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Abstract: This study focuses on the estimation of the longitudinal and transverse moduli of
elasticity of biocomposites reinforced with fique fiber in braided-rope configuration and a natural
rubber matrix, using semi-empirical micromechanical models. First, both the fique fiber rope
and the natural rubber matrix were mechanically characterized. Using the obtained data, the
micromechanical models of the Rule of Mixtures, Halpin-Tsai, Chamis, Hopkins & Chamis, Nielsen,
Miravete, Jones, and Yung Fu were applied to calculate the corresponding moduli. Subsequently,
biocomposites were manufactured with fique fibers oriented at 0° and 90°, with the fiber volume
fraction varied. The biocomposites were characterized to determine the longitudinal and trans-
verse moduli. The comparison of results showed that Miravete’s and Yun Fu’s micromechanical
models provided the best fits for these materials.
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1. Introduction

A composite material is a combination of two different
materials to improve their individual mechanical prop-
erties. This type of material includes biocomposites or
natural composites that incorporate one or more natural
components (Hiremath et al., 2024).

Composite modeling plays a fundamental role in pre-
dicting the mechanical properties of these materials
before they are manufactured. This predictive approach
is essential for optimizing the design and ensuring the de-
sired performance in the various industrial applications
where they will be used (Wang & Huang, 2017).

This approach encompasses several scales of analysis,
beginning with the microscale, which is devoted to the
detailed study of constituent elements such as fiber and
matrix. It then moves to the mesoscale, which focuses on
the laminar configuration or layering of the composite.
Finally, the macroscale is examined, where the structure
as a whole and its interactions with external forces are
analyzed (Raju et al., 2018).

Despite advances, the modeling of composite materi-
als remains a significant challenge to accurately predict
their mechanical properties. Thisis due to the anisotropic
and inhomogeneous nature of these materials, together
with their multiple failure modes and complex interac-
tions, especially under multiaxial loading conditions (Wan
et al., 2023).

In microanalysis of composites, micromechanical
models are used. These models use the properties of the
constituent materials to determine the composite’s mac-
roscopic properties (Wang & Huang, 2018).

Both analytical and numerical methods are available
to perform micromechanical analysis. With advances in
technology and computing power, there has been an in-
creasing preference for numerical approaches. However,
analytical modeling remains important as a first step, es-
pecially in contexts where optimization involves a large
number of variables (Andrianov et al., 2017).

Analytical models include semi-empirical microme-
chanical models that combine fundamental physical
principles with empirical parameters derived from exper-
imental data. These models use a synthesis between the
theoretical foundations of mechanics of materials and
experience derived from experimental observations to
characterize the behavior of composite materials (Jasti
et al., 2023).

There are several semi-empirical micromechanical
models for predicting the properties of fiber-reinforced
composites (Loos, 2014). One of them is the Rule of

Mixtures (ROM), which is based on the assumption that
the individual components of the composite material
retain their characteristic properties, such as strength,
stiffness, density, etc., and that these properties combine
in a weighted manner according to the volume fraction of
each component in the composite material (Jagadeesh &
Gangi Setti, 2020).

The classical ROM model, known for its mathematical
simplicity and predictive accuracy, has evolved by incor-
porating additional variables, such as fiber length and
diameter, orientation, interfacial shear strength, and oth-
er relevant parameters. These advances have led to new
semi-empirical models based on the rule of mixtures,
which offer a significant improvement in the predictive
ability and understanding of the behavior of composite
materials (Tham et al., 2019).

In the field of engineering, several models based on
ROM are used. Among them, the model of Chamis, Halpin,
Tsai, Nielson, and the contributions of Hopkins & Chamis
stand out (Alhijazi et al., 2021). Each of these models has
been fundamental in the analysis and design of struc-
tures in various fields of engineering, from predicting the
behavior of composite materials to evaluating structural
integrity under critical conditions.

Various semi-empirical analytical models are often
used to predict the mechanical properties of composite
materials reinforced with synthetic fibers (Jasti et al.,
2023). However, according to Potluri et al. (2018), their
application in predicting such properties in natural fiber
reinforced biocomposites is considerably less.

