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ABSTRACT

In recent years, the application of natural fibers as reinforcement in composite
structures has received increasing attention due to their advantages of low cost,
environmental friendliness and favorable biocompatibility over synthetic fiber
composite materials. The present work is an investigation on the tensile properties of
palm as well as luffa natural fiber composites (NFC) in high density polyethylene
(HDPE), polypropylene (PP), epoxy, and ecopoxy (BioPoxy 36) matrices, taking into
consideration the effect of fibers volume fraction (V) variation. Finite element
analysis i.e. representative volume element (RVE) models with unidirectional and
chopped random fiber orientations, as well as analytical simulation i.e. Rule of Mixture
(ROM), Halpin-Tsai, Chamis, and Nielsen approaches were utilized for predicting the
elastic properties. Tensile test following ASTM D3039 standard was conducted.
Acrtificial Neural Network (ANN), Multiple Linear Regression (MLR), Adaptive
Neuro-Fuzzy Inference System (ANFIS), and Support Vector Machine were
implemented for defining the design space upon the considered parameters and
evaluating the reliability of these machine learning approaches in predicting the tensile
strength of natural fibers composites. Furthermore, biopoxy 36 with 0.3 luffa fibers
exhibited the highest tensile strength. Finite element analysis findings profusely agreed
with the experimental results. ANFIS machine learning (ML) tool showed least

prediction error in predicting tensile strength of natural fibers composites.

Keywords: Natural Fibers Composites, Palm Fibers, Luffa Fibers, Thermoplastics and

Thermosets Matrices, Numerical and Analytical Simulation, Machine Learning.



Oz

Son yillarda, dogal liflerin kompozit yapilarda takviye olarak uygulanmasi, sentetik
lifli kompozit malzemelere gore diisiik maliyet, cevre dostu olma ve uygun
biyouyumluluk avantajlar1 nedeniyle artan bir ilgi gérmiistiir. Bu calisma, yliksek
yogunluklu polietilen (HDPE), polipropilen (PP), Epoksi ve Ecopoxy (BioPoxy 36)
matrislerinde palmiye'nin yam sira lif kabagi dogal elyaf kompozitlerinin (NFC)
cekme oOzellikleri Uzerinde, etkiyi dikkate alarak bir arastirmadir. liflerin hacim orani
(Vf) varyasyonu. Elastik 6zellikleri tahmin etmek icin sonlu eleman analizi, yani tek
yonlii ve dogranmis rastgele fiber yonelimli temsili hacim eleman1 (RVE) modelleri
ve analitik simiilasyon, yani karigim kurali (ROM), Halpin-Tsai, Chamis ve Nielsen
yaklagimlar1 kullanilmistir. ASTM D3039 standardina gore ¢ekme testi yapilmistir.
Tasarim uzayini géz Oniine alinan parametreler lizerinden tanimlamak ve bu makine
ogrenmesi yaklasimlarinin dogal elyaf kompozitlerinin ¢ekme mukavemetini tahmin
etmedeki giivenilirligini degerlendirmek i¢in Yapay Sinir Agi, Coklu Dogrusal
Regresyon, Uyarlamali Noro-Bulanik Cikarim Sistemi ve Destek Vektdr Makinesi
uygulandi. Ayrica, 0,3 lifli BioPoxy 36 en yiiksek gerilme mukavemetini sergiledi.
Sonlu Elemanlar Analizi (finite element analysis) bulgulari deneysel sonuglarla biiyiik
ol¢tide uyumluydu. ANFIS ML araci, dogal lifli kompozitlerin gerilme mukavemetini

tahmin etmede en az tahmin hatas1 gdsterdi.

Anahtar Kelimeler: Dogal Elyaf Kompozitleri, Palmiye Elyaflari, lif kabagi
Elyaflari, Termoset ve Termosetler Matrisleri, Sayisal ve Analitik Simiilasyon,

Makine Ogrenimi.
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Chapter 1

INTRODUCTION

Fiber-reinforced composites are becoming significantly popular in various engineering
fields due to their low density as well as their remarkable mechanical characteristics.
Composite materials’ properties are based on their selected components, viz., matrix
and fibers [1-3]. Previously, the utilized matrices and fibers were mostly obtained from
petroleum origins. Although they possess attractive properties, the aforementioned
composite materials are restricted from being used for long periods, yet can endure
regular environmental conditions for tens of years [4-9]. Moreover, composite
recycling and reprocessing methods are unavailable. The manufacturing of most
synthetic fibers has several environmental effects, as it requires high electric power, is
toxic for humans, may deplete the ozone layer, as well as cause global warming and
eutrophication [10-13]. The increased attentiveness to environmental matters has
augmented the search for an alternative natural source in order to increase the
utilization of renewable materials, reduce waste production, boost recycling, and so on

[14, 15].

Hence, numerous scientists and engineers tend toward green materials that can
enhance the products’ environmental aspects [13, 16-19]. Thus, materials extracted
from natural resources gained more attention as an alternative to synthetic fibers in
composite materials. Natural fibers (NFs) can be extracted from many parts of a plant,

i.e., fruit, leaves, trunk, roots, and etc. Throughout the decades, natural fibers have



been widely utilized in countless applications due to their advantages, as they are
strong, lightweight, tough, recyclable, biodegradable, abundant in nature, and have
negligible cost and low density [20-27]. Additionally, their environmental advantages
include decreased respiratory and dermal irritation, improved energy consumption,
less wear and abrasion on tools, and minimal health hazards. Natural fiber composites
have been significantly involved in various engineering fields such as automotive,
marine, sports gear, construction, and aerospace [17, 28-34]. While their disadvantages
(i.e., high moisture absorption, short service life, and degradation) limited their
application in other fields [15, 16]. Published data regarding NFC, PNFCs and M&S
of NFCs have been gathered from the Scopus database (Fig. 1), which shows a drastic

increase in papers on this topic.
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Figure 1: Growing Trend of Research on NFCs



Figure 1a shows the year wise trend of the published documents on NFC from 2000 to
2021. Figure 1b shows the published documents per year on palm NFC from 2000 to
2021. In 2015, 41 papers in the area of palm NFC were published, followed by 74 in
2017 to hit a peak of 81 in 2020, although only three were published a decade ago.
Studies on Palm fibers were mostly carried out in Malaysia and India because of its
high availability in those countries, Fig. 1d. While Figure 1c shows a building
momentum in the trend of research interest of NFC specifically to FEA. In Figure 1c,
modeling and simulation of natural fibers composites began in 2000 with 11
publications and remained below 30 researches per year until 2011, where studies in
this area profusely increased and reached a total of 120 published article in 2020.
While, Fig. 1e shows that India is the country with most active research in the field of
FEA of NFC. Results published from various research activities illustrates that NFCs
can successfully be adapted for various applications. However, before applying these
fiber-reinforced composites into real-life applications, particularly for massive
production, the characteristics of the materials have to be studied in-depth to ensure
obtaining repeatable and reliable results. These include the fiber/matrix interaction,
mechanical performance, manufacturing process and dispersion properties of the
resultant composites. Several issues such as the moisture absorbability and change in
microstructure of these fibers subjected to loading may also substantially affect the
final properties of these composites. On the other hand, their biodegradability with
different fiber compositions may also play a key role to produce fully biodegradable
composites. Natural fiber is indeed a renewable resource that can be grown and made
within a short period of time, in which the supply can be unlimited as compared with
traditional glass and carbon fibers for making advanced composites. The deficiencies

in the natural fibers can be reduced by subjecting them to morphological changes by



various physical or chemical treatment methods [35]. Some researchers have proposed
hybridization of NFC with synthetic fiber like hemp fabric/kevlar fabric/epoxy and
jute fabric/kevlar fabric/epoxy to improve the overall mechanical properties of the

material [36].

1.1 Natural Fibers

Fibers are a hair-like material’s category that are separate outstretched parts or
continuous filaments, they may be turned into ropes, threads or filaments [28, 30, 31].
Fibers can be involved in composite materials development. Fibers have two main
categories: synthetic and natural fibers [14, 32]. The classification of natural fibers is

shown in Fig. 2 and Table 1 respectively.

Natural Fibers
[ } 1
Animal Cellulose/Lignocellulose Mineral
[ [ [ ‘ [ [ [ 1 L
| Hair Bast Leaf Seed Fruit Wood Stalk Grass/ Asbestos
reeds
. . Hard
—  Silk — Flax Abaca| [Cotton Coil Wood Barley| | Bagasse
Oil Soft .
— Wood — Hemp Agave| —Kapok Palm Wood Maize| [ Bamboo
— Jute Bagan | Luffa Oat — Canary
| | [Heneq| | | Milk . |
Kenaf ween Weed Rice Corn
— Mesta Palf Rye | [+ Esparto
— Ramie Sisal Wheat| — Rape
—Roselle | Sabai

Figure 2: General Classification of Natural Fibers [37]

Natural fibers comprise those obtained from minerals, animals and plants. Hence, their
classification is related to their source of extraction. Several natural fibers can be

selected as a reinforcement with various polymeric matrices i.e. sisal, jute, kenaf,
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bamboo, kenaf, jowar, sugar palm, date palm, coir, pineapple leaf, hemp, flax, rice

husk, cotton, etc. [35-37].

Table 1. Advantages and Disadvantages of NFCs [38-42]
Advantages Disadvantages

e  Shorter life time compared to
synthetic fibers composite
materials, yet it can be improved
through fiber’ treatment.

e Low density with high stiffness and strength.

e Fibers are from renewable resources; therefore,
they do not lead to any toxic gases emission
throughout the development.

e Notable moisture absorption,
which leads to thickness swelling.

e Lower mechanical properties than
e  Cheaper than synthetic fibers. synthetic fibers composite
materials.

e Low tool wear while machining compared to
synthetic fibers.

o  Wider properties variability.

Traditional manufacturing techniques used for composite materials with thermosetting
and thermoplastics can be implemented in natural fibers composites development [34],
for example, injection molding, vacuum infusion, hand layup, resin transfer molding,
compression molding and direct extrusion [43-45]. First, the extracted fibers are
washed and dried under sunlight or in an oven for a few days. Then, to improve the
microstructure of fibers, they can be treated by a variety of methods such as seawater
wash, microwave and chemical treatments [46, 47]. Hence, a suitable matrix must be
chosen taking into account the fiber/matrix bonding which plays a key role in the
performance of the end NFC. Finally, the volume fraction and size of fibers are
selected. In the following section, fiber treatments, selected resins, fiber sizes and
fibers volume fraction considered in palm and luffa NFCs throughout the last ten years

are discussed. Figure 3 shows NFC development steps.



Fibers |

Fiber type N - | ] Resizing (cutting, | | | ] Orientation (layers,
determination Extraction milling) Treatment random)
Matrix
Resin selection | COUP'"?Q agent L1, Fiber content wt% > Natural fl_bers —>] Properties testing
addition composites
y A
Chemical and . . .
electrical Thermal Physical Mechanical Morphological

Figure 3: NFC Manufacturing Process Flowchart

1.2 Palm Fibers

Several researchers have applied palm tree extracts in different matrices. However,
leaf fibers, meshes, ijuk, and empty fruit bunches have shown dissimilar
characteristics. Every year, palm harvest produces tons of biomass fibrous wastes
worldwide; thus, these fibers can be recycled and used for the development of palm
NFCs [1-6].

1.2.1 Classification of Palm Fibers

Arecaceae “Palm” is a huge botanical family and its subfamilies are similar in having
fronds and long trunks. Lately, extracts from sugar palm (SP) “Borassus or Arenga
pinnata” [38], oil palm (OP) “Elaeis” [39], date palm (DP) “Phoenix”’[40], and peach
palm (Pe-P) “Bactris gasipaes” [41] have been utilized in NFC development. The main
categories of palm and their extracts are showed in Fig. 4. The aforementioned species
are briefly introduced in the following section, highlighting their differences and fiber

sources.



Tree Type Extracts Species

Leaves

Frond Petiole

Rachis

J SP Tiuk
DP Meshes

Vieshe

Figure 4: Flowchart of Palm Categories and Extracts

Sugar Palm Fibers “Borassus”

All parts of SP tree, such as leaves trunk, fruits and palm sap, can be utilized, therefore
this tree is titled as a multipurpose tree. It is made of a single trunk with diameter of
30-40 cm and height 15-20 m with no branch [48]. SP tree leaves are in pinnate shape
with a width of 1.5 m and length 6-12 m [49]. This tree is ordinarily wrapped with a
black fibrous material, called ijuk. This tree is grown for more than thirty years before
it becomes ready to extract its sago from the trunk [50]. For NFC applications, fibers
can be obtained from several parts of a SP tree, such as trunk (SPT), frond (SPF),
bunch (SPB) and black SP fibers (ljuk). Furthermore, the conducted researches on SP
fibers have proved that these fibers are convenient in composites as reinforcements

and have good mechanical properties [50, 51]. Sugar palm tree is illustrated in Fig. 5.

Figure 5: Sugar Palm Tree
7



Date Palm Fibers “Phoenix”

DP trees (Phoenix dactylifera L.) are the largest Phoenix class, with heights reaching
beyond 30 m and date fruit bunch sizes of up to 1 m x 0.4 m. DP tree has many branches
formed at its trunk base. Persistent grayish leaf bases cover DP tree trunk. Its leaves
are long and have pinnate shape with a good arrangement and its fronds are needle
sharp. Every year, 10 to 20 new leaves are grown. The bases of DP leaves are
surrounded by a strong fibrous sheath [52]. These trees have special characteristics
that allow them to grow under various conditions, such as deserts and hot environments
[53]. For NFC applications, DPF can be extracted from different parts of the tree such

as trunk, leaves, fruit bunch, and mesh that surrounds the stem [54].

Oil Palm Fibers “Elaeis”

Like the majority of “Arecaceae” subfamilies, OP tree has single trunk and several
fronds. Its height is up to 20 m and its leaves are in pinnate shape with a length that
ranges between 3 and 5 m. Each year, up to 30 new leaves are produced by young OP
trees, while mature trees grow around 20 new leaves annually [55]. OP fruit takes
between 5 and 6 months to completely grow and has reddish color with sizes similar
to peach fruits, and matures in big bunches. The external layer of OP fruit is called
pericarp and is puffy and oily, it also has a single seed called kernel. Depending on the
age of OP tree, the weight of each fruit bunch ranges from 5 to 30 Kg. Several
researchers and companies are aiming to find new applications for OP and planning to
turn kernel shells, empty fruit bunches and fronds into biomass energy. For NFC
applications, OP fibers can be obtained from empty fruit bunch, fruit mesocarp, frond

and trunk. Figure 6 shows an OP fruit bunch.



Figure 6: Oil Palm Fruit Bunch

Peach Palm “Bactris Gasipaes”

PE-P tree has a single trunk. At the age of 3 years, its trunk reaches its maximum
diameter and thereby it grows only in height. It has pinnate shaped leaves and fruits
grow as bunches. PE-P have two fruit harvesting seasons, where in the primary
harvesting season it produces around 7 bunches, while in the secondary only 3 bunches
are produced [56]. Three years after planting this tree, it starts to produce fruits for
about 72 years. Fibers can be extracted from stem, leaves, fronds, etc. Figure 7 shows

a PE-P tree and fruit bunches.

Figure 7: Peach Palm Tree
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All palm types discussed previously have similar chemical components with
comparable compositions. SP trees have the highest cellulose and holocellulose
quantities in their bunch, ljuk and frond fibers, while OP trunk contains 7% more
cellulose and 11% more holocellulose than sugar palm trunks. Maximum lignin
percentage is found in the trunks of SP trees with 46.4%. Comparing with other types,
DP fibers (DPF) hold the lowest chemical compositions. Table 2 lists the proportion

of chemical components in palm extracts.

Table 2: Palm Fibers Chemical Composition

Fibers Cellulose (%) Holocellulose Lignin (%) Reference
(%)

ljuk 52.3 65.6 315 [57]

Sugar Palm Bunch 61.8 71.8 23.5 [57]
Sugar Palm Fibers 66.5 81.2 18.9 [57]
Sugar Palm Trunk 40.6 61.1 46.4 [57]
Oil Palm Fibers 49.8 83.5 20.5 [58]
Oil Palm Trunk 46.58 72.1 23.0 [59]
Date Palm Fibers 46 18 20 [60]

1.3 Luffa Sponge

Luffa is a category of the Cucurbitaceae family (cucumber), its ripe fruits are utilized
as natural cleaning sponges, while its immature fruits are consumed as vegetables. It
is spread from South Asia to East and Central Asia. Luffa vegetables are widespread
in Vietnam and China. Figure 8 shows mature luffa fruit and its fiber structure. Luffa
fibers comprise significant toughness, strength, and stiffness, similar to the ones

observed in various metals with same density ranges [61].
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Figure 8: Luffa and Its Internal Structure [62, 63]

Luffa chemical composition mostly consists of lignin and hemicellulose/cellulose, as
well as includes some inorganic elements like glycosides, polypeptides, amino acids,
proteins, and so on [64]. However, the hemicellulose content ranges between 8% and
22%, lignin content is between 10% and 23%, and cellulose content is between 55%
and 90%. Table 3 shows the physical and chemical properties of luffa. At the early
stage of luffa growth, its cellular structure begins with numerous single fibers and turn

into fibrous mat at the end [65].

Table 3: Physical Properties and Chemical Composition of Luffa Fibers [66-68]

Physical Properties Chemical Composition
. . Micro - Hemi
Density | Diameler || ASPECt | gy | OO | LGN | celiiose | ash ()
: : angle (°) ’ ’ (%)
0.56-0.92 | 270+20 | 340+5 | 12+2 | 63.0+25| 11.69+1.2 | 2088+1.4 | 0.4+£0.10

As Table 3 shows, luffa density varies from 0.56 to 0.92 g/cm?, it has an average fibers’
diameter of ~270 um, and its microfibrillar angle is around 12°. The chemical
composition of luffa consists of 63% cellulose, 20.88% hemicellulose, 11.69% lignin,
and 0.4% ash. It is worth mentioning that in addition to its use as a vegetable and
cleaning sponge, luffa is also utilized in Chinese medication, military filters, and shock

absorbers [69].
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1.4 Research Significance

Throughout the last two decades, natural fibers composites were significantly
considered in automotive applications, circuit boards, aerospace industry building
materials, and domestic sector, yet it is still limited in further sectors. However,
following a suitable development process, NFC have a solid potential to emerge in

new markets.

Table 4: Natural Fiber Composite Applications In Industry [70-74]
Fiber Type Application

Chip boards, geotextiles, transport, packaging, door shutters, door
frames, roofing sheets, and building panels.
Paper manufacture, clothing, household furnishings, filter cloths, fishing
nets, packing industrial sewing thread.
Cotton Cordage, goods, yarn, textile, furniture
Seat cushions, mattresses padding mats, bags, net yarns, ropes, brooms,
brushes, seat filling, voltage stabilizer cover, projector cover, paper

Jute

Ramie

Coir weights, mirror casing helmets, packing, storage tank, roofing sheets,
flush door shutters, and building panels.
Material that absorbs oil and liquid, animal bedding soilless potting
Kenaf mixes, clothing-grade cloth, insulations, bags, mobile cases, and
packing.
Stalk Constructing drains and pipelines, bricks, furniture, and building panels.
Sisal Manufacturing of paper and pu(ljp, roofing sheets, shutting plate, and
00rs.
Bagasse Fences, railing systems, decking, panels, and window frame.
Rice husk Fences, railing systems, decking, panels, bricks and window frame.
Flax Laptop cases, snowboarding, seat post, fork, bicycle frame, tennis

racket, fencing, railing systems, decking, panels, and window frame.
Wood Fences, railing systems, decking, panels, and window frame.
. Building materials, decking, roofing, fencing, siding, insulations, doors
QOil Palm .
and window frames.
Pipes, bank notes, electrical products, furniture, packaging and papers,
geotextile, cordage, textiles, and construction products.

