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Abstract: Biocomposite development, as a sustainable alternative to fossil-derived materials with
diverse industrial applications, requires expediting the design process and reducing production
costs. Simulation methods offer a solution to these challenges. The main aspects to consider in
simulating composite materials successfully include accurately representing microstructure geometry,
carefully selecting mesh elements, establishing appropriate boundary conditions representing system
forces, utilizing an efficient numerical method to accelerate simulations, and incorporating statistical
tools like experimental designs and re-regression models. This study proposes a comprehensive
methodology encompassing these aspects. We present the simulation using a numerical homoge-
nization technique based on FEM to analyze the mechanical behavior of a composite material of a
polyhydroxybutyrate (PHB) biodegradable matrix reinforced with cylindrical inclusions of flax and
kenab. Here, the representative volume element (RVE) considered the geometry, and the numerical
homogenization method (NHM) calculated the macro-mechanical behavior of composites. The results
were validated using the asymptotic homogenization method (AHM) and experimental data, with
error estimations of 0.0019% and 7%, respectively. This model is valuable for predicting longitudinal
and transverse elastic moduli, shear modulus, and Poisson’s coefficient, emphasizing its significance
in composite materials research.

Keywords: simulation; polymer properties; finite element; biocomposites; biodegradable matrix;
cylindrical inclusions

1. Introduction

Biocomposites are mixtures of at least two phases, a matrix and a reinforcement,
with at least one biodegradable component [1–3]. The matrix may be biodegradable,
non-biodegradable, or partially bioderived [4–9]. The reinforcements can be naturally
derived from animals, minerals, and plants or be synthetic [10–12]. When the matrix is not
biodegradable but the reinforcement is, it is called a partially biodegradable biocomposite.
When matrix and reinforcement are biodegradable, they are called fully biodegradable
biocomposites [13].

Biocomposites offer various advantages due to the renewable origin of their com-
ponents. For example, they help to reduce dependence on petroleum-based products,
promote the use of renewable raw materials, and contribute to the recovery of by-products
and agricultural waste [2,14–18]. Biocomposites are a safe and environmentally sustainable
alternative to fossil-derived materials [19,20]. Moreover, the biodegradability of these
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materials aligns with multiple regulations concerning plastic usage and the shift towards a
circular economy across various regions, including the Americas, the Caribbean, the Euro-
pean Community, and the United Nations [21–24]. Due to their versatility, biocomposite
materials emerge in diverse industry applications, for example, vascular prostheses [25,26],
laminated materials [27], and packaging materials [28,29], among other products.

Because of their structural diversity and biodegradability, polyhydroxyalkanoates
(PHAs) are exceptional for replacing plastics. PHAs are polymers produced by Gram-
positive and Gram-negative bacteria from at least 75 genera [30]. The most known member
of the PHA family is polyhydroxybutyrate (PHB), a highly crystalline, naturally occur-
ring biopolymer [31,32]. PHB deficiencies in mechanical properties can be overcome by
producing composites with fibers. Natural fibers used as fillers in composites improve
characteristics such as stiffness, tensile strength, density, biodegradability, and the cost of
the final applications [33]. Bio-sourced and biodegradable PHB composites have gained
notoriety because various fibers, nanofibers, and modified fibers have been incorporated
as PHB fillers, widening the range of applications from packaging to 3D printing [34,35].
Yet, the development of biocomposites requires speeding up the design process, reducing
production costs, and facilitating the characterization of materials.

Materials simulation methods provide an alternative to the whole process and of-
fer additional advantages, such as non-destructive tests, to characterize the material that
significantly reduces the costs [36–38], optimizes models through parameterized program-
ming [39,40], and offer the possibility of validating the methodology by comparing results
with other methods and experimental data or exploring complex scenarios [41,42]. In
addition, including different parameters in the simulation methodology, such as volumetric
fraction, reinforcement geometries, and orientation, reduces errors due to the overesti-
mation of mechanical properties that occur with some classical theoretical models [43,44].
With a validated model and a parametric analysis, it is possible to gain insight into the
influence of different parameters and their interactions on the mechanical behavior of
composites [45].