Despite this, studies have applied semi-empirical an-
alytical models to natural fiber-reinforced biocomposite
materials. For example, Alhijazi et al. (2021) estimated
longitudinal, transverse, and shear moduli for loofah
and palm natural fiber biocomposites using epoxy and
ecoepoxy matrices, and applied the micromechanical
models of the rule of mixtures, Chamis, Halpin-Tsai, and
Nielsen. As a result, they found that the Chamis model
gave the highest property values, while the Halpin-Tsai
model gave the lowest. On the other hand, Gigante et
al. (2017) investigated a biocomposite material consist-
ing of a PLA matrix and cellulose fibers, and their results
showed that the Halpin-Tsai model provides an accurate
estimate of the transverse component of the modulus of
elasticity, which agrees well with the experimental values
obtained. In addition, Fajardo et al. (2022) reproduced
the stress-strain curves of a biocomposite with guadua
fiber using the Kelly-Tyson and Isitman-Aykol microme-
chanical models and obtained low residual standard
deviations.
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According to Mufioz-Blandon et al. (2023), one of the
fibers with high potential for use as a natural reinforce-
ment in biocomposite materials is the fique fiber. This is
due to its remarkable holocellulose content and its low
lignin and pectin content. These characteristics suggest
that fique fiber may be a promising option for improving
the properties of composite materials in various industri-
al applications.

Research on micromechanical models applied to fi-
ber-reinforced composites is scarce in the literature. An
outstanding study is that of Gonzalez-Estrada et al. (2018),
who used the rule of mixtures model to analyze the longi-
tudinal modulus of elasticity in biocomposites containing
2, 3, and 4 fique fibers (it is important to note that no in-
formation was provided on the volume or weight fraction
of the fibers). This study compared the results with ex-
perimental data and showed a maximum error of 5.06%.
Despite these results, the study was limited to the mixing
rule model, without exploring other available microme-
chanical models or performing analyses to estimate the
transverse modulus of elasticity or other mechanical
properties of the biocomposite material.

This research limitation underscores the imperative
need for future studies that address a wider range of mi-
cromechanical models, as well as additional analyses to
deepen the understanding of the mechanical behavior of
fique-fiber-reinforced biocomposites. As noted by Vignoli
etal. (2019), despite previous studies on analytical micro-
mechanical models, a considerable lack of understanding
persists regarding their estimation, especially regarding
transverse elastic properties and strengths.

In addition, the literature has focused on the applica-
tion of micromechanical models to synthetic fibers, which
are treated as individual long fibers due to the standard
manufacturing process (Bunsell & Renard, 2005; Sudheer
et al., 2015), but there is a paucity of information on re-
search conducted on braided ropes. This lack of studies is
significant as fique is often marketed in the form of braid-
ed ropes by artisanal communities. Therefore, it is crucial
to explore the applications of this fiber in such a configu-
ration to take advantage of what the market offers, while
evaluating the applicability of micromechanical models
in this type of fiber arrangement.

On the other hand, only one study by Veldsquez et
al. (2018) stands out, in which rubber is used as a matrix
for the manufacture of a composite material reinforced
with fique fibers. This research focused on the experi-
mental characterization of the mechanical properties
and resistance to abrasive wear. According to the authors,
this composite material has potential for commercial

applications, which highlights the need for further re-
search with this type of natural matrix.

For this reason, in this study, the estimation of the
longitudinal and transverse moduli of elasticity of bio-
composite materials reinforced with different proportions
of fique fibers in a braidedrope configuration and natural
rubber matrix is performed. This estimation is performed
by evaluating different micromechanical models, includ-
ing the Rule of Mixtures, Halpin-Tsai, Chamis, Hopkins &
Chamis, Nielsen, Miravete, Jones, and Yung Fu. The results
from these models are compared with the experimental
data to determine which provides the highest accuracy.

