
composites using jute and e-glass by the hand lay-up and vacuum bagging technique.
Tensile test results for hand lay-up technique resulted in 60.40 MPa and Young’s
modulus of 4306.6 MPa with flexural and hardness test of 159.47Mpa and 92 MPa,
respectively. When the vacuum bagging technique was performed tensile strength
and Young’s modulus were 116.04 MPa and 8721.67 Mpa with flexural and hardness
test of 450.50 MPa and 96 MPa, respectively. Mechanical and physical properties are
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Fig. 8 Vacuum bag moulding process

greatly affected by fibre type and orientation. Vacuum bagging technique was found
to be more suitable as compared to hand lay-up technique since vacuum bagging has
yielded considerable better results [153].

Fajrin (2016) studied mechanical properties of natural fibre composite made of
Indonesian grown sisal by vacuum bag process. In this work, Fajrin compared sisal
fibre prepared using randomly orientation (RSO) and unidirectional oriented fibre
(UOS). For UOS, the values of tensile, flexural, shear, and compressive stress were
40.25 MPa, 62.16 MPa, 23.26 MPa, and 60.88 MPa, respectively. Regarding the
RSO, the values of tensile, flexural, shear, and compressive stress were 22.52 MPa,
51.5MPa, 22.34 MPa and 49.12 MPa, respectively. This study shows that the orienta-
tion of sisal fibre alters the mechanical properties and unidirectional oriented provides
laminates with higher mechanical properties [154].

Sanjay et al. (2018) studied the impact and inter-laminar strength of e-glass with
jute/kenaf woven fabric epoxy composites, with the aim of evaluating the hybridiza-
tion effects on different laminate stacking sequences made by these materials by
the vacuum bagging method. The hybrid composite laminates with kenaf and jute
containing e-glass fabrics demonstrated better results than composites laminates
without the e-glass fibres. Laminate composites containing only natural fibre (jute,
kenaf, or jute 4- kenaf) had impact strength ranging from 122.5to 171.5 J/m. Nonethe-
less, the hybrids composites laminate exhibited values between 792.4 to 1078.4 J/m
on impact strength. Therefore, the impact strength of composites depends on the
inter-laminar and interfacial adhesion between the fibre and the matrix and also
depends on the properties of individual fibres—fibre length, fibre loading and fibre
orientation, for example, jute with e-glass composite the impact strength was 792.4
and kenaf with e-glass had 897.4 J/m [155].
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3.2.5 Vacuum Infusion

Vacuum infusion is also known as the resin film infusion process. This technique
consists of absorption of the matrix through a vacuum inside of a mould with the
reinforcements, natural fibres, already arranged, and pre-oriented as shown in Fig. 9.
The vacuum infusion process is widely used to manufacture large pieces [3, 143, 152]
since it promotes better interfacial bonding between fibres and matrix phases that,
consequently, produces a composite material with outstanding mechanical properties.

Bosquetti et al. (2019) studied the evaluation of the mechanical strength of
sisal fibre reinforced with polyurethane composites panels using the vacuum infu-
sion processing method. The tensile strength of the panels resulted in values of
146.34 MPa, 9.19 MPa, and 15.87 MPa for aligned, one-layer, and three-layered
panels, respectively. When fibres were aligned to the load, they were responsible
for bearing the applied load resulting in an improved resistance. When fibres were
placed opposite direction to the load direction, the composite panel loses the resis-
tance capability lowering its ultimate strength. Composites with one-layer of fabric
and three-layers presented tensile strength of 9.19 MPa to one-layer and 15.87 for
three-layered [156].

Yusuff and Ahmad (2019) studied the mechanical performances of a hybrid
composites from kenaf/carbon with epoxy resin, which were fabricated via vacuum
infusion technique in order to investigate the effect of various load of these natural
fibres into the matrix. The kenaf fibre addition to the composite material improves
the elongation at break, presenting highest elongation at break at 25 vol.% of kenaf
fibre contents. The kenaf fibre exhibits good stiffness, which affects the elongation
at break compared to carbon fibre [157].
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Fig. 9 Vacuum infusion process
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Aisyah et al. (2019) studied the effects of carbon fibre hybridization on the
thermal properties of woven kenaf-reinforced epoxy composites using vacuum infu-
sion technique. In this work, a hybrid composite with higher kenaf fibre content had
better thermal stability by presenting higher decomposition temperature, which was
presented by the DSC, leading to a higher thermal stability was in pure carbon fibre
composite [158].

