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Abstract: The novelty of this study lies in the integration of
cantula fibers (CaFs), natural fibers known for their high
mechanical strength and eco-friendly properties, into a bio-
degradable composite system (Mg/nHA/shellac) designed for
potential biomedical applications, particularly bone screws.
This research evaluates the tensile strength and elastic mod-
ulus of the composite through experimental testing and
micromechanical modeling, establishing key benchmarks
for assessing the biocomposite performance prior to further
characterization. The significance of this work is underscored
by the increasing need for sustainable and biodegradable
biomaterials that can replace conventional implants, thereby
reducing environmental impact while enhancing biocompat-
ibility. Experimental findings demonstrate that the incor-
poration of CaFs significantly improves both the tensile
strength and elastic modulus as the fiber content increases.
Comparative analysis shows that the Bowyer–Bader model
most accurately predicts the tensile strength, while the
Cox–Krenchel model offers the best prediction for elastic
modulus. However, discrepancies observed between theore-
tical and experimental results highlight the anisotropic
nature of CaFs and the complex interactions within the
composite matrix. These insights offer structural optimiza-
tion efforts on natural fiber-reinforced biocomposites. The
outcome of this study advances the development of cost-effec-
tive, environmentally sustainable biomaterials with enhanced
mechanical performance for biomedical applications.

Keywords: cantula fiber, micromechanical analysis, tensile
strength, nano-hydroxyapatite

1 Introduction

Biomaterials that are biodegradable offer potential as pri-
mary constituents for medical implants aimed at sup-
porting the healing process [1]. Magnesium and its alloys
have garnered recent attention as metals in biomaterials
due to their biocompatibility, mechanical properties, and bio-
degradability [2]. In addition, nano-hydroxyapatite (nHA), an
inorganic compound constituting bones and teeth with the
chemical formula Ca10(PO4)6(OH)2, is also widely utilized in
biomedical applications, particularly in orthopedics [3,4].

The bioadhesive binder between Mg and nHA is shellac,
a natural polymer known for its environmentally friendly,
non-toxic, renewable properties and ability to form water-
proof layers. Shellac is considered a promising binder in the
biomaterial industry, albeit its current minimal applica-
tion [5]. To further enhance the mechanical properties of
the composite, natural fibers such as Agave cantula Roxb.
fiber (CaF) have been incorporated. Cantula fibers (CaFs)
are recognized for their high mechanical strength, light-
weight nature, durability, cost-effectiveness, and eco-friend-
liness. With a cellulose content of approximately 64.23%,
CaF holds significant potential as a reinforcement material
in composites [6]. Recent studies have demonstrated that
natural fibers, when properly treated and integrated into
polymer matrices, can significantly improve the tensile
strength, stiffness, and fracture toughness [7]. For instance,
the mechanical properties of natural fiber-reinforced
composites are highly dependent on fiber orientation, inter-
facial adhesion, and the distribution of fibers within the
matrix. These factors influence the stress transfer efficiency
and the overall composite performance, making natural
fibers a viable alternative to synthetic reinforcements in
biocomposites.
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In order to streamline research time and reduce costs
associated with experimental methods, predictions of tensile
strength and elastic modulus were conducted using estab-
lished mathematical models and numerical techniques for
mechanical composites. Crucial to this approach is the con-
sideration of intrinsic properties of fibers and the matrix
essential for accurately predicting mechanical properties of
the Mg/nHA/shellac composite mixture [8]. This study focuses
specifically on two models renowned for accurately pre-
dicting tensile strength: the Hirsch model equation and the
Bowyer–Bader model. For predicting elastic modulus, the
Tsai–Paganomodel, Cox–Krenchel model, Christensenmodel,
Cox model, and Manera model equations were employed.
These models were selected based on their extensive utiliza-
tion and track record of reliable predictions in prior research
studies [9]. Key to obtaining necessary data is the determina-
tion of interfacial shear stress (IFSS), which requires con-
ducting a single pull-out fiber test [10].

This study aims to bridge the gap between experi-
mental and theoretical approaches by evaluating the accu-
racy of micromechanical models in predicting themechanical
properties of Mg/nHA/shellac composites reinforced with
CaFs. By integrating recent advancements in natural fiber-
reinforced composites and micromechanical modeling, this
work contributes to the development of sustainable, high-
performance biomaterials for medical applications.

2 Materials and methods

2.1 Materials

The matrix utilized in this investigation comprised magne-
sium, nHA , and shellac. Magnesium served as the principal
matrix material, with nHA-coated shellac employed as an
inorganic filler possessing constituents similar to bones
and teeth [11]. CaFs were incorporated as a reinforcement
in the composite. The magnesium powder used in this
study had a purity of 98.5% and a particle size of 100
mesh. Detailed properties of the magnesium powder are
summarized in Table 1 [12].