The inclusion theory, as formulated in Eshelby’s work [46], has been widely used to
predict composite materials’ overall properties. This approach commonly works with a
single inclusion within a sparsely distributed framework in two-phase composites [47].
While versatile, the model assumes ellipsoidal inclusions, a representation that may not
cover all practical scenarios. It is essential to highlight that the Eshelby method is par-
ticularly effective in significantly diluted concentration conditions. However, various
alternative methods have been devised, including the Mori–Tanaka approach. This method
computes the average internal stress in the matrix of a material with uniformly distributed
macroscopic inclusions. The research reveals that the average stress in the matrix remains
constant throughout the material, regardless of its position within the domain [48]. Ad-
ditionally, this model has been subject to refinements, which redefined and extended the
Mori–Tanaka approach to apply to composite materials, accounting for anisotropic and
ellipsoidal phases [49].

Another noteworthy model is the self-consistent method, based on the premise that a
particle is embedded in an effective medium with unknown properties [50]. This method
calculates the effective properties by iteratively adjusting the local properties of each
phase until reaching self-consistency. Self-consistency occurs when the average strain in
each phase, weighted by the volume fraction of that phase, equals the macroscopic strain.
In contrast to the Eshelby and Mori–Tanaka methods, the self-consistent method yields
implicit equations for the effective properties, often requiring numerical iteration.

The effective properties of composite materials can also be calculated using a homoge-
nization procedure such as asymptotic homogenization (AH). The AH scheme is widely
used to predict effective material properties due to its rigorous mathematical background
based on perturbation theory. The boundary value problems of partial differential equa-
tions have been studied for application in many diverse engineering fields. The AH method
is mathematically rigorous, but it requires a complex and lengthy derivation procedure
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to obtain effective material properties [51]. AH assumes that any field quantity, such as
the displacement, can be described as an asymptotic expansion, which, once replaced in
the governing equations of equilibrium, allows the effective properties of the composite
material to be derived.

Another approach is numerical homogenization (NHM), which employs the finite
element method (FEM). This numerical method demonstrates high versatility, adapting
well to composites with various geometric inclusion configurations, especially those with
intricate fiber arrangements [52]. NHM enables efficient calculations of effective properties
by utilizing a unit cell model with appropriate periodic boundary conditions. Additionally,
NMH goes beyond determining mean-field solutions for highly heterogeneous problems.
It also includes the assessment of local fluctuations, a crucial consideration in numerous
applications [53]. The finite element analysis obtains the local solutions and averages the
effective properties of the composite [38,54–56], while statistical tools, such as experimental
designs, reduce the number of runs (simulations) required to obtain reliable results [36,45].

This work presents the simulation, using a numerical homogenization technique based
on FEM, to analyze the mechanical behavior of a composite material of a polyhydroxyalka-
noate (PHA) biodegradable matrix reinforced with cylindrical inclusions of flax. This
simulation considers three aspects: (1) An appropriate representation of the geometry,
microstructure, and periodicity; for this purpose, a representative volume element (RVE)
was used [38,56,57]; (2) Mesh element selection, which establishes adequate boundary
conditions that represent the forces that act in the system [58–60]; and (3) An efficient nu-
merical method to speed up the calculation time of the simulation [37,61]. The results were
validated by response surface methodology, AHM, and experimental data. The simulations
ran under a fractional experimental design.

2. Materials and Methods
2.1. Experimental Design

A fractional factorial design (DDF) with three factors and tree levels was used (RStudio
2023.06.2 Build 561, Posit Software, PBC, Boston, MA, USA). The factors were chosen from
the literature due to their impact on the mechanical behavior of composites: volumetric
fraction (Vf ), radius, and aspect ratio between the longitude and radius (ρ) of the rein-
forcements [62–64]. The factors and levels are summarized in Table 1. The selected matrix
material was polyhydroxybutyrate (PHB), and the reinforcement material was flax fibers.

Table 1. Fractional factorial design, three factors, and three levels.

Factor Low
Level Unit Code Medium

Level Unit Code High
Level Unit Code

Radius 0.0625 −1 0.125 0 0.1875 1
ρ 1 −1 3 0 5 1

Vf 8% −1 12% 0 16% 1

2.2. RVE Generation and Reinforcement Randomization

The RVE and the reinforcement sizing were established within the parameterization
section using a random angle vector for orientation. These angles were then used to
define the location of the inclusions using rotation matrices. One thousand points on the
circumferences of the cylindrical reinforcements were located and validated within the
RVE limits. The cell with the inclusions was generated(ANSYS APDL 2022 R1 Build 22.1
Canonsburg, PA, USA), as shown in Figure 1.
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Figure 1. RVEs with randomly oriented cylindrical inclusions, (a) ρ = 5; (b) ρ = 1.