3.2.6 Resin Transfer Moulding (RTM)

The resin transfer moulding (RTM) injects resin under pressure using an injection
equipment into the mould cavity, in which the dry reinforcement materials are already
arranged and pre-oriented. RTM is performed at room temperature with fast cycle
times. A characteristic of the RTM is its low injection pressure. [3, 143, 152]. Some
benefits of RTM are the possibility of producing large pieces; good dimensional
tolerance; low cost of equipment for production; ability to produce parts with inserts;
short production time cycles; possibility of automating the process; can operate with
different types of resin; ability to vary the volumetric fraction of the composites;
low solvent emission (operates within a closed mould), causing low environmental
impact. Figure 10 shows a schematic of the RTM process.

Pinto et al. (2019) evaluated the impact resistance of hybrid jute-cotton fabric
composites by the RTM process. A comparative study of the mechanical properties
on impact of composites with four and six layers of jute/cotton fabric was carried out.
Non-ageing specimens proved to be more resistant to impact than aged specimens.
This behaviour was already expected, as the absorption of water makes it difficult
for the matrix to adhere due to the fact that water lodges between the fibre/matrix
interface and degrades both materials. The impact strength increased with the amount
of the fabric layers that reinforces the composite.
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Mbakop et al. (2019) studied the effect of compacting parameters on preform
permeability and mechanical properties of unidirectional flax fibre composites by
RTM. In these reinforcements, the unidirectional fibre yarns were held together by
a thin mat layer of short flax fibres. Reinforcements were compacted in dry or wet
conditions at ambient or high temperature prior to permeability testing. Hot and wet
compaction does not alter the permeability of the UD flax/mat reinforcement. The
samples non-compacted and compacted followed by drying in ambient temperature
exhibited the lowest value of tensile strength in 280 MPa and 290 MPa, respec-
tively. Samples compacted without humidity using temperature of 100 °C and wet
compacted at 23 °C and 100 °C exhibited the highest values of tensile strength as
340, 350, and 360 MPa, respectively [159].

3.2.7 Injection Moulding

This process can be performed using thermoplastic and thermosetting polymers.
Composites are fed into a heated barrel, mixed, and forced into a mould cavity,
where it cools and hardens to the configuration of the mould cavity, Fig. 11 [143,
152].

The main advantages of injection moulding are high production rates; repeatable
high tolerances; ability to use a wide range of materials; excellent surface detail; low
labour cost, minimal scrap losses, and little need to finish parts after moulding.

Correa-Aguirre et al. (2020) explored the reprocessing behaviour of
polypropylene-sugar cane bagasse biocomposites, using neat and chemically treated
cane bagasse fibres. These biocomposites were reprocessed five times using the
extrusion process, followed by injection moulding after each reprocessing cycle. The
mechanical properties indicate that microfibers bagasse fibres addition and chemical
treatments generate improvements in the mechanical properties. The first processing
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cycle presented a flexural modulus of biocomposites PP-Bagasse (2069 MPa) and
PP-Bagasse + alkali (1847 MPa), increased by 60% and 42% compared to neat PP
(1296 MPa). Additionally, the flexural strength values increased for PP-Bagasse (48
MPa) and PP-Bagasse + alkali (43.3 MPa), increased by 20% and 8% compared
to neat PP (40 MPa). For the third processing cycle, all flexural modulus and flex-
ural strength values of the biocomposites presented significant differences compared
to the flexural modulus value of the pure PP matrix. These increments were 57%
and 48% for PP-Bag., PP-Bag. + alkali, respectively; also, flexural strength values
increased by 11% and 7%, respectively. The last cycle had no significant differences
were detected among the biocomposites in regard to flexural modulus and flexural
strength. This could be related to the higher thermal stability of chemically modified
fibres and a better interaction fibre—matrix, generated by the reprocessing cycles.
Reprocessing and chemical modifications induced a better adhesion on the interface
between bagasse fibres and PP matrix, while also increased the PP capacity to absorb
energy perceived by the DMA.

3.2.8 Extrusion

Extrusion as a single- or twin-screw is the main industrial process to incorporate
lignocellulose fibres into polymers [160]. In this process, plastics are continuously
melted and pressed as a viscous mass from a pressure chamber through a shaping
die. The moulding compound is granulated or powder, which is plasticized and
compacted. The finished compressed part is cooled in the next step by water or
air so that hardens, as shown in Fig. 12 [161]. Low cost per part; flexibility of
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operation; in hot extrusion, post-execution alterations are easy because the product
is still heated, continuous operation; high production volumes; many types of raw
materials can be used; good mixing (compounding); surface finish obtained is good
and good mechanical properties obtained in cold extrusion are some benefits of
extrusion process.