This study is particularly relevant for the development
of sustainable composite materials. Given that fique fiber
is a renewable natural resource, its use as reinforcement
reducesdependence onsynthetic materialsand promotes
eco-friendly alternatives. Accurately evaluating and pre-
dicting its modulus of elasticity is essential for optimizing
its mechanical performance in technical applications.
Moreover, comparing different micromechanical models
improves the precision with which these materials are
characterized. These biocomposites have potential appli-
cationsin sectors such as the automotive industry, for the
manufacturing of lightweight and durable components,
and in construction, for insulation systems and vibration
dampers (Agudelo et al., 2024; Laverde et al., 2025)

2. Materials and Methods

2.1 Materials

For the fabrication of the biocomposites, braided fique
fiber was selected, consisting of multiple intertwined
fibers forming a single filament. This choice was based
on its commercial availability in this configuration within
the local market. The fibers were supplied by Ecofibras, a
company located in Curiti, Santander, Colombia.

To achieve a more uniform distribution within the ma-
trix, the smallest-diameter commercially available fique
rope, with a density of 810 kg/m?3, was selected. It had
an average diameter of 1.94 + 0.075 mm, as shown in
Figure 1, obtained using a Tescan MIRA 3 FEG-SEM scan-
ning electron microscope. The micrograph, captured at
100X magnification, provided a detailed view of the fiber
structure.

In relation to the matrix of the composite, it was decid-
ed to use natural rubber, which has a density of 917 kg/
m?, obtained from the centrifugation of natural latex and
preserved with an ammonia level of 0.60% w/w. The nat-
ural rubber was supplied by Panamericana, a company
located in Bucaramanga, Santander, Colombia.
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Figure 1. SEM image of the braided fique rope.

2.2 Fiber and Matrix Mechanical Characterization
Tensile tests were used to evaluate both the natural fiber
rope and the matrix using an MTS Universal Tester, Model
C43.104, with a maximum capacity of 10 KN. These tests
were conducted at a controlled temperature of 23.1°C +
3°C to ensure consistency of results.

Tensile testing of the fibers in rope configuration was
performed in accordance with ASTM C1557-20, “Standard
Test Method for Tensile Strength and Young's Modulus of
Fibers”. Five specimens, each 150 mm + 0.3 mm in length,
were prepared and tested at a constant rate of 0.48 mm/
min in accordance with established regulatory require-
ments. Figure 2 shows the experimental procedure used.

Figure 2. Tensile test of fique braided rope.

For natural rubber, tests were performed in accordance
with ASTM D412-16, “Standard test methods for vulca-
nized rubber and thermoplastic elastomers - Tension”.

These tests were carried out at a speed of 500 mm/min
using five specimens, each 3.2 mm + 0.4 mm thick, in ac-
cordance with the standard’s specified dimensions. The
specimens had a width of 25 mm + 0.1 mm and a length
of 115 mm + 2.1 mm according to method A (dumbbell
and straight specimens), type C specified in the standard.
The specimens made with the natural rubber material are
shown in Figure 3.

Figure 3. Natural rubber tensile test specimens.

Both the fiber and the natural rubber matrix are consid-
ered to be isotropic materials, meaning that they have a
uniform modulus of elasticity in both the longitudinal and
transverse directions. Therefore, a single value is used in
the corresponding equations.

2.3 Biocomposites Fabrication and Characterization
To produce the biocomposites, the fibers were arranged
on a flat mold that had previously been treated with a
release agent, according to the required volume of fique
fibers (number of fiber filaments) and the desired fiber
orientation. Natural rubber was then uniformly applied
to the fibers. The material was cured at room tempera-
ture for 3 days, followed by an 8-hour treatment in a
forced-convection oven at 35 °C.

The mechanical properties of the composites were an-
alyzed by tensile testing in accordance with ASTM D3039/
D3039M-17, “Standard Test Method for Tensile Properties
of Polymer Matrix Composite Materials”. This test was
performed at an ambient temperature of 22.8°C + 2.2°C
and a constant speed of 2 mm/min using the MTS Univer-
sal Testing Machine, Model C43.104.

Specimens were prepared with fibers oriented at two
different angles, 0° and 90°, indicating the orientation of
the fibers with respect to the force applied by the univer-
sal machine. This was done to estimate the longitudinal
and transverse moduli.
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The specimens oriented at 90° (for the evaluation of
the transverse modulus) had a constant thickness of 2
mm + 0.4 mm and dimensions of 25 mm + 1.6 mm in
width and 175 mm £ 2.1 mm in length, in accordance with
the normative guidelines. Seven biocomposite materials
were tested, each with a different volumetric fraction
of fique fiber: 2.4%, 4.8%, 7.8%, 8.5%, 13%, 16%, and
24%. These fractions correspond to 10, 20, 40, 40, 60, 60,
80, 100, and 120 braided fique fiber ropes, all arranged
transversely. Figure 4 illustrates the fabricated transverse
braided fiber biocomposites.

Figure 4. Transverse braided fiber biocomposites.

On the other hand, the specimens oriented at 0° (for the
evaluation of the longitudinal modulus) had a uniform
thickness of 1 mm + 0.3 mm and dimensions of 15 mm +
1.3 mm in width and 250 mm + 3.4 mm in length, in accor-
dance with regulatory guidelines. Five specimens were
prepared for each volumetric fraction of fique fiber (5%,
8%, 15%, 17%, 23%, and 25%), corresponding to 3, 6, 9,
12,15, and 18 braided fique fiber ropes, all aligned in the
longitudinal direction. Figure 5 illustrates the fabricated
longitudinally braided fiber biocomposites.

25%

Figure 5. Longitudinally braided fiber biocomposites.

Figure 6 illustrates the tensile test and provides a clear
visual representation of the experimental process.

Figure 6. Tensile testing of biocomposites.

2.4 Micromechanical Models

Micromechanical models based on the Rule of Mix-
tures were used to analytically calculate the modulus
of elasticity and compare it with experimental results.
Specifically, the Rule of Mixtures, Halpin-Tsai, Chamis,
Hopkins & Chamis, Nielsen, Miravete, Jones, and Yung Fu
models were selected and applied.

The selection of these models was based on their
application in predicting the mechanical properties of
composite materials. The Rule of Mixtures (ROM) provides
an initial estimate that does not account for fiber-matrix
interactions (Jasti et al., 2023). Halpin-Tsai adjusts the fi-
ber contribution using a geometric factor, while Nielsen
incorporates porosity and maximum volume fraction,
enhancing accuracy for biocomposites with irregular re-
inforcement (Alhijazi et al., 2021). Chamis introduces a
correction based on fiber volume fraction, and Hopkins
& Chamis refine this approach by adjusting the matrix
contribution (Raju et al., 2018). Miravete considers matrix
anisotropy and its interaction with the fiber, which is cru-
cial for composites with flexible matrices, such as natural
rubber (Miravete, 2020). Jones employs reciprocal aver-
aging to improve the estimation of transverse stiffness
(Hajikarimi & Sadat Hosseini, 2023)and matrix all around
the fibers. The 2-axis is perpendicular to 1-axis in the lam-
ina plane and 3-axis is normal to this plane. The 1-2-3
system is the local coordinate system of an anisotropic
material whichis required to be defined when mechanical
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properties of a lamina are formulated. All the formula-
tions presented here are in the lamina local coordinate
system unless it is stated that the global coordinate sys-
tem (x-y-z system, while Yun Fu incorporates empirical
adjustments to optimize its application in natural fiber
biocomposites (Fu et al., 1998).

To determine the longitudinal elastic modulus of the
fibers, all selected micromechanical models use the same
mathematical equation derived from the Rule of Mixtures.
Given that these models assume a uniform stress distri-
bution in which the fibers primarily bear the load, they do
not introduce variations in the predicted values in this di-
rection. Therefore, Equation 1 represents the longitudinal
modulus of all models (Alhijazi et al., 2021).

By = BV + En*(1 — Vo) (1)

Where E represents the modulus of elasticity of the fiber,
Vfdenotes the volume fraction of the fiber, and E, is the
modulus of elasticity of the matrix.

The following equations were used to determine the
transverse modulus of elasticity for each micromechan-
ical model.

« Rule of Mixtures: Also known as the inverse rule of
mixtures (IROM), where the modulus of elasticity is
defined according to Equation 2 (Alhijazi et al., 2021,
Efendy & Pickering, 2019; Jagadeesh & Gangi Setti,
2020; Jasti et al., 2023; Vignoli et al., 2019).