The hydroxyapatite (HA) used in this study was synthe-
sized using the precipitation method, as nanoparticles. The
nHA had a Ca/P ratio of 1.67 and a purity of 99%. The
mechanical properties of nHA are presented in Table 2.
Shellac was prepared using a mixture of 96% ethanol
and seedlac, sourced from the Shellac Factory owned by
Perum Perhutani in Probolinggo, East Java.

The CaFs were supplied by UD, Rami Kencana, Kulon
Progo, Indonesia. The fibers were treated by soaking in a

2% NaOH solution for 6 h, followed by thorough washing
with clean water. The fibers were then allowed to air dry at
25°C for 3 days. Subsequently, the CaFs were dried in a
furnace at 110°C for 45 min [14]. The surface morphology
of the fibers was examined using scanning electron micro-
scopy (SEM), and the result is presented in Figure 1 [15].
The contents of the fibers are detailed in Table 3.

2.2 Fiber tensile properties

The tensile strength of CaFs was measured following
the ASTM C1557 standard, using a crosshead speed of
5 mm/min. The results ranged from 220.3 to 303.8 MPa
[17]. These results are comparable to those reported for
fique fibers, which belong to the same Agave plant family,
as noted in a recent review of natural fiber composites [18].
The IFSS was determined using a bundle pull-out test with
a JTM-UTS510 machine, operating at a crosshead speed of
0.10 mm/min and a 50 kg load cell transducer. The setup
specimens are shown in Figure 2. The transverse elastic
modulus of CaF was assessed by testing a composite of
CaF with polyester resin as the matrix, with fibers oriented
transversely. The volume fraction of CaF used was fixed at
12.76%. The dog bone specimens were adopted for the test,
as depicted in Figure 3. The polyester–CaF composite was
tested in accordance with the ASTM D638 standard [19],
with a crosshead speed of 2 mm/min and a 100 kg load
cell transducer. The obtained transverse elastic moduli of
CaFs were then put into Eq. (1), the inverse rule-of-mixture,
as follows:

Table 1: Properties of magnesium

Description Value Unit

Particle size 0.06–0.3 mm
Melting point 650 °C
Boiling point 1,090 °C
Density 1,738 kg/m3

Elastic modulus 45 GPa

Table 2: Mechanical properties of nHA [13]

Description Value Unit

Melting point 1,100 °C
Density 3.076 g/cm

3

Fracture toughness 101.34 ± 4 MJ/m3

Compressive strength 74.08 ± 3 MPa
Elastic modulus 86.12 ± 3 GPa
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( ) ( )= +E v E v E1/ / / ,2 f f2 m m (1)

where E2, Ef2, Em, Vf, and Vm represent, respectively, the
transverse modulus of the composite, transverse modulus
of a single fiber, modulus of the matrix, volume fraction of
the fiber, and volume fraction of the matrix.

The deviation between experimental results and pre-
diction models is quantified using Eqs. (2) and (3). Eq. (2)
calculates the deviation in the elastic modulus of the com-
posites, while Eq. (3) determines the deviation in their ten-
sile strength.

( )

( )= − ×E E E

Elastic modulus deviation %

100/ ,pred exp exp

(2)

( )

( )= − ×σ σ σ

Tensile strength deviation %

100/ ,pred exp exp

(3)

where Epred, Eexp, σpred, and σexp represent the elastic mod-
ulus of the prediction result, the elastic modulus of the experi-
mental result, the tensile strength of the prediction result, and
the tensile strength of the experimental result, respectively.

2.3 Composite preparation

The CaFs used in this study were subject to alkali treatment
by immersion in a 2% sodium hydroxide (NaOH) solution
for 6 h. This mercerization process is widely employed to

Figure 1: CaF surface.

Table 3: Contents of CaF [16]

Composition (% by weight)

Hemicellulose 9.45
α-Cellulose 64.23
Lignin 5.91
Ash 4.98
Extracting alcohol–benzene 3.38
Water content alcohol–benzene 11.95

Figure 2: IFSS testing setup of specimens.