Hemp

1.4.1 Aerospace Industry

Main concern in considering new materials for structural components in the aerospace
field is the reliability. Natural fibers composites may face serious degradation upon
high stress environments, UV exposure, low pressure, and low temperature. Hence, in

aerospace structural design the main aim is to have “Defect-free” components.
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Therefore, it is a difficult access to replace synthetic fiber composites by NFCs.
Moisture presence inside a composite material harms the matrix/fibers bonding, thus
degrading the mechanical characteristics. Similarly, ultra-violate radiations can detach
the molecule bonds inside the polymeric matrix, thereby degrading the overall
properties. Moreover, in aerospace field, majority of structural components have the
capability to withstand external object effects, such as birds’ strikes, hail damage, and
thunders, thus the airplane body has to be electrically conductive. To date,
comprehensive researches that focuses on developing a highly conductive NFC is still
limited. However, addition of carbon-based particles into the matrix contributes in
improving the electrical conductivity of a natural fibers composite.

1.4.2 Automotive Industry

natural fibers composites are applicable in automotive industry for the manufacturing
of front and side panels of a vehicle as they are not primary structural components.
Replacing traditional aluminum and glass fibers’ composite materials by natural fibers
composite can partially reduce the weight and cost of a vehicle. The diverse application

of natural fiber composites in automotive industry are listed in Table 5 [70, 75-78].
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Table 5: Application of NFC in Automotive Industry [70, 75-78]

Manufacturer Model Application
Audi A2, A3, A4, A4 Avant, A6, Boot-liner, spare tire- lining, side and back door panel, seat back,
A8, Roadstar, Coupe and hat rack
BMW 3,5and 7 series _Seat bgck, headliner, panel, boot-lining, d<')o'r panels, noise
insulation panels, and moulded foot well linings
Citroen C5 Interior door panelling

Daimler/ Chrysler

A, C, E, and S class, EvoBus
(exterior)

Pillar cover panel, door, panels, car windshield/ car dashboard,
and business table

Fiat

Punto, Brava, Marea, Alfa
Romeo 146,156,159

Door panel

Ford

Mondeo CD 162, Focus

Floor trays, door inserts, door panels, B- pillar, and boot-liner

General Motors

Cadillac De Ville, Chevrolet
Trail Blazer

Seat backs, cargo area, floor mat

Door panels, pillar cover, panel, head-liner panel, and

Opel Vectra, Astra, Zafira instrumental panel

Lotus Eco Elise (July 2008) Body panels, spoiler, seats, and interior carpets
Peugeot 406 Front and rear door panels, seat backs, and parcel shelf
Renault Clio, Twingo Rear parcel shelf

Rover 2000 and others Rear storage shelf/panel, and insulations

Saab 9s Door panels

Saturn L300 Package trays and door panel

Toyota ES3 Pillar garnish and other interior parts

Raum, Brevis, Harrier,
Celsior,

Floor mats, spare tire cover, door panels, and seat backs

Mercedes Benz

C, S, E, and A classes

Door panels (flax/sisal/wood fibers with epoxy resin/UP matrix),
glove box (cotton fibers/wood molded, flax/sisal), instrument
panel support, insulation (cotton fiber), molding rod/ apertures,
seat backrest panel (cotton fiber), trunk panel (cotton with
PP/PET fibers), and seat surface/backrest (coconut fiber/natural
rubber)

Mercedes Benz

Trucks

Internal engine cover, engine insulation, sun visor, interior
insulation, bumper, wheel box, and roof cover

Mitsubishi Cargo area floor, door panels, and instrumental panel

. Headliner panel, interior door panels, pillar cover panel, and
VAUXHALL Corsa, Astra, Vectra, Zafira instrument panel
Volkswagen I;%srsaat Variant, Golf, Ad, Seat back, door panel, boot-lid finish panel, and boot-liner
Volvo V70, C70 Seat padding, natural foams, and cargo floor tray

1.4.3 Civil Engineering Industry

Generally cementitious materials exhibit low tensile behavior, though tensile loads can
be absorbed by embedded steel bars. After the hydration process, micro-cracks form
on the interface between aggregate and cement as well as on the surface due to
shrinkage and water content reduction. Addition of large amount of fibers into the
cement will result in a degradation of compressive strength. Recently, many

researchers studied the effect of natural fibers’ addition on tensile strength
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improvement, insulation and so on, taking into account its side effects on the

compressive properties.
1.5 Research Objective and Novelty

The present research objective is to develop a new natural fibers composite material

through the following stages:

A. Model and simulate the micro-mechanical properties (longitudinal elastic modulus,
transverse elastic modulus, in-plane poisson’s ratio, and in-plane shear modulus) of
NFC using analytical approaches and FEA RVE unidirectional as well as chopped

fibers’ orientation.

B. Conduct simulation based design of experiments (DOE) and analyze the effect of

various parameters (Resin type, natural fiber type, and fibers’ volume fraction).

C. Validate the optimal configuration by experimentally testing it and validating its

mechanical properties (Tensile ASTM D3039).

D. Develop an ANN, MLR, ANFIS, and SVM based Metamodel.

The novelty of this research is:

1. Evaluating tensile properties of palm NFC in bio-based epoxy resin “BioPoxy 36”.
2. Evaluating tensile properties of luffa NFC in bio-based epoxy resin “BioPoxy 36”.
3. Identifying a convenient matrix luffa NFC through selecting 4 different matrices.
4. Comparing the behavior of luffa NFC with date palm NFC under same testing

conditions and testing procedure.
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5. Comparing the behavior agreement of 2 different representative volume elements
(RVE) models of date palm NFC.

6. Comparing the behavior agreement of 2 different representative volume elements
(RVE) models of luffa NFC.

7. Comparing the behavior agreement of 4 different analytical approaches in analyzing
date palm NFC.

8. Comparing the behavior agreement of 4 different analytical approaches in analyzing
luffa NFC.

9. Determining a convenient machine learning tool for predicting tensile strength of
palm NFCs by comparing ANN, MLR, ANFIS, and SVM.

10. Determining a convenient machine learning tool for predicting tensile strength of
luffa NFCs by comparing ANN, MLR, ANFIS, and SVM.

11. Investigating optimal tensile characteristics through comparing 8 different NFCs

under same testing conditions taking into account fibers volume fraction variation.
1.6 Research Organization

The first chapter provides an explanation on natural fibers composites, their types,
applications, advantages and disadvantages, types of palm trees and their extracts, luffa
cylindrica, finite element analysis, research objectives and novelty. Chapter 2 lists a
literature review of palm fibers and their composites, luffa NFCs, modeling and
simulation of NFCs, and Machine learning of NFCs. Chapter 3 describes the research
methodology, design of experiment, metamodeling, etc. The results of this research
are introduced and discussed in Chapter 4, which includes the findings of analytical
analysis, FEA simulation, experimental, and machine learning findings. Chapter 5

summarizes the major facts, steps, theories and methods implemented in this research.
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Chapter 2

LITERATURE REVIEW

2.1 Palm Natural Fibers Composites

Recently many researches have reviewed date palm [79], sugar palm [50] and oil palm
fibers [80, 81], the aim of this section is to summarize and classify the research on all
types of Palm Natural Fibers Composites, while considering matrix types, fibers
treatment, fibers size and fibers volume fraction, and tensile properties. However many
researches have paid attention to extend the application of PNFC by aerospace,
automotive, furniture [82-84], marine [85], construction [86] and sports industries, and
other engineering fields.

2.1.1 Fiber Treatments

Usually, raw fibers have amorphous surfaces with weak nanoparticles, creating an
invisible thin layer around each fiber. Treatments reduce fibers weight, enhance its
surface, remove impurities and improve fiber properties by affecting their chemical

contents.

As clearly shown in Table 6, sodium hydroxide (alkaline) has been most commonly
utilized as a chemical treatment for all palm types with different soaking times and
percentages, few experiments have considered more than a single soaking time (1, 4
and 8 h) with multiple NaOH concentrations. Alkaline treatment at different
concentrations (up to 6%) improved PF performance, however, in terms of mechanical

characteristics, the highest tensile strength (1246.7 MPa) and young’s modulus (160
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GPa) were obtained in PNFC with 1% NaOH treated palm fibers [87, 88]. The effect
of hydrochloric acid treatment was compared with NaOH on DP meshes and the latter
showed superior effect. While chemical treatments with sodium chlorite (NaCllO>)
and ethanoic acid (CH3COOH) were used by llyas et al. [89] on SP fibers. Agberi et
al. and Leman et al. [90, 91] soaked SP fibers in seawater to remove its impurities,
while Mohammed et al. [92] treated SPF by heating in microwave at three different
temperatures. Sodium hydroxide treatment consists of mixing NaOH with water or
other chemicals at the concentration range of 0.25% to 15% at a specific temperature,

soaking the fibers for a certain duration, and then washing them with water.

Table 6: Fiber Treatments Used for PNFCs

Oil Palm . Date Palm Peach
Treatment Fiber Sugar Palm Fiber Fiber Palm
Alkaline (NaOH) [93-101] | [51, 89, 90, 92, 102-109] | 87 18282,]110— [123]
Sodium Chlorite (NaCL103) - [89] -
Ethanoic acid (CH;COOH) - [89] [119]
Hydrochloric acid - - [88] -
Acrylonitrile - - - [123]
Sea Water - [90, 91] -
Hydrogen peroxide - - - [123]
Ethanol and Acetone - - [124] -
Sodium Bicarbonate (NaHCOs) - [108]
Xylanase - - [122]
Pectinase - - [122]
Acetyl Chloride - - [125]
Microwave (70 to 90 C) - [92]

Alawar et al. [88] utilized hydrochloric acid for treating DP meshes. Their technique
involved soaking fibers in HCI solutions with three different concentrations (0.3, 0.9,
1.6 N) at 100 °C for one hour. Then, fibers were washed with fresh water after cooling
to room temperature and were finally dried at 60 °C in an oven for 24 h. Santos et al.
[123] treated Pe-P fibers with acrylonitrile and hydrogen peroxide; a chemical solution
of 99.5% ethanol and 3% C3HsN, it was considered for fiber soaking throughout 24
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and 48 h. Then, fibers were dried at room temperature. Moreover, H,0- treated PE-P
fibers were soaked in the chemical solution for 144 h. Agrebi et al. and Leman et al.
[90, 91] used sea water for treating SP fibers by immersing these fibers in sea water
for a period of up to 30 days, washing them with distilled/tap water, and finally keeping
them at certain temperature to dry out. Mohammed et al. [92] treated SP fibers in
microwave at 70, 80, to 90 °C before treating them with NaOH. Comparing with other
chemical treatments, sodium hydroxide proved its efficiency on palm fibers by
improving their properties, decreasing their weight and removing their surface
impurities.

2.1.2 Coupling Agents and Hardeners

When higher properties are desired, coupling agents can be added to polymer mixtures
to reach higher levels of strength and better matrix/fiber adhesions. Researchers who
selected epoxy or other thermosetting materials as matrix, had to utilize hardeners for

resin cross-linking and solidification.

Table 7: Hardeners and Coupling Agents Used in PNFCs

Coupling Agents/ . . Sugar Palm Date Palm Peach
Hardeners Oil Palm Fiber Fiber Fiber Palm Fiber
[91, 105, 106,
Epoxy Hardener (A062) [96, 126, 127] 128, 129] [115]
Epoxy Hardener (D-230) - - [118]
Silane [130] [129]
Acetone [130]
Methyl ethyl ketone [85, 131] [132] [123]
peroxide
. . [95, 97, 130, 133, i [113, 116,
Maleic anhydride grafted 134] 124]

As shown in Table 7, epoxy hardener (A062) has most commonly been added to the
matrix of OP fibers (OPF), SPF and DPF, while D230 grade was added to DPF by

Abdal-hay et al. [118]. Silane and acetone coupling agents have been used to coat OPF
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[130]. Methyl ethyl ketone peroxide was added to polyester matrices of SP composite
by Misri et al. [85], DP composites by Al-Kaabi [132] and PE-PF by Santos et al.
[123].

2.1.3 Matrix

Besides fiber properties, the performance of the chosen matrix and its interaction with
fibers determines the final characteristics of the composite. In a few studies palm fibers
alone without matrix have been investigated. Meanwhile, palm fibers have been
examined in various polymeric matrices such as epoxy, polyester, high density

polyethylene (HDPE), polypropylene (PP), etc. Table 8 lists the utilized matrices in

palm natural fibers composites.

Table 8: Matrices Used for PNFC

Matrix Oil Palm Fiber Sugar Palm Fiber |Date Palm Fiber Ilzzalg?
Polyester [93, 99, 100] [85, 103, 107, 135, 136] [110,132] |[123, 137]
Epoxy [96, 126, 127, 138, | [51, 91, 105, 106, 109, [1111;'11215’11:07 i
139] 128, 135] 142]
Expanded Polystyrene i i i
Waste [143]
Recycled Polypropylene i i i
(RPP) [144, 145]
Polypropylene [81, 95, 97, 134] - [116, 124, 145] -
Polyethylene
Terephtalate (PET) [146] i i i
Vinyl ester - [131, 135] [125] -
Cement [101, 147] - [86, 148-150] -
HDPE [133, 151] - [111, 113] -
Polyethylene —Low
Density i i [124,152] i
Polyhydroxyalkanoate
(PHA) [130] ) ) )
Reinforced-phenolic (PF) - [90] [153] -
Polyurethane (PU) - [92, 104, 129, 154, 155] - -
Cornstrach resin - [156] [157] -
Wheat Gluten [94] - -
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Table 8: Matrices Used for PNFC (Continued)

Matrix Oil Palm Fiber Sugar Palm Fiber [Date Palm Fiber Iiaza:::‘:
Glycerol (Glycerine) - [89, 158] [112]
Polyvinylidene Fluoride - [159] [152]
Polyvinyl Alcohol (PVA) - - [160, 161]
Polylactic Acid (PLA) - - [162]
Homopolymer (HPP) - - [145]
Impact Copolymer (ICP) - - [145]
Sorbitol - [89]

Butylene Succinate “Bio-

polyester” (PBE) [122]
Araldite - - [121]

UHU plus end fest 300 - - [121]
ADEKIT H 9951T - - [121]
Eponate - - [121]
Bitumen - - [163]

As exhibited in Table 8, compared with polyester that was used for the same PF types,
epoxy was commonly selected as matrix for OPF, SPF, DPF and Pe-PF and its good
performance resulted in high properties. Various thermoplastic, thermosetting,
ceramic and natural matrices have been evaluated and diverse properties have been
obtained.

2.1.4 Fiber Size and Fibers Volume Fraction

In properties related to matrix-to-fiber stress transmission, the most important factors
in the design of a composite material are fiber size and orientation. Fibers are extracted
from trees with random sizes. Hence, a variety of fiber lengths and diameters can be
obtained following diverse resizing methods, such as milling and scissors. In recent
studies, fiber lengths ranged from 75 ym to 6 cm with diameters of 200 ym to 6 mm.
As clearly shown in Table 9, the most common fiber length range was 180 to 500 ym
for OPF and SPF [92, 97, 98, 133, 155]. However, only few researchers have studied
multiple fiber dimensions, such as DPF lengths of 20 mm and 30 mm [112], OPF

lengths of 2 mm to 10 mm and DPF diameters of 200ym to 800ym.
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Table 9: Classification of Researches According to Fibers Size

Fiber Size OPF SPF DPF PE-P
Powder - - [144] [137]
75 ym - - [116] -

100-500 ym [94, 97, 98, 133]|[92, 131, 154, 155] - -
0.5 mm : [91, 128] [113'113?% 124, [137]
120, 140, 141,
0.1-1 mm ] ] : 143, 163] ]
2-5mm [99] [89, 158] [86, 120, 145] -
8-10 mm [99] - [121, 145, 164] -
20 mm - - [88, 112, 121] -
25 mm - - - [123, 137]
30 mm - - [112, 120] -
1-1.5cm [93] - [124] -
2-15cm [130, 147] [135] - -
30cm - - [119] -
Diameter
200-400 ym [93] - [118, 160] -
400-600 ym - - [118, 160, 165] -
600-800 ym - - [118, 160] -

However, fibers volume fraction is defined as the volume ratio of fibers and matrix in
a composite material. This property can be controlled during specimen preparation by
knowing the volume of the mold. Thus, the required quantity of fibers can be

calculated based on the considered composition.

Table 10: Classification of Researches According to Fiber Content
Weight Ratio OPF SPF DPF PE-P

[111, 120-122, 125,
-8 Wi0 )
1-8 Wi% [134, 146] [156] 145, 162, 163]

[131, 136, 154, 155, |[86, 111, 120, 122,

0,
10wt%  |[[95, 101, 134, 146] 1581 195, 145, 157] [123, 137]
15 wt% [94, 134] [91, 128] [86, 111, 145, 148] -
18 wt% - [85] - -

[86, 111, 113, 122,

0, -
20 wt% [95, 100, 101] | [136, 154, 155, 158] 143, 157]
25 Wt% [146] - [86, 166] -

90, 103, 107, 136, | [86, 113, 122, 143,
30 wi% [95, 133] : 154, 155, 158] : 152] -
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Table 10: Classification of Researches According to Fiber Content (Continued)

Weight Ratio OPF SPF DPF PE-P

[113, 140, 141,
153]
[140, 141, 153,
161, 164, 166]

40 Wt% [95,99,133] | [103, 107, 136, 154]

50% up to 80 wt%|  [95, 99, 139] [107, 136]

In previous studies on palm fiber NFCs, fiber content ranged between 5 and 80 %.
Meanwhile, several researchers considered multiple weight ratios in order to prove the
impact of palm fibers on the overall properties. As a result, the addition of superfluous
amounts of palm fiber led to strength degradation. As listed in Table 10, researchers
who focused on SPF added up to 30 wt% fibers in the specimens. Atigah et al. [155]
and Sahari et al. [158] investigated SP composites with four different fiber content
compositions. Similarly, Mulinari et al. [111] considered 5, 10, 15 and 20 wt% date
palm fibers in NFC specimens. While Karina et al. [99] evaluated the effects of adding
40% to 80 wt% OPF. It is worth mentioning that, there was a significant tendency
toward 10 wt% composition for all PF types. Nevertheless, 20 wt% seemed to be the
most common selection for DPF composites. Fiber size, content (Vfand wt%) and
orientation were found to have significant impacts on the overall characteristics of
natural fibers composite materials.