_ E*En
B2 = gvomriv (2)

« Halpin Tsai. The transverse modulus of elasticity used
in the Halpin-Tsai model is defined according to Equa-
tions 3 and 4 (Alhijazi et al., 2021; Efendy & Pickering,
2019; Jasti et al., 2023; Sudheer et al., 2015; Vignoli
et al., 2019).

Ba = B (45557 ®

where

-1
- (23) “

¢ is a geometric parameter that represents the geometry
of the reinforcement, the packing geometry and the load-
ing conditions, as expressed in Equation 5.

(=25 (5

Where 1 is the length of the fibers in the composite and
d is the fiber diameter or particle size. Taking into ac-
count that the fibers are cylindrical and are arranged in
a square arrangement, its value can be assumed to be as
expressed by Equation 6 (Efendy & Pickering, 2019).

(=2 (6)

« Chamis: The transverse modulus of elasticity in the
Chamis model is determined by Equation 7 (Alhijazi et
al., 2021; Raju et al., 2018; Sudheer et al., 2015; Vignoli

et al.,, 2019; Wang & Huang, 2017).
_ En
BT (R) Y

« Hopkins & Chamis: The transverse modulus of elastic-
ity used in the Hopkins & Chamis model is defined by
Equation 8 (Bunsell & Renard, 2005; Raju et al., 2018).

E; =En

_ VVi 8

(1- VD) + r(_)} ®)

« Nielsen: The transverse modulus of elasticity in the
Nielsen modelis defined according to Equations 9, 10,
and 11 (Alhijazi et al., 2021; Efendy & Pickering, 2019;
Sudheer et al., 2015).

Bz = En (1525 ) (9)
Where
n:(%*) (10
-
And
v =14 Iy, (11)

It is established that, in a square fiber arrangement, the
maximum value of v is 0.785. Since the model considers
the arrangement of cylindrical fibers in a square forma-
tion, ¢ =2 is set as a predefined parameter (Alhijazi et al.,
2021; Efendy & Pickering, 2019).
« Miravete: The transverse modulus of elasticity de-
scribed by Miravete is defined according to Equation
12 (Miravete, 2020).

Em

B, = Lt (12)
_ Emay
-V P47

v, is defined as Poisson’s coefficient of the matrix
« Jones: The transverse modulus of elasticity used in
the Jones modelis defined by Equation 13 (Hajikarimi
& Sadat Hosseini, 2023).

vV, 1-V,
R — *(E_ 405 Emf)) (13)

« Yun Fu: The transverse modulus of elasticity used in
Yun Fu’s model is defined according to Equation 14
(Fu et al., 1998; Raju et al., 2018).
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= = + <17§) (14)

Er \/#*E;+(1 \/Lz’f)*Em

Itis crucial to emphasize that for the effective application
of micromechanical models, it is necessary to know the
fiber volume fraction present in the biocomposites. How-
ever, from an experimental standpoint, it is more feasible
to measure the fiber fraction. Therefore, Equation 15 was
used to calculate the volume fraction of fiber required by
the models (Efendy & Pickering, 2019; Bunsell & Renard,
2005)

Vi= Wkt (15)

Where rs is the density of the fiber, rc is the density of the
composite, and Wi is the fiber weight fraction calculated
according to Equation 16.

Wi= 3t (16)

We

Where wfis the weight of the fiber and w is the weight of
the composite.

2.5 Statistical Analysis

In order to determine whether the results of tensile
stress and elastic modulus of the composite biomaterials
showed statistically significant differences depending on
the different amounts of fibers, the ANOVA (Analysis of
Variance) technique was used. If the p-value (Probability)
is less than the established significance level (0.05), it is
concluded that at least one of the mean values of the
mechanical properties is significantly different.

To analyze the differences between the average
modulus of elasticity obtained experimentally and the
predictions of the micromechanical models, the percent-
age error was calculated using Equation 17.

%E = X X*100 (17)

Where X is the value obtained from the different micro-
mechanical models and Y is the average value obtained
from the experimental results.

3. Results

3.1 Mechanical Characterization

of the Fiber and the Matrix

The stress-strain curve resulting from the tensile test per-
formed on the natural fique fiber rope is shown in Figure
7. Initially, the fiber rope exhibits a linear behavior where

the stress and strain maintain a direct proportional re-
lationship until the breaking point is reached. However,
when the maximum stress is reached, the material does
not break abruptly, as would be expected for brittle ma-
terials. This is due to the fact that the rope is composed
of multiple braided fique fibers, which allows some fibers
to break first while the remaining fibers continue to sup-
port the load. This behavior gives the material greater
toughness and distributes the load more gradually until
the rope breaks completely.