Munde et al. (2019) studied the effect of sisal fibre loading on mechanical, morpho-
logical, and thermal properties of extruded polypropylene composites. The tensile
modulus increases from 760.5 MPa to 1009 MPa for 10 wt% fibre loading, compared
with neat PP, showing 33% improvement. Further addition of fibre at 20 wt% and 30
wt%, tensile modulus increases by 105% and 153%, respectively, due to the stronger
interfacial interaction between the fibre and polymer. Thermal analysis shows a
considerable improvement in thermal stability of composite compared to pure PP.
The maximum 15.38% improvement in decomposition temperature is observed for
20% weight fraction of sisal fibre [162].

Miyahara et al. (2018) prepared and characterized composite materials using
plastic waste from hydrapulper (PWH) obtained from paper industries and extruded
with sugar cane fibre (SCF) residues from ethanol industries. Higher fibre proportion
in the composite presented positive effects, mainly in the compression and impact
tests. Thermal analysis showed that between 250 °C and 450 °C the composite with
40% fibre loses lower mass and degrades more slowly than the sample with 30% fibre,
this is because natural fibre compounds have higher heat resistance and consequently
high resistance to decomposition [163].

Teixeira et al. (2019) studied the impact of content and length of curaud fibres
on mechanical behaviour of extruded cementations composites. The fibre content
directly influenced the mechanical performance and fibres with greater lengths which
presented better mechanical results for the modulus of rupture and fracture energy.
These results demonstrated that curaud fibres after 200 accelerated ageing cycles were
better in comparison with composites at 7 days, because of the cement hydration,
which filled the pores, densified its structure, and improved the transition zone fibre
matrix [164].

4 Biomaterials

Biomaterials are defined as devices that works within biological systems (including
biological fluids) and may consist of compounds of synthetic or natural origin, as
well as chemically modified natural materials. They can also consist as solids, gels,
pastes, or even liquids, not necessarily being manufactured, such as pig heart valves
and human skin flaps treated for use as implants [18, 165, 166]. These biomate-
rials comprise all, or part, of a living structure or biomedical device that performs,
augments, or replaces a natural function to improve patients’ quality of life. The
scope of biomaterials includes simple implants like intraocular lenses, sutures, wound
dressings, cell matrices, bone plates, joint replacements to more complex materials
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like biosensors, catheters, pacemakers, blood vessels, and artificial hearts. Biocom-
patibility means that the biomaterials must not form thrombi in the blood system,
resulting in tumours in the surrounding tissues, or be immediately attacked, encap-
sulated, or rejected by the body [167]. The term biocompatibility was redefined
in 1987 by Williams as the ability of a material to perform with an appropriate
tissue response in a specific application. There are some factors that impact nega-
tively in biocompatibility such as toxicology; reactions related to products from
extrinsic microbiologic organisms colonizing the biomaterial; mechanical effects
(rubbing, irritation, compression, and modulus mismatch) and also a broad range of
interactions with surrounding proteins, and cells, inducing cell-biomaterials inter-
actions (and tissue-biomaterials interactions) that might direct longer-term in vivo
bioreaction.

The properties of biomaterials are classified into chemical, physical, mechanical,
and biological in relation to the bulk and surface of the material. Figure 13 shows
the different factors involved in biomaterials properties [168].
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The properties and biocompatibility are important factors when choosing bioma-
terials; related with performance and success of implants and medical device to
accomplish specific functions in the human body. Besides, these properties have
been shown to have an important influence in their dynamic interactions with the
biological surroundings when used as medical implants and organ or tissue replace-
ments. Biomaterials are used in diagnostics (gene arrays and biosensors), medical
supplies (blood bags and surgical tools), therapeutic treatments (medical implants and
devices), and emerging regenerative medicine (tissue-engineered skin and cartilage)
[18, 168].

A large number of polymers are used in multiple applications. Polymers are avail-
able in the most varied compositions, properties, and forms (solids, fibres, films, and
gel), and they can be produced in diverse shapes and structures.

In addition, the success of the biomaterial in the body depends on several factors;
Table 3 summarizes these in the selection of materials for biomedical applications.

The detailed analysis of the categories for chemical compounds used in the consti-
tution of biomaterials, properties, advantages, limitations, and applicability are of
great importance. Many materials can be used in biomedical application and they
may be grouped into metals, ceramics, polymers, and composites. In this section, we
will focus on polymers and composites.

Polymers are well suited for biomedical applications because of their diverse
properties. The main advantages of polymeric biomaterials compared to ceramic
or metallic materials includes the ease of manufacture to produce, varied shapes
(particles, films, wires, among others), secondary processing, reasonable cost, and
availability in finding materials with mechanical and physical properties desired
for specific applications [170, 171]. Polymers can be obtained from polymerization
reactions or by means of living organisms, thus, being classified, respectively, as
synthetic and natural, which can also be chemically modified.

Natural polymers can include proteins (such as collagen, elastin, and silk fibroin)
and polysaccharides (such as chitosan, alginate, xanthan gum, hyaluronic acid, and
pectin.

Synthetic polymers can include polyamides, polyethylene, polypropylene, poly-
acrylates, fluorocarbons, polyesters, polyethers, polyurethanes, and among others.
Table 4 can be observed some natural polymers and synthetic polymers and their
application.

Natural Materials:

Composite materials consist of two or more distinct parts. The formation of composite
biomaterials can occur by various methodologies, and the main associations being
of the polymer-ceramic and metal-ceramic type [29, 170].
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Table 3 Various factors of importance in material selection for biomedical applications [169]

Factors Description
First-level material Chemical/biological | Physical Mechanical/structural
properties characteristics characteristics characteristics
Chemical Density Elastic modulus
composition Poisson’s ratio
(bulk and surface) Yield strength
Tensile strength
Compressive strength
Second-level material | Adhesion Surface topology Hardness
properties (texture and Shear modulus
roughness) Shear strength
Flexural modulus
Flexural strength
Specific functional Biofunctionality Form (solid, porous, Stiffness or rigidity

requirements (based
on application)

(non-thrombogenic,
etc.)

Bioinert (non-toxic,
non-irritant,
non-allergic,
non-carcinogenic,

coating, film, fibre,
mesh, powder)
Geometry

Coefficient of thermal
expansion

Electrical conductivity

Fracture toughness
Fatigue strength
Creep resistance
Friction and wear
resistance
Adhesion strength

etc.) Colour, aesthetics Impact strength
Bioactive Refractive index Proof stress
Biostability (resistant | Opacity or Abrasion resistance
to corrosion, translucency

hydrolysis, oxidation,
etc.)
Biodegradation

Processing and
fabrication

Reproducibility, quality, sterilizability, packaging, secondary
processability

Characteristics of host: tissue, organ, species, age, sex, race, health condition, activity, systemic
response

Medical/surgical procedure, period of application/usage

Cost

4.1 Biomedical Applications of Natural Fibres

Several studies in the literature incorporating natural fibres such as aloe vera, hemp,
jute, banana, kenaf, ramie, sisal, coir, bamboo, flax, and abaca have been reported
for biomedical applications. This section will describe recent works that have been
published using natural fibres for biomedical applications.

Rodrigues et al. (2019) used the acemannan (ACE), which is a phytocompounds
from aloe vera, which is reported to have beneficial biomedical properties such as
cytocompatibility, wound healing inducing capability, as it promotes the release of
several growth factors, antibacterial and immunomodulatory activities. In this work,
ACE-based films were prepared through the combination of ACE with chitosan
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Table 4 Polymeric biomaterials and application [18, 165, 170-172]

Natural polymers Application

Proteins: Collagen, gelatine, elastin, silk, Tissue regeneration and engineering, scaffold

albumin, fibrin, keratin materials, drug delivery vehicles, and wound
healing

Polysaccharides: Chitosan, alginic acid, Wound dressing, regenerative medicine

hyaluronic acid, cellulose, chondroitin sulphate | (sponges, hydrogels, fibres, and membranes),
tissue engineering, regeneration of bone,
adipose-derived stem cell treatment, cartilage
regeneration, surgical tools, dialysis
membranes, biosensors, and drug delivery.
Postoperative adhesion prevention,
ophthalmic and orthopaedic lubricant, and
cell scaffold

Synthetic polymers

Poly(a-Esters): Poly (glycolic acid), polylactic | Load bearing, scaffolds, biocomposite
acid, poly(lactide-co-glycolide), bacterial materials, prostheses, tissue engineering,
polyesters, polydioxanone and polycaprolactone | orthopaedic, bone pins and plates, suture, a
drug/vaccine carrier, and a long-term
contraceptive with zero-order drug release

Polyurethanes Use in long-term implants such as cardiac
pacemakers, vascular grafts, and tissue
replacements

Polyphosphazenes Scaffolds for tissue engineering,

microencapsulating agents, biodegradable
materials, biocompatible coatings, and
carriers for gene delivery

Polyanhydrides Drug delivery, eye disorder, local
anaesthetics, and anticoagulants and used for
treating brain tumours

Poly(propylene fumarate) Bone tissue, ocular drugs, and estrogenic
tissue engineering

Poly(ethylene glycol) Hip and knee implants, artificial tendons and
ligaments, synthetic vascular grafts, dentures,
and facial implants

Poly(ortho esters) Drug delivery, ocular delivery, periodontal
disease treatment, and applications in
veterinary medicine

Poly(ester amide)s Tissue engineering, controlled drug release
systems, hydrogels, adhesives and smart
materials

or alginate at various concentrations. Blended films had a good homogeneity and
mechanical stability. Films containing alginate and ACE had large storage modulus
which indicates higher resistance to deformation. Films containing chitosan had
lower values when ACE was incorporated; a significant weakening of the strength of
the formed networks with the increase of ACE content was seen. The films produced
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by the authors revealed a very promising alternative to further biomedical appli-
cations; especially considering the polymeric blends of alginate containing higher
ratios of acemannan, showing an improved resistance and stable structure[173].

Atmakuri et al. (2019) investigated the mechanical properties of hemp and flax
fibres within an epoxy resin hardener. From the contact angle measurements, pure
flax shows the maximum contact angle of 65.98° and a mixture of 20% hemp and
flax show a decrease in the contact angle of 10 degrees. The materials presented
a maximum flexural strength at 84.80 MPa to hemp/flax composites with a weight
fraction of 25/15 and 3.30 GPa of flexural modulus. Because of its low density, high
strength, and availability, they can be used in biomedical applications[174].

Furlan et al. (2019) used sisal cellulose and magnetite nanoparticles in order
to obtain a magnetic hybrid film. A sisal cellulose film was prepared by a solvent
casting evaporation method. The SEM images of the hybrid films exhibited a fibrous
structure. The films presented higher tensile strengths (14.3 MPa and 12.1 MPa,
respectively) than the neat cellulose film (9.9 MPa). The elastic modulus of cellulose
film (1860 MPa) is higher than of hybrid films 1500-1650 MPa and 780 for a higher
dosage, indicating that the incorporation of nanoparticles in the cellulosic matrix
decreased the films’ stiffness[175].

Tejero et al. (2019) investigated suitable agronomical approaches for industrial
hemp (Cannabis sativa L.) cultivation for biomedical applications. This work eval-
uated the agronomical response of two industrial hemp cultivars (Carma and Ermes)
subjected to different management practices [176].

5 Conclusion

Natural fibre-reinforced polymer composites show a great deal of promise as bioma-
terials in medical applications. They can be used for high-tech applications, and
in comparison, to certain fibre-reinforced composites, have particular advantages
such as low density and improved thermal insulation. Composites reinforced with
natural fibres are an area attractive to researchers and industries in creating effective
and low-cost alternative materials that are environmentally friendly. These aspects
are becoming more pertinent with the present ecological crisis that is occurring
throughout the world.

Several manufacturing techniques are used in the manufacture of composites.
Processing mediums are chosen according to the fibre used and according to the
desired final product. These product characteristics will define the type of resin used
and the most suitable technique for processing. The polymeric matrix is responsible
for distributing the stress applied to the composite; however, the choice of polymer
is limited mainly by the temperature required for processing, so, it is necessary to
choose a polymeric matrix and a type of natural fibre that does not degrade in its
processing phase. Aloe vera, hemp, jute, banana, kenaf, ramie, sisal, coir, bamboo,
flax, and abaca are some of the possible materials for use in biomaterial applications.
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The use of biomaterials is already well established in the most diverse applications.
However, the development of innovative composite materials has potential in the area
of tissue engineering and stem cell cultures and other novel biomedical applications.
In addition, there are few reports in the literature that have focused on the application
of natural fibres in the production of composites for biomedical applications. There
is extensive work necessary in the future to fully realize the potential of natural
fibre-reinforced composites for biomedical applications, in particular, studies on the
processing, characteristics, and end-of-life implications. However, there is a renewed
emphasis on natural alternatives and as such the future looks promising.
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