2.3. Meshing

The discretization of the continuous system was carried out ((SOLID 187 element
ANSYS APDL 2022 R1 Build 22.1 Canonsburg, PA, USA), a tetrahedron with ten nodes
and three degrees of freedom at each node. The number of elements generated depended
on the number and length of reinforcements. Figure 2 displays two different RVEs with
variations in fiber dimensions.
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with twelve inclusions.

2.4. Boundary Conditions

Six local problems were analyzed, three for tensile stress and three for shear stress [65–67],
summarized in Table 2. Longitudinal tension stress conditions (problem 1) were as follows:
A known perpendicular load was applied to the x = Ax face of the RVE. Likewise, the
displacement of the cell in the three planes of symmetry, x = 0, y = 0, and z = 0, was
restricted to simulate the continuity of the material [55,68]. A homogeneous displacement
of the nodes was ensured on the faces x = Ay, and z = Az (faces in which no force was
applied). The equivalent procedure was performed for the second and third scenarios.

Conditions of shear force problems (problem 4) were as follows: Two known forces
were applied, equal and parallel to the x and y axes, on the faces x = Ax and y = Ay. The
displacement in the plane of symmetry z = 0 was restricted. Likewise, the movement of
the face y = 0 in the direction of x was limited, and that of the face x = 0 in the y direction,
to generate antisymmetric to the applied forces. Finally, a homogeneous displacement of
the nodes on the z = Az faces was ensured. The equivalent procedure was performed for
the fifth and sixth scenarios.
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Table 2. Boundary conditions for tensile and shear stress.

Local
Problem Illustration Symmetric Mirror

Face
Anti Symmetry

Face Load Face
Constant

Displacement
Faces

Problem 1: Tensile
stress. Axis = x
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z = 0, restrict
movement in

direction x

2.5. RVE Analysis and Solution

Hooke’s law (1) was used to integrate the element’s nodes, material properties (stiff-
ness), and deformation after applying the loads.

σ = Cε, (1)

where σ is the stress vector, ε is the strain vector, and C is the stiffness matrix. The matrix
C was inverted to obtain the matrix S “compliance.” This matrix was used to rewrite the



Polymers 2023, 15, 4727 6 of 15

deformations as an unknown dependent change, allowing the deformation to be rewritten
in terms of the stress and the elements of the matrix S [66]. The engineering constants were
calculated with Equation (2).

ε11
ε22
ε33
ε23
ε13
ε12

 =



S11 S12 S13 0 0 0
S21 S22 S23 0 0 0
S31 S32 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S55 0
0 0 0 0 0 S66





σ11
σ22
σ33
σ23
σ13
σ12

. (2)

A numerical homogenization, which relies on finite element simulations utilizing
subroutines that calculate volume, deformation, and stress for each RVE element, was
subsequently used to compute the engineering constants, as described in Table 3 [55].

Table 3. Compliance element matrix and engineering constants for orthotropic materials [66].

Problem Element Matrix S
Engienering Constat

Constant Definition

1

s11 = 1
E11

E11 E11 = σ11
ε11

s12 = −v12
E22

v21 v21 = − ε22
ε11

s13 = −v32
E33

v31 v31 = − ε33
ε11

2

s21 = −v12
E11

v12 v12 = − ε22
ε11

s22 = 1
E22

E22 E22 = σ22
ε22

s23 = −v32
E22

v32 v32 = − ε22
ε33

3

s31 = −v13
E11

v12 v32 = − ε22
ε33

s32 = −v23
E22

v23 v32 = − ε33
ε22

s33 = 1
E33

E33 E33 = σ33
ε11

4 S44 = 1
G23

G23 G23 = − σ11
2(ε22+ε33)

5 S55 = 1
G13

G12 G13 = − σ11
2(ε11+ε33)

6 S66 = 1
G23

G13 G12 = − σ11
2(ε11+ε22)

3. Results
3.1. Validation, NHM vs. AHM

The simulation outcomes were compared with the results from the asymptotic ho-
mogenization method (AHM) [41,55]. Figure 3 shows NHM (blue asterisk) vs. AHM
(green squares), revealing that the calculated engineering constants align closely. The mean
average discrepancy between the two simulations was 0.0019%. The same behavior was
observed with the other constants described in Table 3.
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3.2. Simulation vs. Experimental Results

To compare the simulation results with experimental data, we used the data generated
by Yan et al. from a biodegradable matrix and cylindrical inclusions to match the parameters
included in our research (Table 4) [43]. The referred study used transversely isotropic fibers;
therefore, it was necessary to rotate the tensioner according to the fibers’ orientation.