2.1.5 Tensile Properties of PFCs

The capability of a material to resist high stresses relies on its mechanical properties.
It means that, obtaining the highest strength of this material can endure by measuring
its tensile strength. Young’s modulus can be calculated to determine the beginning of
its plastic deformation. In this section, a compilation of the aforementioned

characteristics including the results reported in recent studies is provided (Table 11).
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Table 11: Mechanical Properties

Palm Fiber Mechanical . Testing
Type Properties Resin Result Standard Reference
Oil Palm Fiber | Tensile Epoxy 37.9 MPa ASTM D3039 [126]
Epoxy 27.4 MPa ASTM D3039 [96]
Epoxy 64.7 MPa ASTM D3039 [139]
Polyester 21.88 MPa ASTM D638 [100]
PET 167 MPa ASTM D638 [146]
PHA 24 MPa [130]
HDPE 15 MPa ISO 527-1 [133]
PP 35 MPa ASTM 1882L [81]
PP 42 MPa ASTM D638 [97]
Single Fiber-
pull out 64 MPa ASTM D3379 [98]
Young’s Epoxy 3.31 GPa [126]
Modulus Epoxy 2.59 GPa [96]
Epoxy 3640 MPa [139]
Polyester 3.95 GPa [100]
Polyhydroxy- | 455 Mpa [130]
alkanoate
HDPE 1.04 GPa [133]
PP 2.3 GPa [97]
2.763 GPa [98]
78 MPa [93]
Sugar  Palm | Tensile Epoxy 50 MPa [105]
Fiber Epoxy 92 MPa [109]
Epoxy 23 MPa ASTM D638 [91]
ASTM
Polyester 43 MPa D5083-10 [85]
Polyester 40 MPa ASTM 3039 [136]
Glycerol/Sorbito ASTM D882-
| 11.47 MPa 02 (2002) [89]
Corn Starch 19 MPa ASTI\82D882- [156]
Polyurethane 18.42MPa ASTM D638 [92]
Single Fiber- 292 MPa
Pull out [102]
Young’s Epoxy 3.89 GPa [105]
Modulus Polyester 1.841 GPa [85]
Polyester 4.43 GPa [136]
IGcheroI/Sorblto 178.83 MPa [89]
Corn Starch 1.17 GPa [156]
Polyurethane 1.3 GPa [92]
3.37 GPa [102]
Date Palm | Tensile Epoxy 67 MPa ASTM D638 [115]
meshes Single  Fiber-
surrounding pull out 800 MPa ASTM D3379 [88]
the steams Young’s Epoxy 1.38 GPa [115]
Modulus 160 GPa [88]
Date Palm | Tensile PP 30 MPa ASTM D638 [116]
Leaf Fiber PE-LD /PP 31 MPa [124]
Young’s PP 2.2 GPa [116]
Modulus PE-LD /PP 1.35 GPa [124]
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Table 11: Mechanical Properties (Continued)

Palm Fiber Mechanical . Testin
Type Properties Resin Result Stan darg d Reference
Date  Palm | Tensile Epoxy 41 MPa [118]
Fiber Polyester 14.34 MPa [110]
ASTM
Glycerol 31 MPa D5083-10 [112]
HDPE 26 MPa ASTM D638 [111]
HDPE 20 MPa ASTM D638 [113]
ASTM
RPP 24 MPa STP452 [144]
UHU 41 MPa [121]
PBE 32 MPa [122]
Phenolic 15 MPa ASTM D3039 [153]
Vinyl ester 35 MPa ASTM D638 [125]
Single Fiber- Pull 1246.7 MPa [87]
out 400 MPa [117]
366 MPa [118]
453 MPa ASTM D3822 [119]
Young’s Modulus | Epoxy 2.5 GPa [118]
Glycerol 2.8 GPa [112]
HDPE 1.22 GPa [111]
HDPE 1.5 GPa [113]
RPP 1.48 GPa [144]
Phenolic 4.35 GPa [153]
26.1 GPa [87]
7.15GPa [118]
16.1 GPa [119]
gr?;gth Palm | Tensile Epoxy 72 MPa ASTM D638 [114]
Peach Palm | Tensile Polyester 28 MPa [137]
Fiber Polyester 44.8 MPa [123]
Young’s Modulus | Polyester 4.18 GPa [137]
Polyester 500 MPa [123]

Tensile testing has extensively been conducted in PNFC studies aiming to compare the
effect of different treatment percentages as well as fibers volume fraction variation on
the tensile strength and young’s modulus. As displayed in Table 11, tensile testing was
significantly conducted on DPF composites with different matrices, fibers treatments
and fiber contents, however, tensile strengths results ranged from 24 MPa to 67 MPa.
However, less studies tested the tensile strength of OPF composites, thus, HDPE/OPF
composites showed the lowest strength values (15 MPa), while polyethylene
terephthalate matrix/ijuk/OPF hybrid material showed the highest value (167 MPa).
However, for SPF composites, peak strength was revealed with NaOH chemical
treatment and epoxy matrix (50 MPa). Polyester resin was considered in PE-P
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composites and the observed tensile strengths ranged between 28 and 44.88 MPa.

Figure 9 shows the highest tensile strength obtained for PNFCs with various matrices.

Tensile Strength (MPa)

e OPF e SPF DPF e PPF
Epoxy
Glycerol 150 PET
100
50 ‘
PU OzAS HDPE
Polyester PP
PHA

Figure 9: Effect of Palm Type and Matrix on Tensile Strength

Furthermore, sodium hydroxide treatment improved palm sheath properties, and
highest tensile strength of 72 MPa was recorded with epoxy matrix. As shown in Fig.
9, OPF was drastically compatible with PET matrix, SPF and DPF were compatible
with epoxy, and PE-PF were suitable with polyester matrix. By comparing the
aforementioned results, OPF/ijuk/PET hybrid composites exhibited the highest tensile
strength among all PFCs regardless of their matrices. Ilyas et al. [89] observed that
elastic modulus and tensile strength were simultaneously improved by the addition of
up to 0.5 wt% SP nanocrystalline cellulose. The obtained results showed that tensile
strength increased from 4.8 MPa to a peak value of 11.47 MPa, and elastic modulus

increased from 53.97 MPa to a maximum value of 178.83 MPa.

Moreover, treatment with 0.5 wt% SPS/SP nanocrystalline cellulose showed higher

young’s modulus and tensile strength than 0.1 wt% (117.19 MPa and 7.78 MPa). On
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the other hand, increase of SP nanocrystalline cellulose content from 0 to 0.1 wt%
decreased elongation at break factor from 38.1 to 24.01 %. Mohammed et al. [92]
studied the impact of microwave treatment on SPF composites with thermoplastic
polyurethane matrix at three different temperatures, results showed that tensile
strength at 70°C 80 °C and 90 °C reached 18.42 MPa, 17.128 MPa and 18.168 MPa,

respectively, while the highest strength obtained for untreated fibers was 11.71 MPa.

De Farias et al. [137] obtained 47% tensile strength reduction by adding more PE-P
powder, whereas the size and orientation of fiber affected the obtained tensile strength.
Hence, woven fibers specimens with 5 and 10 mm fibers’ lengths exhibited an increase
of 100% and 220% compared to specimens prepared with randomly oriented fibers
with 25 mm fibers’ length, while maximum young’s modulus was observed in woven
specimens with 5 mm fiber size. Santos et al. [123] observed that chemical treatments
had negligible improvement in fibers’ tensile strength, while 21% increase in young’s
modulus was recorded in fibers treated with CsHsN and NaOH. However, H202 caused
property deterioration. Leman et al. [91] treated the fibers with freshwater for 1 month
and observed about 55% improvement in tensile strength reaching a value of 21266.5
KPa. The results listed in Table 11 show that, for OPF composites, young’s modulus
ranged from 425 MPa to 3.31 GPa for OPF/Jute/epoxy hybrid specimens [126].
However, SPF soaked in 0.25 M NaOH for 4 h and reinforced with epoxy provided
the highest young’s modulus in this palm type. However in DPF, HDPE matrix
provided the lowest young’s modulus range of 1.22 - 1.5 GPa, which was comparable
with DPF/RPP specimens [105]. Peak value was reported by Ibrahim et al. [112] in
glycerol matrix with 50 wt% DPF. PE-P fiber (PE-PF) weaves with 5mm fiber size
reinforced with polyester exhibited the highest young’s modulus among all PNFCs

(4.18 GPa). NaOH, CsHsN, seawater and 70 °C microwave treatments, hybridization
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with ijuk, jute and glass fibers as well as adding nano-fillers contributed in tensile
strength and young’s modulus improvement. However, 50 wt% fiber content, 5 mm
fiber size and woven layers was the optimum combination. It is worthy to mention

that, the highest TS values were obtained in epoxy and polyester matrices.

Single fiber pull-out was conducted in PNFC studies by testing the fibers before and
after their treatment, in order to evaluate the effects of treatments on fiber properties.
As clearly shown in Table 11, single fiber pull-out was mostly considered to test DP
extracts, results ranged from 366 MPa up to 1246.7 MPa. Highest tensile strength
(1246.7 MPa) was revealed in 1% NaOH treated palm fibers, with a young’s modulus
of 26.1 GPa [87]. Hence, peak elastic modulus (160 GPa) with 800 MPa tensile
strength was observed in date palm meshes [88]. Alsaeed et al. [117] conducted single
fiber pull tests on DPFs with four different fiber lengths (5, 10, 15 and 20 mm) and
three NaOH soaking concentrations. The highest tensile strength (400 MPa) was
obtained in fibers with a length of 10 mm and soaking time of 6 h. Abdal-hay et al.
[118] observed 57% improvement in the tensile strength of DP single fiber upon
treatment with alkaline solution, nevertheless, this solution reduced the young’s
modulus. Izani et al. [98] observed an increase in the tensile strength of OP single fiber
treated with alkaline. Alawar et al. [88] reported that soda treatment (NaOH) cleaned
DP mesh from the impurities resulting in tensile strength improvement, where the

highest TS was observed in fibers treated with 1% soda.
2.2 Luffa and Its Composite Materials

Luffa is a type of Cucurbitaceae family, its mature fruit is being used around the world
as an organic cleaning sponge. Luffa has a natural 3D network structure, which

contributes in its high strength, toughness, and stiffness.
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2.2.1 Fiber Treatment

Water absorption and moisture retention harm the fiber/matrix adhesion in composite
materials. Moreover, NFs have high moisture absorption behavior as they are naturally
hydrophilic. Such properties cause a reduction in bond strength, thereby matrix and
fibers detach from each other. Hence, these composite materials exhibit negligible
mechanical characteristics in wet environments [167]. Therefore, treating a NF with a
convenient chemical solution can influence its chemical composition, remove surface
impurities, as well as reduce its water absorption characteristics. Table 12 shows the

treatments applied to luffa fibers in LNFC studies.

Table 12: Luffa Fiber Treatments

Treatment Reference
Sodium Hydroxide (NaOH) [25, 61, 66-68, 168-190]
Hydrogen Peroxide (H202) [27, 168, 169, 179-181]
Acetic Acid (CH3COOH) [27, 168, 169]
Carbamide CO(NH2) [169]
Methacrylamide [174, 183]
Benzoyl Chloride Permanganate (KMnO4) [68, 189]
Acetic Anhydride, and Acetone [179]

Furfuryl Alcohol followed by oxidation (sodium

chlorite + acetic acid) [67]
CaCl2, H2S04, and Na2HPO4 [171]
Hypochlorite (NaClO) [172]
Ethanol, BTDA Dianhydrides [178]
HCI [170]

Chlorine Bleach [63, 191]

Calcium
Phosphate and Calcium Carbonate [192]
CaOH2 and Silane [185]
Thermo-mechanical treatment and thermo- [193]
hydromechanical treatment

Heat treatment [194]

Sodium hydroxide (NaOH)/alkaline treatment evidenced its capability in improving
luffa fibers’ microstructure by changing its chemical composition as well as removing
all impurities [66, 173-177, 184]. Treating luffa fibers with 4% NaOH at 120 °C for 3

h revealed the highest fiber crystallinity index. In addition, combined chemical
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treatments switched luffa from a mat into a filament structure [181]. Contrary to other
chemical solutions, methacrylamide treatment caused a serious deterioration in luffa
fiber integrity [183]. Mixing NaOH with other solutions like CH3COOH can
drastically improve LNFC mechanical performance as well as significantly decrease
its water absorption. In contrast, mixing with H2O. deteriorated its mechanical
characteristics [169]. The tensile strength of LNFC prepared with HCI treated fibers
was lower than that of LNFC treated with alkaline [170]. Cyanoethylating and
acetylation improved fiber/matrix adhesion, resulting in an enhancement in
mechanical characteristics [179, 180]. Furfuryl alcohol followed by oxidation
treatment revealed higher performance compared to alkaline, where it improved the
surface structure and reduced hemicellulose, lignin, and wax quantities [67]. As shown
in Table 12, sodium hydroxide was mostly utilized to chemically treat luffa fibers,
followed by hydrogen peroxide and acetic acid.

2.2.2 Matrices Selected for LNFCs

Composites have a combination of fibers and matrix properties, and in addition to
matrix properties, they behave as a structure that holds all fibers together, as well as a
protection from the surrounding environment (water, heat, etc.) [1, 195-197]. Thus,
studying the performance of a new NFC involves choosing a suitable matrix that
exhibits good properties with a considerable interaction with the selected NF. Several
studies investigated luffa as a pure mat (without a matrix), however, others studied
different thermoplastics and thermosets like epoxy, polyester, resorcinol-
formaldehyde, vinyl ester, and so on [198-200]. Matrices considered in recent LNFC

studies are listed in Table 13.

LNFC studies have involved diverse polymeric matrices with different weight ratios

(fibers volume fraction), which ranged from 2 wt% to 50 wt%, however, the most
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common weight composition was 30 wt% [24, 66, 67, 176, 184]. Although the
majority of studies considered luffa as rectangular mat, some utilized it as randomly

chopped fibers between 2 mm and 6 cm.

Table 13: Thermoplastics and Thermosets Used in Luffa Natural Fiber Composite
(LNFC) Development

Matrix Reference
Epoxy [25, 61, 66-68, 168, 173, 175-177, 201-205] [186-
189, 198, 206, 207]
Polyester [24,170, 174, 179, 180, 184, 185, 198, 208-210]
Resorcinol-formaldehyde [171, 192, 211]
Polylactic acid [172,194]
Bio-based polyethylene (HDPE) [212]
Vinyl ester [7,178]
Polyurethane foam [62]
Polyurethane (PU) [213]
Polypropylene [182]
Geopolymer [214]
Pre-gelatinized cassava starch [215]
Eva resin [216]
Bismuth nitrate pentahydrate [190]
(Bi(NO3)3-5H20) and potassium iodide
Concrete [217]

As clearly shown in Table 13, epoxy resin was selected most often in the LNFC field,
followed by polyester and resorcinol-formaldehyde, which is due to matrix properties
as well as matrix/fiber compatibility.

2.2.3 Tensile Properties of LFCs

Mechanical characteristics of an NFC are specified through different testing
procedures [218, 219]. The tensile properties of LNFCs are summarized and discussed
in this section. Tensile testing results obtained in recent LNFC studies are compiled
and classified in Table 14, all the listed tests were conducted following the standard of

American Society for Testing Materials (ASTM).
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Table 14: Mechanical Properties of Luffa Natural Fiber Composites

B Fiber Size, Shape, and A Tensile
Resin/Fiber Treatment Composition Viwt% Hybrid/Filler (MPa) Ref.
Particles, short fibers,
Epoxy/NaOH and mat shaped fibers 23 [173]
(0.3-0.5Vy)
10-20 mm .
Epoxy/NaOH (0.1-05 V) Ground nut (1:1) 20 [176]
Mat
Epoxy/NaOH (0.3 V) Flax 24 [66]
Ceramic B4C (10 13.56
Epoxy/NaOH Wto%) E: 73.29 [61]
Rectangular mat 18
Epoxy (8, 13 and 19 wt%) E: 699 [204]
Rectangular mat (19.87— .
Epoxy 30.86% V;) Glass fiber 35.34 [205]
Epoxy/NaOH, and
furfuryl alcohol
o 100 x 100 mat 226.40
followed by oxidation 67
(sodium zhlorite N (30 wid%) 586570 | O]
acetic acid)
Epoxy/NaOH, benzoyl
chloride, and potassium Rec(tig%vtl(:;r)mat E'Zglo [68]
permanganate KMnO4 0 )
Chopped randomly
Epoxy/NaOH (30%, 40% and 50% VVy) 18 [177]
6cm - . 13
Epoxy/NaOH (0.3 V) Silica nanoparticles E: 3284 [175]
Epoxy/NaOH, acetic 2mm - .
acid (8,9, 9.5 and 10 wt%) Lignite Fly Ash filler 17.28 [168]
Rectangular mat (8, 13,
Epoxy and 19 wt%) 16.76 [202]
2-5mm .
Epoxy/NaOH (3.2-9.6 Wi%) E: 5560 [25]
Epoxy Ceramic fibers 140.68 [198]
Epoxy/NaOH 2mm Carbon fibers 60.48 [220]
Natural fillers (ground
0 nut shell, rice husk,
Polyester 30 wt% and wood powder) (3, 315 [24]
7 and11 WT%)
Polyester/NaOH, meth- Short fibers and mat 22 [174]
acrylamide (24.5-42.6% Vi) E: 5200
P°'K2i$’zr;:ﬁ2§:§;hy' Mat 250 x 100 mm 23893 | [170]
RF/Calcium 14.88
phosphate and calcium 50 wt% E: 680 [192]
carbonate )
RF/NaOH, CacCl2, 2cm 29.438 [171]
H2S04, and Na2HPO4 (10-50 wt%) E: 1662
Polyurethane Mat Glass fiber 12.7 [213]
PP/NaOH and silane 215 Wi% 35 [182]
coupling agent
Bio-based 0 21.2
polyethylene (HDPE) (10, 20, 30 and 40 wt%) E: 2082 [212]
Vinyl ester/ethanol, Mat
NaOH, BTDA (15 wt%) 21.2 [178]
dianhydrides 0
L 2cm 36.44
Polylactic acid/NaCIO (2, 5 and 10 Wi%) E: 2997 45 [172]
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Table 14: Mechanical Properties of Luffa Natural Fiber Composites (Continued)

Resin/Fiber Treatment Fé?)%&i?fi(??ﬁj\)ﬁ‘% Hybrid/Filler I&npsg;a Ref.
Pre-gelatinized cassava 3-5mm
starch (5, 10, 15, and 20 wt%) 1.24 [215]
Pure luffa/NaOH, 7423
H202, 30-40 mm/Bundle E: ézo [169]
CH3COOH, '
Pure luffa/glacial
acetic acid and 220and 30 mm E911237 [27]
hydrogen peroxide )
Pure luffa/thermo-
hydromechanical 3 mm 177.93 [193]
treatment
Pure luffa 30 mm 120 [64]
E: 2300

Luffa natural fiber composite studies have mostly considered the tensile behavior
compared to other mechanical properties, aiming to define the elastic behavior of this
NFC, i.e., ultimate tensile strength as well as young’s modulus. Tensile strength of
LNFCs increased by increasing fiber content up to 40 wt%, but it started to decrease
at 50 wt% [173, 176]. Thus, Mani et al. [221] reported an increment in the tensile
strength of luffa mat/epoxy NFC followed by a decrement when adding fibers beyond
40 wt%. However, by considering chopped luffa fibers, 50 wt% revealed the highest
strength. In a sandwich structure, the tensile strength of LNFC increased by increasing
fiber content up to two luffa layers then decreased by adding a third layer [204].
Generally, LNFC developed with NaOH-treated fibers exhibited higher tensile
strength compared to that of untreated fibers [66, 68, 174]. Moreover, benzoyl
treatment showed better property improvement than alkali and KMnO4 treatments
[68]. In addition, BTDA dianhydrides (tetracarboxylic benzophenone dianhydrides)
revealed the best TS increment compared to ethanol and NaOH treatments [178].
However, Furfuryl Alcohol-grafted LNFC revealed a notable improvement in tensile
strength (100%) and tensile modulus (123%), which were higher than that observed in

NaOH-treated LNFC [67]. Superior TS can be obtained by hybridizing LNFC with
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natural or synthetic fibers such as ceramic B4C, which improved TS around 8.6% [61],
glass fiber (up to 100.4%) [202, 205], and ground nut shell. In contrast, hybridization
of LNFC with wood powder or rice husk reduced its tensile strength [24]. Adding
silane coupling agent into luffa/polypropylene NFC can deteriorate its TS, whereas
increasing the luffa fiber volume fraction reduced the tensile strength [182]. In single
luffa fiber testing, 10% NaOH treatment for 30 min at 40 °C showed best enhancement

in the fiber’s tensile strength [169].

