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A B S T R A C T

The research will fill the increasing demand of sustainable composite materials by designing and characterizing 
an epoxy based biocomposite that is reinforced with natural fibers that are derived through the Cynara scolumus 
(artichoke stem) agricultural waste. The study methodically examines how fiber reinforcement influences the 
performance of the composite under a controlled extraction of the fibers, and also the unidirectional laminates of 
the composite were produced with single, double, and triple ply. The fibers were methodologically described in 
physical properties with the help of water absorption kinetics based on the Peleg equation, and mechanical 
performance with tensile tests and impact tests according to the ASTM standards, including SEM and EDX tests. 
The most important findings include the fact that the mechanical properties are greatly increased with the 
number of fiber plies: single-ply composite reached the ultimate tensile strength of about 15 MPa, double-ply 
composite tensile strength was 32 MPa, and the triple-ply composite tensile strength was 60 MPa with better 
strain at break (about 2.2%). The resistance to impact also improved with the number of ply and the adhesion of 
fibers to the matrix was also confirmed by SEM with a small number of voids and EDX gave a fiber composition of 
56.49% carbon and 34.05% oxygen. The paper presents the new application of the Cynara scolymus fibers, which 
are an untested agricultural waste, in epoxy composites, and is the first use of Weibull statistical analysis to 
describe the consistency and reliability of these fibers as a sustainable reinforcement. The paper concludes that 
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Cynara scolymus fibers are an effective, renewable reinforcement, with a very good balance of low density, better 
specific strength, and acceptable moisture uptake, thus contributing to the valorization of agricultural residues to 
support the eco-friendly structural and semi-structural composites.

Nomenclatures

Symbol Definition

L Length of fiber (cm or m)
m Mass or weight of fiber (g)
w Weight of fiber (g)
w1 Initial fiber weight before drying (g)
w2 Fiber weight after drying (g)
MR% Moisture regain percentage (%)
MC% Moisture content percentage (%)
dex Linear density of fiber (tex)
g(t) Water sorption at time tt
w0 Initial moisture content in Peleg model
k1,k2 Constants in Peleg model
t Time (minutes)
UD Unidirectional
SEM Scanning Electron Microscopy
EDX Energy Dispersive X-ray Spectroscopy
ASTM American Society for Testing and Materials

1. Introduction

The creation of eco-friendly and sustainable composite materials has 
gained a rise in relevance in the contemporary materials engineering as 
a result of the increased environmental awareness and the need to 
promote decreased reliance on synthetic fibers. Natural fiber-reinforced 
polymer composites have been considered as promising substitutes of 
the traditional synthetic fiber composites with myriad benefits such as 
biodegradability, low costs, availability and environmental impact. The 
use of agricultural waste fibers in composite applications, among other 
natural fibers that are currently under research, offer rather promising 
prospects of value addition and reduction of waste. The agricultural 
residue of cynara scolymus, also referred to as artichoke, has the po
tential of being used as reinforcement material in polymer composites, 
both in waste management and the creation of sustainable materials [1].

There has been considerable interest in the natural fiber-reinforced 
composites because it can be used in many applications instead of 
glass and carbon fiber reinforced composite. Various factors affect the 
mechanical properties of these composites which include fiber-matrix 
interface, absorption of moisture, and the actual nature of the natural 
fibers. Absorption of water can be considered as one of the most difficult 
issues of natural fiber composites because it can have a significant in
fluence on the mechanical and dimensional stability of the material. 
Zamri et al. [2] examined the influence of water absorption on unsatu
rated polyester hybrid composites with pultruded jute/glass fiber illus
trating how water uptake may cause fiber swelling, plasticization of the 
matrix and degradation of fiber-matrix interface. They put emphasis on 
the need to learn about moisture behavior in natural fiber composites, 
especially in hybrid forms where natural fibers are used together with 
synthetic reinforcements to maximize their performance characteristics.

The hybrid composite formation that entails the use of natural fibers 
with synthetic reinforcements has posted encouraging outcomes in the 
realization of equal mechanical characteristics. Abd El-baky [3] also 
made an in-depth analysis of mechanical properties of the jute/
glass/carbon fiber reinforced hybrid composition and noted that the 
strategic hybridization can positively influence the overall performance 
of the composite because of the complementary characteristics of 
various types of fibers. This would tackle some of the intrinsic short
comings of the pure natural fiber composites whilst being sustainable. 
On this idea, Alshahrani et al. [4] studied the jute-basalt reinforced 
epoxy hybrid composite as a new kind of lightweight structural 

automotive, and it is possible to consider natural fiber hybrids in chal
lenging engineering processes when weight loss and mechanical per
formance are key factors.

The range of application and potential of natural fiber-reinforced 
polymer composites cuts across many applications across various in
dustries. Keya et al. [5] made an extensive discussion on natural fiber 
reinforced polymer composites, their historical background, their types, 
their benefits, and its broad range of application. Their review high
lighted that natural fibers have great advantages in that they are 
renewable, low density, good specific mechanical properties, and less 
health hazards in the processing as compared with synthetic fibers. Of 
the numerous natural fibers that have been examined, the agricultural 
waste fibers including bagasse have gained a lot of attention because of 
their abundance and the possibility of being used in value-added 
purposes.

An example of the potential of agricultural waste fibers in composites 
can be bagasse, or fibers that are left by the extraction of sugar in sug
arcane. Balaji et al. [6] conducted a review of bagasse fiber as a potential 
biocomposite material in the future with regard to its availability, low 
cost, and appropriate mechanical properties to be used as re
inforcements. The use of these agricultural residues does not only offer 
the economic remedy of dealing with waste, but also helps in coming up 
with sustainable materials. The idea of using agricultural waste can be 
applied to other vegetable produces wastes, such as artichoke process
ing, which have the same properties and can be used as composites 
reinforcers.

The performance of natural fiber composite is highly dependent on 
the type of matrix material used. Epoxy resins are also one of the most 
popular thermoset polymers to be used as a composite component 
because of the high mechanical, chemical, and adhesive characteristics. 
New polymer systems and associated thermosetting polymers have been 
developed as a result of recent breakthroughs in polymer chemistry 
involving epoxy-based systems. Xu et al. [7] prepared fluo
ropolymer/glycidyl azide polymer (GAP) block copolyurethane as new 
energetic binders which proved innovations in synthesis of polymers 
which improve their mechanical properties and thermal performance. 
These advances in the polymer science offer the information about the 
method of optimization of the matrices that might be applied to the 
natural fibre composite systems.

Natural fibers have been widely researched so as to learn more about 
their reinforcement properties and their compatibility with other matrix 
systems. Kenaf fiber has been one of the most promising natural rein
forcement and extensive researches have been conducted on knowing 
the nature and use of this reinforcement. Akil et al. [8] have conducted a 
comprehensive analysis of kenaf fiber reinforced composites and 
analyzed the properties of the fibers, processing mode, mechanical 
performance and their possible usage. Their research set up some 
background information regarding how natural fibers behave in poly
mer matrices and provided some of the important factors which influ
ence composite performance. However, more recently, Owen et al. [9] 
surveyed the recent developments in the enhancement of mechanical 
and thermal characteristics of kenaf fibers/engineering thermoplastic 
composites by recently developed coating methods, and in this regard, 
the authors pointed out the significance of fiber surface modification in 
the improvement of fiber-matrix bonding and composite characteristics.

Agricultural waste fiber composites have been shown to have me
chanical performance as evidenced by different research studies. Abd El- 
Baky et al. [10] measured mechanical characteristics of sugarcane 
bagasse-glass/polyester composites, which are beneficial to under
standing the load carrying capacity and mode of failure in agricultural 
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fiber-based products. Their results showed that fiber treatments and 
ideal fiber content are very important to attain good mechanical per
formance. This knowledge was developed by Gopalan et al. [11], who 
foretold the virtual fatigue parameters of fly ash, boron nitride, and 
sugarcane fiber-reinforced epoxy composite, indicating that it is an 
excellent characterization method to comprehend the long-term per
formance and durability of natural fiber composite when subjected to 
cyclic loading conditions.

Modern polymer chemistry studies have also been devoted to the 
creation of recyclable and re-processable thermoset systems which 
contain no end-of-life issues that are inherent to the conventional 
thermosets. This paper by Zhang et al. [12] presents innovations in the 
production of sustainable thermoset materials with enhanced process
ability and recyclability; the authors have created weldable, reprocess
able, and water resistant polybenzoxazine vitrimer crosslinked by 
dynamic imine bonds. On the same note, Zhang et al. [13] researched on 
disulfide-mediated reversible polymerization of intrinsically dynamic 
smart materials and presented a new prospect of designing responsive 
and recyclable polymer systems. Such developments in dynamic poly
mer chemistry have provided possible avenues of developing more 
sustainable epoxy-based composite systems.

Thermoset composites now appear to be evaluated on the basis of 
their recyclability and environmental sustainability. Liu et al. [14] 
explored selective cleavage of ester linkages of the epoxy cured with 
anhydride through benign way and recycling the decomposed polymer 
in further preparation of epoxy and proved that it is also viable to recycle 
epoxy. Li et al. [15] have designed low-viscosity degradable benzyl 
cyclic acetal epoxy monomers, investigated synthesis, 
structure-property relationship, and the use in sustainable thermoset 
materials, which is another step forward in the context of sustainable 
carbon fiber composite.

Outside of mechanical uses, natural fiber-based materials have been 
found promising in energy storage and environmental uses. Mohamed 
et al. [16] made ready microporous carbon and carbon/metal composite 
materials based on bio-benzoxazine-linked precursor to capture and 
store CO2 and other gases as a source of energy, and this indicates the 
versatility of bio-based materials. Duan et al. [17] examined the struc
ture regulation of hard carbon using enriched semi closed ultra
micropores to achieve improved rapid sodium storage whereas Liu et al. 
[18] examined the recycling of the waste glass fiber reinforced epoxy 
resin by using electroless plating of magnetic particles and carbonizing 
of them to produce a microwave absorber. Shi et al. [19] analyzed 
heteroatoms co-doped porous carbons of amino acid based poly
benzoxazine to achieve the best performances in electrochemical pro
cesses of CO2.

Most recent trends in bio-based materials have also investigated the 
flex-electronics and energy storage applications. The paper by Pan et al. 
[20] introduced and produced completely biobased high-strength and 
high-toughness double cross-linked cellulose hydrogel of flexible elec
trolytes, which has seen the broadening of the application of natural 
materials in structural composites.

Techawinyutham et al. [21] examined natural fibers composites to 
the role of a sustainable alternative, but in most cases, the mechanical 
performance of the natural fibers composite is inferior to the synthetic 
one. Pineapple and hemp mat fabrics were used in creating hybrid 
natural/synthetic fiber composite with intermediate glass fiber mats to 
improve the performance properties. The composites were produced 
through the vacuum infusion process with a different arrangement of 
hemp and pineapple fibers stacked on the top of one another and to 
enhance mechanical strength and durability, the composites were 
hybridised by incorporating glass fibre mats. The mechanical findings 
showed that the pure hemp composite with intermediate layers of glass 
had the highest tensile and flexural test, with tensile strength of 58.24 
Mpa and flexural strength of 98.35 Mpa. Viscoelastic test revealed that 
the pure pineapple fibre composite exhibited the highest storage 
modulus of 2875.51 Mpa which was in accordance with the trend in 

flexural modulus. Sharma et al. [22] used different machine learning 
(ML) models, which include Support Vector Regression (SVR), Decision 
Tree (DT), Random Forest (RF) and k-Nearest Neighbors (kNN) to pre
dict mechanical properties of polymer nanocomposites prepared 
through a microwave process. The tensile strength, fracture toughness, 
and the Young modulus of Polypropylene/Carbon Nanotubes (PPNT), 
the High density Polyethylene/Carbon Nanotubes (HPNT), and Low 
density Polyethylene/Carbon Nanotubes (LPNT) composites were 
measured using a universal testing machine. The findings show that SVR 
is the best and most reliable model in the estimation of mechanical 
properties of all composites. It has been able to reduce inaccuracies and 
generalize and this has made it perform well even when dealing with 
limited datasets. The production of hybrid composites made with 
Innegra and hemp fibers into a synthetic epoxy matrix and their mea
surement of mechanical, thermal and viscoelastic properties was carried 
out by Yorseng et al. [23] under varied arrangement of stacking of the 
composites both prior to weathering and after weathering. Pure Innegra 
composites had a tensile strength of 106 Mpa and this dropped to 97.87 
Mpa after weathering and hybrids comprising of hemp and Innegra with 
core layers showed tensile strength of 70.6 Mpa before weathering. 
Hybrids using Innegra as skin layers had the best flexural strength, but 
flexural characteristics were comparable. The mechanochemical study 
revealed that there were increased structural stability in hemp skin layer 
composites. A storage modulus (1131.34 Mpa) of the pure hemp com
posites declined extensively following weathering as indicated in dy
namic mechanical analysis.

Sharath et al. [24] examined the production and properties of the 
luffa fibre reinforced epoxy composites with various stacking order and 
fibre treatment. The lay-up mix of composites was based on the manual 
lay-up technique combined with compression moulding. Three lami
nates were used, namely L1, L2 and L3; untreated luffa fibres, 
HCl-treated fibres and NaOH-treated fibres. Mechanical testing - 
Chemical tests showed that tensile, flexural strength, interlaminar shear 
strength, and impact strength all enhanced significantly when chemical 
treatments were applied in comparison to the untreated L1 laminate. 
The tensile strength of L3 treated with NaOH was the highest at 16.47 
N/mm2, flexural strength at 11.205 N/mm2, interlaminar shear strength 
at 4.105 N/mm2 and better impact energy absorption. The alkali treat
ment was also superior to the acid treatment in the enhancement of 
fibre-matrix adhesion through the removal of hemicellulose and lignin. 
Arpitha et al. [25] utilized the corncob waste available in the nearby 
agricultural fields alongside boron nitride particles as the reinforcement 
agent to make epoxy based composite. Composite material that has been 
fabricated has been defined in terms of tensile strength, flexural 
strength, the water up-take test as well as the fire resistance test. The 
hand layup method of fabricating nine laminates with varying ratios of 
corncob and epoxy are accomplished. It has been found out that 3.5/3.5 
boron nitride and corncob ratio (wt./wt.) composition has the best 
flexural strength of approximately 36.7 N/mm2 and no further charac
terization has been done to this composition composite.

The proposed research is highly novel and motive because the 
application of Cynara scolymus (artichoke stem) fibers as an untested 
form of agricultural wastes as the reinforcement component in the 
epoxy-based biocomposites is innovative. The necessity to make a 
breakthrough and find eco-friendly alternatives to synthetic fibers drives 
the research, as it is necessary to solve the issue of environmental 
concern and waste valorization. It has been methodologically presented 
as a systematic study of unidirectional laminates on single, two, and 
triple-ply designs with a combination of advanced characterization 
methods (Peleg model of water absorption, Weibull distribution of fiber 
consistency, SEM/EDX, and ASTM-standard mechanical tests) to 
analyze in detail the effect of ply count on performance. The results 
indicate that tensile strength (up to 60 Mpa) and impact resistance in
creases with the addition of more fiber plies, without reducing the fiber- 
matrix adhesion and void content, which makes the artichoke fibers an 
effective, renewable reinforcement in structural and semi-structural 
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composite.

2. Experimental procedure and materials characterization

This section describes the different experimental steps implemented 
for the study of natural fiber-based biocomposite materials. It presents 
both the materials and equipment used, as well as the characterization 
techniques applied to evaluate the physical, mechanical, and morpho
logical properties of the prepared samples.

The objective is to provide an overview of the experimental methods 
used and the methodology adopted to link the internal structure of the 
material to its overall behavior. The tests were carried out in accordance 
with international standards (ASTM) to ensure the reliability, compa
rability, and reproducibility of the results. The analyses performed allow 
for the evaluation of the biocomposite's performance and the quality of 
the fiber/matrix interface, a key parameter in the mechanical behavior 
and durability of the material [26–28].

Fig. 1 shows how Cynara scolymus fibers in stems of artichoke are 
extracted and retted to get the final product. This is the first preparation 
process that is vital in the production of high quality natural 

reinforcements. This is probably achieved by isolating the fibers of the 
plant by means of the organic matrix i.e. water or dew retting where 
microbial activity is used to degrade pectins and lignin and the fibers are 
then extracted using a mechanical force to obtain individual fibers. This 
regulated treatment is designed to purify the fibers, to promote the 
surface properties of the fibers and to make them more compatible with 
the epoxy matrix and therefore, guarantee the enhancement in the 
interfacial bonding and performance in the resultant biocomposite.

2.1. Water absorption

The moisture regain and content percentage of fibers were assessed 
using the ASTM 2654 method. A 0.264 g sample was tested in a 
controlled at room temperature of 25 ◦C and 62% relative humidity, 
placed in a 100 ◦C air oven. Weights were measured at 25-min intervals 
until a 0.1% mass decrease occurred. Moisture absorbency, regain, and 
content of the fibers were calculated by comparing weights before and 
after drying [29,30]. 

MR%=
w1 − w2

w2
× 100 (1) 

Fig. 1. Extracting and retting process.
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MC%=
w1 − w2

w1
× 100 (2) 

The moisture regain percentage (MR%) refers to the moisture regain 
of fibers, while the moisture content percentage (MC%) indicates the 
moisture content.

Where: w 1 is the initial fiber weight before oven drying
w 2 is the weight after drying.
Table 1 display the measurement of 22 samples of fibers and 

measuring their length L (Cm) and weight m (g).
Using experimental results of gathered from examining the samples, 

the Peleg model was applied to predict the water sorption kinetics of 
Cynara Scolymus Fibers using the mathematical formula (Eq. (3)). 
where w0, k1, and k2 and t is the time in minutes [31]. 

g(t)=w0 +
t

k1 + k2t
(3) 

Using following the ASTM E1750-01 standard, the linear density 
(dex) of Cynara Scolymus Fibers was calculated from ten fiber samples by 
measuring their length (L) in meters and weight (w) in grams [31]. 

dex =
w
L
× 1000 (4) 

The mechanism of water absorption of the Cynara scolymus fibers is 
shown in Fig. 2 which represents the experimental apparatus in which 
the sample fibers are subjected to a controlled environment to test their 
hygroscopic property. It is done by putting already weighed fibers under 
a given temperature and humidity and monitoring their mass increase in 
a given time interval. The important parameters that can be calculated 
include moisture regain (Mᵣ%) and moisture content (Mc%) that are 
important in comprehending whether the fibers are hydrophilic or not 
and predicting their performance and stability in terms of dimensions 
when incorporated in an epoxy matrix to use as composite materials.

3. Biocomposite fabrication

In this study, the main objective is to develop and characterize epoxy 
matrix biocomposites reinforced with unidirectional natural fibers 
extracted from Cynara Scolymus. This work is part of the current effort 
to replace synthetic fibers with plant-based reinforcements, which are 
lighter, biodegradable, and have a low environmental impact [32–34].

The approach adopted involves experimentally designing several 
lamination configurations to evaluate the influence of the number of 
fiber layers on the mechanical and physical properties of the final ma
terial. Three types of specimens were thus fabricated (as presented in 
Fig. 3).

This gradual design allows for the analysis of the effect of progressive 
reinforcement on the internal structure of the composite, the interlam
inar cohesion, as well as on its overall behavior under tension, and 
moisture absorption. The entire manufacturing protocol (from the 
preparation of the matrix and fibers to the final shaping) was rigorously 

defined to ensure the reproducibility and quality of the resulting 
composites.

3.1. Preparation of the matrix

The matrix used for the development of the biocomposites is an 
epoxy resin combined with a peroxide-based hardener. This choice is 
justified by its good mechanical properties, its chemical compatibility 
with natural fibers, its moderate cost, and its wide commercial avail
ability. Epoxy is commonly used in the manufacture of natural fiber 
composites due to its low viscosity, which promotes good fiber 
impregnation and effective interfacial adhesion [27,35].

The polymer preparation involves mixing the epoxy resin with 0.5% 
(by mass) of hardener, followed by manual mixing for 5 min to ensure 
homogeneity. The mixture is then poured into a mold that has been 
previously cleaned and coated with a thin layer of release wax, and then 
left to cure at room temperature for 24 h before demolding (Fig. 4).

3.2. Reinforcement preparation

The natural fibers are obtained from Cynara Scolymus, carefully 
cleaned, dried, and cut to an average length of 25 mm. These fibers are 
then manually aligned to form unidirectional (UD) reinforcements.

To maintain their orientation, the fibers were fixed with adhesive 
tape onto a sheet of paper, and then mechanically stitched to obtain 
stable and homogeneous fiber plies, thus ensuring good inter-ply cohe
sion and a uniform distribution of stresses within the composite (Fig. 5).

3.3. Fabrication of composite specimens

Fig. 6 shows the chronological process involved in the production of 
unidirectional laminated composite specimens by the hand lay-up pro
cess. It is started by the preparation of the epoxy resin matrix and the 
aligned Cynara scolymus fiber plies and then the fibers are carefully laid 
in to a pre-treated mold. After this, the laminate is pressed and cured at 
ambient temperature by impregnation of the fibers with the epoxy resin 
followed by wetting and adhesion. This results in the demolding, trim
ming and testing of the cured composite to provide a controlled and 
reproducible flow of fabrication in determining effects of various counts 
of ply on the properties of the material.

Fig. 7 shows the three unique laminate structures that have been 
made in tensile testing: (a) Single Ply composite, which is made of one 
layer of fiber in the epoxy and then (b) the two-layered composite, two 
layers of fiber and (c) the three-layered composite, three layers of fiber. 
This gradual design was applied with the purpose to research the impact 
of reinforcement level or the number of layers (i.e. reinforcement ma
terial and laminate thickness) on the mechanical performance of the 
composite in a systematic manner so that the effects of increment in 
level of reinforcement on the material properties like tensile strength, 
stiffness and load distribution could be analyzed.

4. Mechanical characterization of biocomposites

4.1. Tensile testing

Tensile tests were performed using a Zwick/Roell Z050 electronic 
universal testing machine with a capacity of 50 kN (Fig. 8), in accor
dance with ASTM D3039/D3039 M, specifically adapted for the char
acterization of polymer matrix composite materials. The force sensor 
(dynamometer) is connected to a data acquisition system enabling the 
simultaneous recording of time, displacement, load, and strain. The data 
obtained are stored and processed by computer using TestXpert V9.01 
software [36].

This test aims to evaluate the mechanical behavior of natural fiber- 
epoxy composites subjected to tensile loading. The specimen is fixed 
between two clamps to ensure its stability before the application of an 

Table 1 
Fibers and measuring their length and weight.

Length 
(cm)

Weight 
(g)

Length 
(cm)

Weight 
(g)

Length 
(cm)

Weight 
(g)

7,5 0,0180 6,2 0,0114 7,6 0,0204
7,5 0,0083 7 0,0050 7,4 0,0102
7,5 0,0094 7,4 0,0091 7 0,0041
7,5 0,0110 7,5 0,0103 7,4 0,0088
9 0,0096 7 0,0058 5 0,0069
8 0,0091 4,5 0,0035 7,7 0,0060
11 0,0088 7,4 0,0092 7,7 0,0063
11 0,0169 7 0,0057 5,1 0,0054
7,3 0,0083 7,4 0,0081 3 0,0048
7,6 0,0030 7,4 0,0193 5,9 0,0068
5,9 0,0156 5,4 0,0080 ​ ​
5,9 0,0044 7,6 0,0063 ​ ​
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increasing load. The sample dimensions (cross-section and gauge length) 
are defined according to the standard. Force is applied gradually, while 
any change in length is recorded to determine the material's mechanical 

response, including its stiffness, maximum strength, and ductility [37].

4.2. Impact resistance tests (Charpy/Izod)

The impact tests were performed using a Zwick/Roell HIT pendulum 

Fig. 2. Water absorption process.

Fig. 3. Types of specimens.

Fig. 4. Epoxy resin and hardener used for the preparation of the matrix.

Fig. 5. Preparation and alignment of unidirectional fiber plies.

Fig. 6. Steps in the manufacturing of unidirectional laminated compos
ite specimens.
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impact tester (Fig. 9), in accordance with ASTM D 4814. The instru
mented pendulum applies a controlled-energy impact, and the absorbed 
energy is calculated from the difference between the initial energy and 
the residual energy after fracture.

The recorded parameters (absorbed energy, impact velocity, 
maximum force, fracture mode) allow for the evaluation of the impact 
resistance of natural fiber-epoxy biocomposites. This type of test is 
widely used to characterize the toughness and dynamic behavior of bio- 
based composites [38].

For each natural fiber-epoxy composite formulation, three specimens 
were tested. This approach ensures the reproducibility of the results and 
allows for averaging the measured values, which reduces the effects of 
random variations and provides more reliable data on the material's 
resilience. The impact test according to ASTM D 4814 characterizes the 
composite's ability to withstand impacts and absorb energy in the event 
of a violent impact. The results of these tests are important for evalu
ating the material's resistance under real-world conditions, particularly 
in applications where the material may be subjected to shocks or dy
namic loads [39,40].

5. Results and discussion

5.1. Water absorption results

Fig. 10 compares the experimental kinetic absorption of water using 
cynara scolymus fibers with the Peleg model prediction of water of three 
water types; drinking water, sea water and mineral water. The Peleg 
model which is expressed as in equation (3) is a close match with the 
experimental results showing its dependability in explaining the time- 
related absorption behaviour of moisture in these natural fibers. The 
findings show that there is a common trend in water uptake by water 
type, whereby there is an initial steep uptake phase, that is gradual to 
the approaching equilibrium phase which is typical of lignocellulosic 
fibers. This good consistency justifies the application of Peleg model in 
foretelling the hygroscopic behavior of the artichoke based fibers in 
diverse environmental factors which is significant in determining 
whether they can be used in composite applications where water resis
tance is an issue.

A graphical representation of the behavior of water absorption in 
Cynara scolymus fibers is given in Fig. 11, showing the way moisture 
uptake varies with time. A typical plot is that of an extremely fast ab
sorption phase, which is then slowly followed by a steady approach to 
saturation, which is attributed to the hydrophilic nature of lignocellu
losic fibers because of their composition of cellulose and hemicellulose. 
This graphical representation can determine the affinity of the fibers to 
the water substance which is a vital element when utilizing composite 
materials since moisture which is in excess amounts deteriorates the 
interface of the fibre-matrix, and compromises the mechanical charac
teristics. The data emphasize the need of fiber treatment or composite 
design to reduce the sensitivity to water in the structure use.

5.2. Weibull distribution

A graph that illustrates the Weibull distribution of the Cynara 

Fig. 7. Types of specimens for the tensile test. (a) Single Ply, (b) Double plies 
and (c) Triple plies.

Fig. 8. Zwick/Roell Z050 universal tensile testing machine.

Fig. 9. Mouton pendulum impact tester, Zwick/Roell model, used for the 
impact test.
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scolymus fibers length was done (Fig. 12) in which the lengths were 
analyzed to describe the variability and dependability of the lengths. 
The plot indicates that the length of fibers is distributed by Weibull 
distribution, where the shape parameter (β) is approximately equal to 
2.5, and the scale parameter (η) is approximately equal to 7.5 cm, 
showing the medium distribution and characteristic length of about the 
mean. The cumulative probability curve increases progressively mean
ing that a significant proportion of fibers are within the range of 5 cm to 
10 cm and the probability of short fibers (less than 3 cm) and long fibers 
(more than 12 cm) is low. The presence of this distribution validates the 
fact that the extracted fibers are relatively consistent in terms of length, 
which is critical in terms of uniform reinforcement of the composite 
materials.

The length of Cynara scolymus fibers was analyzed by the Weibull 
distribution as shown in Fig. 13 that displays the survival probability 
plots. The plot depicts the likelihood of each fiber to be longer than a 
certain length demonstrating an initial dramatic drop in the probability 
of survival to the shorter fibers and a more gradual fall to longer fibers. 
The curve shows that a very small percentage of the fibers (perhaps less 
than 20-30 percent) survive at the higher length values (e.g. greater than 
9-10 cm), which is due not only to the natural variability, but also to the 
fact that shorter lengths of fibers are more common in the batch. This 
statistical characterization is a positive indication that the fiber popu
lation is not homogeneous and shorter length predominates, which is 
also extremely important in terms of reinforcement efficiency and 
composite processing.

Fig. 14 shows Weibull distribution curves of the mass of Cynara 
scolymus fibers, which shows the statistical data dispersion of fiber mass. 
The plot reveals that the fiber weights are normally distributed by the 
Weibull distribution with most of the values falling below the lower 
range (around 0.004-0.020 g), as seen by the sharp inclination and later 
flattening off of the cumulative distribution function. The natural het
erogeneity of the fibers is proven by the shape parameter (β) and scale 
parameter (η) obtained on the basis of the curve, which are the measures 
of the dispersion and characteristic weight, respectively. This distribu
tion is critical in the determination of the uniformity of the reinforce
ment material and in estimating the effect it has in the composite 
properties.

Fig. 15 shows the survival plots of the weight distribution of the 
Cynara scolymus fibers as obtained by Weibull analysis. The plot is used 
to depict the likelihood of a fiber to be heavier than a certain value, 
essentially the percentage of the fibers that remained intact after a 
certain weight was reached. Based on the curve, it may be concluded 
that the most frequent fibers will be relatively light, and the probability 

Fig. 10. Comparison of experimental water absorption results and those ob
tained using the Peleg model.

Fig. 11. Graphical representation of water absorption by Cynara scoly
mus fibers.
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of survival will decrease widely with an increase in weight. An example 
would be that the plot with a very low weight (e.g. less than 0.005 g) 
would have a high probability of survival (near 100%), which would 
decrease dramatically as the weight goes closer to a value of 0.02 g, and 
only a minor fraction of the fibers would be heavier. This is a natural 
behavior of the extracted artichoke fibers as they are naturally variable 
and lightweight in nature which is similar to their application as low- 
density reinforcements in biocomposites.

Fig. 16 indicates the curves of Weibull distribution of the Cynara 
scolymus fiber weight, which reflects the statistical variability and reli
ability of the weight of the fibers. This is a characteristic curve whose 
scale parameter (which is probably the mean fiber weight) and the shape 

parameter expounding the variability of weights. As example, when the 
scale parameter is close to the mean weight (say, that is, 0.01 g), the 
distribution implies that the majority of fiber weights are centered about 
that value, and the shape parameter (assuming it is greater than 1) 
implies that the distribution is skewed towards heavier values, indi
cating natural variation of fiber morphology. This discussion validates 
the fact that the weight of the fibers are Weibull distributed which is 
applicable in the prediction of mechanical performance as well as con
sistency in fabricating composites.

The survival plots in Fig. 17 show the likelihood of a fiber of Cynara 
scolymus to have a weight greater than a specified value. The plot 
demonstrates that the probability to survive decreases gradually with 

Fig. 12. Weibull distribution curves of length for Cynara scolymus fibers.

Fig. 13. Survival plots of length for Cynara scolymus fibers.
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the increase in the fiber weight, which means that the number of lighter 
fibers in the sample is higher. As an example, at very low weights (e.g., 
below 0.005 g) the survival probability will be approximately 100 
percent, but then will drop rapidly, with only a finite percentage of the 
fibers surviving at weights around 0.015-0.020 g. This distribution is 
characteristic of the natural distribution of the mass of fibers, and a 
majority of them are relatively light (approximately 0.005-0.010 g) with 
occurrences of a few heavier fibers, which is also compatible with the 
heterogeneous distribution of natural fibers produced by agriculture.

5.3. Tensile testing

Fig. 18 depicts tensile stress-strain characteristics of unidirectional 
biocomposites with the reinforcement of Cynara scolymus fibers in sin
gle, double, and triple ply configurations. The curves show that the 
higher the number of fiber plies, the higher the mechanical performance 
of the composite: the single-ply composite has the lowest ultimate ten
sile strength (around 750 Mpa) and strain on break (around 2.2 %) and, 
respectively, the triple-ply composite is characterized by higher me
chanical performance (around 1600 Mpa and 3000 Mpa) and a slightly 

Fig. 14. Weibull distribution curves of Weight for Cynara scolymus fibers.

Fig. 15. Survival plots of weight for Cynara scolymus fibers.
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higher ductility (around 2 % and 2.2 %). This tendency proves the in
crease in the number of fiber layers can enhance both stiffness and load- 
carrying capacity probably because of the improvement in the stress 
distribution and the augmentation of the fiber-matrix interaction, 
although the triple-ply system also reflects a slight increase in brittle 
behavior as the curve slopes steeper to breaking point.

5.4. Impact resistance tests (Charpy/Izod)

Fig. 19 shows the stressstrain graphs of three samples of unidirec
tional (UD) biocomposites reinforced by Cynara scolymus fibers on the 
influence of ply number on the mechanical behavior. The tensile 
strength of the single-ply composite is the lowest (about 25-30 Mpa) and 
the failure strain is comparatively low (about 2%). The two-ply design 
has significant improvement where tensile strength increases to 
approximately 40 Mpa and strain to failure is approximately 3 percent 
suggesting increased load bearing performance and ductility. The triple- 
ply composite exhibits the highest strength (approximately 50 Mpa) and 
the highest strain at failure (approximately 4 %), which proves that the 
number of fiber plies is the most effective way to enhance the stiffness 

and toughness of the composite, probably because of the enhanced stress 
distribution and superior adhesion of the fibers to the matrix.

5.5. SEM analysis

In the single-ply biocomposite, the SEM images (Fig. 20) show the 
main micro-architecture characteristic of the quality of the fiber-matrix 
interface. They present adhesive behavior overall of the Cynara scolymus 
fibers and epoxy resin which is primarily good, having few visible voids 
or debonding, indicating effective impregnation. The fibers seem to be 
properly dispersed and embedded in the matrix, but some small trace 
fibers tend to pull-out or pull-out surfaces are likely to be observed, 
which is typical of natural fiber composites. The no-large-scale defects 
are helping the noted mechanical performance in which the single-ply 
composite showed better stiffness and strength in comparison to pure 
epoxy in terms of tensile and impact test results.

Fig. 16. Weibull distribution curves of Weight for Cynara scolymus fibers.

Fig. 17. Survival plots of Weight for Cynara scolymus fibers.

Fig. 18. Stress-strain curves obtained during tests performed on the three 
unidirectional (UD) biocomposite samples with Cynara Scolymus fibers.
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Fig. 21 displays SEM images of the double-ply biocomposite, where 
the fiber dispersion is not as irregular as in the single-ply one and 
interfacial adhesion is better than the single one. The pictures show 

reduced voids and improved bonding between the fibers and the matrix 
that probably led to the increased mechanical performance in the case of 
increased tensile strength and impact resistance as witnessed in the 

Fig. 19. Stress-strain curves obtained during tests performed on the three unidirectional (UD) biocomposite samples with Cynara Scolymus fibers.

Fig. 20. Images obtained by scanning electron microscopy (SEM) of the single-ply biocomposite.

Fig. 21. Images obtained by scanning electron microscopy (SEM) of the double plies biocomposte
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experimental data. The fibers can be seen to be well distributed in the 
epoxy matrix, which implies that the reinforcement and the epoxy 
transfer stress efficiently, which is a major consideration in the 
enhanced load carrying capacity and structural stability of the 
composite.

In the case of triple-ply biocomposite (Fig. 22), the SEM images 
indicate that the structure is densely packed and well impregnated with 
enhanced fiber-matrix adhesion than the lesser plies. The micrographs 
reveal a reduced number of visible gaps or holes at the intersection, 
meaning that the extra layer of Cynara scolymus fibers is wetted and 
placed into the epoxy matrix successfully. This increased integration is 
probably a part of the mechanical improvements, including increased 
stiffness and strength, through improved transfer of stress between the 
matrix and the reinforcing fibers and minimized the occurrence of defect 
sites, which might form the basis of failure.

5.6. EDX analysis

EMEB-EDX analysis of the outer surface of the fibers shows a pre
dominance of carbon (56.49% by mass) and oxygen (34.05%), as well as 
other elements in small quantities, such as sodium (1.10%), aluminum 
(1.96), chlorine (0.34), potassium (0.26), and others.

This composition is typical of lignocellulosic plant fibers, mainly 
composed of cellulose, hemicellulose, and lignin, rich in hydroxyl 
groups (–OH) responsible for their hydrophilic character [41,42].

The high oxygen content reflects the presence of polar groups that 
promote hydrogen bonding with the epoxy matrix, but can also increase 
sensitivity to moisture.

In general, the surfaces of different lignocellulosic fibers are 
compared by their theoretical atomic ratio between oxygen and carbon 
(O/C ratio), which is 0.83 for pure cellulose, 0.33 for lignin, and the 
lowest ratio is 0.1 for extracts [43].

The EDX analysis of the Cynara scolymus fiber surface (Fig. 23) shows 
that it has a composition typical of lignocellulosic fibers in which carbon 
(56.49% by mass) and oxygen (34.05%), are predominant. The cellu
lose, hemicellulose and lignin content is consistent with the presence of 
these elements and the high proportion of oxygen groups are evidence of 
the numerous amounts of hydroxyl (–OH) groups that are present, which 
makes the fiber hydrophilic in nature. Minor elements observed are 
sodium (1.10%), aluminum (1.96%), chlorine (0.34) and potassium 
(0.26) elements. Although the oxygen-to-carbon (O/C), atomic ratio is 
not specifically determined in this case, based on these values one can 
infer oxygen-carbon ratios as well and compare them to the reference 
materials (e.g., 0.83 in the case of pure cellulose), which can help to 

understand the potential of interfacial bonding of the fiber with the 
epoxy matrix and its sensitivity to moisture.

For the epoxy resin alone, the elemental composition is dominated 
by carbon (82.51%) and oxygen (17.25%), consistent with the chemical 
structure of bisphenol A diglycidyl ether (DGEBA) and the curing agent. 
The low proportion of oxygen indicates a dense cross-linked structure 
after polymerization, giving the matrix good cohesion and low water 
permeability [44,45].

When the EDX analysis of the neat epoxy matrix (Fig. 24) is taken, it 
shows that the composition is largely carbon-oxygen, with carbon and 
oxygen occupying 82.51 and 17.25 % of the mass, respectively. Such 
elemental profile remains in line with the cured framework of a 
bisphenol A diglycidyl ether (DGEBA)-type epoxy resin, a very cross- 
linked polymer structure having minimal oxygen content compared to 
carbon. The resultant heavy, water-free system enhances the good 
cohesion as well as low permeability of the moisture to the matrix, 
which facilitates its function as a stable and protective phase in the 
composite system.

6. Conclusions

This work was also intended to design and define sustainable epoxy 
composite reinforcers using Cynara scolymus fibers, where Weibull sta
tistical analysis was used to determine fiber consistency and systematic 
mechanical testing was used to determine the influence of fiber ply 
count. In direct correlation to this objective, the following are the con
clusions made. 

1 The retting and controlled extraction process were effective to 
produce Cynara scolymus fibers with the right surface features to 
be reinforced in the composite. It was shown that the fibers had a 
medium and fairly homogeneous length distribution with a 
Weibull scale of length being about 7.5 cm and characteristic 
weight of about 0.01 g, which is consistent over the whole rein
forcement potential.

2 Peleg equation was successfully used to model the kinetics of 
water absorption of the fibers, which showed that the fibers are 
hydrophilic, as it is characteristic of lignocellulosic materials. The 
values were measured as moisture regain (Mᵣ%) and moisture 
content ((Mc%) and the absorption tendencies were analyzed as 
stability at high initial rates and then equilibrium - that is of 
critical importance in estimating environmental durability in 
composite applications.

Fig. 22. Images obtained by scanning electron microscopy (SEM) of the triple plies biocomposite.
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3 Tensile: There was an apparent positive relationship between 
mechanical performance and the number of fiber plies: 
- Single-ply composites were able to reach a final tensile strength 

of about 15 MPa and strain at break of about 1.5%.
- The increase in the strength (~32 Mpa) and strain (~2 %) was 

found in the case of double-ply composites.
- Triple-ply composites had the best strength (approximately 60 

Mpa) and ductility (approximately 2.2%), which showed good 
load transfer and interfaces.

4 Impact tests (Charpy/Izod) showed that there was an increase in 
energy absorption and toughness with an increase in fiber con
tent. The triple-ply design showed the highest impact resistance 
which could be explained by the more significant bonding of the 
fibers with the matrix and the distribution of stress in favor of the 
composite which could be applied in the case of dynamic or semi- 
structural.

5 SEM analysis found that there was good interfacial adhesion be
tween the Cynara scolymus fibers and the epoxy matrix with little 

voids or debonding. The composite with triple-ply exhibited the 
least variation in the dispersion of the fibers and impregnation, 
which is associated with better mechanical features.

6 The analysis of EDX has shown that the fibers were primarily 
composed of carbon (56.49%) and oxygen (34.05%), which is 
typical of natural fibers rich in cellulose. The epoxy was a carbon 
and oxygen (82.51% and 17.25%, respectively) cross-linked, 
hydrophobic structure. The miscellaneous profiles above 
endorse the mechanical compatibility and water sensitivity that is 
observed.

7 Weibull distribution analysis confirmed that the length of fibers 
and weight had predictable statistical patterns, the shape pa
rameters showed a moderate variation. Such reliability is justi
fication of reproducibility of composite fabrication and 
performance prediction.

8 The composites developed had a good balance of low density, 
enhanced specific strength and reasonable moisture uptake. The 
application of artichoke stem fibers, which is a waste product of 

Fig. 23. EDX analysis for the fiber.

Fig. 24. EDX analysis for the matrix.
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agriculture, contributes positively to the ecological conditions 
and enhances the creation of renewable, lightweight, and envi
ronmentally friendly composite substances to be used in struc
tures and semi-structural purposes.

9. The main issues were controlling the natural variability of the 
properties of natural fibers, ensuring uniform adhesion of the fi
bers to the matrix and controlling moisture absorption to retain 
dimensional and mechanical stability. The management of the 
void formations during hand lay-up and the dispersion of the fi
bers in several plies was also very challenging.

10. Later applications will involve chemical modification of fibers to 
give them greater hydrophobicity and interfacial adhesion. They 
will be long-term aging of the environment and the fatigue 
behavior as well as hybrid composites that combine synthetic/ 
natural fibers. The processes of manufacturing processes and life- 
cycle assessments also demand scaling up and require commer
cial application and sustainability validation.

This research does not only show that the concept of Cynara scolymus 
fibers as a sustainable reinforcement is viable, but it also forms a 
research baseline on how to continue investigations into hybrid bio- 
composites, scalable production methods, and lifecycle analysis, which 
will further encourage the development of environmentally friendly 
structural materials.

Funding

This research work was funded by Umm Al-Qura University, Saudi 
Arabia, under grant number: 26UQU4340225GSSR02.

Declaration of competing interest

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

Acknowledgments

The authors extend th eir appreciation to Umm Al-Qura University, 
Saudi Arabia for funding this research work through grant 
number:26UQU4340225GSSR02.

References

[1] Talbi Nabil, Saadeh Rania, Nasr Samia, Ahmad Qazza, Abd El-baky Marwa A, 
Mohamed Kezzar, Mohamed Rafik Sari, Ibrahim Mahariq. A promising cellulosic 
natural fiber as prospective reinforcement in polymer composites materials. Mater 
Chem Phys 2025:131884. https://doi.org/10.1016/j.matchemphys.2025.131884.

[2] Zamri MH, Akil HM, Bakar AA, Ishak ZAM, Cheng LW. Effect of water absorption 
on pultruded jute/glass fiber-reinforced unsaturated polyester hybrid composites. 
J Compos Mater 2012;46:51–61. https://doi.org/10.1177/0021998311410488.

[3] Abd El-baky MA. Evaluation of mechanical properties of jute/glass/carbon fibers 
reinforced hybrid composites. Fibers Polym 2017;18:2417–32. https://doi.org/ 
10.1007/s12221017-7682-x.

[4] Alshahrani H, Sebaey TA, AwdAllah MM, Abd El-baky MA. Jute-basalt reinforced 
epoxy hybrid composites for lightweight structural automotive applications. 
J Compos Mater 2023;57:1315–30. https://doi.org/10.1177/ 
00219983231155013.

[5] Keya KN, Kona NA, Koly FA, Maraz KM, Islam MN, Khan RA. Natural fiber 
reinforced polymer composites: history, types, advantages and applications. Mater 
Eng Res 2019;1:69–85. https://doi.org/10.25082/MER.2019.02.006.

[6] Balaji A, Karthikeyan B, Raj CS. Bagasse fiber–the future biocomposite material: a 
review. Int J Cemtech Res 2014;7:223–33.

[7] Xu M, Lu X, Liu N, Zhang Q, Mo H, Ge Z. Fluoropolymer/glycidyl azide polymer 
(GAP) block copolyurethane as new energetic binders: synthesis, mechanical 
properties, and thermal performance. Polymers 2021;13:2706. https://doi.org/ 
10.3390/polym13162706.

[8] Akil HM, Omar MF, Mazuki AAM, Safiee S, Ishak ZAM, Abu Bakar A. Kenaf fiber 
reinforced composites: a review. Mater Des 2011;32:4107–21. https://doi.org/ 
10.1016/j.matdes.2011.04.008.

[9] Owen MM, Achukwu EO, Romli AZ, Md Akil H. Recent advances on improving the 
mechanical and thermal properties of kenaf fibers/engineering thermoplastic 

composites using novel coating techniques: a review. Compos Interfaces 2023;30: 
849–75. https://doi.org/10.1080/09276440.2023.2179238.

[10] Abd El-Baky MA, Megahed M, El-Saqqa HH, Alshorbagy AE. Mechanical properties 
evaluation of sugarcane Bagasse-Glass/polyester composites. J Nat Fibers 2021;18: 
1163–80. https://doi.org/10.1080/15440478.2019.1687069.

[11] Gopalan V, Suthenthiraveerappa V, Govindaraman L, Senthilvelan S, Ramu CV. 
Prediction of virtual fatigue parameters of fly ash, boron nitride, and sugarcane 
fiber-reinforced epoxy composite. Compos Mech Comput Appl An Int J 2023;14. 
https://doi.org/10.1615/CompMechComputApplIntJ.2023044538.

[12] Zhang S, Yi J, Chen J, Li Y, Liu B, Lu Z. Weldable, reprocessable, and water- 
resistant polybenzoxazine Vitrimer crosslinked by dynamic imine bonds. 
ChemSusChem 2024;17(14):e202301708. https://doi.org/10.1002/ 
cssc.202301708.

[13] Zhang Q, Qu DH, Feringa BL, Tian H. Disulfide-mediated reversible polymerization 
toward intrinsically dynamic smart materials. J Am Chem Soc 2022;144(5): 
2022–33. https://doi.org/10.1021/jacs.1c10359.

[14] Liu T, Guo X, Liu W, Hao C, Wang L, Hiscox WC, Liu C, Jin C, Xin J, Zhang J. 
Selective cleavage of ester linkages of anhydride-cured epoxy using a benign 
method and reuse of the decomposed polymer in new epoxy preparation. Green 
Chem 2017;19(18):4364–72. https://doi.org/10.1039/C7GC01737E.

[15] Li P, Ma S, Wang B, Xu X, Feng H, Yu Z, Yu T, Liu Y, Zhu J. Degradable benzyl 
cyclic acetal epoxy monomers with low viscosity: synthesis, structure-property 
relationships, application in recyclable carbon fiber composite. Compos Sci 
Technol 2022;219(I):109243. https://doi.org/10.1016/j. 
compscitech.2021.109243.

[16] Mohamed MG, Samy MM, Mansoure TH, Li CJ, Li WC, Chen JH, Zhang K, Kuo SW. 
Microporous carbon and carbon/metal composite materials derived from bio- 
benzoxazine-linked precursor for CO2. Int J Mol Sci 2021;23(1):347. https://doi. 
org/10.3390/ijms23010347. capture and energy storage applications.

[17] Duan J, Xu Z, Li M, Yang P, Hu H, Zhang Z, Chen Z, Jiang Y, Zhang J. Structure 
regulation of hard carbon with enriched semi-closed ultramicropores for enhanced 
rapid sodium storage. Adv Funct Mater 2025:2508822. https://doi.org/10.1149/ 
MA2025-025800mtgabs.

[18] Liu J-T, Zheng Y-C, Hou X, Feng X-R, Jiang K, Huang S, Wang M. Recycling glass 
fiber-reinforced epoxy resin waste via electroless plating magnetic particles and 
carbonizing for microwave absorption. J Mater Sci Technol 2025;224:328–37. 
https://doi.org/10.1016/j.jmst.2024.11.009.

[19] Shi W, Zhao X, Ren S, Li W, Zhang Q, Jia X. Heteroatoms co-doped porous carbons 
from amino acid based polybenzoxazine for superior CO2 electrochemical 
performances. Eur Polym J 2022;165:110988. https://doi.org/10.1016/j. 
eurpolymj.2021.110988.

[20] Pan H, Tong M, Wang X, Huang B, Yu X, Zhang C, Wang Y. Fully biobased high- 
strength and high-toughness double cross-linked cellulose hydrogel for f lexible 
electrolytes. ACS Sustainable Chem Eng 2024;12(50):18231–44. https://pubs.acs. 
org/doi/10.1021/acssuschemeng.4c07758.

[21] Techawinyutham Laongdaw, Ayyappan Vinod, Kumar Mohit, Raghunathan Vijay, 
Mavinkere Rangappa Sanjay, Siengchin Suchart. Sustainable epoxy composites 
from hemp/pineapple/glass fibers for lightweight automobile panels. Int J Biol 
Macromol 2026;337(Part 1):149392. https://doi.org/10.1016/j. 
ijbiomac.2025.149392.

[22] Sharma Harshit, Arora Gaurav, Bhowmik Papiya, Singh Manoj Kumar, 
Ayyappan Vinod, Kumar Sehgal Anuj, Rangappa Sanjay Mavinkere, 
Siengchin Suchart. Predictive modeling of thermoplastic nanocomposites using 
machine learning algorithms. Discover Mechanical Engineering 2025;4(66). 
https://doi.org/10.1007/s44245-025-00134-2.

[23] Yorseng Krittirash, Srisuk Rapeeporn, Ayyappan Vinod, 
Thirugnanasamabandam Arunkumar, Mavinkere Rangappa Sanjay, 
Siengchin Suchart. Lightweight innegra–hemp/epoxy hybrid composites: effects of 
weathering on mechanical, thermal, and viscoelastic properties, thermal, and 
viscoelastic properties. Int J Precis Eng Manuf 2025. https://doi.org/10.1007/ 
s12541-025-01377-5.

[24] Sharath BN, Yashas Gowda TG, Madhu P, Pradeep Kumar CB, Jain Naman, 
Verma Akarsh, Sanjay MR, Siengchin Suchart. Fabrication of raw and chemically 
treated biodegradable Luffa aegyptica fruit fibre-based hybrid epoxy composite: a 
mechanical and morphological investigation. Biomass Convers Biorefinery 2025; 
15:8473–86. https://doi.org/10.1007/s13399-024-05570-w.

[25] Arpitha GR, Jain Naman, Verma Akarsh, Madhusudhan M. Corncob bio-waste and 
boron nitride particles reinforced epoxy-based composites for lightweight 
applications: fabrication and characterization. Biomass Convers Biorefinery 2024; 
14:12531–8. https://doi.org/10.1007/s13399-022-03717-1.

[26] Faruk O, Bledzki AK, Fink HP, Sain M. Progress report on natural fiber reinforced 
composites. Macromol Mater Eng 2014;299(1):9–26. https://doi.org/10.1002/ 
mame.201300008.

[27] Ramesh M, Palanikumar K, Reddy KH. Plant fibre based bio-composites: 
sustainable and renewable green materials. Renew Sustain Energy Rev 2017;79: 
558–84. https://doi.org/10.1016/j.rser.2017.05.094.

[28] Saba N, Jawaid M, Paridah MT. Mechanical properties of kenaf fiber reinforced 
polymer composites: a review. Cellulose 2015;22:1459–80. https://doi.org/ 
10.1002/pc.28785.

[29] Sekar Sanjivi, Suresh Kumar S, Vigneshwaran Shanmugam, et al. Evaluation of 
mechanical and water absorption behavior of natural fiber-reinforced hybrid 
biocomposites. J Nat Fibers 2022;19(5):1772–82. https://doi.org/10.1080/ 
15440478.2020.1788487.

[30] Mbou E Tiaya, Njeugna E, Kemajou A, et al. Modelling of the water absorption 
kinetics and determination of the water diffusion coefficient in the pith of raffia 

H.F. Alqurashi et al.                                                                                                                                                                                                                            Journal of Materials Research and Technology 41 (2026) 6512–6527 

6526 

https://doi.org/10.1016/j.matchemphys.2025.131884
https://doi.org/10.1177/0021998311410488
https://doi.org/10.1007/s12221017-7682-x
https://doi.org/10.1007/s12221017-7682-x
https://doi.org/10.1177/00219983231155013
https://doi.org/10.1177/00219983231155013
https://doi.org/10.25082/MER.2019.02.006
http://refhub.elsevier.com/S2238-7854(26)00392-3/sref6
http://refhub.elsevier.com/S2238-7854(26)00392-3/sref6
https://doi.org/10.3390/polym13162706
https://doi.org/10.3390/polym13162706
https://doi.org/10.1016/j.matdes.2011.04.008
https://doi.org/10.1016/j.matdes.2011.04.008
https://doi.org/10.1080/09276440.2023.2179238
https://doi.org/10.1080/15440478.2019.1687069
https://doi.org/10.1615/CompMechComputApplIntJ.2023044538
https://doi.org/10.1002/cssc.202301708
https://doi.org/10.1002/cssc.202301708
https://doi.org/10.1021/jacs.1c10359
https://doi.org/10.1039/C7GC01737E
https://doi.org/10.1016/j.compscitech.2021.109243
https://doi.org/10.1016/j.compscitech.2021.109243
https://doi.org/10.3390/ijms23010347
https://doi.org/10.3390/ijms23010347
https://doi.org/10.1149/MA2025-025800mtgabs
https://doi.org/10.1149/MA2025-025800mtgabs
https://doi.org/10.1016/j.jmst.2024.11.009
https://doi.org/10.1016/j.eurpolymj.2021.110988
https://doi.org/10.1016/j.eurpolymj.2021.110988
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c07758
https://doi.org/10.1016/j.ijbiomac.2025.149392
https://doi.org/10.1016/j.ijbiomac.2025.149392
https://doi.org/10.1007/s44245-025-00134-2
https://doi.org/10.1007/s12541-025-01377-5
https://doi.org/10.1007/s12541-025-01377-5
https://doi.org/10.1007/s13399-024-05570-w
https://doi.org/10.1007/s13399-022-03717-1
https://doi.org/10.1002/mame.201300008
https://doi.org/10.1002/mame.201300008
https://doi.org/10.1016/j.rser.2017.05.094
https://doi.org/10.1002/pc.28785
https://doi.org/10.1002/pc.28785
https://doi.org/10.1080/15440478.2020.1788487
https://doi.org/10.1080/15440478.2020.1788487


vinifera of bandjoun, Cameroon. Adv Mater Sci Eng 2017;2017(1):1953087. 
https://doi.org/10.1155/2017/1953087.

[31] Romero Millán LM, Sierra Vargas FE, Nzihou A. Extraction and characterization of 
novel cellulose fibers from Dracaena draco plant. Bioenergy Res 2017;10:832–45. 
https://doi.org/10.1007/s12155-017-9844-5.

[32] Mishra S, et al. Epoxy-based natural fiber composites: recent advances in 
processing and performance. Polymers 2023;15(2). https://doi.org/10.3390/ 
polym15010145.

[33] Pickering K, et al. A review of recent developments in natural fibre composites and 
their mechanical performance. Compos Appl Sci Manuf 2020;83:98–112. https:// 
doi.org/10.18745/th.24152.

[34] Saba M, et al. Effect of fiber treatment and matrix type on the performance of 
natural fiber reinforced composites. J Mater Res Technol 2024;22:3608–21. 
https://doi.org/10.1590/1980-5373-mr-2023-0108.

[35] Saba N, Jawaid M, Alothman OY. A review on dynamic mechanical properties of 
natural fibre reinforced polymer composites. Constr Build Mater 2016;106:149–59. 
https://doi.org/10.1088/2631-6331/ac5b1a.

[36] Ramful Raviduth. Mechanical performance and durability attributes of 
biodegradable natural fibre-reinforced composites—a review. J Mater Sci Mater 
Electron 2024;19(1):50. https://doi.org/10.1186/s40712-024-00198-0.

[37] Cruz Gonzalez CE, Torres Arellano M, Ledesma Ledesma S, Alcántara Llanas PI. 
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