Table 4. Experimental data were used for simulation.

Matrix (PLA) Reinforcements
(Carbon Fibers)

Young’s Modulus (E11) 2570 207,000
Young’s Modulus (E22) 14,000

Poisson Coefficient (v23 ) 0.3 0.25
Vf 0.85 0.15

Average length 77.1 µm

Table 5 shows the NHM simulation results for two ρ and the error estimations. Because
the ρ was not specified, two approximate data were used, taking the Yan et al. micrographs
as a reference. The ρ dramatically impacted the results, especially the longitudinal module,
probably due to the inclination angles used for the fibers’ rotation.
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Table 5. Experimental vs. simulation results by NHM.

Engineering
Constant

Experimental
Data(MPa)

NHM
(MPa)
ρ = 10

%Error
NHM
(MPa)
ρ = 13

%Error

Young’s Mogulus (E11) 5030 5012.9 0.33 5961.5 7.8
Young’s Modulus (E22) 3720 3480.6 6.45 3416.7 7.45

3.3. Mechanical Behavior of the Simulated Composite

Figure 4a,b showed that an increase in ρ or Vf results in an increment in the modulus
E11. Additionally, it is possible to identify an interaction between these factors. When
ρ =1, the mean value of E11 is 3686 MPa for Vf = 8% and 3790 MPa was the mean value
for Vf = 12%, representing an approximate 2.7% increase. However, for ρ = 3, the value
of E11 is 4150 MPa for Vf = 8%, and 4555 MPa for Vf = 12%, indicating a 9% increase in
the modulus. This suggests that as ρ increases, the impact of Vf on reinforcing the elastic
modulus of composite becomes more evident.
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A similar effect is observed in the case of the modulus G12. Figure 4c,d, for ρ = 1, the
change in Vf from 8% to 12% appears to have an insignificant impact on the stiffness of
the composite. However, when ρ = 3, the increase in Vf results in a 7% stiffness increment.
Regarding the coefficient v12. In Figure 4e,f, an increase in ρ leads to an approximately 1%
decrease in v12, which aligns with the increased composite’s stiffness. In the case of v12,
the interaction effect of the factors is less pronounced, but there is greater variability in
the data. The variability of the factor can be examined through the box plot presented in
Appendix A.
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3.4. Linear Model and Contour Plot to Predict Elastic Modulus

The statistical analysis of the simulation results appears in Figure 5. A Pareto diagram
(Figure 5a) highlighted the influence of the Young’s Modulus factor. Among these factors,
ρ and Vf were the most significant contributors, and notably, their interaction also had a
positive effect on the elastic modulus. In contrast, the Ratio(E_fiber/E_matrix) and the
radius size exhibited comparatively less impact on Young’s Modulus.
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(b) E11 response surface.

The prediction model for Young’s Modulus is expressed by Equation (3) and excludes
the radius factor due to its little impact on the response variable.

E11 = 4004.16 + 304.75ρ + 127.75V f + 26.9β + 40.06ρ̂2 + 76.54ρ V f + 16.91ρ β + 7.43V f β + 5.04 β V f ρ (3)

where: Young’s Modulus (E11) ; Volumetric Fraction
(

Vf

)
; Aspect Ratio (ρ); Modulus

Ratio (β).
Figure 5b reveals insightful interactions between the factors. This graph used Vf

and ρ due to significant influences. The Vf -axis indicates that an increment in Vf had a
slight effect on Young’s Modulus, but as ρ increased, the influence of the Vf became more
pronounced. The response surface pointed to the optimal approach for enhancing the
elastic modulus. The color map (blue–yellow) indicates the direction of improvement.

4. Discussion

In this work, we modeled the mechanical behavior of a composite material of a
polyhydroxyalkanoate (PHA) biodegradable matrix reinforced with cylindrical inclusions
of flax using the NHM. We validated our results with the AHM method for its accurate
prediction of macroscopic behaviors [69,70]. This characteristic is pivotal, especially when
comparing simulation outcomes. AHM has proven helpful in the simulation work of short
fiber composites compared with NHM in three-dimensional cell cases [71].