Figure 3: Dog bone specimens of CaF–polyester.
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remove non-cellulosic components such as hemicellulose,
lignin, and pectin, thereby improving fiber–matrix adhesion
in composite materials [20]. Following treatment, the fibers
were thoroughly rinsed with clean water to eliminate any
residual NaOH and were subsequently air-dried for 3 days.
To further reduce the moisture content, the fibers were oven-
dried at 110°C for 45min, a step essential for minimizing
residual water that could negatively impact the composite
performance [21]. Once dried, the fibers were cut into
10mm lengths and subjected to mechanical crushing in
four cycles using a crusher machine. The crushed fibers
were then sieved through a 60 mesh screen to obtain a fine
cantula powder suitable for composite reinforcement. The
preparation of the Mg/nHA/shellac composite began with
the dissolution of one part of nHA in ten parts of shellac
solution, continuously stirred at 100°C and 200 rpm for 2 h
to ensure homogeneous dispersion. Shellac acts as a natural
polymeric binder, improving the stability and uniformity of
nHA particles within the composite matrix [22]. The resulting
dry powder (30% vol) was subsequently blended with mag-
nesium powder (70% vol) to achieve a homogeneous compo-
site matrix. The composite system was further reinforced by
incorporating CaFs at volume fractions of 10, 20, and 30%. All
components were thoroughly mixed using a high-speed
blender, operating at three different speeds for 1 min each
to ensure uniform dispersion. Effective mixing plays a crucial
role in achieving homogeneity, directly influencing the
mechanical properties of the final composite [23]. The
blended mixture was then placed into a mold and compacted
under a pressure of 300MPa. This compaction step facilitated
densification and enhanced the mechanical integrity of the
green body prior to sintering [24]. The compacted specimens
were subsequently removed from the mold and subjected to
heat treatment in a furnace at 140°C for 2 h. This thermal
processing step promoted better particle bonding and signifi-
cantly reduced the porosity within the composite which may
arise from incomplete wetting of the fibers by the matrix, air
entrapment during processing, and fiber degradation [25].
The final composite exhibited a highly dense structure with
porosity levels ranging from 0.95 to 2.22% [26]. Experimental
studies on natural fiber-reinforced composites indicate that
void content beyond a critical threshold (∼3–5%) significantly
reduces the tensile strength [21].

2.4 Tensile testing of Mg/nHA/shellac-CaF
composites

The tensile strength and elastic modulus of Mg/nHA/
shellac-CaF composites were evaluated according to the

ASTM D638 Type IV standard, employing a 50 kg load cell
and a crosshead speed of 2 mm/min. Five specimens were
tested for each volume fraction (Vf) variation of CaF, which
are 0, 10, 20, and 30%. The average tensile strength–elon-
gation curves derived from these five replicates are pre-
sented in Figure 4. Measurement uncertainty in the tensile
test was assessed using standard deviation to quantify the
variability of the measured tensile properties for each
composition.

Figure 4 shows that the early-stage mechanical beha-
vior underscores the essential role of magnesium as a
lightweight and biodegradable matrix material. Magne-
sium-based composites are widely recognized for their
favorable strength-to-weight ratio and biocompatibility,
making them highly suitable for biomedical applications
[27]. At 0% fiber content, the composite displays the lowest
tensile strength, approximately 2.73 MPa, indicating that
the unreinforced Mg–HA matrix lacks the structural integ-
rity to sustain higher loads and does not exhibit significant
strain-hardening behavior. With the addition of 10% vol.
CaF, the tensile strength increases to about 5.48 MPa,
reflecting improved stress distribution and enhanced resis-
tance to deformation due to fiber reinforcement. When the
fiber content is increased to 20% vol., the tensile strength
increases further to approximately 6.96 MPa, suggesting
that the fiber–matrix interaction is more effective at this
composition, contributing positively to both strength and
ductility. At 30% vol. fiber content, the tensile strength
exceeds 7.86 MPa. However, this increase is no longer pro-
portional to the added fiber volume, possibly due to micro-
structural inconsistencies such as fiber agglomeration or

Figure 4: Tensile strength–elongation curves of Mg/nHA/shellac matrix
composites reinforced with CaFs at various volume fractions.
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insufficient fiber–matrix adhesion [28]. Incorporation of
natural fibers into composites often promotes the develop-
ment of porous microstructures, primarily due to the lim-
ited interfacial compatibility between the two phases.
These interfacial voids can compromise stress transfer effi-
ciency, particularly when the fiber content exceeds the
optimal threshold, thereby reducing the overall mechan-
ical performance of the composite [29].

2.5 Brief explanation of selected models

Micromechanical modeling plays a pivotal role in pre-
dicting the tensile strength of fiber-reinforced composites,
particularly those incorporating natural fibers. Among the
various models, the Bowyer–Bader and Hirsch approaches
have been extensively utilized due to their effectiveness in
capturing the complexities of fiber–matrix interactions.
The Bowyer–Bader model offers a semi-empirical frame-
work tailored for composites reinforced with short, discon-
tinuous fibers [30]. It accounts for the contributions of
fibers that are both above and below the critical length,
considering mechanisms such as fiber fracture and pull-
out. By segmenting the composite into discrete elements,
the model evaluates the overall tensile strength based on
factors like fiber length distribution, orientation, and
volume fraction. This approach has been effectively
applied in various studies to predict the tensile properties
of natural fiber composites. For instance, research on low-
density polyethylene composites reinforced with zalacca
fibers demonstrated that the Bowyer–Bader model could
accurately predict tensile strength across different fiber
volume fractions, highlighting its applicability in natural
fiber systems. Another micromechanical approach, the
Hirsch model, combines the iso-strain and iso-stress
assumptions to estimate the tensile modulus of composite
materials [31]. Although originally developed for stiffness
prediction, the model has also been adapted to approxi-
mate tensile strength. A key feature of the Hirsch model
is the introduction of an empirical parameter that charac-
terizes the load-sharing behavior between the fiber and
matrix phases. This parameter enables interpolation
between the theoretical upper and lower bounds of com-
posite stiffness, resulting in a more refined prediction of
mechanical behavior. The model has been employed in
several studies to evaluate the tensile performance of
fiber-reinforced composites with varying reinforcement
contents. For instance, in investigations involving polypro-
pylene matrices reinforced with natural fibers, the Hirsch
model was found to yield tensile strength estimations that
correlated well with experimental observations [32].