60

—¥— Sample 1
~#— Sample 2
—e— Sample 3
—4— Sample 4
—+— Sample 5

50 4

B
=)

Stress (MPa)
w
o

20 4

10 1

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain (mm/mm)

Figure 7. Strain-stress curve of braided fique rope.

The maximum tensile stress recorded was 51.90 + 5.1
MPa, while the modulus of elasticity reached 1.12 + 0.225
GPa. The tensile stress obtained is in agreement with the
values reported by Gomez-Suarez & Cérdoba-Tuta (2022)
in their review of composite materials made with fique
fiber, where it is established that this stress varies be-
tween 43 and 571 MPa for a single fique fiber. However, it
is important to note that the observed modulus of elas-
ticity is lower than that reported in the literature, which
ranges from 8.2 to 9.1 GPa for single unbraided fique fi-
bers. This discrepancy in the modulus of elasticity can be
attributed to the braided structure of the rope, where not
all fibers are perfectly aligned with the direction of the
applied load, reducing the overall stiffness of the mate-
rial. In addition, interactions between the braided fibers,
such as friction and slippage, contribute to the increased
flexibility of the rope.

Figure 8 shows the stress-strain curve of natural
rubber. The curve begins with an elastic region where
the material responds linearly to applied stress, show-
ing a directly proportional relationship between stress
and strain. This behavior is maintained until the ma-
terial reaches its elastic limit. At this point, the rubber
enters a region of non-linear deformation, where large
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deformations occur for relatively small increments of
stress. Finally, as the stress continues to increase, the
rubber enters the hardening zone, where the curve rises
more steeply. This is because the molecular chains of the
rubber are fully stretched and aligned in the direction
of the stress, showing increased resistance to further
deformation.
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—e— Sample 3
——
—

=
N

Sample 4
Sample 5

L
o

Stress (MPa)
o o
o =]

o
’S

o
N

0.0

0 é 1‘0 1‘5 2‘0 2‘5 3’0 3‘5
Strain (mm/mm)

Figure 8. Stress-strain curve natural rubber.

In the test, the maximum tensile stress recorded for
natural rubber was 1.14 + 0.16 MPa, with a modulus of
elasticity of 0.299 + 0.023 MPa. Additionally, Poisson’s
coefficient obtained was 0.51 + 0.11.

3.2 Mechanical Properties of Biocomposites

The mechanical properties of the biocomposites ob-
tained with braided fique fiber arranged longitudinally in
different volume fractions, including the maximum ten-
sile stress and modulus of elasticity, are shown in Figures
9 and 10, respectively.

Both the mechanical strength and the elasticity modu-
lus of the biocomposite materials with longitudinal fibers
increase as the percentage of Fique fibers increases. This
behavior is due to the fact that the fique fibers reinforce
the matrix, distributing the stresses more uniformly and
improving the material’s ability to absorb and dissipate
energy. In addition, since the fibers have an intrinsic
strength greater than that of the matrix, they contribute
significantly to the higher load-bearing capacity of the
material.

The biocomposite with the highest fiber volume frac-
tion of 25% showed the best mechanical performance,
reaching a maximum stress of 19.11 + 0.79 MPa and a
modulus of elasticity 277.24 + 17.48 MPa. These results
highlight the positive influence of the fiber on the me-
chanical properties of the material.

Longitudinal Stress (MPa)

0.08 0.15 0.17 0.‘23 0.’25
Fiber volume fraction, V¢

Figure 9. Tensile stress, biocomposites
with longitudinal braided fibers.

300

27724 |

Longitudinal Modulus (MPa),Ey

0.08 0.15 0.17 0.23 0.25
Fiber volume fraction, V¢

Figure 10. Elastic modulus of biocomposites
with longitudinal braided fibers.

The maximum tensile stress, modulus of elasticity of
the composite biomaterials prepared with braided fique
fibers arranged transversely at different fiber volume
fractions are shown in Figures 11 and 12, respectively.

When evaluating the behavior of biocomposite mate-
rials made with transverse fibers, it is observed that the
modulus of elasticity reaches a maximum of 1.08 MPa +
0.084 MPa in the biocomposite with 24% fiber volume.
This behavior is comparable to that of composites with
longitudinal fibers, where higher fiber content also in-
creases the modulus. However, in terms of tensile stress,
the results show similar values for the different fiber vol-
ume fraction percentages, ranging from 0.11 MPa to 0.15
MPa. This is because the fibers arranged transverse to the
principal load do not contribute significantly to the ten-
sile strength in that direction. As a result, the composite
does not fully leverage the fibers’ mechanical properties
to support the load in the desired direction, leading to
increased loading in the matrix.
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Figure 11. Tensile stress, biocomposites
with transverse braided fibers.

The results of the ANOVA test are presented in Table 1.
These results indicate that both the tensile stress and
modulus of elasticity of the biocomposites with longitudi-
nally arranged braided fique fiber and with different fiber
volumes have p-values less than 0.05. This suggests that
at least one of the biocomposites presents a significant-
ly different mean compared to the others. In contrast,
for the biomaterials with braided fique fiber arranged
transversely, the results show that, in tensile stress, a

g
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=
[N]
L

{5
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e
©
L

1.04

1 0.94

Transverse Modulus (MPa),E;

0.024 0.048 0.078 0.085 0.13 0.16 0.24
Fiber volume fraction, V¢

Figure 12. Elastic modulus, biocomposites
with transverse braided fibers.

p-value of 0.05 was obtained, indicating that there are
no statistically significant differences in the means of the
biocomposites. However, for the modulus of elasticity,
the p-value was less than 0.05, suggesting that at least
one of the means is significantly different from the others.

When comparing the maximum tensile stress and
modulus of elasticity of materials with longitudinally and
transversely oriented fibers, a significant advantage is
observed for those with longitudinally oriented fibers.

Table 1. ANOVA test.

Property Source Sum of Degress of Mean Fo P
squares freedom square
Longitudinal Biocomposites 1184.86 5 236.97 95.90 <0.001
tensile stress
Residuals 59.30 24 2.470
Total 1244.16 29
Longitudinal Biocomposites 159689.24 5 31937.84 48.80 <0.001
elasticity modulus
Residuals 15705.60 24 654.40
Total 175394.85 29
Transverse Biocomposites 0.00776 6 0.00129 2.46 0.005
tensile stress
Residuals 0.014756 28 0.00052
Total 0.02252 34
Transverse Biocomposites 1.401 6 0.233 3.212 0.016
elasticity modulus
Residuals 2.036 28 0.072
Total 3.437 34
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This superiority is due to the fact that the fibers in this
orientation are better positioned to support and distrib-
ute the load efficiently, thus maximizing their intrinsic
strength. The longitudinal orientation also promotes
more effective load transfer between the matrix and the
fibers, thereby improving the material’s internal cohe-
sion. In contrast, transversely oriented fibers cannot take
fulladvantage of their strength due to their perpendicular
orientation to the load, resulting in a reduced ability to
withstand high stresses.

3.3 Micromechanical Model Evaluation

Figure 13 shows the longitudinal elastic modulus as a
function of the fique fiber volume, calculated using all
the selected micromechanical models, which employ the
same equation in the longitudinal direction, along with
the values obtained from the experimental tests. This is
because these models assume a uniform stress distribu-
tion, where the fibers primarily bear the load.
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Figure 13. Longitudinal modulus of elasticity
predicted by the micromechanical models.

It is observed that the models show an increase in the
longitudinal modulus of elasticity with increasing fiber
volume fraction, a trend that is consistent with the results
obtained in the experimental tests.

Table 2 shows the percentage error as a function of the
longitudinal fiber volume fraction, comparing the results
of the micromechanical models with the average of the
experimental results.

The data show that the percentage error varies sig-
nificantly as a function of fiber volume fraction. As the
fiber fraction increases, the percent error fluctuates sig-
nificantly, with a maximum of 36.9% in the biocomposite
with 5% fiber volume fraction and a minimum of 0.7% in
the biocomposite with 15% fiber volume fraction.