For a second validation, we compared our NHM results with published experimental
data, with errors ranging from 0.33% to 6.45% obtained for the transverse and longitudinal
moduli, with a noticeable increase in error as ρ increased. Several aspects could contribute
to this discrepancy. First, the simulations assumed perfect contact between the matrix and
reinforcement, which may not hold in experimental conditions [72–74]. Second, it was
assumed that the reinforcements had uniform geometry, a simplification that does not align
with real-world variations. Finally, the simulated material did not account for aggregation.
All these aspects could introduce additional rigidity to the composite material. Future
research will enhance the algorithm by incorporating a probability distribution to simulate
agglomerations and geometric variations. Nonetheless, the error percentage falls within
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the range reported by other algorithms for predicting mechanical properties. Some studies
suggest that error prediction is due to non-linear elastic behavior or estimation errors when
the mesh size is too small. Despite the limitations of the present model, we considered it
worthwhile to obtain a good approximation of the compound and to reduce experimental
costs [36,71,75–79].

The significance of the ρ of reinforcement was underscored in our statistical analysis,
a finding that aligns with various experimental studies. For instance, in the case of a
PLC–hemp mixture, it was observed that Young’s Modulus increased by 48% as the ρ of the
reinforcements changed from 19 to 26. However, when this ratio exceeded 30, a saturation
effect occurred, likely attributable to moisture absorption by the fibers [80]. Additionally,
another study [81] supports the notion that particles with larger aspect ratios are more
effective in enhancing composite stiffness. In their study, a ρ of 10, combined with a volume
fraction of 30%, resulted in a 4.5% increase in Young’s Modulus and a 1.3% decrease in Pois-
son’s coefficient. Nevertheless, they also observed a saturation effect when the ρ exceeded
10, suggesting the occurrence of a “shear lag” phenomenon that limits stress transmission
from the matrix to the fibers. In a PHBV–potato mixture, researchers have noted that fibers
with small aspect ratios tend to function more as fillers than reinforcements [82].

When the matrix is reinforced with long particles or fibers and the fiber length is lower
than the length of RVE, the matrix and fiber interact as springs connected in series, resulting
in a high reinforcement effect. However, if the fiber length exceeds the dimensions of the
RVE, the interactions resemble parallel springs, leading to a diminished reinforcement effect.
The β and the ρ also interact, and when β is >10, these interactions become dominating
factors in determining the directional effective Young’s Modulus [83].

Of interest, Robinson et al. [84] highlighted that the effectiveness of fiber length in
reinforcing a material depends not only on its diameter but also on the ratio between the
elastic modulus of the reinforcement and the resin (β), the Poisson coefficient, and the
volume fraction. This relationship is mathematically presented in Equation (4).

lc = 2.3 d

√
E f (1 + vm)

Em

√√√√ln

(
π

4Vf

)1/2

, (4)

where: The fiber diameter (d), the modulus fiber (Ef), the matrix modulus (Em), the matrix
poisson (vm), the volumetric fraction (Vf). According to this relationship, the minimum
length of the reinforcements should be 6 mm; however, the longest inclusion used in the
simulation is 2.8 mm, because of which the elastic modulus of the matrix increased between
17 and 31% and the shear by 15–24%. The effect of the β was also analyzed, but for the
simulated cases, the effect of the β is not so significant.

Additionally, most studies concur on the influence of ρ on the Elastic Modulus, but
there are notable exceptions. In the epoxy–nanocarbon fibers research, the authors reported
that reinforcements with a lower ρ led to a greater apparent Young’s Modulus [85], at-
tributed to enhanced interfacial adhesion. Also, the authors reported that reinforcements
with a lower ρ led to a greater apparent Young’s Modulus. This phenomenon results from
enhanced interfacial adhesion due to better dispersion and alignment of short fibers. The
researchers also emphasized that the Vf had a more significant impact than the ρ opposite
to the simulation results [85]. Furthermore, another study analyzing a PHBV–cellulose com-
posite [86] showed that weak interfacial adhesion softened the matrix modulus, particularly
when employing reinforcements with a small ρ.

The simulation works have also analyzed the reinforcement orientation; unidirectional
fibers increase longitudinal modulus by 26%, but the transverse modulus decreases to 4.75.
This effect depends on interacting with the Vf [87]. Other work states that a simulation
with random fibers is closer to the experimental data [88]. The proposed methodology
uses random reinforcement orientation to simulate the injected composite material. In the
experimental validation, the fiber rotation was limited to −30◦ to 30◦ since the micrographs
of the work used as a reference showed limited fiber rotation [43].
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The last methodology step presented in this research proposed a non-linear regression
model, Equation (3), to predict the Young’s Modulus of the compound. The model is con-
sidered helpful in predicting the mechanical properties of the composite when parameters
such as ρ and Vf are varied. For example, increasing ρ to 9.5 and Vf to 20% (in coding units)
and then substituting into Equation (3) while keeping the β constant estimates the Young’s
Modulus (E11) to be 7515.2 MPa.