Tensile Strength (MPa)

Epoxy

250
Pure Luffa 200 Polyester

50

00
Poly-lactic acid 20 RF

Vinyl-ester PU
HDPE PP

Figure 10: Tensile Strength of Luffa Natural Fiber Composites

As clearly shown in Table 14 and Figure 10, peak tensile strength of LNFC was
observed in epoxy matrix, followed by polylactic acid and polypropylene. However,
the highest LNFC tensile strength reported was 226 MPa in an epoxy matrix, followed
by 140 MPa in a ceramic/luffa/epoxy hybrid NFC. Hence, LNFC with polylactic acid
matrix reached a tensile strength of 36.44 MPa and a tensile modulus of around 3 GPa.
Thus, luffa in a polypropylene matrix exhibited 35 MPa TS. Luffa NFC revealed a
tensile strength of 31.5 MPa with a polyester matrix, 29 MPa in resorcinol-
formaldehyde, 21 MPa in bio-based high-density polyethylene as well as in vinyl ester,

and lower tensile strength was observed in a polyurethane matrix (12.7 MPa). In terms
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of pure luffa, the peak tensile strength observed was 177.93 MPa after treating the
fibers through a thermo-hydro-mechanical technique. Paglicawan et al. [222]
mentioned that the stress and strain curve of luffa/polyester NFC was similar to the
curve of a brittle materials, hence it behaves elastically as stress and strain increases

in linear trend.
2.3 Modeling and Simulation

The growing utilization of natural fibers composites (NFC) highlighted the essentiality
of effectively designing and developing NFC for optimum performance [223]. Since
testing all aspects of an NFC is expensive, scientists and engineers are involving
computational techniques to simulate the thermal, physical and mechanical properties
of their developed materials, thereby validating their findings experimentally [28,
224]. Application of analytical and numerical methods is profusely increasing in the
natural fibers modeling as well as the design of natural fibers composites[225-228].
Hence, a wide set of models and approaches is now available for predicting various
characteristics of NFCs [229-232]. Though researchers have focused on predicting the
macroscopic (elastic) properties of NFCs such as young’s modulus, shear modulus and
Poisson’s ratio, which revealed high accuracy in the prediction of properties and
exhibited good agreement with experimental results [8, 218, 233]. Chen et al. reported
a significant agreement between FEA and experimental results of luffa fibers [64].
Kebir et al. [234] highlighted the capability of FEA in predicting the micro-mechanical
properties of hemp/polypropylene NFC. Adeniyi et al. [235] observed a notable
agreement between FEA and phenomenological analytical model while predicting the

elastic properties of banana/polystyrene NFC.
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NFC analytical studies investigated models in 1, and 3 dimensions, while 2D was
mostly considered. However, a range of analytical theories were involved in the
analysis of mechanical, thermal and acoustic properties of NFC, for example, Rule of
Mixture, Puck failure theories, Halpin, Tsai—-Wu, Tsai—Hill, Nairn Shear-lag, Mendels
et al. stress transfer, fatigue-life (S—N) curves, and Hirsch were utilized for studying
stiffness, elastic modulus, strength, fatigue-life response, etc. while, Johnson-
Champoux-Allard was utilized for inspecting the sound absorption of coconut coir as
well as rice husk NFC. Moreover, several analytical models contribute in calculating
the mechanical properties of woven fibers composites i.e. Halpin Tsai, Hirsch’s, and
Cox [236]. However, Fourier’s heat conduction equation was previously utilized to
study the temperature variation of hemp/kenaf/epoxy hybrid NFC. Not only,
Mesoscale Damage Theory was used for calculating the mechanical response,
inelasticity, and stiffness degradation of Flax NFC [236-240]. Furthermore, Cox and
Halpin-Tsai models has an adequate accuracy in predicting the elastic properties,
similarly Hirsch’s model is able to calculate the elastic modulus [236]. Hence, less
error was revealed while computing the elastic modulus using Halpin-Tsai approach
compared to Rule of Mixture, Nairn shear lag analysis, and Stress transfer [241].
Comparing with Tsai-Wu and Tsai-Hill theories, Puck and Hashin exhibits higher
accuracy in predicting failure criteria of NFC [237]. However, Rule of Mixture and
Tsai based rules were commonly used. Hence, Halpin-Tsai approach can be considered
as the best approach in predicting micro-mechanical properties. In terms of woven
NFC, Hirsch’s model was the best analytical technique for predicting young’s
modulus, yet Cox and Halpin-Tsai models exhibited analogous remarkable accuracy
in calculating the tensile strength. Johnson-Champoux-Allard model was most

accurate model for analyzing the sound absorption of NFC, Fourier’s heat conduction
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equation was significantly convenient to predict the thermal behavior of natural fibers
composites, Hashin’s model was notably reliable in predicting the fatigue criteria.
Only few researches implemented optimization theories as well as design of

experiments.

In NFC numerical analysis, most researches tend toward using finite element analysis
as well as representative volume elements due to the high accuracy of this method in
predicting composites’ properties. Some studies involved analytical theories besides
the numerical methods, such as Rule of mixtures (ROM), Chamis model, Fick’s law,
Hamilton’s principle, Halpin-tsai model, Hashin and Rosen model. Numerically
analyzing the mechanical properties of NFC was the major focus of a notable number
of studies. Major natural fiber selected was flax fiber, and epoxy matrices were mostly
chosen. While several researches involved more than one type of natural fibers to
develop a hybrid natural fibers composite, though NFCs were hybridized with
synthetic fibers like E-glass. Despite the fact that composites and NFC are orthotropic,
materials were mostly considered as Isotropic in M&S of NFC studies, apparently, due

to the lack of data about these newly developed materials.

Various boundary conditions were assigned like clamped, free, and simply supported
boundary conditions, as well as periodic boundary conditions in representative volume
element [242-244], Diverse boundaries were taken into account like topologies,
material properties, weight, cost, mass, cost, easy manufacturing, mesh density,
element order, microwave exposure time and location of specimen in the microwave.
ANSY'S was majorly utilized as a simulation platform, whereas several element types
were used such as wedge elements (C3D6), linear hexahedral elements (C3D8R),

quadratic tetrahedral elements (C3D10), SHELL 181, Solid 95, Solid 185, Solid 186
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and Solid 187, yet most studies analyzed NFC as a 3D solid model. Some optimization
algorithms were applied, viz. Genetic Algorithm, Topsis, parametric optimization and
APDL, regardless of the distinct aspects optimized through the aforementioned
algorithms, the implementation of those techniques proved its reliability and
effectiveness. while very few studies included the design of experiment by using
Taguchi method (ANOVA) for selecting the parameters combination that gives
maximum load enduring capacity at failure, for instance, Parsad et al. considered three
factors, viz. three fiber lengths, three CNSL percentages (5, 10 and 15%), and three
fiber to matrix ratios (20, 30 and 40 wt%), then utilized Taguchi (DOE) method in
order to obtain the analysis number [245]. A significant number of researches indicated

that predicted and experimental findings were in strong agreement.

Majority of the researches focused on investigating the mechanical properties of
natural fibers composites, multiple simulation platforms were utilized such as ANSY'S,
ABAQUS, MATLAB, LS- DYNA, Nastran/Patran, Siemens PLM NX 10.0, NISA and
so on. In addition, several analytical techniques were involved like experimental modal
analysis, Newton-Raphson non-linear, Maximum strain and Tsai-Wu, J-Integral, Rule
of mixture, Weibull distribution, Chamis model, Nielsen Elastic model, Halpin—Tsai
model, etc. Table 15 shows the summary of research on numerical M&S of tensile

strength, joint strength, stress and strain characteristics of natural fibers composites.
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Table 15: Numerical M&S of Tensile and elastic behavior of NFCs

Fiber type, size

Epoxy/

Numerical

Optimization Algorithms/

with accordance to their length post-failure.

and orientation | Hardener Analytical Analvsis Objective of The Study Platform Boundary Conditions | Physical Experiments and Validation/ Key Findings |Ref.
Y and Remarks
Flax FEARVE Periodic Bounda > Tensile, SEM
46.2 WT% POM (homogeniz Conditions "Y' le Results obtained from RVE and FEA models [246]
' ed) significantly agreed with experimental results.
Flax
one by one top-hat| - - Simply Supported |¢ Parametric study is 5% lower in accuracy comparing
stiffened Epoxy Grillage FEA Stresses & strain Abaqus Boundary Conditions | to finite element analysis. [247]
composite plate
e Stamping & Aramis monitoring system
Flax PP Maximum Strain failure criterion FEA Strain Abaqus o FLC & MSF criteria can accurately predict failure [248]
regions in all specimens.
Hemp
Naca cowling of . . . . . Fluent and o Tensile, 3-point bending & SEM
an acrobatic ultra-| Epoxy Maximum strain and Tsai-Wu FEA Mechanical properties ANSYS) o FEA and experimental results were different. [249]
light airplane
Hemp . il Kebir Simulation * Tensile . 23
30 WT% PP FEA (RVE)| Mass Fraction, Tensile Platform o PF ap_proach co_uld be con5|_dered as a complementary |[234]
technique to micro-mechanical approaches
Hemp/ Jute e Tensile, flexural, impact, Specific gravity, water test
Hybrid Epoxy & . . &hardness tests
30°,45° & 90° Polyester Mechanical Properties ANSYS e High agreement was exhibited between FEA and [250]
experimental results.
. e Tensile Testing & SEM
45}],[{%00 Epoxy FEA Tensile behavior Sle’[ln;nlsoP(l)_M e Simulation outputs significantly agreed with tensile  [251]
' testing results.
J-Integral e Bulk tensile
Jute Epoxy and |(Compliance Calibration Method, FEA Tensile fracture toughness | Matlab Sub- . T idal | d th imental behavior|[252]
(PU joints) | Cubic polynomial &Corrected of adhesive joints & CZM routine rapezoidal law reproduces the experimental behavior
Beam Theory with a reasonable level of accuracy
- - - - - e Predicting failure stress and tensile strength were
Jute Epoxy Rule 0]; ?;;;;EuurgsxVelbull FEA Tensile, rf]ggmhf‘ Elastic Mliil\gég & significantly improved by updating fibers’ strength ~ |[253]




Table 15: Numerical M&S of Tensile and elastic behavior of NFCs (Continued)

Optimization Algorithms/

microcellular-voided

experiments.

e::r:t()je(';r?éﬁiéatsiléﬁ Epoxy/ Hardener Analytical NAurr]T;?;:?l Objective of The Study | Platform ggﬁg{:ﬁ)ﬁ; Physical Experiments and Validation/ Key Findings and | Ref.
Remarks
Solidworks, .
Jute/ ba_nana Cashew qut shell FEA Strength ANSYS e Tensile ) [245]
hybrid resin & Minitab e FEA and experimental results are close
Chamis model, Nielsen S . . I
Banana Polystyrene Elastic model, Halpin-Tsai | FEA (RVE) Elastic properties ABAQUS Perlgdlc dl_3(_)undaryo T_he phenomeno_loglcal analytical model estimations [235]
model, and Rule of Mixture onditions highly agreed with FEA results
e Tensile & SEM
. Rule of mixture & Halpin- . . e The FEA combined with the micromechanical analysis
Sisal & Banana Epoxy Tsai FEA Elastic Properties ANSYS had the ability to describe the interface state of the NFC [254]
phases.
Sisal/ Coir hanical . * T_ens_ll_e .
Hybrid Epoxy FEA (RVE) | Mechanical Properties ANSYS e Significant agreement between FEA & Experimental [255]
results.
e Tension
linear elastic effect of joint geometry ANSYS e tensile strength of lap shear joints was extremely lower
Agave Epoxy orthotropic model FEA on the strength than plain NFC, dissimilar to intermingled fiber joints & | L220)
laminated fiber joints
e Microwave heating & adhesive bonding
Nettle &grewia | polylactic acid & FEA Joint Strength COMSOL » by considering experimental and numerical results, the [257]
optiva polypropylene proposed model may be utilized to study the joining
performance of composite materials using microwave.
ROM, MROM, chamis . . -
. R ' FEA . . ANSYS _ e Electronic tensometer & Single fiber pull-out
Pineapple Epoxy halplré;zz; :Zﬂ:r and (RVE) Mechanical properties | ¢ ‘oo X220 10 MROM as well as Chamis model showed high accuracy. [258]
pul Dimensions and e Tensile test, SEM
EIIipsoFi) dal Poly lactic acid FEA orientation of fiber ANSYS e The predicted strength using the stress concentration [259]
agglomerates factor theory disagreed with experimental findings.
e Tensile test
Henequen - e Much better agreement was obtained after decreasing the
Laminates PE Photoelastic FEA F'tbheg fel;r;?;u’;foggﬁ?éfn NISA fiber efficiency by using an average length value to [260]
compensate for the fiber curvature in the strength
properties.
‘Yamada-Sun .
Wood 140/ pE & 1206 PP FEA Joint Strength  |failure criterion| Simply supported [* - €nSion . o [261]
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Numerical modeling and simulations of NFCs were barely reported compared to glass
and carbon composite materials. However, initial FEA steps consist of; creating the
model geometry followed by assigning the characteristics of the material. FEA that
considers the mechanical behavior of an NFC requires specific failure criteria, which
defines the failure initiation as well as propagation. It is worthy to mention that in
terms of tensile properties, natural fibers behave in a different manner compared to
synthetic fibers. Failure criteria of strong synthetic fibers are usually involved in NFC
analyses, as the specific failure criteria of NF are not proposed. Thus, the
aforementioned criteria contributes in predicting the ultimate tensile strength, yet it
ignores other characteristics like nonlinear tensile response of a NF [263]. As clearly
shown in table 15, numerical M&S of NFC was mostly focusing on the tensile
behavior compared to other mechanical properties. The tensile strength, and
stress/strain properties of numerous natural fibers were simulated i.e., flax, hemp, jute,
banana, sisal, wood and so on. Several analytical approaches were considered along
with the numerical techniques, such as Maximum Strain failure criterion, Tsai-Wu,
Weibull distribution, Chamis model, Nielsen Elastic, Halpin—Tsai, Rule of Mixture,
Hahsin, Rosen, etc. Different polymeric matrices were selected, for example epoxy,

polypropylene, POM, polystyrene, and PLA.

Thus, Petrone et al. [264] numerically analyzed the mechanical properties of
flax/polyethylene laminates (250 x 15 x 1 mm) NFC using Structural Dynamic
Toolbox (SDT) in MATLAB software, authors had to modify the mechanical
properties assigned to the finite element model due to the discrepancies between FEA
and experimental results. After two parameter’s update stages, it was observed that
outcomes may be enhanced by including further information through the model update

procedure like panel shape and thickness dimensions. Xiong et al. [246] studied the
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micro-mechanical characteristics of flax/ polyoxymethylene NFCs using RVE micro-
scale. The multi-scale constitutive model was conducted in 2 stages; primarily,
utilizing an orientation averaging technique to calculate micromechanical
characteristics of the twisted yarn, then the outputs of stage 1 were shifted into a
mesco-scale representative volume element of a single ply NFC in order to inspect its
elastic behavior. Results showed that elastic properties of this NFC are highly affected
by the twist angle of the yarn. The latter has a simultaneous effect on the distributed

stress throughout the RVE.
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Figure 11: Displacement profile of double hat profile after impact [265]

Further mechanical performance have the potential to be inspected through finite
element analysis at costs lower than experimental testing, for example Davoodi et al.
[265] numerically studied the impact properties of a car bumper made from hybrid
kenaf/glass/epoxy using Catia and Abaqus platforms. Figure 11 illustrates the
displacement profile of a car beam after applying an impact load. Usually, The
variation between experimental and finite element analysis results is due to

unconsidered material properties, it is worthy to mention that natural fibers are
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orthotropic, as well as NFCs contain voids, discontinuity and porosity [266]. In order
to examine the sound transmission loss, it is conceivable to create a mechanical model
in FEA using the data obtained from mechanical testing and assign identical boundary

conditions imposed in the impedance tube [267].
2.4 Machine Learning Application for Composite Materials

Nowadays, machine learning as well as artificial intelligence are being implemented
not only by the Al researchers, yet scientists and engineers in other researcher areas
are also utilizing these tools for achieving their own targets. Previously machine
learning was utilized for detecting C60 solubility, however it is currently involved in
predicting molecular characteristics of designed materials. Despite the fact that
experimental testing is significantly essential for developing a new material, machine
learning contributes in decreasing the cost as well as the computational time
throughout an experiment, as the required tools for running the machine learning

algorithms are free to access and easily available [268].

Recently, artificial intelligence was applied by several researchers in composite
materials and natural fibers composites. Antil et al. [269] utilized ANN and RSM to
study the erosion behavior of S Glass composites, inputs included nozzle diameter,
impingement angle, and slurry pressure. Pati et al [270] applied ANN for predicting
the wear behavior of glass/epoxy composites, input parameters consisted of; erodent
temperature, erodent size, RBD content, impingement angle, and impact velocity.
While Baseer et al. [271] assigned shear strength, failure stress and strain, tensile
modulus, and tensile strength as input parameters for evaluating the interfacial and
tensile properties of hybrid composite material. Atuanya et al. [272] emphasized the

reliability of using ANN to predict the mechanical behavior of NFCs, authors
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implemented artificial neural networks for predicting the mechanical properties of date
fibers’ reinforced low-density polyethylene (recycled), input data consisted of fibers’
weight percentages, while the output was tensile strength, young’s modulus,
elongation, flexural modulus, and hardness. Daghigh et al. [273] utilized k-nearest
neighbor regressor for predicting the heat deflection temperature of latania NFCs,
pistachio shell NFCs, and date seed NFCs. Also, Daghigh et al. [274] applied decision
tree regressor and adaptive boosting regressor for studying the fracture toughness of
the aforementioned natural fibers composites. Garg et al. [275] implemented extreme
machine learning to investigate the mechanical factor of jute as well as coir natural
fibers composites. Wang et al. [276] used random forest machine learning approach

for analyzing the acoustic emission of flax NFCs.
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Chapter 3

METHODOLOGY

In this research the mechanical properties of the natural fiber composites were studied.
The methodologies included experimental investigations, modelling and simulation,
and machine learning. The micro-mechanical properties such as longitudinal modulus,
transverse modulus, shear modulus and poissons’ ratio were investigated analytically
and numerically, in addition to the tensile strength that was obtained experimentally.
Specimen preparation and tensile property testing were carried out as per ASTM
standards (ASTM D3039). The tensile properties of the considered NFCs were utilized
for training machine learning models i.e. Artificial Neural Networks, Multiple Linear
Regression, Adaptive Neuro-Fuzzy Inference System, and Support Vector Machine in
order to generate the design space as well as evaluate the aforementioned models in
predicting tensile strength of natural fibers composites that were considered in the

experiment. The overall research is divided in 6 phases as shown in Fig. 12.
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3.1 Modeling and Simulation

Prediction of NFC properties can be performed through many analytical approaches
such as rule of mixture, Halpin-Tsai, Nielsen, Chamis, Tsai-Hil, Mendels et al. stress
transfer, Hirsch, Tsai-Wu, and Nairin. Finite element analysis and other numerical
techniques helps conducting virtual experiments on a simulation platform [277-280].
Since NFC structures are complicated due to their diverse length scales, it is of a high
importance to develop a homogenized computational method. Thus, representative
volume element is the most effective homogenized multiscale FEA, which includes
analyzing the properties of a natural fiber composite unit cell at nano, macro, or micro-
scale [253, 281-284].

3.1.1 Finite Element Analysis

Finite element analysis is a modeling and simulation tool widely used in academia and
industry, any material model, boundary conditions and complex shape structures can
be easily solved by finite element analysis [285-288]. FEA is a tool where an
experiment can be conducted virtually, hence the graphs obtained can be read and
analyzed easily [289]. Highly accurate and optimized results can be obtained by
conducting several iterations, so that the product development down time will be
reduced, and its lifetime will be enhanced [290-292]. Figure 13 shows the steps in

finite element analysis process [243].

The preprocessing of a FEA is a very important step, it determines the quality of the
simulation and thereby the accuracy of the results, it consists of: geometry preparation,
material definition, element and mesh selections. Next, loads and constraints are

assigned based upon the considered analysis type [293].
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Figure 13: Overview of Finite Element Analysis (FEA) Adapted from [294]

3.1.2 FEA of Natural Fibers Composites

In modeling and simulation, a range of properties can be predicted and a diversity of
analysis methods can be utilized, viz. multi-physics analysis, electrical analysis,
buckling analysis, electromagnetic analysis, heat transfer analysis, fluid analysis,
thermal analysis, structural analysis, and acoustic. Mostly in M&S of NFC researches
focused on mechanical properties [242, 295-298], while few investigated the acoustic
and thermal properties [299, 300]. Analytically, a model can be studied from one
dimension up to three dimensions. But for accurate results, three-dimensional models
are recommended for natural fibers composites analysis, especially when loads are
applied in the out-of-plane direction [301]. The model preparation is easy since the

imported geometry is usually three-dimensional [302].

