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In the contemporary world, natural fibers reinforced polymer composite (NFRPC) materials are of great interest
owing to their eco-friendly nature, lightweight, life-cycle superiority, biodegradability, low cost, noble me-
chanical properties. NFRPCs are widely applied in various engineering applications and this research field is
continuously developing. However, the researchers are facing numerous challenges regarding the developments
and applications of NFPRCs due to the inherent characteristics of natural fibers (NFs). These challenges include
quality of the fiber, thermal stability, water absorption capacity, and incompatibility with the polymer matrices.
Ecological and economic concerns are animating new research in the field of NFRPCs. Furthermore, considerable
research is carried out to improve the performance of NFRPCs in recent years. This review highlights some of the
important breakthroughs associated with the NFRPCs in terms of sustainability, eco-friendliness, and economic
perspective. It also includes hybridization of NFs with synthetic fibers which is a highly effective way of
improving the mechanical properties of NFRPCs along with some chemical treatment procedures. This review
also elucidates the significance of using numerical models for NFRPCs. Finally, conclusions and recommenda-
tions are drawn to assist the researchers with future research directions.

mechanical properties [12-15]. These properties made NFRPCs unique
materials for many transportation applications, e.g., aircraft, motor
vehicles, construction, and trains [16,17]. The most imperative parts of
physical foundations for construction are steel, cement, and timber,

1. Introduction

Fundamentally, a material that constitutes at least two different

materials is a composite. Bricks, concrete, wood, bone, and manufac-
tured composites such as fiber-reinforced plastics (FRP) would be
incorporated in this definition [1,2]. Nowadays, FRPs are applied for the
fabrication of different structures, owing to high strength, high stiffness,
and the combination of low weight. Usually, they are made of epoxy
resin and synthetic fibers [3-5]. These materials are customarily known
as high-performance composite materials [6]. The addition of natural
fibers (NFs) especially as a reinforcement in composite materials is
considered a popular technique for different applications [7], especially
in view of sustainable materials. These NFs offer several benefits, for
instance, their potential to substitute different synthetic fibers [8-11].
These NFs have also been utilized to produce bio-composites. Fig. 1
depicts the advancements in composite materials. Natural Fibers Rein-
forced Polymer Composites (NFRPCs) possess different advantages like
low weight, biodegradable, less expensive, and exhibit excellent
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which leads to high development costs [18,19]. Oil-based fiber [20]
reinforced polymer composites are attractive compared to traditional
development materials [21] in the last few years. These NFRPCs are also
called bio-composites and further categorized into complete or partial
green composites [22-24].

Nowadays, bio-composites of superior characteristics are fabricated
as a result of continuous research devoted to the field of NFs in the last
decade [25-28]. Plant fibers, especially bast and leaf, discover appli-
cations in auto enterprises. However, a large portion of different NFs
[29] are investigated only at laboratory scales and they have not yet
proved their ability to be used in engineering applications [30-32]. It is
important to consider different types of NFs. The three major types
which produced NFs are:

1. Animal-based fibers
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Acronyms

FRP Fiber-reinforced plastics

NFs Natural fiber

NFRPCs Natural fibers reinforced polymer composites
NLF Natural lignocellulosic fibers

PP Polypropylene

LDPE Low-density polyethylene

PEEK Polyether ether ketone
HDPE High-density polyethylene
uv Ultraviolet

GER Global energy requirements
LCA Life cycle assessment

DMA Dynamic mechanical analysis
FEM Finite element method
DRM Dynamic relaxation method
MAS Multilayers armor system
PALF Pineapple leaves

RoHM  Rule of hybrid mixture

GO Graphene oxide

NILJ National institute of justice

2. Mineral fibers
3. Natural lignocellulosic fibers (NLF)

Plant fibers contain cellulose as their primary component, whereas,
protein is the essential constituent of the animal fibers. Both mineral-
based fibers and animal-based fibers are seldomly applied as reinforce-
ment medias in NFRPCs as compared to plant-based fibers due to their
unavailability and high price. Animal-based fibers include wool, silk,
feather, and hair. On the other hand, mineral fibers are acquired from
the minerals and the most abundantly occurring mineral-based fibers
are asbestos and basalt [13,33]. Plant-based fibers are largely obtained
from topical areas and agricultural crops. These fibers like sisal, flax,
ramie, cotton, banana, and hemp have found their applications in the
building and automotive industries due to their low cost, lightweight,
superior mechanical properties, and abundance [34-36]. These fibers
are of eco-friendly and biodegradable nature that have a positive effect
on the environment. Furthermore, these fibers possess superior stiffness
and tensile strength than animal fibers and these properties are com-
parable with the characteristics of synthetic glass fibers. Moreover, an-
imal fibers exhibit inferior hydrophilic properties than plant fibers,
highly sensitive to some alkalis and bad conductors of heat. The

Metal-Matrix
Composite
Ceramic-Matrix
Composites

Conventional Composites

Synthetic Fibers
Reinforced Composites

Advanced Composites
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reinforcement of the synthetic polymers with these fibers produces
high-quality composites in terms of their mechanical properties [37].
Few researchers observed that the starting temperature of the degra-
dation of plant-based fibers is 240 °C. Furthermore, cellulosic materials
degrade in between 260 °C to 350 °C. Whereas, hemicellulose de-
composes within the temperature range 200 °C-260 °C that produces
more non-flammable gases. The decomposition of lignin (constituent of
plant fibers) starts from 160 °C to 400 °C [8,33].

Moreover, the fiber source, extraction process, accessibility, fiber
type, and synthesis method are some of the important features which
influence the mechanical properties of NFRPCs. Moisture absorption is
also an important parameter that critically affects the overall mechan-
ical properties of NFRPCs [38-41]. Fig. 2 shows the moisture contents at
equilibrium in different NFs. Ahmad et al. [42] studied the mechanical
properties of hemp/polyethylene terephthalate hybrid composites
under different water immersion rates. The results of this study showed
tensile and flexural strength continuously decreasing with increasing the
moisture rate. Thus, lowering the mechanical properties of the hybrid
composites, as depicted in Fig. 3.

It has been perceived that the NFRPCs have gone through critical
changes in the last decade. As result of this, these materials are now
considered for various engineering and material science applications
due to a lot of research devoted to this field of NFRPCs that ought to be
updated for comprehending the performance and different attributes
associated to the NFRPCs. Thus, this review tries to cover the following
important questions related to the performance and selections of
NFRPCs (1) Are NFRPCs are environmentally and economically superior

Percenatge of Moisture at room temperature,
RH of 65%
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Fig. 2. Moisture content in natural fibers at equilibrium condition.

Fig. 1. Advancements in composite materials.
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Fig. 3. Tensile and flexural response of hemp/polyethylene terephthalate composites [42] (Images reproduced with permission from Elsevier).

to synthetic fibers reinforced composites? (2) Do NFRPCs have higher
fiber content for equivalent performance? Thus, reducing pollute-based
polymer content; (3) Does the performance of NFRPCs improves through
hybridization and chemical treatment techniques? (4) What are the
emerging applications of the NFRPCs? To address these challenging
questions, an up-to-date review is needed for the better understanding of
NFRPCs.

2. Natural fiber reinforced composites

There are two phases of fiber-reinforced composites; one is the ma-
trix, and the other is reinforcement. Wielage et al. [43], Abu Bakar et al.
[44], Velde et al. [45], and Bledzki et al. [46] categorized polypropylene
(PP), low-density polyethylene (LDPE), polyether ether ketone (PEEK),
and high-density polyethylene (HDPE) as the polymer plastic matrices.
Paul et al. [47] and Rouison et al. [48] listed some conventional syn-
thetic fibers [49] that include glass and carbon fibers. Generally, plastics
exhibit inferior mechanical properties, and their mechanical perfor-
mance can be improved by the introduction of high-strength materials
[50] (fibers) as reinforcement media [51,52].

Historically composite materials are used in many commercial ap-
plications. For example, the particles of bamboo shoots were used by
ancient people in the mud walls and laminated glued wood by Egyptians
in 1500 BCE [19]. The metals were laminated in the making of swords
(1800 AD) [53]. Composite materials design, manufacturing processes,
and modern technology are increasing rapidly due to high demand, high
strength, and environment-friendly nature [54].

Natural fiber-reinforced polymeric materials are captivating the in-
terest of researchers and engineers to be used instead of conventional
fibers. It is due to many advantages associated with NFs, which include
ease of decomposability, environment friendly, low cost, and low weight
[4,55-57]. Based on their usage, the plants that produce NFs, are
divided into primary and secondary plants. In primary or essential
plants, jute [58], sisal, and kenaf [59] are grown for their fiber content.
In contrast, auxiliary or secondary plants (coir, oil palm, and pineapple)
are those in which the fibers/strands are created [60-63].

To reduce the material cost, weight and to provide sustainable so-
lutions, natural fiber-reinforced composites have many attractive fea-
tures, particularly beneficial in plastics, electronics, packaging [64], and
automotive industry [65-67]. For consumer applications, the natural
fiber reinforced hybrid composites are utilized for interior paneling,
household tables, window panels, and chairs [67,68]. These materials

can also be a sustainable option in the automobiles and interior paneling
of airplanes. Some of the essential properties of NFs found in the liter-
ature are presented in Table 1.

Several studies can be found in the literature verifying the excellent
mechanical properties of these materials as well as the limitations in
their applicability. Venkateshwaran et al. [70] found that NFs reduced
the considerable weight of composites. Bisaria et al. [71] studied me-
chanical properties by changing the fiber length and found that com-
posites of 15 mm length possessed maximum flexural and tensile
properties. Ashish et al. [72] found that NFs chosen as reinforcement,
can decrease the tool wear and tear during the machining process. A few
materials (flour of the wood and shell) are being used in the polymer as a
filler to confer the positive benefits in the composites, such as removal of
shrinkage and creep resistance in the materials after molding.

3. Sustainability of NFRPCs

NFRPCs are considered one of the emerging materials of the present
time and the “green” term is often associated with these NFRPCs [24,30,
73]. It is due to the biodegradability of the NFRPCs happens with the
breakdown of the individual constituents in composite materials [74].
Biodegradability, recyclability, and sustainability can have a significant
effect on the both future as well as present climate [75-78]. Ecofriendly
materials are gaining attention throughout the world for continually
raising guidelines and enactments against harmful materials. In this
context, the researchers are encouraging the production of green ma-
terials especially NFRPCs [36]. NFs contribute a huge role in the pro-
duction of NFRPCs. The production of NFRPCs also consumes lower
energy 9.55 MJ/kg as compared to the traditional fiber-reinforced
composites e.g., glass 54.7 MJ/kg [79]. The NFRPCs have lower envi-
ronmental impacts than synthetic fiber reinforced composites. These
products equipped with economical qualities like biodegradability, and
renewability are raising the market volume especially due to their lower
climate effects [80]. Fig. 4 illustrates different parameters associated
with sustainable products.