Table 2. Percentage error in longitudinal modulus of elasticity.

Fiber volume fraction Vf (%) % E
5 36.9
8 10.4
15 0.7
17 19.8
23 3.7
25 1.1

Figure 14 shows the transverse modulus of elasticity as
a function of fiber volume, as estimated by the various
micromechanical models.
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Figure 14. Transverse modulus of elasticity
predicted by the micromodels.

It is observed that the Yun Fu model predicts higher val-
ues for higher volume fractions, while the model based on
the Rule of Mixtures gives the lowest predictions. All mi-
cromechanical models show an increase in the modulus
of elasticity with increasing fique fiber content, following
the trend observed in the experimental data. However,
the experimental results exceed the model predictions.

Table 3 presents the percentage error as a function
of the transverse fiber volume fraction, comparing the
results of the different micromechanical models with the
average experimental results.

The results show significant variability in percentage
error between models and as a function of fiber fraction.
In general, the Rule of Mixtures model has the highest
percentage error across all volume fractions. In contrast,
the Halpin-Tsai and Chamis models have relatively small-
er but still significant errors. The Miravete model offers
lower errors compared to the others, especially in fiber
fractions below 7.8%. Yun Fu’s model shows the lowest
errors for fiber fractions above this percentage.
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Table 3. Percentage error in transverse modulus of elasticity.

Fiber volume % E
fraction Vf (%) Rule of Halpin- Tsai Chamis Hopkins & Nielsen Miravete Jones Yun Fu
Mixtures Chamis

2.4 35.96 32.89 26.05 35.73 32.85 14.14 34.43 24.29
4.8 50.76 46.04 39.98 50.24 45.91 33.67 48.40 37.76
7.8 58.29 51.79 46.64 57.38 51.49 43.53 55.03 43.87
8.5 60.02 53.23 48.36 59.03 52.89 45.83 56.62 45.51
13 63.32 53.79 50.10 61.60 53.03 50.08 58.55 46.23
16 65.66 54.69 51.93 63.46 53.57 53.19 60.17 47.46
24 63.45 45.93 45.56 59.16 42.94 50.25 54.69 37.93

These errors are consistent with existing literature. Ac-
cording to Efendy & Pickering. (2019), a discrepancy of
up to 140% has been observed when micromechanical
models are used to predict the modulus of elasticity of
natural fiber composites. As an example, in their research
on composites reinforced with natural harakeke and
hemp fibers, they found that models such as the Rule of
Mixtures tend to underestimate the modulus of elasticity,
with errors of up to 71% for harakeke and up to 120% for
hemp. These results highlight the inherent limitations of
micromechanical modelsin accurately predicting the me-
chanical properties of natural fiber composites, primarily
due to the heterogeneity and variability of these fibers. In
this context, the errors obtained in this study fall within
an expected range, consistent with the capability of mi-
cromechanical models for these materials.

Conclusions

This study assessed the effectiveness of various mi-
cromechanical models in estimating the longitudinal
and transverse moduli of elasticity in biocomposites
reinforced with braided fique-fiber ropes and a natural
rubber matrix. The results highlight the significant influ-
ence of fiber orientation on the mechanical properties of
the composites. Longitudinally aligned fibers contribut-
ed to higher tensile strength and modulus of elasticity,
whereas transversely oriented fibers had a limited impact
on tensile strength due to their perpendicular arrange-
ment to the applied load.

Regarding the micromechanical modeling of the longi-
tudinal elastic modulus, models using the same equation
based on the Rule of Mixtures provided reasonable esti-
mates. However, the percentage error varied significantly

as a function of fiber volume fraction. These results indi-
cate that although the rule of mixtures is a useful tool, its
predictive accuracy is highly dependent on the composi-
tion of the biocomposite.

For the prediction of transverse modulus, Miravete’s
model presented the lowest errors at reduced fiber frac-
tions, while Yun Fu’s model showed higher accuracy at
higher fiber fractions. However, all of these microme-
chanical models tended to underestimate the transverse
modulus, suggesting that they may not fully capture the
mechanical behavior of natural fibers braided within a
rubber matrix.
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