Matrix as well as natural fibers’ characteristics are specified in modeling and
simulation based on requirements of the type of analysis [303, 304], for example:
studying the mechanical properties requires poisson’s ratio, young’s modulus,
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elongation at break, shear strength, and density. Whereas, analyzing the thermal
behavior of a natural fiber composite needs to assign the thermal conductivity values
(K) of both components. However, inspecting the sound absorption coefficient can
require orthotropic mechanical characteristics [267, 305]. Since it is hard to define the
exact orthotropic properties of a newly developed NFC, some researchers considered
their materials as isotropic, where a material behaves similarly in all force directions,
unlike orthotropic materials that exhibit dissimilar properties upon different load
directions [306, 307], where it is simpler to assign a single value for young’s modulus

as well as for Poisson’s ratio [12, 308, 309].

Finite element analysis has become very valuable engineering tool. Commercially
available FEA Software’s are: ANSYS, SDRC/IDEAS, NASTRAN/PATRAN,
HYPERMESH, LS DYNA, ABAQUS, SIEMENS PLM NX, NISA, COMSOL,
KEBIR and so on. While MATLAB have been used for some modeling and
optimization purposes (using fmincon solver). ABAQUS capabilities for geometry
modelling are quite general (cables, trusses, shells, 2D & 3D continua and so on),
includes a wide range of materials, limited support and reasonable control in meshing
[310]. However, ANSYS workbench is vastly automated and very flexible for users to
modify according to their application/analysis type. Its materials library consists of
reactive material, creep, viscoelasticity, elasticity, plasticity, linear materials, etc.
Moreover, ANSYS includes Thin- sweep meshing and automatic meshing (hexa-
dominant, swept hex, hex-core, tetrahedral, and surface meshing) [311]. Furthermore,
based on the geometry shape and dimensions in NFC studies, elements’ numbers
ranged between 15000 and 180000 with element size from 20 to 70 pm. Solid models
involve typical solid elements where the material is assigned to all regions of the

model, while shell models consider the external shell of the model only [312].
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Researchers utilized diverse solid and shell elements in ANSYS such as, Solid 20 Node
186, Solid 95, Solid 46 , Shell 281, Shell 181, Shell 99, etc. [313]. while numerous
elements types were used in ABAQUS like, hexahedral elements (C3D8R), tetrahedral
elements (C3D6), tetrahedron (TET10 or C3D10) and eight node hexahedron (HEX8).

Figure 14 illustrates the main element types involved in finite element analysis.
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Figure 14: Elements Type [314]

Hence, the load applied depends on the natural fiber composites’ analysis type
(Acoustic, fatigue load, buckling load, thermal load or structural load), so that this load
indicates which property of the NFC is examined [315], for example in mechanical
loadings; the direction of applied forces indicates if this analysis is tensile, shear,
flexural, impact, or compression [316].

3.1.3 Representative Volume Element (RVE)

RVE comprise investigating the performance of an NFC or a composite material’s unit
cell at Nano-scale, Micro-scale or Macro-scale. Main 3-dimensional RVE boundary
conditions are: periodic (PBC), homogeneous (HBC), and displacement boundary
conditions [243]. When PBC is selected, the simulation outputs characterize a macro
structure containing repeated periodical cells. Whereas, by selecting HBC, the
simulation outcomes will deem that the RVE itself is the macro structure and take into

consideration its micro-components [244]. However, in another NFC analysis types,
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the boundary conditions of the electrical conductivity problem included an applied
voltage on one face and a ground on the opposing face. That generated some current
density within the RVE model and that current density was used along with Ohm’s
law and the dimensions of the RVE to calculate the overall conductivity of the
composite [317]. Currently, various helpful tools like EasyPBC in ABAQUS and
Material Designer in ANSY'S are being utilized in order to study the RVE of natural
fibers composites [235]. These tools require materials’ properties, fiber size and
volume fraction as an input, thereby it can automatically define the corresponding
RVE dimensions, most convenient mesh size and type, and lastly it solves the RVE
model.

3.1.4 Numerical and Analytical Simulation of Palm and Luffa NFC

First, the simulation model utilized in this research was validated through comparing
the performance of multiple analytical approaches and two RVE models, input
properties were identified from the literature, all models’ results were evaluated using
experimental findings from the literature as well. Table 16 illustrates the properties of
the materials utilized to validate the model of predicting the elastic characteristics of
palm/HDPE, palm/PP, palm/epoxy, palm/ecopoxy, luffa/HDPE, luffa/PP, luffa/epoxy,

and luffa/ecopoxy composites.

Table 16: Input Properties of The Selected Materials for Model Validation
Materials Young's Modulus Poisson’s Ratio Shear Modulus
Date Palm Fibers 5065.6 MPa [318] 0.169 [318] 2165 MPa [318]
Luffa Fibers 2300 MPa [64] 0.3 885 MPa
High Density 720 MPa [319] 0.4 260 MPa
Polyethylene
(HDPE)
Polypropylene (PP) 630 MPa [320] 0.36 232 MPa
Epoxy 1980 MPa (jawaid et al. 0.35 730 MPa
2011)
EcoPoxy 2540 MPa (Plastic Liquid 0.33 950 MPa
2:1 Data sheet)
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The selected materials in this research for the simulation are: epoxy, ecopoxy, high
density polyethylene and polypropylene as a matrix and date palm and luffa fibers as
a reinforcement. The matrices and fibers were assumed to be homogenized and
isotropic. Different fiber volume fractions were considered (0.1 to 0.5) in order to
evaluate the effect of fiber content on NFC elastic properties. The results obtained
from representative volume element (RVE) with unidirectional and random chopped
orientations were compared with those of analytical models. After model validation,
most accurate model was implemented for predicting the elastic properties of
biopoxy/palm, biopoxy/luffa, epoxy/palm, epoxy/luffa, PP/palm, PP/luffa,
HDPE/palm, and HDPE/Iuffa considered in the tensile test upon a fibers volume
fraction of 0.1, 0.2, and 0.3. Orthotropic output of RVE chopped was assigned into a
120 x 20 x 5 mm beam (following ASTM D3039), thereby a tensile load was applied
on the beam till its failure in order to measure its tensile strength. Materials properties

considered for the simulation are displayed in Table 17.

Table 17: Input Properties of The Selected Materials for Simulation

Materials Young's Modulus Poisson’s Ratio
Date Palm 700 MPa 0.19
Luffa 80 MPa 0.3
BioPoxy 36 1850 MPa 0.3
Epoxy 23 MPa 0.3
PP 630 MPa 0.3
HDPE 150 MPa 0.28

3.1.4.1 Analytical Models

Analytical models are able to mathematically compute the properties of the end
composite material through assigning characteristics of matrix and reinforcement as
input, for example in some basic micromechanics theories, main inputs include volume

fraction, shear modulus, poisson’s ratio, and elastic modulus of each component in the
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considered composite. Further parameters might be required in some models, such as
fiber orientation, aspect ratio, density, orthographic properties, viscoelastic behavior
and so on. Predicting properties of woven fibers composites is much complex
comparing to continuous fibers composites. The wide variety of theoretical models
includes: Rule of mixtures (ROM) which is the easiest existing method to analyze the
elastic properties of a fiber-reinforced composite [241], ROMs can only be used on
continuous and unidirectional fiber. Similarly, Halpin and Tsai equations are vastly
implemented in order to predict elastic properties of composite materials [236]. Cox’s
model is an ancient analytical model that can be used to determine short fibers impact
on the modulus and strength of a composite materials [236]. The analytical models
considered in this research are Chamis model, Nielsen elastic model, Rule of Mixture,
and Halpin-Tsai model.

3.1.4.1.1 Rule of Mixture

Rule of mixture is the application of mathematical equations to compute the elastic
characteristics of composites based on orientation, volume fraction, and properties of

fibers and matrix.

Longitudinal properties:

Ey = EfVi + Eq (1)
vy = VeV + vV (2
where En is the young’s modulus of HDPE and PP, Et is the Young’s modulus of palm
and luffa fibers, vm is the poisson’s ratio of HDPE and PP, vt is the poisson’s ratio of
palm and luffa fibers, Vi is the volume fraction of HDPE and PP and Vs is the volume

fraction of palm and luffa fibers.

Transverse properties:
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where G and Grare the shear moduli of matrices and fibers, respectively.
3.1.4.1.2 Halpin Tsai
Halpin—Tsai approach is a semi-empirical model developed to modify transversal
modulus by correcting factors # and {. This approach involves predicting the

longitudinal modulus and poisson’s ration based upon the rule of mixture [321].

Longitudinal properties:
Ey = EfV; + Ep iy ©)
Vi = VeV + vV (6)

Transverse properties:

_ 1+(77Vf
B, = En (1) ©
5
where n = (iﬁ; > with (=2
Fm

Shear modulus:

_ 1+<T]Vf

6, = Gn (22) ®
%5

wheren = (%’j’} ) with =2 (9)
s

3.1.4.1.3 Nielsen
Nielsen elastic model is in fact the modified and upgraded version of the equation of
Halpin—Tsai by taking into account maximum packing fraction @max, a function of the

geometry of the model. @max is 0.785 for a squared cell of circular fibers [322].
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Longitudinal properties:

V12 = VeVr + vV (11)
Transverse properties: E, = E,, (11;2—7;’:) (12)
f

Er

4
where n = [ 22— | with (=2 (13)
andyp =1+ (1¢fmax) v,

. _ 1+<7)Vf

Shear modulus: G, = G,, (—1+anf) (14)

G

G_f_l . (1_¢max)
wheren = [ 22 with =2 andy =1+——V;
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3.1.4.1.4 Chamis
Chamis model is derived from ROM through substituting the volume fraction of fibers
by its square root. As a semi-empirical model, it is the most commonly used and trusted

model [323].

Longitudinal properties:

Ey = EfVs + Epy Vi (15)
Vi, = VeV + vV (16)
Transverse properties:

_ Em
REEe) ;

Shear modulus:

Gy = fm (18)
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3.1.4.2 Finite Element Analysis

Finite element analyses of luffa as well as palm fibers reinforced thermoplastic
composites were conducted using ANSY'S “material designer” plugin, which applies
an automatic implementation of RVE homogenization concepts. Moreover, the

analysis was carried out based on the following criteria.

Square geometry was selected for RVE and fibers’ diameter was considered as 5 um.
Natural fibers composites were considered to be free of voids, and interlinkage
between fibers and matrix was considered to be free of flaws. RVE chopped model
was meshed with conformal meshing, while conformal as well as block meshing was
applied for RVE unidirectional along with periodic boundary condition. Figures 15a
and 15b show RVEs with unidirectional structure and chopped fiber orientations.

3.2 Composite Materials Preparation

In this research, date palm meshes and luffa were considered as reinforcements, while
biopoxy 36, epoxy, polypropylene, high-density polyethylene were selected as a
matriXx. This section describes main stages of tensile testing samples’ preparation,
which includes; fibers’ extraction, matriCes materials’ supply, molds’ preparation, and

natural fibers composite specimens’ preparation.
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3.2.1 Composites’ Components

Date palm meshes that surround the stem were extracted from a palm tree located in
north Lebanon, the fibers were kept to dry for 72 hours and then washed with cold
water in order to remove all the dust and impurities. Next, the cleaned palm fibers were
dried through placing them under the sunlight on a mosquito net for 23 days [324].
The aim of using a mosquito net was to let the air ventilate the bottom of palm fibers,
and avoid any water drop from staying below the fibers, which thereby could harm the
fibers by creating moisture. Luffa sponge was supplied from a local store, it was dry
and peeled, its length was 46 cm and its average diameter was 16 cm. Regarding the
matrices, biopoxy 36 was offered by the manufacturer of this green resin i.e. EcoPoxy,
Canada. Aquaglass epoxy resin and its hardener were supplied from Colortek,
Lebanon. Moreover, polypropylene 528k and high-density polyethylene FO0952 were
supplied from Sabic.

3.2.2 Molds Development

Since both thermoplastic and thermoset matrices are considered in this research, and
each of the aforementioned has its specific preparation technique, it was compulsory
to utilize two different mold’s types. For natural fibers’ reinforced thermosets, 36
silicon molds were developed by the following steps: 1) silicon sealant was added into
water/dish soap mixture, 2) putty was then mixed well till it reached an unsticky dough
structure, 3) next, a wooden pattern that has same dimensions of the specimens was
inserted in the putty and pressed well around the corners, 4) lastly, the putty was rested

on a plastic tray for 15 mins to dry before removing the pattern (Figure 16a).
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Figure 16: Silicone and Wood Molds Preparation

Meanwhile for the thermoplastic NFCs, the mold required a female mold along with
its male part that contributes in compressing the molten NFC till it solidifies. Hence, a
plywood board was trimmed into small parts that included the inner and outer walls of
the mold, and their base. Thereby, these parts were assembled using wood screws to
create 15 female molds that consist of 3 cavities each (Figure 16b).

3.2.3 Samples Preparation

Luffa as well as date palm fibers were chopped using a waring blender in order to
attain a homogeneous mixture with the considered matrices, the approximate fibers’
length was 1 cm, and the desired fibers’ orientation was random. Treating the surface
of luffa and date palm fibers with chemical solutions was not applied in order keep
these NFCs as green materials, especially NFCs with BioPoxy 36 matrix. In terms of
NFCs with thermoset matrices, the resin was mixed with its hardener for 5 minutes,
the resin to hardener mixing ratio was 4:1 for biopoxy 36 and 1.8:1 for epoxy. Since
the micro-mechanical behavior of the considered NFCs observed through the
simulation model validation showed notable variations throughout 0.1, 0.2, 0.3 Vt, the
aforementioned fibers’ volume fractions were considered in for the experimental

specimens.
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As shown in Table 18, volume fraction was ensured through calculating the specific
volume for the fiber and matrix from the total sample’s volume i.e. 12 cm?®, then
multiplying the obtained volume by the corresponding density, which thereby defines
the weight of matrices as well as the fibers. Thus, a digital micro-scale was utilized for
weighing the components while preparing the natural fibers’ composites. For example,
for developing a 0.1 palm/biopoxy sample, volume of palm fibers was considered to
be 10% of the whole specimen whilst that of biopoxy was 90%. Thus, out of 12 cm?,
volume of palm fibers had to be 1.2 cm®and BioPoxy had to be 10.8 cm®. Then, the
desired volume of palm fibers in this specimen “1.2 cm®” was multiplied by its density
“0.19 g/cm®” in order to identify its weight at this volume, which was observed to be
0.228 g. Similarly, weight of biopoxy was obtained by multiplying its volume “10.8

cm®” by its density “1.1 g/ cm®”, thus the obtained weight was 11.88g.

Table 18: Fibers Volume Fraction and Weights Calculations

Matrix . . . . , Matrix Weight (g)
. Fibers Matrix | Fibers - . .
Matrix Fibers Vs Densit Density Volum | Volum . Incl_udmg Fibers' Weight
y (glem?) ecmd) | ecmd) Main Shrinkage (9)
(g/cm?) Allowance
0.1 1.1 0.19 10.8 1.2 11.88 0.23
BioPoxy Palm 0.2 1.1 0.19 9.6 2.4 10.56 0.46
0.3 1.1 0.19 8.4 3.6 9.24 0.68
0.1 1.1 0.19 10.8 12 11.88 0.23
Epoxy Palm 0.2 1.1 0.19 9.6 2.4 10.56 0.46
0.3 1.1 0.19 8.4 3.6 9.24 0.68
0.1 0.905 0.19 10.8 1.2 9774 10.165 0.23
PP Palm 0.2 0.905 0.19 9.6 2.4 8.688 9.036 0.46
0.3 0.905 0.19 8.4 3.6 7.602 7.906 0.68
0.1 0.952 0.19 10.8 1.2 10.282 10.693 0.23
HDPE Palm 0.2 0.952 0.19 9.6 2.4 9139 9.505 0.46
0.3 0.952 0.19 8.4 3.6 7.997 8.317 0.68
0.1 1.1 0.178 10.8 12 11.880 0.21
BioPoxy Luffa 0.2 1.1 0.178 9.6 24 10.560 0.43
0.3 1.1 0.178 8.4 3.6 9.240 0.64
0.1 11 0.178 10.8 1.2 11.880 0.21
Epoxy Luffa | 0.2 1.1 0.178 9.6 2.4 10.560 0.43
0.3 1.1 0.178 8.4 3.6 9.240 0.64
0.1 0.905 0.178 10.8 12 9474 10.165 0.21
PP Luffa 0.2 0.905 0.178 9.6 2.4 8.688 9.036 0.43
0.3 0.905 0.178 8.4 3.6 7602 7.906 0.64
0.1 0.952 0.178 10.8 12 106.282 10.693 0.21
HDPE Luffa 0.2 0.952 0.178 9.6 24 9139 9.505 0.43
0.3 0.952 0.178 8.4 3.6 7997 8.317 0.64
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Hence, while preparing this specimen, the components were weighed on a digital
micro-scale in order to ensure highest precision before adding them in the mold. It is
worthy to note that shrinkage allowance was taken into account for samples with
thermoplastic matrix. Furthermore, rule of mixture was implemented in order to
evaluate the precision of fiber volume fraction of the prepared specimens [325].

Pec = PrVs + pmVm (19)
peis the density of end composite material, ptis fiber’s density, pm iS matrix density, Vi

is fibers volume fraction, and Vi, is matrix density.

Following equation 19, the remaining factor that was not defined while preparing the
samples is their final dimensions, therefore dimensions of end NFCs were measured

using INSIZE digital caliper.

Since the silicone molds may have a small variety in their heights, the specimens’
thickness was ensured using a tiny stick marked on 5 mm from its tip. First, coat of
silicone spray was applied to the bottom of the mold and a small layer of resin/hardener
mixture was poured, then the fibers were added upon a specific volume fraction i.e.
0.1, 0.2, or 0.3, next, the remaining quantity of the resin was added and the fibers were
pushed downward in order to release any available air bubbles. The specimens were
prepared at a room temperature of 21°C and humidity of 66%, all 36 specimens were
kept for 1 week to fully cure. Figure 17 describes the main stages of samples

preparation.
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Regarding the specimens with PP matrix, the granules were put in an aluminum foil
sprayed with silicone realizing agent, and then placed in a toaster at 230 °C for 5 mins
to melt, then the fibers were added into the molten plastic and kept in the toaster for 3
more minutes for getting the most soft structure that helps in taking the mold’s shape,
next, the molten NFC was placed in a preheated female mold at 80 °C and pressed
using a screw clamp on the male part of the mold. Thus, the aforementioned NFC was
cooled down inside the mold for 15 minutes at a room temperature of 18 °C.
Meanwhile, specimens with HDPE matrix were prepared through similar process, yet
the first melting stage was 3 minutes, and 2 minutes after adding the fibers, which was

due to the low melting temperature of HDPE (190 °C).

Furthermore, specimens’ dimensions were 120 x 20 x 5 mm following the ASTM 3039
standard. A total of 72 samples were prepared for the tensile test by considering 8
different NFCs i.e. palm/epoxy, palm/biopoxy, palm/PP, palm/HDPE, luffa/epoxy,
luffa/biopoxy, luffa/PP, and luffa/HDPE with fibers volume fraction of 0.1, 0.2, and
0.3. Thus, each NFC combination had 3 replicated samples.

3.3 Tensile Test

The tensile test was conducted using a Hounsfield universal machine and a laser
extensometer as shown in the Figure 18. Two reflective tapes were taped to each
specimen in order to test strain variations through the extensometer. The considered

gage length was 60 mm, and the speed rate was 5 mm/min [326].
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Figure 18: Tensile Testing Machine

Following ASTM D3039 standard concerning chopped and randomly oriented
composite materials, both sides of all 72 specimens were covered with emery cloth
(grade 100 sand papers), which contributed in increasing the grip and preventing the
samples from slipping out of the machine clamps. After tightening the machine clamps
on the specimens’ edges, the applied force as well as the strain rate were adjusted to
be zero. Hence, tension load was applied upon the specified speed rate and the
specimens extended till failure. Results were revealed through stress-strain graphs as
well as excel files that included whole details of force, break distance, ultimate tensile

strength, and strain.