Furthermore, the significant benefit associated with NFs is revenue
that comes from their manufacturing. Moreover, the land for NF crea-
tion can be continuously cultivated many times. For example, the
manufacturing of flax and hemp fibers further yields seeds, substances
and oils with numerous important uses, including that of healthful
supplements for individuals [81]. The mass created is also biodegrad-
able toward the finish of its life cycle. For instance, coir strands are
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Table 1
Properties of different natural fibers [8,27,69].
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Fibers Cellulose (Wt%)  Density (g/cm®)  Moisture Microfibrillar angle (degrees) ~ Young’s Tensile strength (MPa)  Elongation at break (%)
Content (wt %) Modulus (GPa)
Abaca 55-62 1.5 14 - 10-12 400 3-10
Coir 31-42 1.1 10 30-40 4-6 106-175 17-47
Cotton 84-91 1.5-1.6 8 - 6-12 290-800 7-8
Banana 17 1.3 7 10 7-20 54-754 10.35
Ramie 67-75 1.5 8 - 61-127 400-900 1-4
Sisal 64-70 1.45 10 10-22 9-15 568-640 3-7
Jute 60-70 1.3 11 - 12-25 393-770 7-9
Pineapple Leaf ~ 20-80 1.44 12 8-14 34-82 413-1627 0.8-1
Hemp 67 1.48 10 - 60-70 690 1.6

Fig. 4. Different attributes associated with sustainability.

already a byproduct of an industry that produces 64.3 billion nuts per
year [82].

These NFRPCs mostly contain 60-70 % of NFs and the remaining
portion is the adhesive and matrix. In an open climate, the degradation
of NFs is affected by environmental dampness, temperature, ultraviolet
(UV) light, and the presence of different microorganisms [60,83]. The
degradation happens by the breakdown of hemicelluloses, lignin, and
cellulose of the fibers. In this way, the complete failure in the mechan-
ical properties of the NFRPCs was observed [84]. The kenaf/POM
composites were exposed to dampness, water shower, and UV light in a
chamber and the materials exhibited lower tensile strength. This
outcome was attributed to the degradation of the cellulose, hemi-
celluloses, and lignin of kenaf filaments [85]. The impact of the atmo-
spheric condition on the biodegradability of jute/phenolic composites

was studied [86]. The reported results showed that almost one-half of
elastic properties were reduced after their exposure to the UV for two
years. Furthermore, pitch breaking, swelling, fibrillation, and dark spots
were also observed due to the UV exposure. Some of the general attri-
butes associated with sustainable NFRPCs materials are presented in
Fig. 5.

3.1. Economic perspective

NFRPCs are often known as sustainable materials because the most
used materials in NFRPCs are obtained from living plants and sometimes
animal’s skin. The United States (US) market shares the facts that the
composite market was 2.7 billion pounds sterling in 2006 and it is
assessed to reach 3.3 billion pounds real by 2012 with a 3.3 % yearly
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development. Furthermore, NFRPCs market in the US encountered a 13
% development rate (275 million kilograms) between 1994 and 2004
[87]. Furthermore, the interest in NFRPCs continues to rise. The average
worldwide yearly market development for NFRPCs was 38 % from 2003
to 2007, while Europe saw the most noteworthy yearly development at a
pace of 48 %. This market was assessed at 0.36 million metric tons in
2007 and it is reached 3.45 million metric tons in 2020. Composite
materials-based industries are proved to be successful businesses all over
the world, nowadays NFRPCs are effectively contributing to these
industries.

3.2. Environmental perspective

The ecological benefits of composite materials over the conventional
aluminum structures in airplanes have been proved and investigated
through different life cycle assessment (LCA) based research. The
worldwide progress of the airplane industry with composite design is
estimated to contribute 15 %-20 % decrease in CO, contents till 2050.
NFRPCs are more eco-friendlier than traditional composites due to the
major contribution of cellulose, hemicellulose, and lignin in their
structures.

Cellulose is an abundantly available molecule that decomposes
naturally. Furthermore, after serving their valuable life the NFRPCs can
be decayed along with different polymers. For instance, the energy-
related to burning for China reed strands is assessed to be 14 MJ/kg.
Furthermore, this incineration results in no emissions of CO; in the at-
mosphere. Thus, the burning of NF composites results in positive carbon
credits and lower danger to the atmospheric impact. The global energy
requirements (GER) [87,88] in the form of some NFs and residues used
for generating energy at the end of their LCA are shown in Fig. 6.

4. Chemical treatments

Different chemical treatments can be adopted for improving the
mechanical and surface properties of both metal matrix composites [89]
and fiber-reinforced composites due to the fundamental problem asso-
ciated with NFs known as hydrophilic nature. The NF composites exhibit
poor mechanical properties even in hybridization with synthetic fibers
[5]. NFs are comparatively more moisture absorbent and exhibit lower
strength than synthetic fibers [90]. Researchers are aiming to develop
pre-treatment processes to improve the compatibility of NFs with
polymer matrices [91] and to enhance the mechanical characteristics of
the composites.

The alkali treatment approach is one of the least complex, econom-
ical and powerful techniques applied for enhancing the attachment of
NFs with epoxy resin. The impact of coupling agent NaOH in alkali
treatment had been studied by different researchers [90,92,93]. The
results revealed that NaOH concentration (1, 5, and 10 %) and length to
submerge the filaments (0, 24, and 48 h) had different consequences on
the fiber surface morphology. Mukhtar et al. [94] compared the
different chemical treatment procedures on sugar palm fibers. The re-
ported results showed that alkali and sodium bicarbonates treated fiber
possessed an increase in crystallinity, thermal stability, and surface
roughness compared to the untreated jute fibers.

Silane coupling agents composed of bifunctional structures. These
agents are usually employed as chemical enhancers and can make
chemical platforms between the fiber and the matrix. Silanes are addi-
tionally adhesion promoters in numerous applications and are utilized
as substrate primers [95-97]. Maleated coupling agent’s treatment is
applied to strengthen the composites containing different NFs. The setup
job of these agents (MaPOs) is to produce two fundamental elements,
practical assembling and the efficient collaboration of maleic anhydride
with the useful surface of fiber reinforcements [8].

Acetylation treatment is known as the esterification strategy for
strengthening regular or natural filaments. Acetyl gathering (CH3CO)
responds with the hydrophilic hydroxyl gatherings (OH) of the fiber and
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removes the moisture content from the fibers [94]. The different
chemical treatments, along with their agents or functional groups are
summarized in Table 2.

NLFs have been used as cost-effective and promising reinforcements
media in composites [99]. Their effectiveness can further be increased
through chemical treatment or coating with any functionalized mate-
rials. For example, Filho et al. [100] studied the novel piassava fiber
with and without graphene oxide (GO) functionalized, epoxy compos-
ites. Thermogravimetric investigation results showed maximum thermal
stability at around 200 °C for the perfect piassava fiber. Furthermore,
the hemicellulose and lignin degradation occur at moderately higher
temperatures for the GO-coated piassava strands. The differential
scanning calorimetry examination revealed that molecular breakage
occured at an endothermic peak at around 125 °C for the perfect pias-
sava fiber which was not found for the GO-covered strands inside the
most extreme time frame investigated. The dynamic mechanical analysis
(DMA) testing showed that outstanding changes associated with GO
coatings on the piassava fibers with regard to the viscous stiffness and
damping limit of the epoxy composite. In a similar study, Costa et al.
[101] evaluated the mechanical properties of composites with and
without the functionalization of GO curaua fibers. The results revealed
64 % increase in yield strength, 40 % better tensile strength, and 28 %
rise in toughness for GO curaua fibers composites.

5. Hybrid natural fibers reinforced composite materials

The reinforcement of more than one type of material in the matrix
forms a hybrid composite that is moderately cheap [102]. There is a
possibility that fiber-reinforced polymer hybrid composites have:

e Two types of phases, one is consisting of a matrix and the other is
consisting of more than one reinforcing phase.

e Two types of phases, one is consisting of a reinforcing phase and the
other is consisting of more than one matrix phase.

e Manifold matrix phases with more than one reinforcing phase.

Previously in many studies, it has been observed that hybridization
with any synthetic fibers improves many structural properties of
NFRPCs. Venkateshwaran et al. [70] concluded that mostly glass fiber
and carbon fiber are responsible for enhancing hybridization’s me-
chanical properties. By adding the volume fraction of glass, tensile
strength and Young’s modulus were improved due to the better
compatibility of the glass fibers with the polystyrene matrix. Ajith et al.
[103] found that the polyester composite reinforced with jute fibers
exhibited inferior properties than the jute reinforced with epoxy

Table 2
Different chemical treatments and their effects [31,41,98].

Chemical Treatments Functional Groups/ Specific Effects on Natural

Coupling Agent Fibers

Benzoylation
treatment

Benzoyl chloride Makes fibers hydrophobic

Peroxide treatment

Sodium Chlorite
treatment

Acrylation and
acrylonitrile
grafting

Oleoyl Chloride
treatment

Triazine treatment

Permanganate
treatment

Fungal treatment

Polyethylene

Sodium Chlorite
(NaClOy)

Acrylic Acid
(CH,=CHCOOH)

Oleoyl Chloride
Triazine (C3H3N3)
Potassium
Permanganate

(KMnO4)
Specific Enzymes

Improve the adhesion of fibers
with a matrix
Remove moisture from fiber

Bonding capacity and stress
transfer of the interface
increases

Improves wettability and
adhesion properties

Improves the adhesion of the
fibers

Improves the thermal stability
of the fibers

Enhance the linking/meshing
of fibers in the matrix
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composites. In another study, Sanjay et al. [104] observed that by hybrid
reinforcement of jute and glass fiber, the properties of the composites
can be enhanced as compared to individual jute or glass fiber reinforced
composites.

Khalid et al. [105], Ali et al. [106], and Haneefa et al. [107]observed
the combination of different NFs in thermoset plastics. Kiran et al. [108]
discovered that banana fiber reinforced with polyester had a tensile
strength of about 59 MPa for a fiber length of 3 cm and weight of 51 %.
Hybridization is typically categorized into interlaminate and intra-
laminate. Interlaminate, or basically overlay, obtains by depositing
layers made of various strands. Whereas, in intralaminates, the two fil-
aments are entrapped inside a single layer [109].

Sanjay and Yoghesha studied the hybridization effects of different
laminate layers consisting of various jute/kenaf/E-Glass woven fabric
layers. These laminates were manufactured utilizing the vacuum
bagging method. The excellent hybridization results were observed in
these laminates in terms of their mechanical properties [110]. Further-
more, the consequences of hybridization for improving the structural,
thermal, and mechanical properties of many NFRPCs were reported in
many studies [111-113].

Hybridization by adding the laminates of the synthetic fiber [32,96,
112,114] can provide NFRPCs of better moisture absorption property
along with nobler mechanical properties. For instance, glass or carbon
filaments are impervious to moisture absorption and have relatively
higher mechanical strength than those of NFs [115-118]. Thus, hy-
bridization through the synthetic fibers accomplishes an agreement
between predominant mechanical properties and the cost of the com-
posites. For half-breed fiber composites, the Rule of Hybrid Mixture
(RoHM) is a broadly utilized technique that can anticipate Young’s
modulus of these hybrid NFRPCs [113,119-121]. Nonetheless, the im-
pacts of hybridization on the mechanical degradation instigated by
dampness and moisture remain vague [122,123]. Table 3 summarizes
the different synthetic fibers and NFs were studied by many researchers
through hybridization technique [123-127].

6. Emerging applications

Threats related to guns have significantly affected the human life, in
particular to the warriors and public soldiers. Multilayers Armor System
(MAS) provides effective protection against these threats. Convention-
ally different synthetic materials like aluminum and Kevlar fibers
(Dyneema) were utilized in the MAS. NFRPCs are now considered as one
of the most emerging materials for many engineering applications,
especially in MAS. These NFRPCs are considered as the second MAS
layer [133]. For example, Luz et al. [134] performed a comprehensive
study using both NFRPCs and conventional materials (Dyneema plate) in

Table 3
Hybridization of NFs with synthetic fibers.
Natural Synthetic Advantages Achieved Ref.
Fibers Fibers
Jute Glass Optimum mechanical properties were [128,
achieved by utilizing jute fibers. 129]
Sisal Glass A good tensile strength was achieved by [130]
incorporating jute fibers.
Sugar Palm  Carbon Experimental results revealed that hybrid [131]

Fiber composite containing 60% of sugar palm
fibers and 40 % carbon fibers possess
highest flexural strength.

Banana Glass Banana fiber has shown the optimum [132]
flexural strength when used with glass
fiber. These NFRPCs have found its usage
in sports industry.

Jute Carbon Impact and flexural strength were found [106]

to be increasing with increasing the jute
fiber percentage in carbon/jute hybrid
composites.
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hard armor. These NFRPCs are produced by utilizing pineapple leaves
(PALF). The purpose of this hard armor system is to provide extra pro-
tection in normal level IIIA ballistic protective layer vests, made with
Kevlar. By incorporating the NFRPCs along with the ceramic front panel,
results in ballistic protection of level III. The results of this study show
that this degree of ballistic protection proved to be effective against 7.62
mm type rifle ammo for the National Institute of Justice (NIJ) global
standard for level III security which is equivalent to the Dyneema plate,
generally utilized in protective layer vests.

Pereira et al. [135] performed a similar study on polyester com-
posites produced from fique fibers for ballistics testing. Different volume
fractions of fique fibers were tested. The results showed that the poly-
ester composites having 30 % volume fractions of fibers are ideal can-
didates for MAS and can also replace Kevlar due to their high energy
absorption and integrity after the impact. Fig. 7 shows the schematic
diagram of the hard armor system for ballistics protection.

Filho et al. [136] evaluated the ballistics performance of NFRPCs
utilizing piassava fiber. The composites were produced with 10-50 %
volume fractions. Ballistics testing was done using 7.62 mm ammuni-
tion. The assessment of the ballistic testing system was estimated by the
depth of penetration, which triggers the consistency with the human
body, in understanding certain necessities of the N1J standard 0101.06.
The cracked materials were breaking down after the ballistic tests.
Finally, these testing results showed that MASs utilizing piassava fiber
composites as a subsequent layer provides effective protection. This
demonstrates that piassava fiber which is a green material can also be
used in armor systems effectively.

Nowadays, a new class of NFs is under extensive considerations.
Neuba et al. [137] explored relatively a new class of NF named as
“Cyperus malaccensis (CM)”, a type of sedge fiber, which is already
consumed in ropes, furniture, and paper.

7. Numerical techniques

Numerical methods can be utilized to model and simulate the me-
chanical behavior of composite materials, yet the primary ones are
Dynamic Relaxation (DR) coupled with Finite Difference Method and
Finite Element Method (FEM).

7.1. Dynamic relaxation method (DRM)

DRM was first introduced by Rushton [138] and Cassell and Hobbs
[139] in 1960. In the dynamic relaxation method, the equilibrium
equation is converted into the dynamic equation. The damping term is
expressed in the finite difference, and the solution is obtained through
the iteration process. The time increment and the optimum damping
coefficient are used to stabilize the solution. The specimen’s stiffness
matrix, applied load, boundary conditions, and mesh size are the main
variables that affect the solution.

7.2. Finite Element Method (FEM)

Nowadays, FEM is the most widely used numerical method [140].
Many engineering analysis problems are solved by this numerical pro-
cedure [115,141]. It is divided into two primary subdivisions:

e In the first subdivision, discrete elements are used to acquire the
member forces and joint displacements of a structural framework.
This formulation is known as matrix analysis of structures, and the
results obtained are identical to the classical analysis of structural
framework.

In the second subdivision, continuum elements are utilized to ac-
quire estimated solutions to thermal, mechanics of fluid, and the
mechanics of solid problems. This approach is an accurate FEM, and
calculated results of the required constraints at exact points (nodes)
are obtained.
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Hard Armor System proposed
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Fig. 7. Schematic diagram of the hard armor system for ballistics protection [134].

Both types of problems can be solved in a general finite element. The
distinct part and the array element interpretations are denoted by the
‘Finite Element Method’. Unarguably, the most accurate numerical
method, FEM is used as a computational method for solving the prob-
lems that arise in many engineering and material science fields. It is
grounded on the concept of replacing any continuum with an accumu-
lation of finite elements with definite force, displacement, and material
relationships. Whereas it may not be possible to derive a closed-form
solution for the continuum, approximate solutions can be derived for
the element accumulation to replace it. Using ideas from interpolation
theory, estimation functions or estimated solutions are made, and
therefore, they are referred to as Interpolation Functions. Previously
adopted numerical techniques on NFs with their accuracy are reported
in Table 4.

7.3. Comparison between FEM and DR

Aalami et al. [145] discovered time requirement by the computer for

Table 4
Accuracy of some recently adopted numerical models for mechanical properties
characterization of NFRPCs.

Natural Hybridization Testing type Maximum Accuracy Ref.
Fibers with any of Numerical
synthetic fibers Method
Jute Carbon fiber Tensile ~ 92 %
Basalt No Compressive, A very high [142]
splitting tensile, correlation
and bending coefficient was
found between
experimental and
numerical results.
Banana Glass fiber Flexural ~ 88 % [132]
Hemp No - Curing behavior and [143]
was successfully
predicted through
numerical
techniques.
Jute Carbon Fiber Flexural ~ 84 % [106]
Flax Glass fiber Impact ~ 94 % [144]
Jute Carbon fiber Impact ~ 96 % [106]

the DR analysis is approximately eight times lesser than for the FEM,
whereas the DR analysis storage capacity, is less than for FEM. Putcha
et al. [146] and Turvey et al. [147] noticed that FEM demands large
storage capacity and computer time. FEM is more efficient than the DR
Method because of the large computations. Aalami et al. [145] discov-
ered that FEM is 15 % more accurate than DR. Therefore, FEM is
considered acceptable accuracy. Whereas, DR method is applicable for
limited geometries only. On the other hand, FEM can be applied to
different complicated geometries and shapes.

8. Conclusion

For lowering the harmful effects of advanced materials on the
environment the complete degradation of the materials is necessary and
quite challenging at the same time. For this purpose, researchers should
consistently search for those materials which are completely combus-
tible or biodegradable. We conclude that these NFRPCs are superior to
the synthetic fiber reinforced composites due to the following attributes:
(1) These NFs are present abundantly in nature which makes them cheap
and sustainable materials (2) There are different techniques like chem-
ical treatments, coating of different materials on NFs and hybridization
technique which enhance the mechanical and physical properties of
NFRPCs. (3) NFRPCs are best suited to ballistics applications due to their
high-impact properties. (4) The environmental effects of NFRPCs are
quite low which makes them suitable for various sustainable engineer-
ing applications (5) Numerical tools could be a useful tool for the me-
chanical characterization of composite materials. Prediction of
mechanical behavior of materials using numerical tools could allow the
design of innovative and novel materials. These numerical techniques
proved to be both times saving and environmentally friendly.

9. Future perspective and challenges

From the above review, it is clear that the use of NFRPCs in engi-
neering applications is justified owing to their comparable mechanical
strength with synthetic fibers and lower environmental effects. But there
are huge challenges involved in controlling and improving the me-
chanical properties of NFRPCs. Further exploration is also required from
the research community to support and encourage the utilization of
novel NFs as well as novel chemical techniques in advancements of
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NFRPCs. Finally, we can infer that the development of NFRPCs is quickly
expanding and envisaged into a future sustainable material for emerging
applications.

Currently, a good growth in the utilization of NFRPCs is seen,
especially in automotive industries. Bast fiber, hemp, kenaf, and flax are
now considered in automobile parts. Simultaneously, wood plastics in
composites make them ideal for construction enterprises. Europe is
anticipated to stay as the biggest market for NFRPCs due to their huge
contributions towards the less polluted environment through eco-
friendly materials consumption in different sectors. With the signifi-
cant progress in materials sciences, it is assumed that in future these
advancements will lead us towards the improved properties of NFRPCs
for particularly new applications. NFs composites are now being utilized
effectively in electrical gadgets, and sports equipment which means that
they can catch a great market share in the future.

Future research is needed to overcome the impediments like mois-
ture absorption for long-term stability in outdoor applications. Specif-
ically in extreme weather conditions like temperature, humidity, and UV
radiation all affect the service life of the NFRPCs.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

The publication of this article was funded by the Qatar National
Library.

References

[1] F.M. Al-Oqla, S.M. Sapuan, Natural fiber reinforced polymer composites in
industrial applications: feasibility of date palm fibers for sustainable automotive
industry, J. Clean. Prod. 66 (2014) 347-354, https://doi.org/10.1016/j.
jclepro.2013.10.050.

Z.U. Arif, M.Y. Khalid, E. ur Rehman, S. Ullah, M. Atif, A. Tariq, A review on laser

cladding of high-entropy alloys, their recent trends and potential applications,

J. Manuf. Process. 68 (2021) 225-273, https://doi.org/10.1016/].

jmapro.2021.06.041.

A. Lotfi, H. Li, D.V. Dao, G. Prusty, “Natural fiber-reinforced composites: a review

on material, manufacturing, and machinability, J. Thermoplast. Compos. Mater.

(2019), https://doi.org/10.1177/0892705719844546.

[4] M.Y.Khalid, Z.U. Arif, A. Al Rashid, M.I. Shahid, W. Ahmed, A.F. Tariq, Z. Abbas,
Interlaminar shear strength (ILSS) characterization of fiber metal laminates
(FMLs) manufactured through VARTM process, Forces Mech. 4 (2021), https://
doi.org/10.1016/j.finmec.2021.100038, 100038.

[5] L. Mohammed, M.N.M. Ansari, G. Pua, M. Jawaid, M.S. Islam, A review on

natural fiber reinforced polymer composite and its applications, Int. J. Polym. Sci.

2015 (2015), https://doi.org/10.1155/2015/243947.

P. Lertwattanaruk, A. Suntijitto, Properties of natural fiber cement materials

containing coconut coir and oil palm fibers for residential building applications,

Construct. Build. Mater. 94 (2015) 664-669, https://doi.org/10.1016/j.

conbuildmat.2015.07.154.

S. Hassanzadeh, H. Hasani, A review on milkweed fiber properties as a high-

potential raw material in textile applications, J. Ind. Textil. 46 (6) (2017)

1412-1436, https://doi.org/10.1177/1528083715620398.

O. Faruk, A.K. Bledzki, H.P. Fink, M. Sain, Biocomposites reinforced with natural

fibers: 2000-2010, Prog. Polym. Sci. 37 (11) (2012) 1552-1596, https://doi.org/

10.1016/j.progpolymsci.2012.04.003.

[9] M.K. Gupta, R.K. Srivastava, Mechanical properties of hybrid fibers-reinforced
polymer composite: a review, Polym. Plast. Technol. Eng. 55 (6) (2016) 626-642,
https://doi.org/10.1080/03602559.2015.1098694.

[10] A.V.N.A. Lima, J.L. Cardoso, C.J.S. Lobo, Research on hybrid sisal/glass
composites, Review 38 (2019) 17.

[11] M.Y. Khalid, Z.U. Arif, M.F. Sheikh, M.A. Nasir, Mechanical characterization of
glass and jute fiber-based hybrid composites fabricated through compression
molding technique, Int. J. Material Form. (2021), https://doi.org/10.1007/
512289-021-01624-w.

[12] S.O. Amiandamhen, M. Meincken, L. Tyhoda, Natural fibre modification and its
influence on fibre-matrix interfacial properties in biocomposite materials, Fibers
Polym. 21 (4) (2020) 677-689, https://doi.org/10.1007/s12221-020-9362-5.

[13] S.K. Ramamoorthy, M. Skrifvars, A. Persson, A review of natural fibers used in
biocomposites: plant, animal and regenerated cellulose fibers, Polym. Rev. 55 (1)
(2015) 107-162, https://doi.org/10.1080/15583724.2014.971124.

[2

—

[3

—

[6

—

[7

—

[8

=

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Results in Engineering 11 (2021) 100263

M.P. Westman, S.G. Laddha, L.S. Fifield, T.A. Kafentzis, K.L. Simmons, Natural
Fiber Composites: A Review, 2010.

M.Y. Khalid, A. Al Rashid, Z. Abbas, N. Akram, Z.U. Arif, F.P.G Marquez,
Evaluation of tensile properties of glass/sisal and glass/jute fibers reinforced
hybrid composites at different stacking sequences, Polymer (Korea) 45 (3) (2021)
390-397, https://doi.org/10.7317/pk.2021.45.3.390.

M.Y. Khalid, A. Al Rashid, Z.U. Arif, W. Ahmed, H. Arshad, Recent advances in
Nanocellulose-based different Biomaterials: Types, Properties, and Emerging
Applications, J. Mater. Res. Technol. (2021), https://doi.org/10.1016/j.
jmrt.2021.07.128.

M.K. Ans Al Rashid, Shoukat Alim Khan, Sami G. Al-Ghamdi, Critical Review on
3DP Concrete trends, needs and research recommendations, in: In the
International Conference of Materials and Engineering Technology (TICMET’20),
2020, p. 553.

S.0. Odeyemi, R. Abdulwahab, A.G. Adeniyi, O.D. Atoyebi, Physical and
mechanical properties of cement-bonded particle board produced from African
balsam tree (Populous Balsamifera) and periwinkle shell residues, Res. Eng. 6
(Jun. 2020) 100126, https://doi.org/10.1016/j.rineng.2020.100126.

F.M. Coutinho, T.H. Costa, “Performance of polypropylene-wood fiber
composites, Polym. Test. 18 (8) (Dec. 1999) 581-587, https://doi.org/10.1016/
S0142-9418(98)00056-7.

P.A. Bonnet-Masimbert, F. Gauvin, H.J.H. Brouwers, S. Amziane, Study of
modifications on the chemical and mechanical compatibility between cement
matrix and oil palm fibres, Res. Eng. 7 (Sep. 2020) 100150, https://doi.org/
10.1016/j.rineng.2020.100150.

M.L Aranguren, J.F. Gonzalez, M.A. Mosiewicki, Biodegradation of a vegetable
oil based polyurethane and wood flour composites, Polym. Test. 31 (1) (Feb.
2012) 7-15, https://doi.org/10.1016/J.POLYMERTESTING.2011.09.001.

J. Militky, A. Jabbar, Comparative evaluation of fiber treatments on the creep
behavior of jute/green epoxy composites, Compos. B Eng. 80 (2015) 361-368,
https://doi.org/10.1016/j.compositesb.2015.06.014.

M. Zhang, J.P. Matinlinna, E-glass fiber reinforced composites in dental
applications, Siliconindia 4 (1) (2012) 73-78, https://doi.org/10.1007/512633-
011-9075-x.

R. Siakeng, M. Jawaid, H. Ariffin, S.M. Sapuan, M. Asim, N. Saba, Natural fiber
reinforced polylactic acid composites: a review, Polym. Compos. 40 (2) (2019)
446-463, https://doi.org/10.1002/pc.24747.

A. Alj, et al., “Hydrophobic treatment of natural fibers and their composites—a
review, J. Ind. Textil. 47 (8) (2018) 2153-2183, https://doi.org/10.1177/
1528083716654468.

S.V. Joshi, L.T. Drzal, A.K. Mohanty, S. Arora, Are natural fiber composites
environmentally superior to glass fiber reinforced composites? Compos. Part A
Appl. Sci. Manuf. 35 (3) (2004) 371-376, https://doi.org/10.1016/j.
compositesa.2003.09.016.

A. Gholampour, T. Ozbakkaloglu, A review of natural fiber composites:
properties, modification and processing techniques, characterization,
applications 55 (3) (2020). Springer US.

G. Silva, S. Kim, R. Aguilar, J. Nakamatsu, “Natural fibers as reinforcement
additives for geopolymers — a review of potential eco-friendly applications to the
construction industry, Sustain. Mater. Technol. 23 (2020), e00132, https://doi.
org/10.1016/j.susmat.2019.e00132.

M.Y. Khalid, et al., Developments in chemical treatments, manufacturing
techniques and potential applications of natural-fibers-based biodegradable
composites, Coatings 11 (3) (2021), https://doi.org/10.3390/coatings11030293.
O. Onuaguluchi, N. Banthia, Plant-based natural fibre reinforced cement
composites: a review, Cement Concr. Compos. 68 (2016) 96-108, https://doi.
org/10.1016/j.cemconcomp.2016.02.014.

J. Biagiotti, D. Puglia, J.M. Kenny, “A review on natural fibre- based composites
— Part 11, J. Nat. Fibers 1 (2) (2004) 37-68, https://doi.org/10.1300/
J395v01n03.

F. Rubino, A. Nistico, F. Tucci, P. Carlone, Marine application of fiber reinforced
composites: a review, J. Mar. Sci. Eng. 8 (1) (2020) 26, https://doi.org/10.3390/
jmse8010026.

K. Heise, et al., Nanocellulose: recent fundamental advances and emerging
biological and biomimicking applications, 2020, https://doi.org/10.1002/
adma.202004349.

S. Maity, K. Singha, D.P. Gon, P. Paul, M. Singha, “A review on jute Nonwovens :
manufacturing , properties and applications, Int. J. Textil. Sci. 1 (5) (2012)
36-43, https://doi.org/10.5923/j.textile.20120105.02.

R. Kumar, M.I. Ul Hagq, A. Raina, A. Anand, “Industrial applications of natural
fibre-reinforced polymer composites—challenges and opportunities, Int. J. Sustain.
Eng. 12 (3) (2019) 212-220, https://doi.org/10.1080/19397038.2018.1538267.
S. Mahmud, K.M.F. Hasan, M.A. Jahid, K. Mohiuddin, R. Zhang, J. Zhu,
Comprehensive review on plant fiber-reinforced polymeric biocomposites,

J. Mater. Sci. 56 (12) (2021) 7231-7264, https://doi.org/10.1007/s10853-021-
05774-9.

M.R. Sanjay, S. Siengchin, J. Parameswaranpillai, M. Jawaid, C.I. Pruncu,

A. Khan, A comprehensive review of techniques for natural fibers as
reinforcement in composites: preparation, processing and characterization, in:
Carbohydrate Polymers, vol. 207, Elsevier Ltd, 2019, pp. 108-121, https://doi.
org/10.1016/j.carbpol.2018.11.083. Mar. 01.

R. Senthilraja, R. Sarala, A. Godwin Antony, Seshadhri, Effect of acetylation
technique on mechanical behavior and durability of palm fibre vinyl-ester
composites, Mater. Today Proc. 21 (xxxx) (2020) 634-637, https://doi.org/
10.1016/j.matpr.2019.06.729.


https://doi.org/10.1016/j.jclepro.2013.10.050
https://doi.org/10.1016/j.jclepro.2013.10.050
https://doi.org/10.1016/j.jmapro.2021.06.041
https://doi.org/10.1016/j.jmapro.2021.06.041
https://doi.org/10.1177/0892705719844546
https://doi.org/10.1016/j.finmec.2021.100038
https://doi.org/10.1016/j.finmec.2021.100038
https://doi.org/10.1155/2015/243947
https://doi.org/10.1016/j.conbuildmat.2015.07.154
https://doi.org/10.1016/j.conbuildmat.2015.07.154
https://doi.org/10.1177/1528083715620398
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1080/03602559.2015.1098694
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref10
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref10
https://doi.org/10.1007/s12289-021-01624-w
https://doi.org/10.1007/s12289-021-01624-w
https://doi.org/10.1007/s12221-020-9362-5
https://doi.org/10.1080/15583724.2014.971124
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref14
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref14
https://doi.org/10.7317/pk.2021.45.3.390
https://doi.org/10.1016/j.jmrt.2021.07.128
https://doi.org/10.1016/j.jmrt.2021.07.128
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref17
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref17
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref17
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref17
https://doi.org/10.1016/j.rineng.2020.100126
https://doi.org/10.1016/S0142-9418(98)00056-7
https://doi.org/10.1016/S0142-9418(98)00056-7
https://doi.org/10.1016/j.rineng.2020.100150
https://doi.org/10.1016/j.rineng.2020.100150
https://doi.org/10.1016/J.POLYMERTESTING.2011.09.001
https://doi.org/10.1016/j.compositesb.2015.06.014
https://doi.org/10.1007/s12633-011-9075-x
https://doi.org/10.1007/s12633-011-9075-x
https://doi.org/10.1002/pc.24747
https://doi.org/10.1177/1528083716654468
https://doi.org/10.1177/1528083716654468
https://doi.org/10.1016/j.compositesa.2003.09.016
https://doi.org/10.1016/j.compositesa.2003.09.016
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref27
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref27
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref27
https://doi.org/10.1016/j.susmat.2019.e00132
https://doi.org/10.1016/j.susmat.2019.e00132
https://doi.org/10.3390/coatings11030293
https://doi.org/10.1016/j.cemconcomp.2016.02.014
https://doi.org/10.1016/j.cemconcomp.2016.02.014
https://doi.org/10.1300/J395v01n03
https://doi.org/10.1300/J395v01n03
https://doi.org/10.3390/jmse8010026
https://doi.org/10.3390/jmse8010026
https://doi.org/10.1002/adma.202004349
https://doi.org/10.1002/adma.202004349
https://doi.org/10.5923/j.textile.20120105.02
https://doi.org/10.1080/19397038.2018.1538267
https://doi.org/10.1007/s10853-021-05774-9
https://doi.org/10.1007/s10853-021-05774-9
https://doi.org/10.1016/j.carbpol.2018.11.083
https://doi.org/10.1016/j.carbpol.2018.11.083
https://doi.org/10.1016/j.matpr.2019.06.729
https://doi.org/10.1016/j.matpr.2019.06.729

M.Y. Khalid et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

M. Asrofi, et al., Isolation of nanocellulose from water hyacinth fiber (WHF)
produced via digester-sonication and its characterization, Fibers Polym. 19 (8)
(2018) 1618-1625, https://doi.org/10.1007/s12221-018-7953-1.

R. Vijay, S. Manoharan, S. Arjun, A. Vinod, D.L. Singaravelu, Characterization of
silane-treated and untreated natural fibers from stem of leucas aspera, J. Nat.
Fibers (2020) 1-17, https://doi.org/10.1080/15440478.2019.1710651, 0000.
R. Gallego, et al., Green approach for the activation and functionalization of jute
fibers through ball milling, Cellulose 27 (2) (2020) 643-656, https://doi.org/
10.1007/510570-019-02831-0.

M.A.A. Ahmad, M.S. Abdul Majid, M.J.M. Ridzuan, M.N. Mazlee, A.G. Gibson,
Dynamic mechanical analysis and effects of moisture on mechanical properties of
interwoven hemp/polyethylene terephthalate (PET) hybrid composites,
Construct. Build. Mater. 179 (Aug. 2018) 265-276, https://doi.org/10.1016/j.
conbuildmat.2018.05.227.

B. Wielage, T. Lampke, H. Utschick, F. Soergel, “Processing of natural-fibre
reinforced polymers and the resulting dynamic-mechanical properties, J. Mater.
Process. Technol. 139 (1-3) (Aug. 2003) 140-146, https://doi.org/10.1016/
S0924-0136(03)00195-X.

M.S. Abu Bakar, et al., “Tensile properties, tension-tension fatigue and biological
response of polyetheretherketone-hydroxyapatite composites for load-bearing
orthopedic implants, Biomaterials 24 (13) (Jun. 2003) 2245-2250, https://doi.
org/10.1016/50142-9612(03)00028-0.

K. Van de Velde, P. Kiekens, Thermoplastic polymers: overview of several
properties and their consequences in flax fibre reinforced composites, Polym.
Test. 20 (8) (Jan. 2001) 885-893, https://doi.org/10.1016/50142-9418(01)
00017-4.

A. Bledzki, J. Gassan, Composites reinforced with cellulose based fibres, Prog.
Polym. Sci. 24 (2) (May 1999) 221-274, https://doi.org/10.1016/50079-6700
(98)00018-5.

A. Paul, K. Joseph, S. Thomas, Effect of surface treatments on the electrical
properties of low-density polyethylene composites reinforced with short sisal
fibers, Compos. Sci. Technol. 57 (1) (1997) 67-79, https://doi.org/10.1016/
50266-3538(96)00109-1.

D. Rouison, M. Sain, M. Couturier, Resin transfer molding of natural fiber
reinforced composites: cure simulation, Compos. Sci. Technol. 64 (5) (Apr. 2004)
629-644, https://doi.org/10.1016/J.COMPSCITECH.2003.06.001.

N. Magsood, M. Rimasauskas, Delamination observation occurred during the
flexural bending in additively manufactured PLA-short carbon fiber filament
reinforced with continuous carbon fiber composite, Res. Eng. 11 (Sep. 2021)
100246, https://doi.org/10.1016/j.rineng.2021.100246.

R.H.M. Reis, et al., Guaruman fiber: another possible reinforcement in
composites, J. Mater. Res. Technol. 9 (1) (Jan. 2020) 622-628, https://doi.org/
10.1016/j.jmrt.2019.11.002.

H. Khoramishad, H. Alikhani, S. Dariushi, An experimental study on the e ff ect of
adding multi-walled carbon nanotubes on high-velocity impact behavior of fi ber
metal laminates, Compos. Struct. 201 (June) (2018) 561-569, https://doi.org/
10.1016/j.compstruct.2018.06.085.

S. Zahid, et al., Experimental analysis of ILSS of glass fibre reinforced
thermoplastic and thermoset textile composites enhanced with multiwalled
carbon nanotubes, J. Mech. Sci. Technol. 33 (1) (2019) 197-204, https://doi.org/
10.1007/s12206-018-1219-0.

K.K. Chawla, Composite Materials: Science and Engineering, Springer Science,
2012.

N.F. Zaaba, H. Ismail, Thermoplastic/natural filler composites: a short review,
J. Phys. Sci. 30 (2019) 81-99, https://doi.org/10.21315/jps2019.30.51.5.

A. Mohanty, A. Wibowo, M. Misra, L. Drzal, Effect of process engineering on the
performance of natural fiber reinforced cellulose acetate biocomposites, Compos.
Part A Appl. Sci. Manuf. 35 (3) (Mar. 2004) 363-370, https://doi.org/10.1016/J.
COMPOSITESA.2003.09.015.

C. Baley, Analysis of the flax fibres tensile behaviour and analysis of the tensile
stiffness increase, Compos. Part A Appl. Sci. Manuf. 33 (7) (Jul. 2002) 939-948,
https://doi.org/10.1016/51359-835X(02)00040-4.

B. van Voorn, H.H. Smit, R. Sinke, B. de Klerk, Natural fibre reinforced sheet
moulding compound, Compos. Part A Appl. Sci. Manuf. 32 (9) (Sep. 2001)
1271-1279, https://doi.org/10.1016/51359-835X(01)00085-9.

M.Y. Khalid, A. Al Rashid, Z.U. Arif, N. Akram, H. Arshad, F.P. Garcia Marquez,
Characterization of failure strain in fiber reinforced composites: under on-Axis
and off-Axis loading, Crystals 11 (2) (2021), https://doi.org/10.3390/
cryst11020216.

Z.M. Salisu, S.U. Ishiaku, D. Abdullahi, M.K. Yakubu, B.H. Diya’uddeen,
“Development of kenaf shive bio-mop via surface deposit technique for water
remediation from crude oil spill contamination, Res. Eng. 3 (Sep. 2019) 100020,
https://doi.org/10.1016/j.rineng.2019.100020.

A.C.N. Singleton, C.A. Baillie, P.W.R. Beaumont, T. Peijs, On the mechanical
properties, deformation and fracture of a natural fibre/recycled polymer
composite, Compos. B Eng. 34 (6) (Sep. 2003) 519-526, https://doi.org/
10.1016/51359-8368(03)00042-8.

A. Keller, Compounding and mechanical properties of biodegradable hemp fibre
composites, Compos. Sci. Technol. 63 (9) (Jul. 2003) 1307-1316, https://doi.
0rg/10.1016/50266-3538(03)00102-7.

A. Rana, A. Mandal, S. Bandyopadhyay, Short jute fiber reinforced polypropylene
composites: effect of compatibiliser, impact modifier and fiber loading, Compos.
Sci. Technol. 63 (6) (May 2003) 801-806, https://doi.org/10.1016/50266-3538
(02)00267-1.

A. Valadez-Gonzalez, J.M. Cervantes-Uc, R. Olayo, P.J. Herrera-Franco, “Effect of
fiber surface treatment on the fiber-matrix bond strength of natural fiber

10

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]
[82]

[83]

[84]

[85]

[86]

[87]

[88]

Results in Engineering 11 (2021) 100263

reinforced composites, Compos. B Eng. 30 (3) (Apr. 1999) 309-320, https://doi.
org/10.1016/51359-8368(98)00054-7.

M. Pervaiz, M.M. Sain, Carbon storage potential in natural fiber composites,
Resour. Conserv. Recycl. 39 (4) (Nov. 2003) 325-340, https://doi.org/10.1016/
50921-3449(02)00173-8.

S.A. Paul, L.A. Pothan, S. Thomas, Advances in the characterization of interfaces
of lignocellulosic fiber reinforced composites, Charac. Lignocellul. Mater. (Mar.
2008) 249-274, https://doi.org/10.1002/9781444305425.ch14.

S.N. Monteiro, F.P.D. Lopes, A.S. Ferreira, D.C.O. Nascimento, Natural-fiber
polymer-matrix composites: cheaper, tougher, and environmentally friendly,
JOM (J. Occup. Med.) 61 (1) (2009) 17-22, https://doi.org/10.1007/s11837-
009-0004-z.

M.K. Huda, I. Widiastuti, Natural fiber reinforced polymer in automotive
application: A systematic literature review, J. Phys. Conf. Ser. 1808 (1) (2021)
12015, https://doi.org/10.1088/1742-6596,/1808,/1/012015.

M. Ho, et al., Critical factors on manufacturing processes of natural fibre
composites, Compos. B Eng. 43 (8) (Dec. 2012) 3549-3562, https://doi.org/
10.1016/J.COMPOSITESB.2011.10.001.

J. Sarki, S.B. Hassan, V.S. Aigbodion, J.E. Oghenevweta, Potential of using
coconut shell particle fillers in eco-composite materials, J. Alloys Compd. 509 (5)
(Feb. 2011) 2381-2385, https://doi.org/10.1016/J.JALLCOM.2010.11.025.

N. Venkateshwaran, A. ElayaPerumal, A. Alavudeen, M. Thiruchitrambalam,
Mechanical and water absorption behaviour of banana/sisal reinforced hybrid
composites, Mater. Des. 32 (7) (Aug. 2011) 4017-4021, https://doi.org/10.1016/
J.MATDES.2011.03.002.

H. Bisaria, M.K. Gupta, P. Shandilya, R.K. Srivastava, Effect of fibre length on
mechanical properties of randomly oriented short jute fibre reinforced epoxy
composite, Mater. Today Proc. 2 (4-5) (Jan. 2015) 1193-1199, https://doi.org/
10.1016/J.MATPR.2015.07.031.

A. kumre, R.S. Rana, R. Purohit, A Review on mechanical property of sisal glass
fiber reinforced polymer composites, Mater. Today Proc. 4 (2) (Jan. 2017)
3466-3476, https://doi.org/10.1016/J.MATPR.2017.02.236.

M. Fagone, F. Loccarini, G. Ranocchiai, Strength evaluation of jute fabric for the
reinforcement of rammed earth structures, Compos. B Eng. 113 (2017) 1-13,
https://doi.org/10.1016/j.compositesb.2016.12.054.

A.J. Adeyi, M.O. Durowoju, O. Adeyi, E.O. Oke, O.A. Olalere, A.D. Ogunsola,
Momordica augustisepala L. stem fibre reinforced thermoplastic starch:
mechanical property characterization and fuzzy logic artificial intelligent
modelling, Res. Eng. 10 (Jun. 2021) 100222, https://doi.org/10.1016/j.
rineng.2021.100222.

G. Thilagavathi, E. Pradeep, T. Kannaian, L. Sasikala, Development of natural
fiber nonwovens for application as car interiors for noise control, J. Ind. Textil. 39
(3) (2010) 267-278, https://doi.org/10.1177/1528083709347124.

N.E. Zafeiropoulos, C.A. Baillie, J.M. Hodgkinson, Engineering and
characterisation of the interface in flax fibre/polypropylene composite materials.
Part II. The effect of surface treatments on the interface, Compos. Part A Appl. Sci.
Manuf. 33 (9) (2002) 1185-1190, https://doi.org/10.1016/51359-835X(02)
00088-X.

E.A. Elbadry, M.S. Aly-Hassan, H. Hamada, Mechanical properties of natural jute
fabric/jute mat fiber reinforced polymer matrix hybrid composites, Adv. Mech.
Eng. 2012 (2012) 381-388, https://doi.org/10.1155/2012/354547.

A.K.M. Nayab-Ul-Hossain, S.K. Sela, S. Bin Sadeque, Recycling of dyed fiber waste
to minimize resistance and to prepare electro thermal conductive bar, Res. Eng. 3
(Sep. 2019) 100022, https://doi.org/10.1016/j.rineng.2019.100022.

S.V. Joshi, L.T. Drzal, A.K. Mohanty, S. Arora, Are natural fiber composites
environmentally superior to glass fiber reinforced composites? Compos. Appl. Sci.
Manuf. 35 (3) (Apr. 2004) 371-376, https://doi.org/10.1016/j.
compositesa.2003.09.016.

J.P. Correa, J.M. Montalvo-Navarrete, M.A. Hidalgo-Salazar, Carbon footprint
considerations for biocomposite materials for sustainable products: a review,
Elsevier Ltd, J. Clean. Prod. 208 (2019) 785-794, https://doi.org/10.1016/j.

jclepro.2018.10.099. Jan. 20.

V.K. Thakur, Green Composites from Natural Resources, CRC Press, 2013.

R.N. Arancon, Market and trade of coconut products: expert’s consultation on
coconut sector development in Asia and the Pacific, Asian Pacific Coconut
community, Bangkok, (2013).

N. Shah, J. Fehrenbach, C.A. Ulven, Hybridization of hemp fiber and recycled-
carbon fiber in polypropylene composites, Sustain. Times 11 (2019) 11, https://
doi.org/10.3390/su11113163.

R.P. de Melo, M.F. V Marques, P. Navard, N.P. Duque, Degradation studies and
mechanical properties of treated curaua fibers and microcrystalline cellulose in
composites with polyamide 6, J. Compos. Mater. 51 (25) (2017) 3481-3489.
M. Zaki Abdullah, Y. Dan-mallam, P.S.M. Megat Yusoff, Effect of environmental
degradation on mechanical properties of kenaf/polyethylene terephthalate fiber
reinforced polyoxymethylene hybrid composite, Ann. Mater. Sci. Eng. (2013)
2013.

Z.N. Azwa, B.F. Yousif, A.C. Manalo, W. Karunasena, A review on the
degradability of polymeric composites based on natural fibres, Mater. Des. 47
(2013) 424-442, https://doi.org/10.1016/j.matdes.2012.11.025. Elsevier
LtdMay 01.

O. Adekomaya, T. Jamiru, R. Sadiku, Z. Huan, “A review on the sustainability of
natural fiber in matrix reinforcement — a practical perspective, J. Reinforc. Plast.
Compos. 35 (1) (Oct. 2015) 3-7, https://doi.org/10.1177/0731684415611974.
A.L. Fernando, M.P. Duarte, A. Vatsanidou, E. Alexopoulou, Environmental
aspects of fiber crops cultivation and use, Ind. Crop. Prod. 68 (Jun. 2015)
105-115, https://doi.org/10.1016/j.indcrop.2014.10.003.


https://doi.org/10.1007/s12221-018-7953-1
https://doi.org/10.1080/15440478.2019.1710651
https://doi.org/10.1007/s10570-019-02831-0
https://doi.org/10.1007/s10570-019-02831-0
https://doi.org/10.1016/j.conbuildmat.2018.05.227
https://doi.org/10.1016/j.conbuildmat.2018.05.227
https://doi.org/10.1016/S0924-0136(03)00195-X
https://doi.org/10.1016/S0924-0136(03)00195-X
https://doi.org/10.1016/S0142-9612(03)00028-0
https://doi.org/10.1016/S0142-9612(03)00028-0
https://doi.org/10.1016/S0142-9418(01)00017-4
https://doi.org/10.1016/S0142-9418(01)00017-4
https://doi.org/10.1016/S0079-6700(98)00018-5
https://doi.org/10.1016/S0079-6700(98)00018-5
https://doi.org/10.1016/S0266-3538(96)00109-1
https://doi.org/10.1016/S0266-3538(96)00109-1
https://doi.org/10.1016/J.COMPSCITECH.2003.06.001
https://doi.org/10.1016/j.rineng.2021.100246
https://doi.org/10.1016/j.jmrt.2019.11.002
https://doi.org/10.1016/j.jmrt.2019.11.002
https://doi.org/10.1016/j.compstruct.2018.06.085
https://doi.org/10.1016/j.compstruct.2018.06.085
https://doi.org/10.1007/s12206-018-1219-0
https://doi.org/10.1007/s12206-018-1219-0
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref53
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref53
https://doi.org/10.21315/jps2019.30.s1.5
https://doi.org/10.1016/J.COMPOSITESA.2003.09.015
https://doi.org/10.1016/J.COMPOSITESA.2003.09.015
https://doi.org/10.1016/S1359-835X(02)00040-4
https://doi.org/10.1016/S1359-835X(01)00085-9
https://doi.org/10.3390/cryst11020216
https://doi.org/10.3390/cryst11020216
https://doi.org/10.1016/j.rineng.2019.100020
https://doi.org/10.1016/S1359-8368(03)00042-8
https://doi.org/10.1016/S1359-8368(03)00042-8
https://doi.org/10.1016/S0266-3538(03)00102-7
https://doi.org/10.1016/S0266-3538(03)00102-7
https://doi.org/10.1016/S0266-3538(02)00267-1
https://doi.org/10.1016/S0266-3538(02)00267-1
https://doi.org/10.1016/S1359-8368(98)00054-7
https://doi.org/10.1016/S1359-8368(98)00054-7
https://doi.org/10.1016/S0921-3449(02)00173-8
https://doi.org/10.1016/S0921-3449(02)00173-8
https://doi.org/10.1002/9781444305425.ch14
https://doi.org/10.1007/s11837-009-0004-z
https://doi.org/10.1007/s11837-009-0004-z
https://doi.org/10.1088/1742-6596/1808/1/012015
https://doi.org/10.1016/J.COMPOSITESB.2011.10.001
https://doi.org/10.1016/J.COMPOSITESB.2011.10.001
https://doi.org/10.1016/J.JALLCOM.2010.11.025
https://doi.org/10.1016/J.MATDES.2011.03.002
https://doi.org/10.1016/J.MATDES.2011.03.002
https://doi.org/10.1016/J.MATPR.2015.07.031
https://doi.org/10.1016/J.MATPR.2015.07.031
https://doi.org/10.1016/J.MATPR.2017.02.236
https://doi.org/10.1016/j.compositesb.2016.12.054
https://doi.org/10.1016/j.rineng.2021.100222
https://doi.org/10.1016/j.rineng.2021.100222
https://doi.org/10.1177/1528083709347124
https://doi.org/10.1016/S1359-835X(02)00088-X
https://doi.org/10.1016/S1359-835X(02)00088-X
https://doi.org/10.1155/2012/354547
https://doi.org/10.1016/j.rineng.2019.100022
https://doi.org/10.1016/j.compositesa.2003.09.016
https://doi.org/10.1016/j.compositesa.2003.09.016
https://doi.org/10.1016/j.jclepro.2018.10.099
https://doi.org/10.1016/j.jclepro.2018.10.099
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref81
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref82
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref82
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref82
https://doi.org/10.3390/su11113163
https://doi.org/10.3390/su11113163
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref84
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref84
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref84
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref85
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref85
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref85
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref85
https://doi.org/10.1016/j.matdes.2012.11.025
https://doi.org/10.1177/0731684415611974
https://doi.org/10.1016/j.indcrop.2014.10.003

M.Y. Khalid et al.

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

M.Y. Khalid, A.A. Rashid, M.F. Sheikh, Effect of anodizing process on inter
laminar shear strength of GLARE composite through T-peel test: experimental and
numerical approach, Exp. Tech. (2021) 51040, https://doi.org/10.1007/s40799-
020-00433-1.

K. Goda, M.S. Sreekala, A. Gomes, T. Kaji, J. Ohgi, Improvement of plant based
natural fibers for toughening green composites-Effect of load application during
mercerization of ramie fibers, Compos. Part A Appl. Sci. Manuf. 37 (12) (2006)
2213-2220, https://doi.org/10.1016/j.compositesa.2005.12.014.

F.S. da Luz, F.D. Garcia Filho, M.T. del-Rio, L.F. Nascimento, W.A. Pinheiro, S.
N. Monteiro, Graphene-incorporated natural fiber polymer composites: a first
overview, Polymers 12 (2020) 7, https://doi.org/10.3390/polym12071601.
M.M. Kabir, H. Wang, K.T. Lau, F. Cardona, Chemical treatments on plant-based
natural fibre reinforced polymer composites: an overview, Compos. B Eng. 43 (7)
(2012) 2883-2892, https://doi.org/10.1016/j.compositesb.2012.04.053.

S. Sanjeevi, A. Ayyanar, R. Kalimuthu, S. Susaiyappan, Effects of chemical
modification on the mechanical properties of Calotropis Gigantea fiber-reinforced
phenol formaldehyde biocomposites, Medziagotyra 26 (3) (2019) 295-299,
https://doi.org/10.5755/j01.ms.26.3.17749.

1. Mukhtar, Z. Leman, E.S. Zainudin, M.R. Ishak, Effectiveness of alkali and
sodium bicarbonate treatments on sugar palm fiber: mechanical, thermal, and
chemical investigations, J. Nat. Fibers (2018) 1-13, https://doi.org/10.1080/
15440478.2018.1537872, 0000.

Y. Xie, C.A.S. Hill, Z. Xiao, H. Militz, C. Mai, Silane coupling agents used for
natural fiber/polymer composites: a review, Compos. Part A Appl. Sci. Manuf. 41
(7) (2010) 806-819, https://doi.org/10.1016/j.compositesa.2010.03.005.
P.N.B. Reis, J.A.M. Ferreira, P. Santos, M.O.W. Richardson, J.B. Santos, Impact
response of Kevlar composites with filled epoxy matrix, Compos. Struct. 94 (12)
(2012) 3520-3528, https://doi.org/10.1016/j.compstruct.2012.05.025.

R.G.J. Van Rooijen, J. Sinke, S. Van Der Zwaag, Improving the adhesion of thin
stainless steel sheets for fibre metal laminate (FML) applications 19 (16) (2005)
1387-1396.

P.K. Jena, J.R. Mohanty, S. Nayak, Effect of surface modification of vetiver fibers
on their physical and thermal properties, J. Nat. Fibers (2020) 1-12, https://doi.
org/10.1080/15440478.2020.1726249, 0000.

M.S. Oliveira, et al., Statistical analysis of notch toughness of epoxy matrix
composites reinforced with fique fabric, J. Mater. Res. Technol. 8 (6) (Nov. 2019)
6051-6057, https://doi.org/10.1016/j.jmrt.2019.09.079.

F. da Costa Garcia Filho, F.S. da Luz, M.S. Oliveira, A.C. Pereira, U.O. Costa, S.
N. Monteiro, Thermal behavior of graphene oxide-coated piassava fiber and their
epoxy composites, J. Mater. Res. Technol. 9 (3) (May 2020) 5343-5351, https://
doi.org/10.1016/j.jmrt.2020.03.060.

U.0. Costa, et al., Mechanical properties of composites with graphene oxide
functionalization of either epoxy matrix or curaua fiber reinforcement, J. Mater.
Res. Technol. 9 (6) (Nov. 2020) 13390-13401, https://doi.org/10.1016/j.
jmrt.2020.09.035.

M.Y. Khalid, A. Al Rashid, Z.U. Arif, M.F. Sheikh, H. Arshad, M.A. Nasir, Tensile
strength evaluation of glass/jute fibers reinforced composites: an experimental
and numerical approach, Res. Eng. 10 (2021) 100232, https://doi.org/10.1016/j.
rineng.2021.100232.

A. Gopinath, M. Senthil Kumar, A. Elayaperumal, Experimental investigations on
mechanical properties of jute fiber reinforced composites with polyester and
epoxy resin matrices, Procedia Eng. 97 (2014) 2052-2063, https://doi.org/
10.1016/j.proeng.2014.12.448.

M.R. Sanjay, B. Yogesha, Studies on mechanical properties of jute/E-glass fiber
reinforced epoxy hybrid composites, J. Miner. Mater. Char. Eng. (2016) 15-25,
https://doi.org/10.4236/jmmce.2016.41002, 0401.

M. Yasir, et al., Experimental and numerical characterization of tensile property
of jute/carbon fabric reinforced epoxy hybrid composites, SN Appl. Sci., no.
September (2019) 2020, https://doi.org/10.1007/542452-020-2403-2.

A. Ali, et al., Experimental and numerical characterization of mechanical
properties of carbon/jute fabric reinforced epoxy hybrid composites, J. Mech. Sci.
Technol. 33 (9) (2019) 4217-4226, https://doi.org/10.1007/512206-019-0817-
9.

A. Haneefa, P. Bindu, I. Aravind, S. Thomas, Studies on tensile and flexural
properties of short banana/glass hybrid fiber reinforced polystyrene composites,
J. Compos. Mater. 42 (15) (2008) 1471-1489, https://doi.org/10.1177/
0021998308092194.

C. Udaya Kiran, G. Ramachandra Reddy, B.M. Dabade, S. Rajesham, Tensile
properties of sun hemp, banana and sisal fiber reinforced polyester composites,
J. Reinforc. Plast. Compos. 26 (10) (2007) 1043-1050, https://doi.org/10.1177/
0731684407079423.

J.H.S. Almeida, S.C. Amico, E.C. Botelho, F.D.R. Amado, Hybridization effect on
the mechanical properties of curaua/glass fiber composites, Compos. B Eng. 55
(2013) 492-497, https://doi.org/10.1016/j.compositesb.2013.07.014.

M.R. Sanjay, B. Yogesha, Studies on hybridization effect of jute/kenaf/E-glass
woven fabric epoxy composites for potential applications: effect of laminate
stacking sequences, J. Ind. Textil. 47 (7) (2018) 1830-1848, https://doi.org/
10.1177/1528083717710713.

A. Vasudevan, S. Senthil Kumaran, K. Naresh, R. Velmurugan, Layer-wise damage
prediction in carbon/Kevlar/S-glass/E-glass fibre reinforced epoxy hybrid
composites under low-velocity impact loading using advanced 3D computed
tomography, Int. J. Crashworthiness 25 (1) (2020) 9-23, https://doi.org/
10.1080/13588265.2018.1511234.

H.M. Akil, .M. De Rosa, C. Santulli, F. Sarasini, Flexural behaviour of pultruded
jute/glass and kenaf/glass hybrid composites monitored using acoustic emission,

11

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Results in Engineering 11 (2021) 100263

Mater. Sci. Eng. A 527 (12) (2010) 2942-2950, https://doi.org/10.1016/j.
msea.2010.01.028.

F. Sarasini, et al., Drop-weight impact behaviour of woven hybrid basalt-carbon/
epoxy composites, Compos. B Eng. 59 (2014) 204-220, https://doi.org/10.1016/
j.compositesb.2013.12.006.

J. Flynn, A. Amiri, C. Ulven, Hybridized carbon and flax fiber composites for
tailored performance, Mater. Des. 102 (2016) 21-29, https://doi.org/10.1016/].
matdes.2016.03.164.

J. Majko, M. Saga, M. Vasko, M. Handrik, F. Barnik, F. Dor¢iak, FEM analysis of
long-fibre composite structures created by 3D printing, Transp. Res. Procedia 40
(Jan. 2019) 792-799, https://doi.org/10.1016/J. TRPRO.2019.07.112.

K. Mohan, T. Rajmohan, Effects of MWCNT on mechanical properties of glass-flax
fiber reinforced nano composites, Mater. Today Proc. 5 (5) (2018) 11628-11635,
https://doi.org/10.1016/j.matpr.2018.02.133.

P.M. Bhagwat, M. Ramachandran, P. Raichurkar, Mechanical properties of hybrid
glass/carbon fiber reinforced epoxy composites, Mater. Today Proc. 4 (8) (2017)
7375-7380, https://doi.org/10.1016/j.matpr.2017.07.067.

L.N. Sun, Z. Deng, The carbon fiber composite materials application in sports
equipment, Adv. Mater. Res. 341 (342) (2011) 173-176, https://doi.org/
10.4028/www.scientific.net/amr.341-342.173.

K. Subramaniam, S. Dhar Malingam, N.L. Feng, O. Bapokutty, The effects of
stacking configuration on the response of tensile and quasi-static penetration to
woven kenaf/glass hybrid composite metal laminate, Polym. Compos. 40 (2)
(2019) 568-577, https://doi.org/10.1002/pc.24691.

AK. Bandaru, S. Patel, Y. Sachan, S. Ahmad, R. Alagirusamy, N. Bhatnagar,
Mechanical behavior of Kevlar/basalt reinforced polypropylene composites,
Compos. Part A Appl. Sci. Manuf. 90 (2016) 642-652, https://doi.org/10.1016/j.
compositesa.2016.08.031.

A. Srivathsan, B. Vijayaram, R. Ramesh, Gokuldass, Investigation on mechanical
behavior of woven fabric glass/kevlar hybrid composite laminates made of
varying fibre inplane orientation and stacking sequence, Mater. Today Proc. 4 (8)
(2017) 8928-8937, https://doi.org/10.1016/j.matpr.2017.07.244.

A. Bindal, S. Singh, N.K. Batra, R. Khanna, Development of glass/jute fibers
reinforced polyester composite, Indian J. Mater. Sci. 2013 (2013) 1-6, https://
doi.org/10.1155/2013/675264.

M.A. Abd El-baky, Evaluation of mechanical properties of jute/glass/carbon fibers
reinforced hybrid composites, Fibers Polym. 18 (12) (2017) 2417-2432, https://
doi.org/10.1007/5s12221-017-7682-x.

F. Sarasini, et al., Effect of basalt fiber hybridization on the impact behavior under
low impact velocity of glass/basalt woven fabric/epoxy resin composites,
Compos. Part A Appl. Sci. Manuf. 47 (1) (2013) 109-123, https://doi.org/
10.1016/j.compositesa.2012.11.021.

M. Zeeshan, M. Ali, A.S. Anjum, Y. Nawab, Optimization of mechanical/thermal
properties of glass/flax/waste cotton hybrid composite, J. Ind. Textil. (2019),
https://doi.org/10.1177/1528083719891420.

S.Y. Fu, B. Lauke, E. Méader, C.Y. Yue, X. Hu, Y.W. Mai, Hybrid effects on tensile
properties of hybrid short-glass-fiber-and short-carbon-fiber-reinforced
polypropylene composites, J. Mater. Sci. 36 (5) (2001) 1243-1251, https://doi.
org/10.1023/A:1004802530253.

C.R. Raajeshkrishna, P. Chandramohan, D. Saravanan, Effect of surface treatment
and stacking sequence on mechanical properties of basalt/glass epoxy
composites, Polym. Polym. Compos. 27 (4) (2019) 201-214, https://doi.org/
10.1177/0967391118822273.