The mechanical behavior of composite materials has
also been extensively studied using various modeling
approaches that predict stiffness, stress transfer, and
failure mechanisms. The Cox–Krenchel model extends
the rule of mixtures by incorporating efficiency factors to
account for the influence of short fiber length and orienta-
tion on load transfer, making it essential for designing
injection-molded composite parts [33,34]. In contrast, the
Cox model, based on shear-lag theory, describes the stress
transfer mechanism between the fiber and matrix in dis-
continuous fiber-reinforced composites, highlighting the
inefficiencies of short fibers due to premature stress
relaxation. For laminated composites, the Tsai–Pagano
model, derived from classical laminate theory (CLT), pro-
vides a fundamental framework for predicting in-plane
stiffness and stress distributions across multiple fiber
orientations, enabling the design of anisotropic materials
with optimized mechanical performance [35,36]. Failure
prediction in composites has been extensively addressed
through models such as Christensen failure theory, which
differentiates between brittle and ductile failure modes in
polymer–matrix systems and offers a simplified alterna-
tive to more complex tensor-based failure criteria [35].
Expanding on these concepts, the Manera model intro-
duces a micromechanical damage evolution framework
that accounts for progressive failure mechanisms,
including micro-cracking, fiber pull-out, and delamination,
thereby improving the accuracy of composite fatigue life
predictions [37,38]. These modeling approaches collectively
enable the optimization of composite material design,
making them indispensable in high-performance applica-
tions such as aerospace, automotive, and structural
engineering.

3 Results and discussion

3.1 Properties of Mg/nHA/shellac and a
single CaF

The properties of Mg/nHA/shellac are presented in Table 4.
The transverse strength properties of CaF can be deter-
mined using Eq. (1). The tensile strength values for compo-
sites with 90° fiber orientation are shown in Table 5. The
fiber transverse elastic modulus (Ef2) was obtained by
orienting CaFs transversely in a polyester–matrix compo-
site, yielding a value of 217 MPa. In comparison, according
to the research by Fathoni et al., the fiber longitudinal
elastic modulus (Ef1) for CaF is 3.081 GPa [17]. The
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significant difference of both elastic moduli (Ef2 and Ef1)
indicates that the single CaF exhibits high anisotropy.

Table 4 also shows the IFSS and critical length (Lc) of
interaction between Mg/nHA/shellac and CaFs, which can
be derived using Eqs. (4) and (5), respectively [38].

· ·= =τ F A F π d L/ / ,IFSS
(4)

=L dσ ,c f1 (5)

where F is the maximum load, A is the interfacial area
between the matrix and CaF, L is the length of the fiber
embedded in the composite matrix, d is the fiber diameter,
dσf1 is the longitudinal tensile strength of fiber, and τIFSS is
the IFSS.

Table 4: Properties of the Mg/nHA/shellac composite matrix and inter-
actions with the CaF

Description Value Unit

Density (δm) 1.56 g/cm3

Porosity (ϕ) 0.95 %
Tensile strength (σm) 2.73 MPa
Elastic modulus (Em) 32.22 GPa
IFSS between the matrix and CaF (τIFSS) 3.39 MPa
Critical length of the CaF (Lc) 15.04 mm

Table 5: Physical and mechanical properties of CaFs

Description Value Unit

Diameter (d) 0.15 mm
Density (δf) 1.2 g/cm3

Tensile strength (σf1) 278 MPa
Elastic modulus (Ef1) 3.08 GPa
Elongation (εf1) 3.95 (%)
Fiber transverse strength (σf2) 23.82 MPa
Fiber transverse elastic modulus (Ef2) 217 MPa

Figure 5: SEM surface images of the Mg/nHA/shellac composite without reinforcement (a) and reinforced with (b) 10% Vf CaF, (c) 20% Vf CaF, and
(d) 30% Vf CaF.
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The composite surface without reinforcement, shown in
Figure 5(a), reveals the presence of magnesium and nHA/
shellac, as well as several voids in thematrix. Figure 5(b) shows
the inclusion of CaFs in the composite along with magnesium
and nHA/shellac. Several voids and cracks are also visible,
indicating imperfect bonding between the fibers and the Mg/
nHA/shellac matrix. Figure 5(c) displays a higher quantity of
fibers, allowing for more effective load transfer from the
matrix to the fibers. However, there are several cracks and
voids caused by the clumping/agglomeration of CaFs, as shellac
has not been able to fill the void spaces between the fibers.
Further addition of fibers up to 30% Vf CaF, as shown in Figure
5(d), leads to increased load transfer by the matrix due to the
higher content of CaFs in the composite.