3.4 Design of Experiment

Selection of a suitable natural fiber for reinforcing a polymeric matrix and developing
a natural fibers composite is complicated and may include diverse problems as it is
influenced by multiple criteria, therefore it is considered as multi criteria decision
making problem. Evaluating natural fibers upon several criteria includes many
advantages, such as determining better characteristics, and make suitable informative

63



decisions while utilizing natural fibers composites in the industry. In other words,
utilization of a suitable design of experiment approach while developing a new natural
fibers composite can contribute in defining the optimum specimens’ number required
for specifying the design space of the considered parameters. Thereby, it reduces the

overall cost, and wastes [327]. Table 19 lists different design of experiment approaches

that can be implemented in NFCs development.

Table 19: Design of Experiment Approaches [328]

Approach Suitability
RCBD Focusing on a primary factor using blocking
techniques

Latin squares

Focusing on a primary factor cheaply

Full Factorial

Computing the main and the interaction effects,
plotting response surface

Fractional factorial

Estimating the main and the interaction effects

Central Composite

Plotting response surface

Box-Behnken

Plotting quadratic response surfaces

PlackettOburman

Estimating the main effects

Taguchi Addressing the influence of noise variables
Random Plotting response surface
Halton, Sobol, Faure Plotting response surface
Latin hypercube Plotting response surface
Optimal design Plotting response surface

In this research full factorial design of experiment approach was implemented to
determine the design space that covered all component combinations and fiber volume

fractions.
3.5 Machine Learning Models

Machine learning is a subcategory of artificial intelligence, it is a technique where the
computers learn the way of doing something that is generally particular to human and
gained through experience. Usually, the efficiency of the algorithm increases by
increasing the quantity of learning samples [329]. Deep learning became popular in
many research areas since 2006, where it was implemented for determining the

performance in fields like speech recognition, object recognition, image segmentation,
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and machine translation. Majority of deep learning approaches are usually presented
as deep neural networks as they involve neural network architecture. There are two
types of machine learning algorithms, supervised and unsupervised. Supervised
machine learning proved its convenience in most manufacturing applications as the
aforementioned provide labeled data [330]. Machine learning algorithms are classified

in Figure 19.

Figure 19: Classification of Machine Learning Algorithms
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Prediction errorgp = (ZXpLvatue-Predvalue| . 4 (20)

Expt.Value

Prediction error is a simple method that evaluates the reliability of a training model,
where the prediction model is validated through new input data that were unconsidered
previously in testing the model. Therefore, the error percentage of a training model
can be defined using this tool. Moreover, a common technique for defining the error

of a model is Root Mean Square Error (RMSE).

1 . .
RMSE = \/ﬁ >N L (pi — qi)? (21)
Where qi is the actual value, pi is the prediction of the deliberate information, and N

is the complete training data.

Artificial Neural Network, Response Surface Metamodel, Adaptive Neuro-Fuzzy
Inference System, and Support Vector Machine were implemented in this research to
define the design space upon the considered parameters, and determine most
convenient approach in predicting tensile strength values of input parameters that were
unconsidered in the experimental tensile test of natural fibers composites.

3.5.1 Artificial Neural Network

Acrtificial Neural Network is a mathematical model adapted from the human brain
neurons’ behavior and their structure. Basic components of an ANN are organized
layers in a hierarchical structure. ANN layers are categorized into three main types;
input layer, hidden layers and output layer. Synapses are links that connect neurons
together, each synapse includes a specific weight factor. Multilayer ANN is considered
as a supervised learning model, which is able to learn a nonlinear function through
input data that can be utilized for regressions and classifications. Usually artificial
neural networks are involved in solving complex functions in diverse applications

[331]. Levenberg—Marquardt algorithm was utilized in this research for training all
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components of ANN prediction model, which exhibited a swift and stable
convergence. The design of the ANN model is shown in Figure 20. The model includes

3 inputs, 8 hidden layers, and 1 output.

Neural Network

Figure 20: Artificial Neural Network Model Structure

The model was generated using neural network fitting tool in MATLAB. Input data
consisted of: matrix type, fibers’ type, and fibers’ volume fraction, while the output
was tensile strength. Data of all experimentally tested NFC specimens were
considered, 70% of the data were used for training the model, 15% for testing, and
15% for validation.

3.5.2 Multiple Linear Regression

Multiple Linear Regression (MLR) is a tool that provide several advantages, such as
Inter-correlation between the predictor variables and the error, homoscedasticity,
predicting normality hypotheses, the ability to be tuned over reasoning, and parametric
transformations, interpretability, and clarity. Response surface models are regression
models that were developed over fifty years ago for the exploration and exploitation
of stochastic response functions [332, 333]. They are used in conjunction with
response surface methodology, which is the most commonly used approach to
metamodel-based simulation optimization. This metamodel family consists of first or
second-order polynomial probability models fitted to observed values of the system

response Y. A full second-order response surface model would be
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Y(0) = Bo +X5_, B;0; + Xy Xioei BucBibr + &, e~NID(0,02) (22)
where NID indicates that the deviations have independent (and identical) normal
distributions. Suppose that an experiment has been conducted, with simulation that
runs at parameter settings 6%, 62, ...,0" and corresponding observed responses (perhaps
averages of replications) of y,..., y". Let y represent the vector of responses. For
metamodel prediction, maximum likelihood (equivalently, least squares) estimators
for the po, pi, pikand o2 are computed, and used in the prediction equation.

g(@) =By + Z?:l B;0; + 25;1 Zzziﬁikeiek (23)

Response surface metamodels can be fit using standard statistical packages.

In this research, regression model was implemented using curve fitting tool in
MATLAB. In order to reach a better curve fitting results, two different response
surface models were generated using cubic polynomial approximation functions, one
for palm NFCs and the other for luffa NFCs. Therefore, input data included matrix
type and fibers volume fraction, whereas the output was the corresponding TS values.
3.5.3 Adaptive Neuro-Fuzzy Inference System

Adaptive Neuro-Fuzzy Inference System is also known as ANFIS. When assigning a
data set with known input and output, ANFIS toolbox function generates a fuzzy
inference system (FIS), where its membership functions involves backpropagation
algorithm or in integration with least squares type technique. Thereby, the mentioned
application of fuzzy rules leads the system to train from the data they modeled.
Though, neural networks operate in a similar way as adaptive neuro-fuzzy inference
system. The considered ANFIS model consists of; 3 inputs (matrix type, fibers’ type,

and Vs), 4 membership function for the first input, 2 for the second input, and 3
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membership functions for the third input. Structure of the ANFIS model is illustrated

in Figure 21.
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Figure 21: ANFIS Model Structure

Neuro fuzzy designer tool in MATLAB was utilized for applying ANFIS model. 80%
of the experimental results were utilized for training the model and the remaining 20%
were used for the testing.

3.5.4 Support Vector Machine

Support Vector Machine (SVM) is based on structural risk minimization principal.
SVM builds single or multiple hyperplanes in a high-dimensional space. Support
Vector Regression or SVR is a technique for regressions in SVM. The objective is to
find a solution that simplifies the training examples. SVM are utilized in several
machine learning implementation i.e., time series prediction, object classification, and
pattern recognition. The support vector machine model in this research was generated
through regression learner tool in MATLAB. 4 Matrix types, 2 fibers’ type, and 3

fibers volume fraction were considered as input parameters. Figure 22 shows the
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training and testing output datasets developed by the SVM model. Blue dotes

illustrates the true data, while the yellow dots are the predicted data.
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Figure 22: Predict versus Real SVM Data

In other words, inputs of the proposed model are matrix types, fibers’ types, and fibers’
volume fraction. Results of all experimentally tested specimens were applied for
training, testing, and validation. Several machine learning methods were utilized for
developing the tensile strength prediction model i.e., ANN, MLR, ANFIS, and SVM.
Reliability of TS prediction model was evaluated using the mean absolute percentage

error.
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Chapter 4

RESULTS AND DISCUSSION

This section presents the experimental findings, machine learning results, FEA
simulation results as well as the results of elastic properties obtained from analytical
and numerical simulation, i.e. longitudinal moduli, transverse moduli, shear moduli,
and poisson’s ratio of palm and luffa NFCs in epoxy, ecopoxy, HDPE and PP matrices,
obtained through representative volume element chopped and unidirectional FEA,
Rule of Mixture, Chamis, Halpin-Tsai, and Nielsen analytical models.

4.1 FEA and Analytical Simulation Model Validation

It is worthy to mention that the longitudinal modulus obtained from RVE chopped
model was in accordance with the experimental findings of Mulinari et al. [319] in

pure HDPE and 0.1 V¢ Date palm fibers (Table 20).

Table 20: E1 of Palm/HDPE Obtained from RVE Chopped Model and Literature

Fibers’ Volume Fraction (Vr)

E1 RVE Chopped (MPa)

E; (MPa) [319]

0 720 ~730
0.1 879.89 ~870
0.2 1075.10 ~940

However, at 0.2 volume fraction, the aforementioned model revealed a close E: value
to that of experimental results, which was the closest among all utilized techniques.
4.1.1 Longitudinal Modulus

The proportion of longitudinal strength to longitudinal strain is defined as longitudinal

modulus which is the reaction of palm and luffa fiber-reinforced composites
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throughout the application of a stress parallel with the fibers’ direction. Figure 23
shows E; of palm/epoxy and luffa/epoxy obtained from analytical, RVE UD, and RVE

chopped models.

Longitudinal Modulus of Longitudinal Modulus of
4000 Palm/Epoxy 2200 Luffa/Epoxy
rﬂJ 2150 -
3000 P - I
,,,,,,»———'ﬁ"//’ Py P P 2100 /’ '
f"i \ 4 \ 4 ) 4 v .
2000 ¥ 2050 = e —
2000 “*
1000 = === RVE Chopped ==fl==RVE UD === RVE Chopped ==lll==RVE UD
ROM === Halpin-Tsai 1950 ROM = Halpin-Tsai
0 Nielsen Chamis 1900 Nielsen Chamis
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
a) b)

Figure 23: Longitudinal Modulus of a) Palm/Epoxy and b) Luffa/Epoxy Natural
Fibers Composites

As clearly shown in Figure 23a and 23b, findings of RVE UD model drastically agreed
with results of analytical techniques, where they revealed a continuous increment in
the longitudinal modulus of palm/epoxy as well as luffa/fepoxy NFCs while increasing
their fibers volume faction. Moreover, E; of palm/epoxy NFC increased from 2288
MPa to 3523 MPa at 0.5, while E: of luffa NFC in epoxy matrix was 2012 MPa at 0.1,
hence it raised to 2140 MPa by increasing the fibers’ volume fraction up to 0.5. On the
other hand, results of RVE chopped model were slightly inferior from that of the
analytical approaches and RVE UD model. However, the aforementioned model
showed a slight increase in E1 of Palm/Epoxy by increasing its fibers volume fraction,
yet the longitudinal modulus decreased at 0.3 and recovered back at 0.4 where it
revealed a value of 2479 MPa, thereby decreased back at 0.5. While in terms of luffa
NFC in epoxy matrix, RVE Chopped results agreed with the considered approaches at

0.1 and 0.2 fibers volume fractions, but it stayed steady beyond 0.2 at around 2051
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MPa. Figure 24 displays the findings of longitudinal modulus of palm/ecopoxy as well

as luffa/ecopoxy from analytical models as well as RVE.
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Figure 24: Longitudinal Modulus of a) Palm/EcoPoxy and b) Luffa/EcoPoxy Natural
Fibers Composites

Correspondingly, E:1 of palm/ecopoxy as well luffa/ecopoxy obtained from analytical
models agreed with that of RVE UD. While these models showed that longitudinal
modulus of palm/ecopoxy NFC increased from 2792 MPa to 3802 MPa while
increasing fibers volume fraction from 0.1 to 0.5 (Figure 24a). However, E; of luffa
NFC in ecopoxy matrix decreased from 2516 MPa to 2420 MPa by adding fibers up
to 50% (Figure 24b). In contrast, RVE chopped model followed its diverse trend, as
E: of palm/ecopoxy decreased from 3045 MPa to 2969 MPa beyond 0.2 and remained
steady up to 0.5. In terms of predicting E: of luffa/ecopoxy. results of RVE chopped
agreed with the analytical and RVE UD models at 0.1 and 0.2, thereby the RVE
chopped model showed a gradual decrease in E1 from 2492 MPa to 2484 MPa at 0.5.
Comparing longitudinal moduli of luffa and palm reinforced epoxy, these two natural
fibers composites showed similar behaviors, while the addition of date palm fibers
resulted in higher E1 (3522 MPa). Yet, addition of luffa fibers in ecopoxy matrix
decreased its longitudinal modulus. Hence, the decline in E; of luffa/ecopoxy may be

due to the superior properties of ecopoxy resin compared to luffa fibers. Figure 25
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shows the longitudinal moduli of palm/PP and luffa/PP obtained from RVE and

analytical models.
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Figure 25: Longitudinal Moduli of a) Palm/PP and b) Luffa/PP NFCs

As shown in Figures 25a and 25b, results of analytical approaches presented strong
agreement with that of RVE UD; however, significant increments in the longitudinal
moduli of both palm/PP and luffa/PP NFCs were observed by increasing fiber volume
fraction. Moreover, E1 of palm/PP NFC increased from 1074 MPa to 2848 MPa by
increasing fiber content up to 0.5. Also, considering 0.1 luffa fibers in PP matrix
revealed an E; of 797 MPa, while increasing fiber content up to 50%, increased E; to
1466 MPa. E results obtained from RVE of chopped palm NFC were lower than those
obtained from other methods, noticing a slight increment while increasing fiber
content. Figure 26 displays the results of E; of luffa/HDPE and palm/HDPE obtained

from RVE chopped and UD as well as analytical models.
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Figure 26: Longitudinal Moduli of a) Palm/HDPE and b) LuffayHDPE Reinforced
Composites

Similarly, longitudinal moduli of palm/HDPE and luffayHDPE obtained from RVE
UD significantly agreed with analytical findings. Furthermore, increasing fiber volume
fraction improved the longitudinal moduli of both NFCs. However, the results
obtained from RVE UD revealed a value slightly higher than analytical results. As
shown in Figure 26a, E1 of palm/HDPE increased from 1155 MPa at 0.1 to 2893 MPa
at 0.5. While, as shown in Figure 26b, addition of 0.1 luffa fibers into HDPE exhibited

an E; value of 878 MPa and 0.5 Vs fiber content increased E; to 1512 MPa.

Results of RVE chopped model exhibited an E; value lower than those obtained by
RVE UD and analytical methods for palm/HDPE and luffayHDPE, thus increasing
fiber volume fraction had an inferior impact on improving longitudinal modulus. Yet,
RVE chopped palm/HDPE showed a decrement in E: beyond 0.3, such that it
decreased from 1095 MPa at 0.3 to 1128 MPa at 0.5. Moreover, E; of luffa/HDPE
reached its peak at 0.4 fiber content, then it began to decrease at 0.5. Comparing E; of
luffa and palm reinforced HDPE revealed that these two NFCs displayed similar E;
trends, yet the addition of palm fibers contributed in higher E; improvement in both

matrices. Peak E; obtained was 3802 MPa in ecopoxy matrix with 0.5 palm fibers.
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Generally, increasing the fibers volume fraction of both natural fibers increased the
longitudinal modulus, which is due to the stiffness increase occurring while increasing
Vs of luffa as well as palm fibers [7].

4.1.2 Transverse Modulus

The proportion of transverse strength to transverse strain is defined as transverse
modulus. It is the reaction of luffa and palm fiber-reinforced thermoplastic composites
when a perpendicular stress is applied. Figure 27 shows the transverse moduli of palm

and luffa reinforced epoxy upon fibers’ volume fractions from 0.1 to 0.5.
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Figure 27: Transverse Modulus of a) Palm/Epoxy and b) Luffa/Epoxy Natural Fibers
Composites

In terms of transverse modulus Palm/Epoxy as well as Luffa/Epoxy NFCs, all the
considered analytical and numerical models followed their independent trends. Where
least E> values were observed through Halpin-Tsai model, while Chamis model
showed the highest values. As Figure 27a and 27b show, RVE UD as well as all
analytical models exhibited a growing trend while increasing the fibers’ volume
fraction. Least transverse modulus was 1990 MPa obtained in epoxy matrix with 0.1
luffa fibers through Halpin-Tsai model. While epoxy with 0.5 palm fibers exhibited
the peak E; a value of 3418 MPa, while the highest E> of luffa/epoxy was 2196 MPa
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at 0.5. In contrast with all the utilized models, RVE chopped model showed that E> of
palm/epoxy significantly increased by increasing fibers volume fraction from 0.1 to
0.2, thereby it remained constant throughout 0.3 and 0.4 to drop down at 0.5. Thus, E>
of luffa/epoxy increased to 2042 MPa by increasing the fibers’ loading up to 0.2, then
it remained steady at around 2051 MPa upon 0.3, 0.4, and 0.5 fibers volume fractions.
Figure 28 shows the transverse moduli of palm/ecopoxy and luffa/ecopoxy NFCs

while considering fibers’ volume fractions from 0.1 to 0.5.
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Figure 28: Transverse Modulus of a) Palm/EcoPoxy and b) Luffa/EcoPoxy Natural
Fibers Composites

As shown in Figure 28a, based on RVE UD as well as the considered analytical
approaches, increasing fibers volume fraction led to an increase in the transverse
modulus of palm/ecopoxy NFC. Moreover, Chamis model showed higher E> values
compared with other methods, thus it revealed the peak E> (3923 MPa) in ecopoxy
with 0.5 palm fibers. While Halpin-Tsai displayed the lowest transverse moduli, yet,
the least E> was 2601 MPa in palm/ecopoxy at 0.1. However, RVE chopped model
showed that increasing the fibers content from 0.1 to 0.2 increased E> from 2732 to

2933 MPa, thereby it slightly increased at 0.3 before reaching a peak of 2986 MPa at
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0.4, whilst it decreased to 2974 MPa at 0.5. Regarding luffa NFC with ecopoxy matrix
(Figure 28b), addition of luffa fibers in ecopoxy resulted in a drastic decrease in the
transverse modulus. Lowest E> was 2365 MPa observed through Chamis model in
luffa/ecopoxy at 0.5. Whereas highest transverse modulus was 2531 MPa in ecopoxy
with 0.1 luffa fibers, which was obtained using Halpin-Tsai model. RVE chopped
model showed a constant E2 between 0.2 and 0.5 luffa fibers content. In other words,
addition of palm fibers contributed in higher transverse modulus of ecopoxy, yet luffa
fibers led to a drastic decrease in E2. Moreover, results of rule of mixture model
showed an agreement with that of RVE UD in predicting the transverse modulus of
luffa/epoxy and luffa/ecopoxy, while ROM agreed with Nielsen model in predicting
E> of palm NFC with epoxy as well as ecopoxy matrices. Figure 29 shows the
transverse moduli of palm and luffa-reinforced polypropylene considering fiber

volume fractions ranging from 0.1 to 0.5.
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Figure 29: Transverse Moduli of a) Palm/PP and b) Luffa/PP Reinforced Composites

Diverse transversal modulus results were obtained for palm and luffa fibers in PP.
Results of Chamis technique revealed the highest E> values compared to other
method showed the least values.

analytical approaches, while Halpin-Tsai

Furthermore, as exhibited in Figures 29a and 29b, almost all analytical methods and
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RVE UD displayed an increasing trend when increasing fiber content. In contrast,
based on Halpin-Tsai approach, E> of palm/PP and luffa/PP remained constant by the
increase of fiber volume fraction. The lowest transverse moduli observed through
Halpin-Tsai were 671.28 MPa in palm/PP at 0.1 and around 684 MPa with 0.1 luffa
fibers. palm/PP exhibited highest E> value of 1673.6 MPa, observed through RVE UD
model. However, Chamis model revealed peak E> luffa/PP (1294.75 MPa). E; values
obtained from RVE chopped luffa/PP and palm/PP were in agreement with E2 values
observed in RVE UD model at 0.1, thereby E> slightly increased by increasing fiber
loading. Thus, E> of palm/PP started to decrease as fiber content was beyond 0.4.
Furthermore, E> of luffa in PP matrix increased gradually from 720 MPa to 827 MPa
by increasing fiber volume fraction up to 0.3, then E> decreased to 824 MPa at 0.4 and
increased to 835 MPa at 0.5. Results of RVE UD model showed a good agreement
with those of Chamis analytical model. Figure 30 illustrates the transverse moduli of
luffa and palm-reinforced HDPE taking into consideration different fiber volume

fractions (0.1 to 0.5).
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Figure 30: Transverse Moduli of a) Palm/HDPE and b) Luffa/HDPE Reinforced
Composites

Figures 30a and 30b show different E> results of luffayHDPE and palm/HDPE NFC

obtained from analytical analysis and RVE UD. Based on RVE UD model and
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analytical methods, increasing fiber volume fraction from 0.1 to 0.5 contributed in
improving the transverse modulus of both natural fiber composites, but Halpin-Tsali
findings showed a negligible difference in E2. Moreover, Halpin-Tsai showed the least
transverse moduli of 749 MPa for 0.1 V: luffayHDPE and 765 MPa for 0.1
palm/HDPE. However, peak E> result of 1957.50 MPa was observed in RVE UD for
0.5 palm/HDPE while peak E> value of luffa/HDPE was 1400 MPa at 0.5 obtained by
Chamis model. Based on RVE chopped model, transverse modulus of luffa in HDPE
matrix increased by increasing fiber loading up to 0.4, then it began to decrease when
fiber content was further increased. Furthermore, RVE UD results were in accordance
with Chamis model findings. Compared with considered luffa NFCs, palm reinforced
NFCs revealed superior transverse moduli.