S. Jothibasu, S. Mohanamurugan, R. Vijay, D. Lenin Singaravelu, A. Vinod, M.
R. Sanjay, Investigation on the mechanical behavior of areca sheath fibers/jute
fibers/glass fabrics reinforced hybrid composite for light weight applications,

J. Ind. Textil. (2018), https://doi.org/10.1177/1528083718804207.

B. Yogesha, G.R. Arpitha, P. Senthamaraikannan, M. Kathiresan, “The hybrid
effect of jute/kenaf/E-glass woven fabric epoxy composites for medium load
Applications : impact , inter-laminar strength , and failure surface
characterization the hybrid effect of jute/kenaf/E-glass woven fabric epoxy
composites for M, J. Nat. Fibers (2018) 1-13, https://doi.org/10.1080/
15440478.2018.1431828, 0000.

M. Ramesh, K. Palanikumar, K.H. Reddy, Comparative evaluation on properties of
hybrid glass fiber-sisal/jute reinforced epoxy composites, Procedia Eng. 51
(NUiICONE 2012) (2013) 745-750, https://doi.org/10.1016/j.
proeng.2013.01.106.

N.M.Z.N. Baihagqi, A. Khalina, N.M. Nurazzi, H.A. Aisyah, S.M. Sapuan, R.A. Ilyas,
Effect of fiber content and their hybridization on bending and torsional strength
of hybrid epoxy composites reinforced with carbon and sugar palm fibers,
Polimery 66 (1) (2021) 36-43.

A. Al Rashid, M.Y. Khalid, R. Imran, U. Ali, M. Koc, Utilization of banana fiber-
reinforced hybrid composites in the sports industry, Materials 13 (2020) 14,
https://doi.org/10.3390/mal3143167.

S.N. Monteiro, et al., “Natural Fibers Reinforced Polymer Composites Applied in
Ballistic Multilayered Armor for Personal Protection—An Overview BT - Green
Materials Engineering, 2019, pp. 33-47.

F.S. Luz, F.D. Garcia Filho, M.S. Oliveira, L.F. Nascimento, S.N. Monteiro,
Composites with natural fibers and conventional materials applied in a hard
armor: a comparison, Polymers 12 (2020), https://doi.org/10.3390/
polym12091920.

A.C. Pereira, et al., “Evaluation of the projectile’s loss of energy in polyester
composite reinforced with fique fiber and fabric, Mater. Res. 22 (2019).

F.D.C. Garcia Filho, S.N. Monteiro, Piassava fiber as an epoxy matrix composite
reinforcement for ballistic armor applications, JOM 71 (2) (2019) 801-808,
https://doi.org/10.1007/5s11837-018-3148-x.


https://doi.org/10.1007/s40799-020-00433-1
https://doi.org/10.1007/s40799-020-00433-1
https://doi.org/10.1016/j.compositesa.2005.12.014
https://doi.org/10.3390/polym12071601
https://doi.org/10.1016/j.compositesb.2012.04.053
https://doi.org/10.5755/j01.ms.26.3.17749
https://doi.org/10.1080/15440478.2018.1537872
https://doi.org/10.1080/15440478.2018.1537872
https://doi.org/10.1016/j.compositesa.2010.03.005
https://doi.org/10.1016/j.compstruct.2012.05.025
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref97
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref97
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref97
https://doi.org/10.1080/15440478.2020.1726249
https://doi.org/10.1080/15440478.2020.1726249
https://doi.org/10.1016/j.jmrt.2019.09.079
https://doi.org/10.1016/j.jmrt.2020.03.060
https://doi.org/10.1016/j.jmrt.2020.03.060
https://doi.org/10.1016/j.jmrt.2020.09.035
https://doi.org/10.1016/j.jmrt.2020.09.035
https://doi.org/10.1016/j.rineng.2021.100232
https://doi.org/10.1016/j.rineng.2021.100232
https://doi.org/10.1016/j.proeng.2014.12.448
https://doi.org/10.1016/j.proeng.2014.12.448
https://doi.org/10.4236/jmmce.2016.41002
https://doi.org/10.1007/s42452-020-2403-2
https://doi.org/10.1007/s12206-019-0817-9
https://doi.org/10.1007/s12206-019-0817-9
https://doi.org/10.1177/0021998308092194
https://doi.org/10.1177/0021998308092194
https://doi.org/10.1177/0731684407079423
https://doi.org/10.1177/0731684407079423
https://doi.org/10.1016/j.compositesb.2013.07.014
https://doi.org/10.1177/1528083717710713
https://doi.org/10.1177/1528083717710713
https://doi.org/10.1080/13588265.2018.1511234
https://doi.org/10.1080/13588265.2018.1511234
https://doi.org/10.1016/j.msea.2010.01.028
https://doi.org/10.1016/j.msea.2010.01.028
https://doi.org/10.1016/j.compositesb.2013.12.006
https://doi.org/10.1016/j.compositesb.2013.12.006
https://doi.org/10.1016/j.matdes.2016.03.164
https://doi.org/10.1016/j.matdes.2016.03.164
https://doi.org/10.1016/J.TRPRO.2019.07.112
https://doi.org/10.1016/j.matpr.2018.02.133
https://doi.org/10.1016/j.matpr.2017.07.067
https://doi.org/10.4028/www.scientific.net/amr.341-342.173
https://doi.org/10.4028/www.scientific.net/amr.341-342.173
https://doi.org/10.1002/pc.24691
https://doi.org/10.1016/j.compositesa.2016.08.031
https://doi.org/10.1016/j.compositesa.2016.08.031
https://doi.org/10.1016/j.matpr.2017.07.244
https://doi.org/10.1155/2013/675264
https://doi.org/10.1155/2013/675264
https://doi.org/10.1007/s12221-017-7682-x
https://doi.org/10.1007/s12221-017-7682-x
https://doi.org/10.1016/j.compositesa.2012.11.021
https://doi.org/10.1016/j.compositesa.2012.11.021
https://doi.org/10.1177/1528083719891420
https://doi.org/10.1023/A:1004802530253
https://doi.org/10.1023/A:1004802530253
https://doi.org/10.1177/0967391118822273
https://doi.org/10.1177/0967391118822273
https://doi.org/10.1177/1528083718804207
https://doi.org/10.1080/15440478.2018.1431828
https://doi.org/10.1080/15440478.2018.1431828
https://doi.org/10.1016/j.proeng.2013.01.106
https://doi.org/10.1016/j.proeng.2013.01.106
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref131
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref131
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref131
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref131
https://doi.org/10.3390/ma13143167
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref133
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref133
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref133
https://doi.org/10.3390/polym12091920
https://doi.org/10.3390/polym12091920
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref135
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref135
https://doi.org/10.1007/s11837-018-3148-x

M.Y. Khalid et al.

[137]

[138]

[139]

[140]

[141]

[142]

L. de Mendonga Neuba, et al., Promising mechanical, thermal, and ballistic
properties of novel epoxy composites reinforced with Cyperus malaccensis sedge
fiber, Polymers 12 (2020), https://doi.org/10.3390/polym12081776.

K.R. Rushton, Large deflexion of variable-thickness plates, Int. J. Mech. Sci. 10 (9)
(Sep. 1968) 723-735, https://doi.org/10.1016/0020-7403(68)90086-6.

A.C. Cassell, R.E. Hobbs, Numerical stability of dynamic relaxation analysis of
non-linear structures, Int. J. Numer. Methods Eng. 10 (6) (1976) 1407-1410,
https://doi.org/10.1002/nme.1620100620.

A. Al Rashid, R. Imran, Z.U. Arif, M.Y. Khalid, Finite element simulation
technique for evaluation of opening stresses under high plasticity, J. Manuf. Sci.
Eng. (Jun. 2021) 1-21, https://doi.org/10.1115/1.4051328.

A. Al Rashid, R. Imran, M.Y. Khalid, Determination of opening stresses for railway
steel under low cycle fatigue using digital image correlation, Theor. Appl. Fract.
Mech. 108 (April) (2020) 102601, https://doi.org/10.1016/j.
tafmec.2020.102601.

X. Sun, Z. Gao, P. Cao, C. Zhou, Mechanical properties tests and multiscale
numerical simulations for basalt fiber reinforced concrete, Construct. Build.

12

[143]

[144]

[145]

[146]

[147]

Results in Engineering 11 (2021) 100263

Mater. 202 (Mar. 2019) 58-72, https://doi.org/10.1016/j.
conbuildmat.2019.01.018.

T. Behzad, M. Sain, Finite element modeling of polymer curing in natural fiber
reinforced composites, Compos. Sci. Technol. 67 (7-8) (Jun. 2007) 1666-1673,
https://doi.org/10.1016/j.compscitech.2006.06.021.

E. Selver, H. Dalfi, Z. Yousaf, Investigation of the impact and post-impact
behaviour of glass and glass/natural fibre hybrid composites made with various
stacking sequences: experimental and theoretical analysis, J. Ind. Textil. (2020),
https://doi.org/10.1177/1528083719900670.

B. Aalami, Large deflection of elastic plates under patch loading, J. Struct. Div. 98
(1972).

N.S. Putcha, J.N. Reddy, A refined mixed shear flexible finite element for the
nonlinear analysis of laminated plates, Comput. Struct. 22 (4) (Jan. 1986)
529-538, https://doi.org/10.1016/0045-7949(86)90002-7.

G.J. Turvey, M.Y. Osman, Elastic large deflection analysis of isotropic rectangular
Mindlin plates, Int. J. Mech. Sci. 32 (4) (Jan. 1990) 315-328, https://doi.org/
10.1016/0020-7403(90)90096-2.


https://doi.org/10.3390/polym12081776
https://doi.org/10.1016/0020-7403(68)90086-6
https://doi.org/10.1002/nme.1620100620
https://doi.org/10.1115/1.4051328
https://doi.org/10.1016/j.tafmec.2020.102601
https://doi.org/10.1016/j.tafmec.2020.102601
https://doi.org/10.1016/j.conbuildmat.2019.01.018
https://doi.org/10.1016/j.conbuildmat.2019.01.018
https://doi.org/10.1016/j.compscitech.2006.06.021
https://doi.org/10.1177/1528083719900670
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref145
http://refhub.elsevier.com/S2590-1230(21)00064-5/sref145
https://doi.org/10.1016/0045-7949(86)90002-7
https://doi.org/10.1016/0020-7403(90)90096-2
https://doi.org/10.1016/0020-7403(90)90096-2

	Natural fiber reinforced composites: Sustainable materials for emerging applications
	1 Introduction
	2 Natural fiber reinforced composites
	3 Sustainability of NFRPCs
	3.1 Economic perspective
	3.2 Environmental perspective

	4 Chemical treatments
	5 Hybrid natural fibers reinforced composite materials
	6 Emerging applications
	7 Numerical techniques
	7.1 Dynamic relaxation method (DRM)
	7.2 Finite Element Method (FEM)
	7.3 Comparison between FEM and DR

	8 Conclusion
	9 Future perspective and challenges
	Declaration of competing interest
	Acknowledgment
	References