It is necessary to consider that the model is a generalization and may incorporate noise.
Additionally, the model assumes a constant relationship between the factor and E11, which
can lead to inaccurate predictions when the factor’s level is changed to values significantly
distant from those simulated. Non-linear regression models are sensitive to the initial
parameter values.

Although this simulation methodology might seem simple, it allows precise predic-
tions of the mechanical behavior of composites, including changes in elastic and shear
modulus, in scenarios involving fibers with approximate cylindrical shapes. The regression
model enhances result reliability, leading to reduced computational costs, design, and pro-
duction times for materials with similar characteristics (β,ρ,Vf). For example, it is possible
to utilize the model to predict the elastic modulus of a PHB-Jute composite with Vf = 16%,
β = 7.7, and ρ = 5, resulting in E11 = 4800 MPa (approximately). Worth noting is that the
structure of the composites is complex and requires the design of complex algorithms that
include random distributions of the reinforcements in the unit cells, include movement
restrictions of the nodes and planes, and thus represent the reality of a composite material.

5. Conclusions

Many fibers are industrial waste and are underused. Biodegradable matrix composites
with fiber reinforcements have been developed because they could potentially replace poly-
mers in olefins. Composites of PHB with natural fibers have great potential for industrial
applications. The algorithm developed here facilitated the simulation of the reinforce-
ment of a PHB matrix with cylindrical fiber inclusions and produced reliable results. The
algorithm’s parameters helped simulate different configurations of the materials. This algo-
rithm relied on the geometric depiction of the material and used numerical homogenization
methods for analysis. This model is a valuable tool for predicting both longitudinal and
transverse elastic moduli, shear modulus, and Poisson’s coefficient. Furthermore, a linear
regression model was developed, simplifying the prediction of mechanical properties for
alternative material configurations while mitigating the need for extensive computational
resources. This simulation methodology sets the basis for future work, including chal-
lenging conditions such as porous cells, aggregations, and inclusions with different aspect
ratios. This advancement aims to enhance the representation of composite materials in a
simulation process.
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Figure A1. Box plot represents the mean and variability of dependent variables. In (a–c), the y-axis 
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the y-axis represents the Poisson coefficient. The x-axis represents the independent factors 𝜌, %𝑉௙. 

References 
1. Preethikaharshini, J.; Naresh, K.; Rajeshkumar, G.; Arumugaprabu, V.; Khan, M.A.; Khan, K.A. Review of advanced techniques 

for manufacturing biocomposites: Non-destructive evaluation and artificial intelligence-assisted modeling. J. Mater. Sci. 2022, 
57, 16091–16146. https://doi.org/10.1007/s10853-022-07558-1. 

2. Khoshnava, S.M.; Rostami, R.; Ismail, M.; Rahmat, A.R.; Ogunbode, B.E. Woven hybrid Biocomposite: Mechanical properties of 
woven kenaf bast fibre/oil palm empty fruit bunches hybrid reinforced poly hydroxybutyrate biocomposite as non-structural 
building materials. Constr. Build. Mater. 2017, 154, 155–166. https://doi.org/10.1016/j.conbuildmat.2017.07.189. 

3. Pantaloni, D.; Shah, D.; Baley, C.; Bourmaud, A. Monitoring of mechanical performances of flax non-woven biocomposites 
during a home compost degradation. Polym. Degrad. Stab. 2020, 177, 109166. 
https://doi.org/10.1016/j.polymdegradstab.2020.109166. 

4. Gómez, E.F.; Michel, F.C. Biodegradability of conventional and bio-based plastics and natural fiber composites during 
composting, anaerobic digestion and long-term soil incubation. Polym. Degrad. Stab. 2013, 98, 2583–2591. 
https://doi.org/10.1016/j.polymdegradstab.2013.09.018. 

5. Hammiche, D.; Boukerrou, A.; Grohens, Y.; Guermazi, N.; Arrakhiz, F.E. Mechanical properties and biodegradation of 
biocomposites based on poly (hydroxybutyrate-co-valerate) and alfa fibers. J. Polym. