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Abstract: Natural fiber reinforced composites (NFRCs) provide a sustainable substitute for
synthetic materials; however, enhancing their mechanical performance is difficult. This study
examines the impact of fiber orientation and laminate configuration on the tensile and flexural
characteristics of sisal and kenaf fiber-reinforced composites. The results indicate that the yield
strength of these composites is substantially influenced by the number of 0° laminates. Reducing
their quantity leads to a significant loss in yield strength, regardless of whether they are placed
in the outer or inner layers. Conversely, the 45° laminates exhibited no impact, whereas the
90° laminates significantly diminished the yield strength. Kenaf fiber-reinforced composites
exhibited enhanced stiffness, augmenting the rigidity of the composite by 120% compared with
that of sisal fiber-reinforced composites. The flexural modulus was dependent on the laminate
orientation and location, with the lack of 0° laminates on the outer layer resulting in a 10%
decrease. The flexural modulus determined in the four-point bending test was uniformly 117%
of that measured in the three-point bending test, irrespective of the fiber type. The investigation
of flexural strength revealed that sisal composites had superior flexural strength compared with
kenaf composites. Configurations such as [(0◦)10] and [(0◦)2/(45◦)2/(90◦)2/(−45◦)2/(0◦)2] in
sisal fibers demonstrate enhanced flexural strength. The kenaf composite with the [(0◦)10]
structure attained the highest flexural modulus. The findings highlight the influence of laminate
orientation on the mechanical performance of NFRCs. Although synthetic fibers still outperform
natural fibers in terms of tensile strength, this study emphasizes the potential of kenaf and sisal
fibers for applications requiring customized stiffness and strength. These discoveries enhance
the advancement of optimized composite designs for renewable energy systems and lightweight
structural applications.
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1. Introduction

The global search for synthetic material alternatives has intensified in response to their
growing environmental impacts. Synthetic (primarily petrochemical-based) fibers have been
widely adopted for their superior mechanical performance, durability, and cost-effectiveness;
however, their ecological footprint is concerning. These materials significantly contribute to cli-
mate change through greenhouse gas emissions, persist as non-biodegradable waste, and release
microplastics into ecosystems. As major consumers of synthetic fibers, the textile and composite
industry accounts for 5%–10% of global greenhouse gas emissions and 20% of water pollution
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(Choudhury, 2014). These challenges underscore the urgency of developing materials aligned
with the principles of ecological sustainability and circular economy.

In this context, NFRCs have emerged as viable replacements for synthetic composites.
These natural composites contain natural fibers embedded in a polymer matrix and offer advan-
tages such as renewability, biodegradability, low density, and adequate mechanical properties
(Jawaid and Khalil, 2011). Natural fibers derived from plants, animals, or minerals (Chan-
dramohan and Marimuthu, 2011) include plant-based varieties such as sisal, kenaf, flax, and
jute, which are widely studied for their abundance and affordability. In addition to environ-
mental benefits, natural fibers provide several engineering-relevant advantages, including lower
embodied energy during production, competitive stiffness-to-weight and strength-to-weight ra-
tios (Shieddieque et al., 2021; Wambua et al., 2003), enhanced vibration damping capability
(Alajmi et al., 2022), inherent corrosion resistance, and improved end-of-life disposal options
compared to synthetic fibers (Raj et al., 2023). These characteristics make NFRCs particularly
attractive for applications where lightweight design, functional performance, and sustainability
must be simultaneously addressed (Supian et al., 2024; Supian et al., 2024).

The sisal and kenaf fibers exemplify the potential of NFRCs. Sisal, sourced from the Agave
sisalana plant (Joseph et al., 1999), and kenaf, obtained from Hibiscus cannabinus (Wambua
et al., 2003), are notable for their mechanical performance and adaptability. Beyond traditional
automotive and construction applications, natural fiber composites are increasingly being ex-
plored for lightweight components in renewable energy and rotating machinery applications. In
automotive engineering, NFRCs are used for dashboards, door trims, seatbacks, interior panels,
and non-load-critical structural elements, where weight reduction and vibration damping are
critical (Sreenivas et al., 2020; Cheung et al., 2009). Similarly, fan and blade structures, in-
cluding auxiliary blades and secondary components, benefit from the high specific stiffness and
damping characteristics of natural fiber composites (Venkatesan and Bhaskar, 2020).

The role of composite materials in renewable energy systems, such as wind energy conver-
sion, extends beyond strength alone. To ensure aerodynamic efficiency, structural integrity, and
long service life, wind turbine blades and fan blades require a careful balance between stiffness
tailoring, fatigue resistance, and weight reduction. Optimization of the laminate design for wind
turbine structural elements underscores the need for orientation and stacking sequence control
for stiffness and weight efficiency (Polit et al., 2021). For instance, flax fiber-reinforced compos-
ites can reduce the weight of wind turbine blades, thereby improving energy efficiency (Chinta,
Ravinder Reddy, and Prasad, 2022; Chinta, Ravinder Reddy, and Eshwar Prasad, 2022; Miliket
et al., 2022; Kalagi et al., 2018; Sundar et al., 2017).

Despite these advantages, NFRC adoption faces challenges. The hydrophilic nature of nat-
ural fibers leads to moisture absorption, causing swelling and mechanical degradation over time.
Enhancing fiber-matrix bonding, minimizing water uptake, and improving long-term durability
require chemical treatments such as alkali (NaOH) or silane coupling agents (Jaiswal et al.,
2022; Islam et al., 2022; P. V. Reddy et al., 2021; B. M. Reddy et al., 2020; Giannitra et al.,
2019; Pickering et al., 2016; Santhanam and Chandrasekaran, 2014; Malkapuram et al., 2009).
Variability in fiber properties due to plant species, growth conditions, and processing meth-
ods complicate consistency. Critical parameters, such as fiber volume fraction, orientation, and
stacking sequence, directly influence macro-mechanical performance, underscoring the impor-
tance of laminate design in achieving performance targets (Moraras et al., 2023; Aravinth et al.,
2023; Kennedy and Inigo Raja M, 2022; Chinta, Ravinder Reddy, and Prasad, 2022; Bharath
et al., 2022; Gupta et al., 2021; Wang et al., 2019; Al-Ansari, 2014).