Overall, the microstructural analysis of the Mg/nHA/
shellac composite reinforced with CaFs, as shown in
Figure 5, reveals the presence of voids, fiber pull-out, and
microcracks. These features suggest incomplete interfacial
bonding, which can affect the composite’s mechanical proper-
ties. Similar observations have been reported in previous
studies on natural fiber-reinforced biocomposites [25]. A com-
parable composite system incorporating nHA, magnesium,
and shellac with CaF reinforcement exhibited fiber debonding
and crack propagation, particularly at higher fiber loadings.
These defects were attributed to insufficient fiber wetting and
weak matrix–fiber adhesion, which are consistent with the
findings in the present study. A related study on agave CaF-
reinforced HA/shellac composites further supports these
results [14]. The study demonstrated that microstructural uni-
formity plays a key role in enhancing the mechanical
strength. However, SEM analysis also highlighted matrix-
rich regions and fiber clustering, similar to the patterns
observed in Figure 5 of this study. The clustering of fibers
can lead to stress concentrations, which in turn compromise
load transfer efficiency. Improving fiber dispersion and mod-
ifying the fiber–matrix interface through surface treatments
may help mitigate such issues and improve composite per-
formance. In addition to microstructural concerns, the degra-
dation behavior of magnesium-based materials in biomedical
applications has been extensively examined [39]. Research
indicates that surface irregularities, including porosity and
microcracks, accelerate material degradation in physiological
environments. Given that Figure 5 reveals voids and fiber–
matrix separation, it is likely that these defects could influ-
ence the long-term stability of the composite, particularly in
applications where biodegradability and corrosion resistance
are critical. Meanwhile, studies on shellac’s adhesion proper-
ties suggest that improving its compatibility with different
substrates could minimize defects at the interface [40]. These
findings reinforce the idea that modifying the shellac phase in
the Mg/nHA composite may enhance its mechanical durability.

The SEM findings from this study align with existing literature
reports, confirming that fiber–matrix interactions, void forma-
tion, and surface irregularities significantly influence the struc-
tural integrity of Mg/nHA/shellac composites.

3.2 Prediction of tensile strength of
composites

The mathematical models utilized in this study, Hirsch’s
model and Bowyer–Bader’s model, have been extensively
applied in prior research due to their demonstrated accu-
racy in predicting the tensile strength of randomly
oriented Mg/nHA/shellac-CaF composites across various
volume fractions (Vf). The initial model employed in this
study was Hirsch’s model [41], which integrates both par-
allel and serial rule-of-mixture concepts. Eq. (6) presents
Hirsch’s model formulation.

( · · ) ( )(( · )

( · · ))

= + + −
+

σ x σ V σ V x σ σ

σ V σ V

1

/ ,

c m m f f m f

m f f m

(6)

where σc, σm, and σf denote the tensile strength of the
composite, matrix, and fiber, respectively. The parameter
x determines the stress transfer between the matrix and
fibers. Based on the compatibility of experimental and
theoretical values, x is determined to be 0.1 for composites
with randomly oriented fibers [42].

The second model used was the Bowyer–Bader model,
which is based on the assumption that the tensile strength
of a thermoplastic–matrix composite with short fiber rein-
forcement is a sum of its subcritical and supercritical fiber
and matrix contributions. The tensile strength of the com-
posite (σc) can be derived as follows:

·= +σ σ K K V σ V ,c f 1 2 f m m (7)

where σc, σm, and σf represent the tensile strength of the
composite, matrix, and fiber, respectively. Vf is the fiber
volume fraction, Vm is the matrix volume fraction, K1 is the
fiber orientation factor, and K2 is the factor related to fiber
length. For fibers with L > Lc, K2 is given by

( )=K L L L– /2 .2 c (8)

For fibers with L < Lc, K2 is given by

=K L L/2 .2 c (9)

For random-oriented fiber composites, the value of K1

is 0.2, based on previous research [43].
The tensile strength of nHA/shellac/Mg-CaF composites

predicted by the Hirsch and Bowyer–Bader models is
depicted in Figure 6. The Hirsch model notably predicts
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significantly higher tensile strengths compared to the
Bowyer–Bader model and experimental results across var-
ious CaF volume fractions. According to Table 6, the Hirsch
model’s predicted tensile strength consistently exceeded
the experimental values at each volume fraction variation,
showing deviations of 0, 5.06, 26.98, and 52.98%, respec-
tively, from the experimental results.

In the prediction using Hirsch’s model, the high devia-
tion is attributed to the presence of an inverse rule-of-mix-
ture and the absence of fiber length factors that influence
the prediction results. Hirsch’s model only considers the
stress transfer between the matrix and fibers, represented
by the parameter x, with a value of 0.1 for composites with
randomly oriented fibers. Consequently, there is a signifi-
cant increase in the predicted of tensile strength for each
volume fraction variation compared to the experimental
results.