4.1.3 Shear Modulus

The proportion of shear strength to shear strain is known as in-plane shear modulus
which defines the capability of a material to endure transversal deformations. Figure
31 shows the shear modulus of palm/epoxy and luffa/epoxy obtained using RVE and

analytical approaches.
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Figure 31: Shear Modulus of a) Palm/Epoxy and b) Luffa/Epoxy Natural Fibers
Composites
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Based on the analytical models as well as RVE UD, the shear modulus of palm as well
as luffa NFCs in epoxy matrix followed an ascending trend while increasing the fibers
volume fraction. As exhibited in Figure 31a and 31b, Chamis model showed the
highest G23 compared to other analytical approaches as well as RVE models, thus
Halpin-Tsai approach exhibited the lowest G2z values. Moreover, highest shear
modulus observed was 1373 MPa in palm/epoxy at 0.5, while least G.3 was 734 MPa
in epoxy with 0.1 luffa fibers. RVE chopped findings showed that shear modulus of
palm/epoxy increased by increasing Vr and reached a peak of 928 MPa at 0.4, thereby
dropped down at 0.5. Whereas, G23 of luffa/epoxy NFC remained constant at around
765 MPa between 0.2 and 0.5. A good agreement was observed between RVE UD
model and rule of mixture in predicting G23 of Palm/Epoxy as well as luffa/epoxy

NFCs.
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Figure 32: Shear Modulus of a) Palm/EcoPoxy and b) Luffa/EcoPoxy Natural Fibers
Composites

As exhibited in Figure 32a, increasing the fibers volume fraction increased the shear
modulus of palm/ecopoxy. Highest G2z was 1575 MPa in palm/ecopoxy at 0.5, that
was observed through Chamis analytical approach. While lowest G23 (977 MPa) was

obtained in Halpin-Tsai results at 0.1. RVE chopped results displayed a slight increase

81



in Gz3 from 0.2 to 0.5 where it hit its peak of 1147 MPa. Figure 32b shows that
increasing the luffa fibers content in ecopoxy matrix reduced the shear modulus.
Chamis model revealed lowest G23 values compared with other models throughout the
5 fibers volume fractions. Whereas Halpin-Tsai results showed the highest shear
moduli. 903 MPa was the minimal G2z, which was observed in ecopoxy with 0.5 luffa
fibers, while the greatest shear modulus was 947 MPa. However, RVE chopped
findings exhibited a decline in G23 by increasing luffa fibers content from 0.1 to 0.2,
thereby it remained steady at around 938 MPa by increasing fibers content up to 0.5.
Though the decline in G2z of ecopoxy throughout the addition of luffa fibers is
apparently due to the superior characteristics of this matrix. Figure 33 illustrates the
shear moduli of palm and luffa in PP matrix observed through analytical approaches

and RVE models.
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Figure 33: Shear Moduli of a) Palm/PP and b) Luffa/PP Reinforced Composites

Regarding the shear moduli of palm and luffa fiber-reinforced PP, G2z followed an
ascending trend in all utilized methods. As clearly shown in Figures 33a and 33b, G23
values obtained from Chamis model were higher than those obtained from other
analytical techniques and RVE UD, while Halpin-Tsai model revealed the least G23
values. According to the majority of the considered methods, addition of palm and

luffa fibers improved the shear modulus of PP, though a slight improvement was
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observed through Halpin-Tsai results. Furthermore, Chamis model revealed peak G23
values of 629 MPa for 0.5 palm/PP and 485 MPa for 0.5 luffa/PP. RVE chopped results
showed that Gz3 of palm/PP increased gradually to hit a peak of 369 MPa at 0.4 and
then decreased at 0.5. Thus, G2z of luffa/PP remained constant at around 303 MPa
beyond 0.2. RVE model showed a significant agreement with ROM analytical model

in predicting the shear moduli of palm and luffa reinforced thermoplastic composites.
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Figure 34: Shear Moduli of a) Palm/HDPE and b) Luffa/HDPE Reinforced
Composites

As shown in Figures 34a and 34b, G2z values of palm/HDPE and luffa/HDPE were
increased by increasing fiber content up to 0.5. Similar to the previously mentioned
PP NFCs shear moduli, G23 values obtained from Chamis model were higher than other
models for all five specimen compositions. However, peak G.3 of 688 MPa was
observed in HDPE matrix with 0.5 palm fibers. Thus, RVE UD results showed a
drastic agreement with those of ROM in predicting Gz of luffa/HDPE and
palm/HDPE. RVE chopped model presented its independent trend shape, such that Gz3
of palm/HDPE increased from 314.5 MPa to 399 MPa by increasing fibers’ volume
fraction from 0.1 to 0.3, then dropped to around 396 MPa at 0.4, and increased back
to 430 MPa at 0.5, though shear modulus of luffa/HDPE decreased by further
increasing fiber content beyond 0.4. It is worthy to mention that palm in HDPE matrix
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revealed higher shear moduli than those of luffa/HDPE (around 688 MPa). Palm fibers
with ecopoxy matrix exhibited the greatest shear moduli compared to all the
considered natural fibers composites. Generally, increasing palm fibers content
slightly improved G»s, this is caused by the limited endurance of NFCs towards
transversal loads [334].

4.1.4 Poisson’s Ratio

Poisson ratio defines the contraction or expansion of a composite material along the
perpendicular direction to applied load. The poisson’s ratio results of palm as well as
luffa natural fibers composites are listed in Table 21. As clearly shown in Table 21,
based on all the considered analytical and numerical models, poisson’s ratio of epoxy,
ecopoxy, PP, and HDPE decreased while increasing the fibers volume fraction of palm
or luffa, which was witnessed in almost all utilized methods (analytical and RVE UD).
v12 of Palm/Epoxy NFC decreased from 0.33 to 0.26 by rising the fibers’ volume
fraction from 0.1 to 0.5. Increasing the palm fibers’ content in ecopoxy matrix
deceased the poisson’s ration from 0.31 to 0.25. Moreover, vi2 of luffa reinforced
thermoplastics were higher than that of Palm/Epoxy and palm/ecopoxy. Increasing
luffa fibers’ volume fraction from 0.1 to 0.5 decreased the Poisson’s ratio of epoxy
from 0.35 to 0.33, and vi2 of ecopoxy from 0.33 to 0.32. RVE UD model markedly
agreed with the analytical approaches in predicting vi> of palm as well as luffa
reinforced thermosets, yet a small variance occurred between the analytical and RVE
UD findings in palm/epoxy at 0.3 and 0.4, as well as in palm/ecopoxy at 0.4. Hence,
results of RVE chopped model were higher than those obtained from other models.
Not only, the aforementioned model showed a common behavior in poisson’s ratio of
all the considered natural fibers composites, as vi» decreased by increasing fibers

volume fraction from 0.1 to 0.2, thereby it remained constant by increasing to 0.3, 0.4
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and up to 0.5. It is worthy to mention that RVE chopped model agreed with all the
utilized models in predicting vi2 of luffa/ecopoxy NFC. HDPE matrix with luffa and
palm fibers resulted in higher poisson’s ratios compared to PP NFCs. However, luffa
reinforced samples revealed Poisson’s ratios slightly higher than those obtained with
palm fibers. A noteworthy agreement between RVE UD and analytical findings was
observed while predicting the Poisson’s ratio of natural fiber-reinforced thermoplastic
composites. A slight difference was detected between the results obtained from
analytical techniques and RVE UD for palm/HDPE at 0.1 and 0.4. While RVE
chopped model revealed the highest results among all considered techniques, vi2 of
palm/PP decreased by increasing fiber volume fraction up to 0.3 and increased at 0.5
(0.33), while palm in HDPE had a constant Poisson’s ratio (0.38) at almost all
compositions, which then dropped to 0.35 at 0.5. vi2 of luffa/PP NFC was constant at
the majority of fiber volume fractions, but it dropped to 0.34 at 0.3. Hence, Poisson’s
ratio of luffa/HDPE NFC followed a decreasing trend by increasing fiber content to up
to 0.4, and then increased at 0.5 to reach a value of 0.38. However, Increasing the
fibers’ content of luffa and palm led to a reduction in the poisson’s ratio of the NFCs,
this is caused by the resistance increase of the natural fibers composite material.
Hence, poisson’s ratio contributes in specifying a material’s elasticity, therefore the
elasticity of the considered NFCs is decreasing while increasing the fibers volume

fraction [32].
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Table 21: Poisson's Ratio of Palm and Luffa Reinforced Thermosets

Fiber | Matrix Vs RUVDE Cfi)\;ged ROM | Halpin-Tsai Nielsen | Chamis
0.1 0.33 0.34 0.33 0.33 0.33 0.33

0.2 0.31 0.32 0.31 0.31 0.31 0.31

Epoxy 0.3 0.29 0.32 0.30 0.30 0.30 0.30
0.4 0.27 0.32 0.28 0.28 0.28 0.28

0.5 0.26 0.31 0.26 0.26 0.26 0.26

0.1 0.31 0.31 0.31 0.31 0.31 0.31

0.2 0.30 0.30 0.30 0.30 0.30 0.30
Ecopoxy | 0.3 0.28 0.30 0.28 0.28 0.28 0.28
0.4 0.26 0.30 0.27 0.27 0.27 0.27

Palm 0.5 0.25 0.30 0.25 0.25 0.25 0.25
0.1 0.35 0.34 0.34 0.34 0.34 0.34

0.2 0.33 0.32 0.32 0.32 0.32 0.32

PP 0.3 0.32 0.30 0.30 0.30 0.30 0.30
0.4 0.32 0.28 0.28 0.28 0.28 0.28

0.5 0.33 0.26 0.26 0.26 0.26 0.26

0.1 0.38 0.37 0.38 0.38 0.38 0.38

0.2 0.38 0.35 0.35 0.35 0.35 0.35

HDPE 0.3 0.38 0.33 0.33 0.33 0.33 0.33
0.4 0.38 0.30 0.31 0.31 0.31 0.31

0.5 0.35 0.28 0.28 0.28 0.28 0.28

0.1 0.35 0.35 0.35 0.35 0.35 0.35

0.2 0.34 0.34 0.34 0.34 0.34 0.34

Epoxy 0.3 0.34 0.34 0.34 0.34 0.34 0.34
0.4 0.33 0.34 0.33 0.33 0.33 0.33

0.5 0.33 0.34 0.33 0.33 0.33 0.33

0.1 0.33 0.33 0.33 0.33 0.33 0.33

0.2 0.32 0.32 0.32 0.32 0.32 0.32
Ecopoxy | 0.3 0.32 0.32 0.32 0.32 0.32 0.32
0.4 0.32 0.32 0.32 0.32 0.32 0.32

Luffa 0.5 0.32 0.32 0.32 0.32 0.32 0.32
035 | 0.35 0.35 0.35 0.35 0.35 0.35

035 | 0.35 0.35 0.35 0.35 0.35 0.35

PP 034 | 0.34 0.34 0.34 0.34 0.34 0.34
035 | 0.33 0.34 0.34 0.34 0.34 0.35

035 | 0.33 0.33 0.33 0.33 0.33 0.35

0.39 | 0.39 0.39 0.39 0.39 0.39 0.39

0.39 | 0.38 0.38 0.38 0.38 0.38 0.39

HDPE 0.38 | 0.37 0.37 0.37 0.37 0.37 0.38
0.37 | 0.36 0.36 0.36 0.36 0.36 0.37

0.38 | 0.35 0.35 0.35 0.35 0.35 0.38
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4.2 Tensile Test Results

Tensile test findings are listed in this section, which includes tensile strength, strain,
and young’s modulus of luffa as well as palm natural fibers composites in biopoxy,
epoxy, HDPE and PP matrices. First, some stress and strain charts are displayed to
show the tensile behavior of these NFCs, then the effect of increasing the natural fibers
volume fraction in the considered matrices. Figure 35 shows the stress-strain behavior

of BioPoxy NFC with 0.1 luffa fibers.
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Figure 35: Stress and Strain Curve of Luffa/BioPoxy "0.1"

As shown in Fig. 35, the stress increased gradually to reach a yield strength of 3.77
MPa at 0.262 %, then it followed a continuous increase to attain an ultimate tensile
strength of 35.3 MPa at 4.31 % straight before its brittle failure. Figure 36 displays the

stress-strain behavior of epoxy NFC with 0.3 palm.
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Figure 36: Stress and Strain Curve of Palm/Epoxy "0.3"

As exhibited in Fig. 36, a yield strength of 1.67 MPa was observed at 1.8 %, then the
stress increased to reach a 4.13 MPa ultimate tensile strength at 14.1 %, which
emphasizes the notable ductility of this material, thereby the Palm/Epoxy NFC
performed a plastic failure at 17.5 %. Figure 37 displays the stress-strain curve of

polypropylene NFC with 0.1 palm fibers.
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Figure 37:Stress and Strain Curve of Palm/PP "0.1"

As exhibited in Fig. 37, polypropylene with 0.1 pam fibers revealed a yield strength of

3.07 at 0.143 %, then the stress drastically increased to attain an ultimate tensile
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strength of 24.7 MPa at 5.52 %, next it decreased to 23 MPa at 5.58 % right before its
brittle failure at 5.61 %. Figure 38 shows the stress-strain behavior of high-density

polyethylene reinforced with 0.1 luffa fibers.

Luffa/HDPE "0.1"

20
18
16
~14
212
<10

Stress (MPa

oON O

Figure 38: Stress and Strain Curve of Luffa/HDPE "0.1"

As observed in Figure 38, a yield strength of 1.28 MPa was observed at 0.027 %, then
a gradual increase in the stress was observed along with an increase in the strain to
reach an ultimate tensile strength of 17.7 at 7.15 %. Hence, the stress followed a
descending trend till its ductile failure at 21.7 %. It is worthy to mention that natural

fibers composites with HDPE matrix revealed the highest ductility.

Moreover, in order to achieve an accurate validation of TS results with that observed
by other researchers, equation 24 was involved for converting weight percentage into

fibers volume fraction.

V=t 2

pfx(wt%_1)+pm

Where p,, is the density of the matrix, p, is the density of the fibers, Vi is the fibers

volume fraction, and wt% is the weight percentage. It was observed through equation
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24 that 10 wt% of the considered NFCs is around 1.1 V:. Table 22 lists the tensile test
results. As shown in table 22, natural fibers’ reinforced biopoxy displayed the highest

tensile strengths along with the least strain values.

Table 22: Tensile Test Outcome

Matrix Fibers Vs TS (MPa) | Strain (%) E (MPa)
0.1 20.800 1.24765 1667.134
BioPoxy Palm 0.2 23.600 1.3597 1735.677
0.3 21.050 2.3325 902.465
0.1 2.370 7.6615 30.934
Epoxy Palm 0.2 3.323 9.081667 36.594
0.3 4.343 9.971333 43.558
0.1 25.233 3.986667 632.943
PP Palm 0.2 22.467 3.834667 585.883
0.3 21.100 2.391 882.476
0.1 16.967 11.13833 152.327
HDPE Palm 0.2 15.400 9.224 166.956
0.3 12.567 7.746 162.234
0.1 33.167 3.266667 1015.306
BioPoxy Luffa 0.2 35.133 1.281667 2741.222
0.3 35.300 2.4735 1427.128
0.1 2.853 16.36 17.441
Epoxy Luffa 0.2 3.097 16.48 18.790
0.3 3.687 17.08333 21.580
0.1 22.567 2.646333 852.752
PP Luffa 0.2 21.300 3.654 582.923
0.3 18.333 2.555667 717.360
0.1 16.600 7.764 213.807
HDPE Luffa 0.2 15.433 7.600333 203.061
0.3 10.123 511 198.108

While palm as well as luffa reinforced epoxy exhibited the lowest TS compared to the
selected matrices, yet it provided the highest strain record in this study. Moreover, PP
matrix revealed a notable TS (between 18 and 25 MPa), while the tensile strength of

HDPE samples ranged between 10 and 17 MPa.
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Figure 39: Tensile Strength Variation of BioPoxy/Palm and BioPoxy/Luffa

In terms of biopoxy/palm NFC, the tensile strength increased from 20.8 MPa to 23.6
by increasing the fibers volume fraction from 0.1 to 0.2, thus it decreased back to 21.05
MPa by reaching 0.3. Whereas reinforcing biopoxy with luffa fibers exhibited the
highest TS outcome in this research, increasing the fibers volume fraction of luffa from
0.1 to 0.3 increased the tensile strength from 33.16 to 35.5 MPa, respectively. It is
worthy to mention that TS of pure BioPoxy 36 is 57.9 MPa. However, highest TS
observed in biopoxy/palm was 23.6 MPa at 0.2, and in biopoxy/luffa was 35.3 MPa at
0.3. Addition of luffa fibers into biopoxy resin contributed in higher tensile strengths

compared to palm fibers.
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Figure 40: Tensile Strength Variation of Epoxy/Palm and Epoxy/Luffa

Epoxy with 0.1 palm exhibited a tensile strength of 2.37 MPa, by growing the fibers’
content, TS increased to 3.32 MPa at 0.2 and 4.34 MPa at 0.3. While luffa reinforced
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epoxy displayed a TS 2.85 MPa at 0.1 fibers volume fraction, then reached 3.69 MPa
by growing the fibers content up to 0.3. Adding luffa as well as palm fibers into epoxy
matrix improved the tensile strength, yet, palm had a better impact than luffa fibers.

Highest TS observed in NF reinforced epoxy was 4.34 MPa in epoxy with 0.3 palm

fibers.
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Figure 41: Tensile Strength Variation of PP/Palm and PP/Luffa

Regarding palm fibers reinforced polypropylene, increasing the fibers’ content from
0.1 to 0.3 decreased the tensile strength from 25.23 to 21.1 MPa, respectively.
Similarly, increasing Vs of luffa fibers in PP reduced TS from 22.57 MPa at 0.1 to
18.33 MPa at 0.3, respectively. Furthermore, addition of palm fibers in PP matrix
resulted greater TS values than that of PP/luffa, thus peak TS was 25.23 MPa observed
in PP with 0.1 palm fibers. It is worthy to mention that the tensile test findings of
PP/luffa were in accordance with Demir et al. [182] at 0.1 fibers’ volume fraction,
whereas the results of PP/palm agreed with the findings of Otaibi et al [335] at 10 wt%,

which was the closer to 0.1 in the literature.