Recent research has focused on optimizing these parameters to enhance the properties of
NFRC. Studies have demonstrated that tensile and flexural strengths correlate strongly with
fiber volume fraction, with higher fractions yielding improved performance (Aravinth et al.,
2023; Al-Ansari, 2014; Rao et al., 2010). Fiber orientation is equally critical; for example,
0°/90° orientations in kenaf composites enhance tensile strength compared to ±45° angles due
to efficient stress transfer (Sivakumar et al., 2018). Hybridization—combining natural fibers
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with synthetic or other natural fibers—has also been proven effective. For instance, glass/kenaf
hybrids exhibit up to 35% higher flexural strength than pure kenaf composites (Zakaria et al.,
2023; Yusuff et al., 2021; Selvan et al., 2020; Sharba et al., 2016).

However, clear research gaps remain in the current literature. Most existing studies focus on
a single natural fiber type or a limited number of laminate configurations, making generalizing
design insights difficult. Direct comparative investigations between different natural fibers—such
as sisal and kenaf—conducted under identical modeling and testing frameworks are still scarce.

Furthermore, although computational methods, such as the finite element method (FEM),
have modeled composite behavior (Chinta, Ravinder Reddy, and Prasad, 2022; Gupta et al.,
2021; Buragohain, 2017), systematic isolation of the individual roles of 0°, ś45°, and 90° plies
within multilayer laminates remains limited. Numerical analyses of fiber-reinforced honeycomb
composites demonstrate that unidirectional fiber orientation significantly enhances stiffness and
load absorption, reinforcing the importance of orientation-based performance tuning (Ariyanti et
al., 2022). Comparative evaluations of three- and four-point bending responses in natural fiber-
reinforced composites, particularly in the context of lightweight energy-supporting structures,
are rarely addressed. This hinders the development of data-driven industrial implementation
design frameworks.

1.1 Research Gap and Novelty

To address these gaps, this study provides a systematic finite element-based investiga-
tion of sisal and kenaf fiber-reinforced epoxy composites under identical modeling conditions.
Leveraging advanced FEM simulations (Moraras et al., 2023; Aravinth et al., 2023), this study
aims to optimize design parameters for performance-driven applications, enabling a compara-
tive assessment of both fibers. Unlike most prior studies that examined a single fiber system or
a specific layup, this study offers a direct comparison between sisal and kenaf fibers using the
same material framework, fiber volume fraction, and laminate thickness. Furthermore, the study
explicitly isolates the mechanical contributions of 0°, ±45°, and 90° plies are explicitly isolated
by analyzing multiple stacking sequences with controlled orientation variations. In addition,
the three- and four-point bending responses were evaluated to elucidate the differences in the
stiffness-dominated flexural behavior relevant to lightweight energy-supporting structures. This
study advances the understanding of orientation-driven mechanical tailoring in natural fiber
composites and provides practical insights for their application in lightweight and renewable
energy-related structural components.

1.2 Materials

This study employs natural fibers—sisal and kenaf—as reinforcement materials, combined
with an epoxy resin matrix, to fabricate sisal/epoxy and kenaf/epoxy composite laminates with a
fiber volume fraction of 40%. The selection of this fiber fraction is informed by previous studies
and optimized for both mechanical strength and the strength-to-weight ratio. All specimens
were prepared using the unidirectional lamination method. Ten specimens were fabricated with
varying fiber orientation configurations, specifically at 0°, ±45°, and 90°, to investigate the effect
of anisotropy on mechanical performance. The scheme and the global coordinate system for fiber
orientation reference are shown in Supplementary Figures S1, S2, and S3. Table 1 summarizes
the material properties of sisal, kenaf, and epoxy resin used in the modeling.

1.3 Orthotropic stress limit

The maximum stress that an orthotropic material—one exhibiting direction-dependent me-
chanical properties—can sustain prior to failure is defined as the orthotropic stress limit. Com-
posite materials are a typical example of orthotropic materials, characterized by different me-
chanical responses along different material axes. These limits are generally categorized into two
primary orientations: longitudinal and transverse. Longitudinal properties describe the response
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of the material along the fiber or principal axis, while transverse properties refer to the behavior
perpendicular to this direction. According to Buragohain, 2017, the orthotropic strength limits
were calculated using classical micromechanics-based formulations, as summarized in Equations
(1) - (6).

Table 1 Mechanical properties of sisal fiber, kenaf fiber, and epoxy matrix used as input
parameters in the finite element simulations

Properties Sisal Kenaf Epoxy (Rapid Resin)
Density (g/cm3) 1.45 1.5 1.16
Young’s Modulus (GPa) 7 17.67 3.4
Poisson Ratio 0.44 0.324 0.36
Tensile Strength (MPa) 889.58 450 80

1.3.1 Longitudinal tensile strength

If the longitudinal strain of the matrix is greater than the longitudinal strain of fiber (εm >
εf ), the longitudinal tensile strength equation is as follows:

(σT
1c)ult = (σT

1f )ultVf + (εT
1f )ultEm(1 − Vf )

(εT
1f )ult =

(σT
1f )ult

Ef
(1)

Where (σT
1c)ult is ultimate longitudinal tensile stress of composite, (σT

1f )ult is ultimate lon-
gitudinal tensile stress of fiber, (εT

1f )ult is ultimate longitudinal tensile strain of fiber, Vf is fiber
volume fraction, Em is elastic modulus of the matrix, and Ef is elastic modulus of the fiber.

If the longitudinal strain of the matrix is less than the longitudinal strain of fiber (εm < εf ),
the longitudinal tensile strength equation is as follows:

(σT
1c)ult = (εT

1m)ultEf Vf + (σT
1m)ult(1 − Vf )

(εT
1m)ult = (σT

1m)ult

Em
(2)

Where (εT
1m)ult is ultimate longitudinal tensile strain of matrix, E1f is Young’s modulus in

the longitudinal direction of the fiber, and (σT
1m)ult is ultimate longitudinal tensile stress of the

matrix.

1.3.2 Longitudinal compressive strength

(σC
1c)ult = 2(τ12f )ult

(
Vf + Em

Ef
(1 − Vf )

)

(τ12f )ult = 1
2σC

1m

E1f

Em
(3)

Where (σC
1c)ult is ultimate longitudinal compressive strength of composite, (τ12f )ult is ulti-

mate longitudinal shear strength of the fiber, and σC
1m is longitudinal compressive strength of

the matrix.
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1.3.3 Transverse tensile strength

(σT
2c)ult = (σT

m)ult

1 − 2
√

Vf

r

 (4)

Where (σT
2c)ult is ultimate transverse tensile stress of the composite, and (σT

m)ult are ultimate
tensile strength of the matrix.

1.3.4 Transverse compressive strength

(σC
2c)ult = (σC

m)ult

1 − 2
√

Vf

r

 (5)

Where (σC
2c)ult is ultimate transverse compressive stress of the composite, and (σC

m)ult is
ultimate compressive strength of the matrix.

1.3.5 In-plane shear strength

(τ12c)ult = G12c

[
1 +

(
Gm

G12f
− 1

)
Vf

]
(γm)ult

G12c = G12f Gm

GmVf + G12f (1 − Vf )

(γm)ult = (τm)ult

Gm
(6)

Where (τ12c)ult is ultimate longitudinal shear strength / in-plane shear strength of compos-
ite, G12c is shear modulus of the composite in the longitudinal direction, Gm is shear modulus
of matrix, G12f is shear modulus of the fiber in the longitudinal direction, (γm)ult is ultimate
shear strain of the matrix, and (τm)ult is ultimate shear strength of the matrix.

The orthotropic stress limit is input into the Engineering Data module in ACP (Pre) fol-
lowing the calculation. This value represents the maximum stress the material can withstand
before failure, enabling the prediction of the critical load at which structural failure is most
likely to occur.

1.4 Characterization

1.4.1 Tensile Test

The tensile properties of the fabricated composite specimens, namely, the ultimate tensile
strength and Young’s modulus, were evaluated in accordance with the ASTM D3039 standard.
The test specimens were 250 mm in length and 15 mm in width, as illustrated in Supplementary
Figure S4. Each specimen was composed of 10 laminae, each with a thickness of 0.3 mm.

1.4.2 Flexural Test

1.4.3 Three-point Bending

The flexural properties of the composite materials were evaluated through three-point
bending tests, which were conducted in accordance with the ASTM D790 standard. For the
sisal/epoxy composites, specimens with dimensions of 80 mm × 13 mm × 3 mm were prepared,
as illustrated in Supplementary Figure S5a. These consisted of 10 laminae, each with a thickness
of 0.3 mm. In the case of the kenaf/epoxy composites, the specimen dimensions were 150 mm ×



International Journal of Technology 17(2) 654-673 (2026) 659

25.4 mm × 6 mm (Supplementary Figure S5b), comprising 10 laminae each with a thickness of
0.6 mm. The numerical modeling incorporated both the pressing roller and the supports, each
modeled as cylindrical components with a diameter of 6 mm. Supplementary Figure S6a shows
the boundary conditions for the three-point bending test simulation.

1.4.4 Four-point Bending

In addition to the three-point bending tests, four-point bending tests were conducted to
evaluate the composites’ pure flexural properties, minimizing the influence of shear stress. Ex-
periments were performed in accordance with the ASTM D6272 standard. The specimen dimen-
sions used for both sisal/epoxy and kenaf/epoxy composites were identical to those employed
in the three-point bending tests, i.e., 80 mm × 13 mm × 3 mm for sisal/epoxy and 150 mm ×
25.4 mm × 6 mm for kenaf/epoxy. Supplementary Figure 6b illustrates the boundary conditions
applied during the four-point bending tests.

The laminae thickness and fiber volume fraction were kept constant for all stacking con-
figurations, ensuring that observed differences arise solely from fiber orientation and stacking
sequence.

2. Simulation Procedure

The composite material behavior was simulated using a multistep approach that aligns with
experimental testing standards and ensures the physical representativeness of the numerical
model. The procedure comprised the following key stages:

Material Definition: The mechanical properties of the constituent materials—sisal fibers,
kenaf fibers, and epoxy resin—were defined, including Young’s modulus, Poisson’s ratio, and
tensile strength. These data were input into the Engineering Data module. Subsequently, the
Material Designer was utilized to generate the effective homogenized properties of the composite
laminate by specifying the fiber and matrix types, volume fractions (40% fiber), and composite
type (unidirectional laminate). The Material Designer output includes orthotropic material
properties, which were then used in the analysis.

Geometry and Meshing: The geometry of the specimens was modeled according to
ASTM D3039 for tensile tests and ASTM D790/D6272 for three- and four-point bending tests.
Meshing was performed using hexahedral or tetrahedral elements with mesh refinement focused
on the central region (gauge length for tensile, span for bending) to accurately capture stress
and deformation gradients.

Layup Definition: Using the ACP (Pre) module, the laminate structure was defined by
specifying the stacking sequence, fiber orientation angles (0°, ±45°, and 90°), and the thickness
of each lamina (0.3 mm for sisal, 0.6 mm for kenaf). To assess the influence of fiber orientation,
multiple layup configurations were modeled.

Boundary Conditions: Boundary conditions were defined in Static Structural to precisely
replicate the mechanical testing environment:

Tensile Test:

• One end of the specimen (typically the left face) was fixed in all degrees of freedom
(displacement and rotation).

• A uniaxial tensile load or displacement was applied to the opposite end (right face) in
the axial (longitudinal) direction.

• Lateral constraints were released to allow Poisson’s effect, mimicking realistic deforma-
tion.

Three-Point Bending Test:

• Two cylindrical supports were modeled under the specimen at specified spans (ASTM-
compliant).
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• A single cylindrical roller applied the load from above at the center of the span.

• The supports were modeled as frictionless contacts with S2 interaction.

• Constraints: The bottom supports restricted vertical displacement (Y-direction) and
rotation, whereas the loading roller allows vertical motion and applies a prescribed
displacement or force.

Four-Point Bending Test:

• Similar to three-point bending but with two loading rollers placed symmetrically between
the supports to create a constant moment region in the middle of the span.

• The setup eliminates mid-span shear effects, allowing pure bending analysis.

• To prevent unrealistic stress concentration, all contact interfaces (supports and loading
noses) were modeled using surface-to-surface frictionless contacts.

Supplementary Figures S7 and S8 illustrate the simulation workflow and meshed models
used for tensile and flexural analysis, respectively. The simulation was executed to evaluate key
mechanical response parameters such as normal stress distribution, elastic strain, and directional
deformation upon completion of the setup. These results were then analyzed to assess the
influence of laminate configurations on the composite materials’ mechanical performance.

The present study focuses exclusively on the evaluation of tensile and flexural behavior
through finite element simulations based on ASTM D3039, ASTM D790, and ASTM D6272
standards. Impact testing and associated damage evolution analyses were not included in this
study. Consequently, we did not consider experimental configurations such as impact or drop-
weight testing. This limitation is intentional because the primary objective of the study is to
investigate the influence of laminate orientation and stacking sequence on stiffness- and strength-
dominated responses under quasi-static loading conditions.

3. Results and Discussion

3.1 Tensile Properties

Table 2 shows the tensile test results for the sisal/epoxy and kenaf/epoxy composites,
which highlight the significant influence of fiber orientation on both tensile strength and elastic
deformation. The unidirectional [(0◦)10] configuration, where all fibers are aligned with the
loading axis, demonstrated the highest tensile strength. This configuration allows optimal load
transfer along the fiber direction, maximizing the fibers’ reinforcing effect and resulting in a
tensile-resistant composite.

Table 2 Tensile and flexural test results

Mark Configuration
Tensile 3 Point Bending 4 Point Bending

Tensile strength (MPa) Elastic modulus (GPa) Flexural strength (MPa) Flexural modulus (GPa) Flexural strength (MPa) Flexural modulus (GPa)
Sisal Kenaf Sisal Kenaf Sisal Kenaf Sisal Kenaf Sisal Kenaf Sisal Kenaf

010 [0◦]10 179.15 81.14 4.67 6.18 247.69 171.80 5.45 5.68 167.80 132.14 6.30 6.67
08A [0◦]4/(45◦)2/(0◦)4 173.65 81.01 4.67 6.17 247.80 171.90 5.45 5.67 167.91 132.25 6.30 6.65
08B [0◦]4/(90◦)2/(0◦)4 70.47 42.50 4.67 6.17 247.85 171.94 5.44 5.67 167.95 132.28 6.30 6.66
04 [0◦]2/(45◦)2/(90◦)2/(−45◦)2/(0◦)2 70.64 43.19 4.67 6.17 250.00 175.05 5.36 5.56 170.90 134.97 6.16 6.50
-4A [(45◦)2/(0◦)2/(45◦)2/(0◦)2/(45◦)2] 48.04 21.07 4.31 5.23 244.62 168.70 5.13 5.25 165.27 129.46 5.93 6.07
-4B [(−45◦)2/(0◦)2/(45◦)2/(0◦)2/(−45◦)2] 47.58 20.56 4.28 5.16 244.62 168.71 5.13 5.25 165.27 129.45 5.93 6.06
-4C [(90◦)2/(0◦)2/(90◦)2/(0◦)2/(90◦)2] 27.93 13.62 4.22 5.09 242.43 166.76 5.09 5.21 164.30 128.59 5.86 5.99
2 [(45◦)2/(−45◦)2/(0◦)2/(−45◦)2/(45◦)2] 48.99 21.92 4.34 5.31 247.66 171.89 5.06 5.15 167.59 132.13 5.84 5.92
0A [(45◦)10] 49.03 21.23 4.34 5.31 247.81 171.96 5.04 5.14 167.72 132.32 5.83 5.90
0B [(−45◦)2/(45◦)2/(−45◦)2/(45◦)2/(−45◦)2] 48.72 21.65 4.34 5.30 247.78 172.00 5.05 5.14 167.70 132.24 5.84 5.91

Footnote: The green highlighted values indicate the highest performance in each test category and vice versa for
those values inside the double-line box.

The hybrid configuration [(0◦)4/(45◦)2/(0◦)4] also exhibited favorable tensile performance,
although slightly lower than the fully aligned [(0◦)10] arrangement. This indicates that intro-
ducing ±45° fibers can provide additional in-plane toughness, albeit with a modest reduction
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in the axial tensile strength. In terms of stiffness, the [(0◦)10] configuration again yielded the
highest elastic modulus, reflecting its superior ability to resist elastic deformation along the
load direction. The modulus values observed for the [(0◦)4/(45◦)2/(0ř◦)4] configuration were
notably high, indicating that the partial alignment of fibers with the loading axis continues to
significantly contribute to stiffness.

Sisal-reinforced composites exhibited higher tensile strength than their kenaf counterparts
across all lamination configurations, although both materials showed comparable values in terms
of elastic modulus. This indicates that while sisal fibers exhibit superior resistance to failure
under axial load, kenaf fibers demonstrate a comparable elastic response. Thus, the choice of
fiber orientation should be tailored to specific mechanical requirements. A 0° fiber orientation
is most effective for axial load-bearing applications, while a 90° orientation—perpendicular to
the load direction—offers minimal resistance to tensile loads and is generally not recommended
when tensile strength is a primary design criterion.

Figures 1 and 2 illustrate the relationship between fiber orientation and mechanical per-
formance metrics, such as yield strength and flexural modulus. Some of these figures include
grouped data to highlight comparative trends, while inset plots in the corner provide additional
information on elastic modulus or flexural strength, offering a more comprehensive interpretation
of orientation-dependent behavior.

Figure 1 Yield strength versus number of layers at 0°. Inset image: Elastic modulus versus 0°
number of layers

3.1.1 Effect of Fiber Orientation on Yield Strength

The results presented in Figure 1 demonstrate that a reduction in the number of 0° lam-
inates significantly decreases the yield strength. Within the first specimen group, composites
that preserved 0° laminates on the outer layers exhibited markedly different behaviors depend-
ing on the type of inserted intermediate laminae. Specifically, the inclusion of 90° laminates
caused a drastic reduction in yield strength—up to an order of magnitude—compared with the
configurations incorporating ±45° laminates.
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For example, the lamination sequence [(0◦)2/(45◦)2/(90◦)2/(−45◦)2/(0◦)2] yielded a tensile
performance comparable to that of [(0◦)4/(90◦)2(0◦)4]. The results indicate that replacing cer-
tain 0° laminates with 45° or -45° laminates does not significantly affect the yield strength of
the composite. Conversely, replacing them with 90° laminates—aligned perpendicular with the
loading axis—substantially undermines the axial load-bearing capacity.

In the second group of specimens—where the outer layers do not consist of 0° laminates—a
significant reduction in yield strength was observed. This highlights the critical role of outer-layer
alignment, with exterior configurations lacking 0° laminates exhibiting compromised structural
performance. Similar to the first group, the inclusion of 90° laminates led to a pronounced decline
in yield strength, confirming their detrimental effect due to their orientation being perpendicular
to the loading axis.

In the third group, the replacement of 0° laminates with ±45° laminates did not result in a
substantial reduction in the yield strength. Although ±45° laminates are not as effective as 0°
fibers in bearing axial loads, they can still contribute to load transfer and maintain structural
integrity without significantly compromising performance.

(a) (b)
Figure 2 (a) Yield strength versus number of layers45°. (b) Elastic modulus versus number of

layerss 0°

Figure 2a clearly illustrates the inverse relationship between the number of 90° laminates
and yield strength—i.e., the greater the proportion of 90° laminates, the lower the yield strength.
In contrast, Figure 2b demonstrates that when ±45° laminates dominate the stacking sequence
(constituting more than 50% of the total laminae) and 90° laminates are excluded, variations in
laminate orientation have a minimal effect on yield strength.

These trends were consistent across both sisal- and kenaf-fiber-reinforced composites. How-
ever, kenaf composites exhibited yield strength values approximately 50% lower than those of
their sisal counterparts. This underscores the superior axial load-bearing capability of sisal
fibers in laminated composites. Collectively, these findings offer valuable insights for optimizing
laminate architecture to enhance yield strength in natural fiber-reinforced composite structures.

3.1.2 Fiber orientation on the elastic modulus

The influence of the fiber orientation configuration on the elastic modulus exhibits a trend
analogous to that observed for the yield strength, albeit with an inverse relationship. Specifically,
configurations that reduce yield strength tend to correspond with increased elastic modulus and
vice versa. This inverse pattern highlights the inherent trade-off between strength and stiffness
in fiber-reinforced composites.

The elastic modulus of kenaf fiber-reinforced composites reached approximately 120% of the
value attained by sisal-based composites. This indicates that despite both composite systems
demonstrating similar trends in how fiber orientation and laminate composition affect elastic
response, kenaf fibers contribute more significantly to enhancing the material’s overall stiff-
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ness. Therefore, while sisal fibers offer superior tensile strength, kenaf fibers present a distinct
advantage in applications where structural rigidity and high elastic modulus are prioritized.

3.2 Flexural Properties

3.2.1 Three-point Bending

As summarized in Table 2, flexural testing of the composites revealed that variations
in fiber orientation angle significantly influenced both the flexural strength and stiffness of
the materials. Although the configurations differed relatively moderately, certain fiber an-
gle combinations yielded superior performance. The highest flexural strength was achieved
with the [(0◦)2/(45◦)2/(90◦)2/(−45ř◦)2/(0◦)2] configuration. For this layup, the sisal/epoxy
composite reached a peak flexural stress of 250.9 MPa, while the kenaf/epoxy counter-
part attained 175.05 MPa. Conversely, the poorest performance was recorded for the
[(90◦)2/(0◦)2/(90◦)2/(0◦)2(90◦)2] configuration, highlighting the detrimental impact of placing
90◦ laminates at the outer layers in flexural loading conditions. Further, flexural modulus cal-
culations revealed that the [(0◦)10] configuration exhibited the highest stiffness, with values of
5.448 GPa for sisal/epoxy and 5.675 GPa for kenaf/epoxy composites. In contrast, the [(45◦)10]
layup resulted in the lowest flexural modulus, measured at 5.040 GPa for sisal/epoxy and 5.141
GPa for kenaf/epoxy, respectively.

3.2.2 Four-point Bending

The results of the four-point bending tests demonstrated that the fiber orientation signif-
icantly influenced the composites’ flexural performance. The highest flexural strength was ob-
served in the [(0◦)2/(45◦)2/(90◦)2/(−45◦)2/(0◦)2] configuration, with the sisal/epoxy composites
reaching a peak flexural stress of 170.9 MPa and the kenaf/epoxy composites reaching 134.7 MPa.
In contrast, the lowest flexural strength was recorded for the [(90◦)2/(0◦)2/(90◦)2/(0◦)2(90◦)2]
configuration, with flexural stress values of 164.3 and 128.59 MPa for sisal/epoxy and 128.59
MPa for kenaf/epoxy, respectively. Although the variation between maximum and minimum
values is relatively small, the data confirm that the presence and positioning of 90◦ laminates
consistently reduce flexural performance.

Regarding stiffness, the calculated flexural modulus values showed that the unidirectional
[(0◦)10] layup resulted in the highest modulus—6.302 GPa for sisal/epoxy and 6.669 GPa for
kenaf/epoxy—indicating superior resistance to flexural deformation. Conversely, the [(45◦)10]
configuration yielded the lowest flexural modulus values, measured at 5.833 GPa for sisal/epoxy
and 5.902 GPa for kenaf/epoxy. The results indicate that fiber alignment in the direction of the
load substantially increases flexural rigidity, while orientations such as ±45◦ contribute less to
bending stiffness.

3.2.3 Fiber orientation on the flexural modulus

Figures 3 and 4 show the relationship between the number of layers in specific fiber ori-
entations and the flexural modulus of the laminated composites. Several figures include group
classifications to distinguish configuration trends, while inset plots in the corners of each figure
provide complementary data on flexural strength.

Figure 3 shows a consistent decrease in flexural modulus as the number of 0° laminates
decreases. In the first group—composites with 0° laminates retained on the outer layers—the
inclusion of 45° or 90° laminates in the midplane did not significantly affect the flexural modulus.
However, in the second group, where the outer layers are not 0° laminates, the flexural modulus
is reduced by approximately 10%, suggesting that the outer layer orientation plays a secondary
but notable role. Nevertheless, across both groups, laminate orientation appears to have a more
limited effect on flexural stiffness than on tensile or yield strength.
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Figure 3 Four-point-bending flexural modulus versus number of 0° layers. Inset image:
Four-point-bending flexural strength versus 0° number of layers

Figure 4b further supports this observation, showing that the number of 45° laminates does
not substantially alter the flexural modulus. A comparison between Figures 4a and 4b reveals
that the flexural modulus obtained from the four-point bending tests is approximately 117%
of that measured in the three-point bending tests, indicating a reduced shear influence in the
four-point configuration.

(a) (b)
Figure 4 Flexural modulus of (a) three- and (b) four-point bending versus 45° number of
layers. Inset image: Bending strength of (a) three- and (b) four-point bending versus 45°

number of layers

These trends were consistently observed for both sisal and kenaf fiber-reinforced composites.
Notably, the flexural modulus values of the kenaf-based composites were up to 120% higher
than those of the sisal-based composites, reaffirming the superior stiffness characteristics of
kenaf. These findings provide meaningful insights into laminate design strategies, particularly
for optimizing flexural stiffness in natural fiber-reinforced composites under various bending
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conditions. Effect of Fiber Orientation on Flexural Strength.
The insets in Figures 3 and 4 demonstrate that fiber orientation has a limited effect on

flexural strength. This indicates that flexural strength is less sensitive to variations in laminate
stacking sequences than flexural modulus or tensile strength. Moreover, the results of the three-
point bending tests revealed significantly higher flexural strength values than those obtained from
the four-point bending tests. Specifically, sisal fiber-reinforced composites exhibit an increase of
approximately 50%, while kenaf fiber-reinforced composites show an increase of approximately
25%, as depicted in the insets in Figures 3 and 4a.

Furthermore, a comparative analysis between the two fiber types shows that the flexural
strength of kenaf-based composites ranges from approximately 70% (in three-point bending) to
80% (in four-point bending) of that achieved by sisal-based composites. These findings highlight
the superior flexural performance of sisal fibers and the influence of the testing method on the
reported strength values. Taken together, the results provide valuable insights for selecting
appropriate testing methods and fiber types when optimizing the flexural strength of natural
fiber-reinforced composites. The choice between three- and four-point bending configurations
should consider both the role of shear effects and the specific mechanical property being targeted
in the design process.

3.3 Further Comparison

A comparative analysis was conducted to evaluate the mechanical properties of the fabri-
cated natural fiber composites against a range of other natural and synthetic composite mate-
rials. This comparison provides a broader perspective on the performance positioning of sisal
and kenaf fiber-reinforced composites within the composite engineering materials landscape.

(a) (b)
Figure 5 (a) Comparison of tensile strength and (b) Young’s modulus among various

composite materials

Tensile Properties: As illustrated in Figure 5a, the sisal/epoxy composite with the
[(0◦)10] layup exhibited the highest tensile strength among the natural fiber composites ex-
amined. Remarkably, this configuration outperformed even hybrid composites such as the ke-
naf/glass system studied by Sharba et al., 2016, which employed a 3G/K/3G laminate stacking
and a thickness of 5.85 mm. The tensile strength of this hybrid was lower than that of the
optimized sisal laminate despite the integration of synthetic glass fiber. However, as expected,
fully synthetic fiber composites still dominate in terms of tensile performance. The glass/epoxy
composite reported by Moraras et al., 2023, with a [(0/90◦)5] configuration and 4 mm thick-
ness, demonstrated the highest overall tensile strength. Although natural fiber composites fall
short in terms of absolute strength compared to synthetics, their environmental benefits and
competitive mechanical characteristics affirm their potential as sustainable alternatives.

Elastic Modulus (Stiffness): Figure 5b presents the comparative Young’s modulus val-
ues, providing insight into material stiffness. As anticipated, the glass fiber composites (Moraras
et al., 2023) exhibited the highest Young’s modulus, reflecting their superior resistance to
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elastic deformation. Among natural fiber systems, the kenaf/PP composite (Wambua et al.,
2003)—comprising randomly oriented kenaf fibers at 40% fiber weight fraction—ranked second,
indicating the significant stiffness potential of kenaf fibers. Sisal-based composites, while gener-
ally demonstrating lower modulus values than kenaf, still achieved moderate stiffness, reinforcing
their viability in structural applications requiring intermediate rigidity. Overall, both sisal and
kenaf remain less stiff than glass, although kenaf demonstrates a relative advantage in modulus
over sisal.

(a) (b)
Figure 6 (a) Comparison of flexural strength and (b) flexural modulus among various

composite materials

Flexural Strength: The flexural strength comparisons in Figure 6a further
underscore the competitiveness of sisal composites. The sisal [(0◦)10] and sisal
[(0◦)2/(45◦)2/(90◦)2/(−45◦)2/(0◦)2] configurations achieved among the highest flexural strength
values across all composite types. In contrast, the kenaf composites reported by Wambua et
al., 2003. displayed the lowest flexural strength, indicating limitations when fiber dispersion is
random and not directionally optimized. This confirms the importance of fiber orientation and
structural configuration in flexural resistance maximization.

Flexural Modulus: Figure 6b provides a comparative overview of flexural stiffness.
The kenaf [(0◦)10] configuration exhibited the highest flexural modulus, followed closely
by the multidirectional kenaf laminate [(0◦)2/(45◦)2/(90◦)2/(−45◦)2/(0◦)2], and the hybrid
glass/flax/sisal-epoxy composite described by Kalagi et al., 2018, with a balanced sequence of
[(0◦/90◦)S/(−45◦/45◦)F /(0◦/90◦)G/(−45◦/45◦)F /(0◦/90◦)S ]. The sisal composites also showed
strong flexural modulus performance, particularly with the [(0◦)2/(45◦)2/(90◦)2/(−45◦)2/(0◦)2]
configuration, which slightly trailed the [(0◦)10] laminate. At the lower end of the spectrum,
kenaf composites (Wambua et al., 2003) and unidirectional sisal composites (Rao et al., 2010)
with a fiber volume fraction of 0.39 and a thickness of 3 mm exhibited flexural modulus values of
2.0 GPa and 2.46 GPa, respectively—substantially lower than those achieved by the optimized
multidirectional laminates.

Comparison of Natural and Synthetic Fiber Composites. The results confirm that
synthetic fiber-reinforced composites outperform natural fiber composites in terms of absolute
tensile strength, particularly when glass fibers are used (Venkatesan and Bhaskar, 2020). This
performance gap can be primarily attributed to the fundamental material and microstructural
differences between natural cellulose-based fibers and synthetic glass fibers (Supian et al., 2024).
Compared with cellulose fibers, glass fibers possess a significantly higher intrinsic elastic modulus
and tensile strength, enabling more efficient load transfer along the fiber direction under axial
loading (Prabaharan et al., 2023).

In addition, natural fibers exhibit greater variability in fiber diameter and cross-sectional ge-
ometry, which introduces nonuniform stress distribution within the composite laminate (Palani
et al., 2024). Such variability increases the likelihood of localized stress concentrations, which
reduces the effective load-bearing capacity. The interfacial bonding between natural fibers and
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polymer matrices remains less optimal than that between natural fibers and glass fibers, even
with surface treatments, due to the hydrophilic nature of cellulose and the resulting interfacial
incompatibility (Karthick et al., 2022). Furthermore, natural fiber composites are more sen-
sitive to defects, such as micro-voids, fiber waviness, and lumen-related imperfections, which
can initiate premature failure under tensile loading. Collectively, these factors explain why syn-
thetic fiber composites continue to demonstrate superior tensile performance despite the growing
maturity of natural fiber composite technologies (Saroj and Nayak, 2021).

Potential of Sisal and Kenaf Fibers for Customized Stiffness and Strength. Al-
though natural fibers exhibit lower absolute strength than synthetic fibers, the results demon-
strate that sisal and kenaf fibers offer significant potential for tailoring mechanical properties
through laminate design. Laminate orientation emerges as an effective stiffness- and strength-
tuning mechanism, enabling designers to prioritize specific performance requirements without
altering the material composition or fiber volume fraction.

Kenaf fiber-reinforced composites consistently exhibited higher elastic and flexural modulus
values, indicating their suitability for stiffness-dominated design scenarios, where the primary
requirement is deformation resistance. This behavior is associated with the relatively higher
longitudinal modulus of kenaf fibers, which enhances laminate rigidity when aligned along the
load direction. In contrast, sisal fiber-reinforced composites demonstrated superior tensile and
flexural strength, making them more appropriate for strength-dominated applications where
resistance to failure under peak loading is critical.

This complementary behavior highlights the strategic role of fiber selection in combina-
tion with laminate orientation. Rather than competing directly with synthetic fibers on ab-
solute strength, sisal and kenaf composites enable customized mechanical responses through
orientation-driven design, supporting application-specific optimization.

Implications for Optimized Composite Design for Renewable Energy Systems.
The findings of this study provide direct implications for the design of composite components
supporting renewable energy, particularly those governed by stiffness, weight, and cyclic loading
considerations (Owen et al., 2024). In stiffness-driven components such as fan blades, auxiliary
wind turbine elements, and lightweight energy-supporting structures, tailoring flexural rigidity
through laminate configuration is often more critical than maximizing tensile strength.

In renewable energy systems, weight reduction remains a central design objective because
lower structural mass reduces inertial loads, improves energy efficiency, and mitigates fatigue
damage under cyclic operation (Samuel et al., 2024). With their low density and orientation-
dependent stiffness, natural fiber composites offer a promising balance between mechanical per-
formance and lightweight design requirements (Supian et al., 2024).

The finite element-based approach adopted in this study provides a practical pre-design
framework, enabling engineers to screen laminate configurations, evaluate stiffness and strength
trade-offs, and optimize stacking sequences prior to experimental validation (Owen et al., 2024;
Phunpeng et al., 2023; Cutolo et al., 2021). Such a framework reduces development time and
material waste, supporting more efficient composite design workflows for renewable energy ap-
plications (Marin-Tellez et al., 2025; Rahman and Sultana, 2023). Recent advances in FEM
modeling of natural fiber composites have demonstrated excellent agreement with experimen-
tal results, validating the use of computational methods for preliminary design optimization
(Naveen et al., 2019).

Deterministic Nature of the FEM and Sensitivity Considerations. Notably, the
finite element simulations conducted in this study are deterministic, producing repeatable re-
sults under identical input conditions. Consequently, statistical variability, such as standard
deviation or error bars commonly associated with experimental testing, is not applicable. In-
stead, the comparative trends observed across stacking sequences serve as sensitivity indicators,
reflecting the influence of fiber orientation and laminate configuration on mechanical response.
This deterministic framework allows for controlled isolation of design variables, providing clear
insights into changes in orientation-driven performance.
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Influence of the Stacking Sequence on the Peak Force Response. The observed
differences in peak force among various stacking sequences can be explained by the interaction
between the laminate’s axial and transverse load-bearing mechanisms (Kumpati et al., 2024;
Cakiroglu and Bekdas, 2021). Plies oriented at 0° act as the primary load-bearing layers,
resisting axial tensile and bending stresses. Therefore, increasing the proportion of 0° plies
enhances the peak force capacity through more efficient stress transfer along the fiber direction
(Palani et al., 2024; Cutolo et al., 2021).

The inclusion of 90° plies contributes to transverse stiffness and buckling restraint, thereby
limiting lateral deformation and stabilizing the laminate under bending loads (Istana et al.,
2024). This transverse constraint improves load redistribution among plies, particularly in
hybrid configurations such as [0/90°], resulting in a higher peak force compared to laminates
dominated by off-axis orientations (Gebremichael et al., 2025). The interaction between the
axial stress carried by 0° plies and the transverse constraint provided by 90° plies leads to
a synergistic strengthening effect, explaining the enhanced performance observed in selected
stacking sequences (Sinitsky et al., 2022).

3.4 Validation and Future Research

The mechanical trends obtained in this study are consistent with the established under-
standing of the role of fiber orientation in governing load transfer and stress distribution within
composite laminates. Previous studies have shown that plies aligned with the loading direction
enhance axial stiffness and delay crack initiation, whereas off-axis plies primarily contribute
to transverse constraint and deformation control (Purnowidodo et al., 2018). The present
findings extend this understanding to natural fiber-reinforced composites, demonstrating that
orientation-driven laminate design can partially offset the lower intrinsic strength of cellulose-
based fibers. Similar observations have been reported for natural fiber composites in lightweight
automotive applications, where advantages such as low density, corrosion resistance, and inher-
ent vibration damping compensate for reduced absolute strength (Shieddieque et al., 2021). The
importance of laminate optimization is further emphasized in renewable energy-related compo-
nents, including wind turbine and fan blade structures, where stiffness-to-weight efficiency and
deformation control are often more critical than peak tensile strength (Polit et al., 2021). Numer-
ical investigations on natural fiber-reinforced sandwich and honeycomb structures have demon-
strated that unidirectional and hybrid stacking sequences significantly enhance flexural stiffness
and load-bearing efficiency through controlled stress redistribution (Ariyanti et al., 2022). Col-
lectively, these findings support the validity of the finite element-based orientation analysis
adopted in this study and confirm its suitability as a pre-design tool for stiffness-dominated,
lightweight energy-supporting composite structures.

Although the present study relies on deterministic finite element simulations, experimental
validation remains essential for capturing damage initiation and evolution mechanisms beyond
the scope of numerical modeling. In this context, several non-destructive testing (NDT) tech-
niques offer valuable pathways for future research. Active infrared thermography has been ap-
plied to composite materials as a non-contact method for detecting subsurface defects through
abnormal thermal responses induced by external heating, providing advantages in inspection effi-
ciency and operational safety compared to conventional techniques (Protasov, 2018). Ultrasonic-
based approaches, such as ultrasonic pulse velocity measurements, have also been widely used
to assess internal material integrity by correlating wave propagation characteristics with me-
chanical properties (Zarate et al., 2022). In addition, photoacoustic imaging, which combines
optical excitation with acoustic signal detection, has shown promise in identifying surface cracks
with enhanced spatial resolution using ultrasonic-range sensors (Akbar and Setiawan, 2016). The
integration of such experimental diagnostics with FEM-based analysis would enable a more com-
prehensive assessment of composite performance, bridging numerical prediction with damage-
sensitive validation.

Although impact behavior and damage progression are critical for certain structural appli-
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cations, particularly those involving accidental or dynamic loading, their investigation is beyond
the scope of this study. Future research may incorporate experimental techniques, such as im-
pact testing, ultrasonic inspection, or thermographic methods, to evaluate damage initiation and
propagation mechanisms, thereby complementing the finite element–based findings presented
here.

4. Conclusions

The influence of fiber orientation and laminate configuration on the tensile and flexural
behavior of sisal- and kenaf-fiber-reinforced epoxy composites was investigated using a finite
element-based approach. The results demonstrate that the number of 0° plies plays a dom-
inant role in determining load-bearing capacity, with a reduction in 0° laminates leading to
a pronounced decrease in tensile strength, while ±45° plies showing a limited effect, and 90°
plies consistently reducing axial performance. Kenaf-based composites exhibited higher elas-
tic and flexural modulus, confirming their suitability for stiffness-dominated designs, whereas
sisal-based composites provided superior tensile and flexural strength, making them more ap-
propriate for strength-critical applications. Further, flexural analysis revealed that four-point
bending produced higher stiffness values than three-point bending due to reduced shear influ-
ence. These findings highlight the effectiveness of laminate orientation as a mechanical tailoring
tool for lightweight and renewable energy-supporting structures, where stiffness, weight, and
deformation control are key design drivers. The limitation of this study is that the analysis
is based on deterministic finite element simulations without experimental damage or fatigue
characterization, which should be addressed in future work.
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