The results of Bowyer–Bader model were relatively
closer to the actual experimental results, as shown in
Table 6. For volume fraction variations from 0 to 20%, a
negative deviation was observed, as the experimental

results curve was above the prediction curve of the
Bowyer–Bader model. Conversely, for the 30% volume
fraction variation, a positive deviation was noted, with
the experimental result curve falling below the prediction
curve of the Bowyer–Bader model. This model includes the
parameters K1 (orientation factor) and K2 (fiber length
factor). For random fiber orientation, the K1 factor is 0.2,
and the K2 factor depends on the fiber length (L) and the
critical fiber length (Lc), which was determined to be 0.39.
The product of factors K1 and K2 yields values smaller than
0.1. Factors influencing more accurate results for Bowyer–
Bader model predictions include the orientation factor K1

and the fiber length factor K2. Meanwhile, the Hirsch model
relies solely on the stress transfer parameter between the
matrix and fiber (x) with a value of 0.1, which is analogous
to K1. Additionally, the factor (1 – x), multiplied by the inverse
rule-of-mixture in the Hirsch model, affects the increase in
the predicted value of tensile strength compared to that
obtained using the Bowyer – Bader model.

The results demonstrate that Hirsch’s model consistently
overestimates the tensile strength, while the Bowyer–Bader
model provides values that more closely match the experi-
mental data. The deviation in Hirsch’s predictions can be
attributed to the absence of fiber length considerations and
the reliance on an inverse rule-of-mixture, which does not
fully capture the load transfer behavior of short fiber compo-
sites. Similar findings have been reported in studies of nat-
ural fiber-reinforced composites, where the Rule of Mixtures
and Hirsch’s model tend to overpredict mechanical proper-
ties due to their simplified assumptions about stress distribu-
tion [44]. The Bowyer–Bader model, which incorporates fiber
length (K2) and orientation (K1) factors, offers better agree-
ment with experimental results. This trend is consistent with
findings that demonstrate that the fiber length significantly
influences the mechanical properties of short fiber compo-
sites [45]. Studies have highlighted that micromechanical
models incorporating orientation and aspect ratio adjust-
ments yield more accurate predictions, especially for compo-
sites with randomly distributed fibers. Furthermore, models
accounting for imperfect bonding conditions, such as fiber
waviness and interfacial debonding, tend to provide better
estimations than purely theoretical models like Hirsch’s
approach [46]. The experimental results also suggest that
increasing fiber content beyond a certain threshold affects
the accuracy of both models. At higher fiber volume fractions
(30%), the Bowyer–Bader model slightly overestimated the
tensile strength, while Hirsch’s model continued to show sig-
nificant deviations. This aligns with research indicating that
fiber clustering at higher loadings leads to stress concentra-
tions, reducing the overall tensile strength [47]. The findings
further indicate that void formation and matrix–fiber

Figure 6: Tensile strength of Mg/nHA/shellac-CaF composites: experi-
mental results versus Hirsch and Bowyer–Bader models.

Table 6: Deviation percentage of tensile strength and elastic modulus
between experiment and prediction models

Deviation percentage (%)

Volume fraction (%) 0 10 20 30
Tensile
strength

Hirsch 0 5.06 26.98 52.98
Bowyer–Bader 0 −14.61 −4.91 8.97

Elastic
modulus

Cox-Krenchel 0 −9.04 −21.61 −22.38
Tsai–Pagano 0 29.89 34.17 31.39
Cox (2D) −100 179.61 315.37 353.69
Christensen 0 281.06 400.93 425.93
Manera 0 19197.11 28508.72 31126.92
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adhesion must be considered in micromechanical models to
improve the predictive accuracy. In this regard, incorporating
empirical correction factors has been suggested to account
for fiber agglomeration effects in natural fiber-reinforced
composites [48]. Overall, the comparison with previous stu-
dies confirms that while Hirsch’s model provides a theoretical
upper bound, the Bowyer–Badermodel remains amore prac-
tical tool for predicting the tensile strength ofMg/nHA/shellac-
CaF composites.

3.3 Prediction of the elastic modulus of
composites

Four mathematical models were tested to assess the agree-
ment of their elastic modulus calculations with experi-
mental results. The first model, proposed by Halpin-Tsai
and Pagano, was used to estimate the elastic modulus of
composites reinforced by randomly oriented fibers. The
model is mathematically represented by Eq. (10) [49].

= +E E E0.325 0.625 ,c 1 2 (10)

where Ec, E1, and E2 represent the elastic modulus of ran-
domly oriented fibers, longitudinal orientation, and trans-
verse orientation, respectively. These elastic moduli are
clarified for similar aspect ratios (L/d) and volume fraction
(Vf). The Halpin-Tsai model was also used to determine
both E1 and E2, as shown in Eqs. (11) and (12).