92



HDPE/Palm HDPE/Luffa

70
70 60 60

[o2]
o

60
50
40

[8)]
o

Tensile Strength (MPa)
Tensile Strength (MPa)
N
o

30 Mulinari 30
etal., 18 16.6
’ 15.4 15.43
% 16.97 1257 20 b 10.12
10 Mahdavi - 10 -
0 etal., 15.5 0
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Fibers Volume Fraction Fibers VVolume Fraction

Figure 42: Tensile Strength Variation of HDPE/Palm and HDPE/Luffa

As clearly shown in Figure 42, loading palm fibers into HDPE matrix reduced the
tensile strength to 12.57 MPa at a volume fraction of 0.3, yet it was 16.97 MPa at 0.1
and 15.4 MPa at 0.2. Reinforcing HDPE with luffa fibers reduced the tensile strength
from 16.6 MPa at 0.1 to 10.12 MPa at 0.3, respectively. HDPE/palm and HDPE/Iuffa
exhibited identical TS values at 0.1 and 0.2 fibers’ volume fraction, whilst palm fibers
had a better effect at 0.3. Results of HDPE/palm agreed with Mulinari et al. at [319]
10 wt% and Mahdavi et al. [113] at 20 wt%, which was the closer to 0.1 and 0.2 in the

literature.

However, the observed results highlight the potential of Palm/BioPoxy to be used in
industrial applications, Luffa/BioPoxy for aircraft minor components, palm/epoxy and
luffa/epoxy for appliances coating applications, palm/PP and luffa/PP for automotive
parts, and palm/HDPE and luffa/HDPE for bio-packaging.

4.3 FEA and Experimental Results

Since RVE chopped was observed to be the most accurate model due to its non-linear
trends and its agreement with the literature, this model was involved in analyzing the
elastic properties of the materials utilized for conducting the tensile test. In ANSYS
Explicit Dynamics space, orthotropic output of RVE chopped was assigned as an input
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into a 120 x 20 x 5 mm beam following ASTM D3039 (Fig. 43). After meshing the
sample with linear elements order, the total number of nodes was 693 and the number
of elements was 384. Moreover, bottom of the sample was fixed through applying a
nodal displacement of 0 mm, and a nodal force was applied on the top of the sample
similar to the real tensile test. Furthermore, all models were analyzed by firstly
applying a low nodal force on the beam, thereby increasing it till its failure in order to
measure its tensile strength. However, each natural fiber composite required different

nodal force to break the sample.
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Figure 43: FEA Beam Model Following ASTM D3039

This section compares the tensile strength obtained through representative volume
element chopped model followed by finite element analysis simulation, and the

conducted experiment.
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Figure 44: Experimental versus FEA Tensile Strength of BioPoxy/Palm and
BioPoxy/Luffa
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As shown in Figure 44, experimental tensile strength of biopoxy/palm increased from
20.8 MPa to 23.6 MPa by increasing the fibers’ volume fraction from 0.1 to 0.2, then
it dropped to reach a TS of 21.050 MPa at 0.3. A common behavior was displayed by
FEA model, TS increased from 20.617 to 22.726 MPa at 0.2, thereby decreased to
22.28 MPa at 0.3. Whereas experimental TS of biopoxy/luffa increased from 33.17 to
35.3 MPa through increasing V¢ from 0.1 to 0.3, similarly FEA tensile strength
followed an ascending trend to reach a TS value of 33.011 MPa at 0.3. Tensile strength

results obtained from FEA showed a good agreement with the experimental findings.
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Figure 45: Experimental versus FEA Tensile Strength of Epoxy/Palm and
Epoxy/Luffa

As shown in figure 45, both methods showed increasing trends while increasing the
fibers’ content of luffa as well as palm. However, tensile strength of epoxy/palm
observed in FEA model increased from 2.45 to 3.31MPa by increasing Vs from 0.1 to
0.2, and to 3.79 MPa by increasing Vs up to 0.3, whilst the experimental TS of
epoxy/palm increased to 3.32 MPa and 4.34 MPa, respectively. In terms of
Epoxy/Luffa, the numerically observed tensile strength increased to 3.17 MPa at 0.2,
and 3.47 MPa from 0.2 to 0.3, thus the corresponding experimental results increased
to 3.1 MPa by increasing the fibers’ volume fraction from 0.1 to 0.2, and 3.69 MPa

from 0.2 to 0.3. FEA findings significantly agreed with the tensile test results.
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Figure 46: Experimental versus FEA Tensile Strength of PP/Palm and PP/Luffa

As seen in Figure 46, considering both FEA and experimental results, increasing the
fibers’ content to 0.3 decreased TS of both PP/palm and PP/luffa, respectively. In terms
of experimental TS of PP/palm NFC, increasing Vrto 0.3 reduced the tensile strength
to 22.47 MPa and 21.1 MPa respectively, similarly FEA TS followed a descending
trend, TS decreased from 24.274 to 22.3 MPa by increasing the fibers’ content to 0.2,
and to 15.423 MPa at 0.3. While Regarding TS of PP/luffa, both methods displayed a
continuous decline in tensile strength while increasing the fibers volume fraction.

Moreover, the simulation results notably agreed with the experimental findings.
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Figure 47: Experimental versus FEA Tensile Strength of HDPE/Palm and
HDPE/Luffa

As shown in Figure 47, increasing V¢ of palm from 0.1 to 0.2 in HDPE matrix
decreased the tensile strength from 16.97 to 15.622 MPa, consequently it decreased to

12.57 MPa at 0.3, similarly TS of HDPE/palm observed in FEA model exhibited a
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continuous decline to reach a TS value of 11.375 MPa at 0.3. Furthermore, addition of
luffa fibers in HDPE reduced the tensile strength, that was observed through FEA
simulation as well as FEA model. It is worthy to mention that the overall agreement
between FEA simulation and tensile test results is quite acceptable [336, 337].
Although FEA and experimental TS were following same trends in PP/luffa and

HDPE/luffa, the predicted values were slightly lower than the experimental.
4.4 Machine Learning Findings

Acrtificial neural network, multiple linear regression, support vector machine, and
adaptive neuro-fuzzy inference system were adapted in this research to determine the
design space as well as to specify most convenient ML approach in predicting TS of
NFCs. This section introduces the outcome of the aforementioned ML tools in
predicting the tensile strength of palm NFCs as well as luffa NFCs. Figure 48 displays
the schemes of tensile strength regressions for all considered NFCs throughout three
different fibers’ volume fractions, i.e. 0.1, 0.2, and 0.3. This figure highlights the
correlation between the ANN output and the experimental data (target). The
correlation between the output values and target values were represented through the
solid line, while best correlation that can be generated is represented through the dotted
line. The overall regression coefficient of ANN model was observed to be 0.989, which
means it is satisfactory as it is close to 1. Moreover, response surface metamodel
provides a surface fitting that covers the design in order to predict responses for inputs
not considered throughout the experiment. A cubic polynomial approximation
function is involved in study to develop the response surfaces shown in Figure 49 and

Figure 50.
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Figure 48: Regression Plot of ANN Model

f(m,Vs) = 135.7 - 194.1*m + 91.5*Vr+ 85.17*m"2 - 24.74*m*Vs¢ - 210.2*V¢*2 - 10.95
*m”3 - 2.112*¥m"2*¥ Vi + 62.74*¥*m* V™2

2. |
20~
@ 15

10-]

03

vE 0.1

1 Matrix

Goodness of fit: SSE: 44.32 R-square: 0.9781 Adjusted R-square: 0.9705

Figure 49: Response Surface Fitting of Palm NFCs
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Figure 50: Response Surface Fitting of Luffa NFCs

MATLAB cftool was utilized for developing the RSM for TS of palm NFCs as well
as luffa NFCs. Goodness of fit were evaluated using sum of square error (SSE), R-
square adjusted, and root mean square error (RMSE). The values of R-square adjusted
ranges between 0 and 1, where a good fit would get a value close 1. In contrast, RMSE
and SSE values should be close to zero in order to have a good surface fit. Moreover,
the utilized function in developing the RSM for palm NFCs was:

f(m,vVf) = p00 + p10*m + p01*Vi + p20*m"2 + pll*m*Vi + p02*V¢'2 + p30*m"3 +
p21*mA2*Vs + p12*m*V A2 (25)
Where m is the matrix type, Vis the fibers volume fraction, p00 = 135.7, p10 =-194.1,
p01 =91.5, p20 = 85.17, p11 = 24.74, p02 = -210.2, p30 = -10.95, p21 =-2.112, and
pl2 = 62.74. The goodness of fit included an SSE of 44.32, R-square of 0.9781,

Adjusted R-square of 0.9705 and RMSE of 1.388.
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While regarding the RSM model of luffa NFCs, the approximation function was:

f(m,Vs) = p00 + p10*m + p01*V; + p20*m"2 + pl1l*m*Vs + p02*V; A2 + p30*m"3 +
p21*mMA2* Vi + p12*m*V; A2 (26)
Where m is the matrix type, Vris the fibers volume fraction, p00 = 184, p10 = -238.2,
p01 = 12.51, p20 = 97.75, p11 = 8.274, p02 = 31.59, p30 = -12.18, p21 = -0.9456, and
pl2 = -48.19, with SSE: 104.6, R-square: 0.977, Adjusted R-square: 0.9699, and

RMSE: 2.006.

ANFIS model was implemented using MATLAB Neuro-Fuzzy Designer, all fibers,
matrices, and fibers’ volume fractions were considered. FIS model was generated
using Gaussmf membership function with a constant output. Training was completed
at epoch 2, and average testing error was observed to be 1.4876. ANFIS model plot

that displays the training data as well as the FIS output data is shown in figure 51.
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Figure 51: Adaptive Neuro-Fuzzy Inference System Plot

100



Hence, experimental results of all NFCs were utilized for training the SVM model, the
kernel function used was the Gaussian, and the involved preset was the fine Gaussian
SVM. Moreover, the obtained RMSE was 2.7296, R-squared was 0.93, and MSE was
7.4509. Table 23 shows the predicted data using machine learning methods as well as
real tensile strength results of palm and luffa NFCs, where matrix 1 is biopoxy 36,
matrix 2 is epoxy, matrix 3 is PP, matrix 4 is HDPE, fiber 1 is palm, and fiber 2 is

luffa.

Table 23: Predicted Tensile Strength Using ANN, MLR, ANFIS, and SVM

Experimental | ANN MLR | ANFIS | SVM
Matrix | Fibers Vs
TS (MPa) (n;ga) (I\;IrFS>a) (I\Ea) (I\Ea)
1 1 0.1 20.800 20.550 | 20.810 | 21.100 | 19.835
1 1 0.2 23.600 23.250 | 22.851 | 23.800 | 22.256
1 1 0.3 21.050 20.150 | 21.943 | 21.900 | 20.646
2 1 0.1 2.370 2.423 3.090 2.070 3.928
2 1 0.2 3.323 3.275 3.906 3.260 4411
2 1 0.3 4.343 4.235 3.027 4.343 5.489
3 1 0.1 25.233 24.850 | 23.887 | 25.100 | 24.242
3 1 0.2 22.467 22.150 | 23.055 | 22.467 | 22.043
3 1 0.3 21.100 20.950 | 21.783 | 20.700 | 20.245
4 1 0.1 16.967 17.110 | 17502 | 16.750 | 16.828
4 1 0.2 15.400 14900 | 14.600 | 15.400 | 16.459
4 1 0.3 12.567 12.320 | 12513 | 12,567 | 12.642
1 2 0.1 33.167 33.150 | 33.188 | 33.167 | 31.041
1 2 0.2 35.133 34.980 | 34.674 | 34.550 | 30.356
1 2 0.3 35.300 36.090 | 35.828 | 34.900 | 33.637
2 2 0.1 2.853 2.419 3.040 3.130 3.852
2 2 0.2 3.097 3.282 3.624 3.097 4.370
2 2 0.3 3.687 4.266 2.912 3.765 4.730
3 2 0.1 22.567 22.440 | 22.042 | 22.500 | 22.060
3 2 0.2 21.300 21.210 | 21.535 | 21.800 | 20.835
3 2 0.3 18.333 17.370 | 18.768 | 18.333 | 17.460
4 2 0.1 16.600 17.630 | 17.116 | 16.600 | 16.661
4 2 0.2 15.433 15.280 | 15.328 | 15.150 | 16.255
4 2 0.3 10.123 10.230 | 10.318 9.285 10.546
Prediction Error % 3.21% 6.86% 2.17% | 12.65%
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As clearly shown in table 23 the predicted TS using ANN, and ANFIS, displayed a
strong agreement with experimental results with a prediction error of 3.21% and
2.17%, respectively, whilst TS values obtained through MLR and SVM showed a
decent agreement with an error of 6.86% and 12.65%. That emphasizes that these
models are able to be trained and involved in assuming the tensile strength of natural
fibers composite materials. Furthermore, luffa/biopoxy at 0.3 V¢ revealed the highest
tensile strength values throughout all the considered ML approaches. Most suitable
machine learning approach for predicting tensile strength of natural fibers composites

is ANFIS as it showed least prediction error “2.17%”.
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Chapter 5

CONCLUSION

Natural Fibers Composites (NFC) became prevalent in polymers science field, as these
materials have a range of advantages such as: environmental friendly, high strength to
weight, lightweight, low density, abundance in nature, and negligible cost. Thus,
research in natural fibers area, like Jute, Hemp, Bamboo, Kenaf, Sisal, and Coir, have

emerged in a wide spectrum in science and engineering disciplines.

This research presents an investigation on the mechanical properties of luffa and palm
NFCs in epoxy, ecopoxy “biopoxy 36, PP and HDPE matrices. Two representative
volume element models, unidirectional and chopped, as well as Rule of Mixture,
Halpin-Tsai, Chamis, and Nielsen analytical approaches, were involved and compared
in order to validate the most convenient simulation method for the considered NFCs.
FEA RVE models were conducted using materials designer ANSY'S. Throughout the
aforementioned numerical and analytical models, RVE chopped model was considered
for analyzing the orthotropic properties of palm and luffa NFCs, thereby, the output of
RVE chopped was assigned into a 120 x 20 x 5 mm beam as for ASTM D3039, and
loaded under tensile load till failure. Moreover, experimental tensile test was
conducted for testing the tensile properties of the considered NFCs as well as
validating the simulation results. Thus, different machine learning techniques were
implemented in order to identify the design space, i.e., Artificial Neural Network,

Multiple Linear Regression, Adaptive Neuro-Fuzzy Inference System, and Support
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Vector Machine. Effect of increasing fiber content in the matrix was taken into account
by considering several fibers’ volume fractions, from 0.1 to 0.5 in model validation

and from 0.1 to 0.3 Vi for the simulation, experiment and machine learning models.

In model validation, increasing fiber volume fraction increased the longitudinal moduli
of palm and luffa natural fibers composites. Palm NFCs revealed higher E; than luffa
NFCs, whereas peak longitudinal modulus was exhibited by palm in ecopoxy matrix
with 0.5 fibers volume fraction. Although RVE UD results were slightly greater than
the findings of analytical models, yet they showed a significant agreement. RVE
chopped E;: of palm/HDPE was in accordance with the experimental results reported
in literature. However, RVE UD displayed a drastic agreement with rule of mixture in
predicting E2 of palm and luffa reinforced thermosets, whereas it agreed with Chamis
in the prediction of palm and luffa in PP and HDPE, yet the values obtained from
Chamis model were higher than those of other analytical models. Meanwhile, Halpin-
Tsai model revealed the lowest transverse moduli. Palm/ecopoxy at 0.5 Vr exhibited
the peak transverse modulus of 3923 MPa. While regarding the shear moduli of the
considered NFCs, increasing the fibers volume fraction led to an increment in Gas.
Shear moduli findings obtained through Halpin-Tsai model were the least and that of
Chamis were the greatest, which was a similar behavior to E2. Thus, RVE UD
exhibited good agreement with rule of mixture in the prediction of shear modulus.
Highest shear modulus was 1575 MPa, attained in Ecopoxy with 0.5 palm fibers. In
terms of poisson’s ratio, increasing fiber volume fraction led to a reduction in vi2 of
epoxy, ecopoxy, HDPE and PP, yet Poisson’s ratios of luffa NFCs was higher than
that of palm NFCs. A good agreement was shown between the RVE UD and analytical
v12 results. However, RVE chopped model revealed different trends in properties

compared to the applied models.
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Regarding the experimental tensile test, NFCs with BioPoxy matrix showed the
greatest tensile strength values and lowest strain, whereas NFCs with epoxy matrix
displayed least tensile strengths in this research with highest strain values.
Furthermore, NFCs with PP matrix exhibited significant tensile strength values
ranging between 18 and 25 MPa. TS of NFCs with HDPE matrix ranged from 10 to
17 MPa. Peak tensile strength was observed in luffa/biopoxy at 0.3 with a value of
35.5 MPa. Increasing the fibers’ volume fraction from 0.1 to 0.2 of natural fibers’
reinforced BioPoxy increased TS then decreased at 0.3. Reinforcing BioPoxy with
luffa fibers showed better properties compared to Date palm fibers. Growing the
content of palm as well as luffa fibers’ up to 0.3 increased the tensile strength of epoxy.
Peak TS in natural fibers’ reinforced epoxy was 4.34 MPa in Palm/Epoxy at 0.3. While
addition of luffa and palm fibers decreased the tensile strength of HDPE and PP
matrices, however, palm revealed higher TS values in PP (25.23 MPa at 0.1) and in
HDPE (16.97 MPa at 0.1). Based on the revealed results, Palm/BioPoxy can be utilized
for industrial applications, luffa/biopoxy can be used for producing aircraft
components, luffa/epoxy and palm/epoxy can be involved in appliances’ coating,
while luffa/PP and palm/PP have the ability to emerge in automotive parts’ production.
It is worthy to mention that simulation results significantly agreed with the tensile test
findings, where these FEA results followed the exact same trends observed in the
experimental findings, as well as majority of the TS values were in accordance.
Furthermore, in terms of machine learning application, predicted tensile strengths
through ANN, and ANFIS drastically agreed with the experimental outcome, having
a prediction error of 3.21% and 2.17%. Whereas tensile strength predicted using MLR
and SVM displayed an acceptable agreement with a prediction error of 6.86% and

12.65%. Which therefore evidences the capability of these machine learning models
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of being trained and utilized for predicting TS of natural fibers composites. Moreover,
throughout all the considered ML approaches, highest tensile strength values were
revealed in luffa/biopoxy at 0.3 V+. ANFIS can be considered as a suitable machine
learning approach for predicting tensile strength of natural fibers composites as it

exhibited lowest prediction error.
5.1 Research Limitations and Future Recommendations

After conducting this research, main limitations were observed to be as follows:

1) Unavailability of composite materials’ machining equipment like water jet,
which could contribute in following different samples’ preparation procedure.
In other words, if a water jet machine was available, the samples could be
prepared by hand layup technigue in wide mold, and compressed in the mold
till it was cured, thereby the samples could be obtained from the plate by
cutting them into the specimen’s dimensions provided in the ASTM standard.
Thus, this technique provides better surface finish as well as less voids in NFC.

2) Unavailability of a small injection molding machine for preparing the NFC
samples that includes thermoplastic matrices, which was able to save time,
provide good surface finish.

3) Due to the current situation (COVID 19) many restrictions were applied on
laboratories’ schedules, yet only tensile test was able to be conducted,
otherwise further properties could be investigated, such as mechanical,

acoustic, dielectric, and so on.

Therefore, future recommendations include:
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1) Test the flexural, impact, compression, hardness, acoustic, dielectric, and
chemical characteristics of palm/biopoxy, palm/epoxy, palm/PP, palm/HDPE,
luffa/biopoxy, luffa/epoxy, luffa/PP, and luffa/HDPE.

2) Follow other samples’ preparation methods to the considered natural fibers
composites.

3) Investigate the performance of a hybrid NFC made from palm and luffa fibers

in biopoxy, epoxy, PP, and HDPE.
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