(( ( ) · ) ( · ))

( ) ) (( ) ( ))

= +
= +

E E L d η V η V

η E E E E L d

1 2 / / 1 – ,

/ – 1 / / 2 / ,

1 m 1 f 1 f

1 f1 m f1 m

(11)

(( ) ( ))

(( ) ) (( ) ( ))

= + −
= +

E E η V η V

η E E E E L d

1 2 / 1 ,

/ – 1 / / 2 / ,

2 m 2 f 2 f

2 f2 m f2 m

(12)

where Ef1, Ef2, and Em represent the corresponding long-
itudinal modulus of the fiber, the transverse modulus of
the fiber, and the elastic modulus of matrix, respec-
tively [43].

The second model used to predict the elastic modulus
was the Cox–Krenchel model. Based on the calculation of
the dimension and orientation factors of the fiber phase
[50], the elastic modulus of the composite in the Cox–
Krenchel model can be derived as follows [51]:

= +E η η E V E V .c 1 o f f m m (13)

In this equation, η1 and ηo represent the fiber length
distribution and orientation factors, respectively. In the
Cox–Krenchel model, the presence of voids can be ignored.
The fiber orientation factor is expressed as [42]

( )=η αcos ,
o

4

o (14)

where αo is the limiting angle of fiber orientation. For in-
plane random fiber orientation laminates, the orientation
factor (αo) was 0.375 according to Thomason et al. [52]. The
value of η1 was calculated based on Cox’s shear lag theory,
given by [53]

( ( )) ( )=η h βL βL1 – tan /2 / /2 ,
1

(15)

( [ ( ( ) ( ( · )])=β d E E ν π x V2/ sqr / 1 – ln / .im f1 m f (16)

In this context, β is the shear parameter, denoting
the stress concentration rate coefficient at the end of the
fiber, and vm is the Poisson’s ratio of the matrix. For this
model, the fiber arrangement was considered rectangular,
thus xi = 4.

The third model was Christensen model, based on the
behavior of a composite system with a two-dimensional
random fiber orientation. This model considered the effect
of fiber orientation and fiber–matrix interaction, which
are shown in the following equation [54]:

( ) [( ( )

( )) ( ( ) ( ))]

= + + +
+ + +

E V E V E E E V

E V E V E V

0.3 0.3 1 – 0.7 1

1 – / 1 – 1 .

c f f f m m f f

m f f f m f

(17)

Manera proposed an empirical simplification of the
Christensen model, as shown in Eq. (18). The Manera model
assumes that the mechanical properties of a randomly
oriented fiber in the composite are equivalent to those of
laminates with an infinite number of layers oriented in any
direction.

( )= + +E V E E E0.36 2 0.89 .c f f1 m m (18)

The fourth model utilized is the Cox model, which
represents paper as a planar mat of continuous fibers
without matrix material. This model is the simplest com-
pared to the others. Cox introduced the concept of aver-
aging the elastic constants over all possible orientations by
integration. This model is divided into two equations: the
first one for the 2D case, applicable when the fiber length is
greater than the thickness of the part, as shown in Eq. (19),
and the second one for the 3D case, applicable when the
fiber length is less than the thickness of the part, as shown
in Eq. (20) [49].

( )=E E v /3,c f f (19)

( )=E E v /6,c f f (20)

where vf is Poisson’s ratio of the fiber.
Figure 7 shows that the predictions of the Tsai–Pagano

model closely match the experimental results compared to
other models. The Tsai–Pagano model demonstrates pre-
dictive values for elastic modulus, as also shown in Table 6,
with successive deviations of 0, 29.89, 34.17, and 31.39% at
Vf variations of 0, 0.1, 0.2, and 0.3, respectively. This model
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incorporates anisotropic characteristics and aspect ratios
of fibers, considering both the longitudinal elastic modulus
(Ef1) and transverse elastic modulus (Ef2) of individual CaFs
to determine the elastic moduli of longitudinal and trans-
verse composites. Fortunately, both values are known:
Ef1 = 3.081 GPa according to previous research [17] and
Ef2 = 0.217 GPa based on the test results of this study.

Referring to the calculation results shown in Table 6,
the predictions of the Cox–Krenchel model are the closest
to the experimental results, with a maximum deviation of
22.38% at a Vf of 30%. The Cox–Krenchel model has a small
deviation from the experimental results because it
accounts for the fiber orientation factor (η0), the fiber
length distribution (η1), the stress concentration coefficient
at the fiber end (β), and Poisson’s ratio of the matrix. The
prediction of the elastic modulus obtained with the Chris-
tensen model shows the greatest deviation, exceeding the
experimental results for all Vfs. This is because the Chris-
tensenmodel relies only on the values of the elastic modulus
of the matrix and volume fraction, without considering
the effects of fiber orientation and matrix–fiber interac-
tion. The results of the Christensen model are also com-
mensurate with those of the Monera model, because the
nHA/Mg/shellac matrix and CaFs do not meet the model’s
requirements, such as an Em ranging from 2 to 4 GPa and a
high fiber aspect ratio (L/d > 300) [43]. In this study, Em was
32.22 MPa. In the Cox model (2D), the predicted results are
significantly different from the experimental results
because this model only assumes paper as a planar mat
of continuous fibers without matrix material and con-
cludes that fiber orientation is more important than the
fiber length. However, the Cox model is the simplest for

predicting the elastic modulus compared to the other three
models.

None of these elastic modulus models could accurately
predict results similar to those obtained experimentally,
which could be attributed to the exclusion of critical length
and interfacial strength factors in the equations, as demon-
strated by the Bowyer–Bader model in the tensile strength
prediction equation. The advantage of the Cox–Krenchel
model over other models lies in its consideration of the
length distribution and orientation of the fibers. The
advantage of the Tsai–Pagano model is that it incorporates
the aspect ratio and the transverse elastic modulus of the
fibers in its equations to obtain the longitudinal and trans-
verse elastic moduli of composites. The Cox (2D) model is
based on the elastic modulus of fibers without considering
the matrix material. The Monera model prediction only
calculates the longitudinal modulus of fibers, while the
Christensen model considers only the effects of fiber orien-
tation and fiber–matrix interaction.

Despite demonstrating high accuracy at a lower fiber
content, the Tsai–Pagano model exhibited increasing
deviations as the fiber volume fraction (Vf) increased, sug-
gesting that fiber agglomeration and interfacial debonding
significantly influence the effective stiffness of the compo-
site. This trend aligns with previous findings, indicating
that beyond a critical fiber loading, elastic modulus predic-
tions tend to diverge due to clustering effects and stress
concentrations [47]. The Cox–Krenchel model, which
accounts for fiber orientation (ηo) and fiber length effi-
ciency (η1), also showed reasonable agreement with experi-
mental results, with deviations not exceeding 22.38%. This
finding is consistent with previous studies, highlighting
that micromechanical models incorporating fiber orienta-
tion parameters generally yield more accurate stiffness
predictions for short-fiber composites [20]. Conversely,
the Christensen model exhibited the most substantial
deviations from experimental values, as it primarily relies
on the matrix modulus and fiber volume fraction while
neglecting the fiber orientation and fiber–matrix interac-
tions. A similar discrepancy was observed in previous
studies, which found that micromechanical models failing
to account for interfacial bonding and fiber orientation
tend to overestimate the elastic modulus of biodegradable
composites [55]. The Manera model, which simplifies the
Christensen approach by assuming an infinite number of
fiber orientations, produced comparable deviations, indi-
cating that such assumptions do not hold well for Mg/nHA/
shellac-CaF composites with defined fiber distribu-
tions [39].Figure 7: Elastic modulus of Mg/nHA/shellac-CaF composites modeled

by Tsai–Pagano, Cox–Krenchel, Christensen, Cox (2D), and Manera.
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4 Conclusions

The addition of random oriented CaF to the Mg/nHA/
shellac matrix resulted in increased tensile strength and
elastic modulus. The transverse modulus (Ef2) of a single
CaF was obtained by tensile testing using polyester resin
and CaF in the transverse direction with definite Vf in the
inverse rule-of-mixture. Hence, CaF is anisotropic with Ef1
and Ef2 values of 3.081 and 0.217 GPa, respectively. A com-
parison of the tensile strength between the experimental
method and the micromechanical prediction model
shows that Bowyer–Bader’s model provided good predic-
tion on composites. Meanwhile, the comparative study of
elastic modulus prediction between the experimental
method and a few of selected models showed that
Cox–Krenchel’s model resulted in the best prediction of
elastic modulus.

Future research should prioritize the development of
biocompatible isotropic fibers as reinforcements for the
Mg/nHA/shellac matrix system. The significant deviation
observed between experimental tensile results and micro-
mechanical model predictions, particularly in higher fiber
volume fractions, is believed to be largely attributed to the
anisotropic nature and irregular distribution of CaFs.
These characteristics may lead to uneven stress transfer,
local fiber agglomeration, and variable interfacial adhe-
sion, which cannot be fully captured by conventional mod-
eling approaches. Moreover, addressing other sources of
variability is equally crucial. For instance, inconsistency in
fiber surface treatment (e.g., level of cleaning, drying, or
chemical modification) and variations in matrix processing
conditions (such as curing time, mixing uniformity, and
temperature control) can lead to structural heterogeneity
and porosity, ultimately affecting the mechanical perfor-
mance. Standardizing these parameters or introducing
more refined processing protocols may improve the repro-
ducibility and alignment between theoretical predictions
and actual performance. To advance predictive accuracy
and material reliability, future work should incorporate
multiscale modeling techniques that consider fiber mor-
phology, orientation, and interfacial properties, comple-
mented by experimental validation. Such integrated
approaches will provide deeper insights into the structure–
property relationships and enable more precise optimization
of natural fiber-reinforced biocomposites for biomedical or
structural applications.
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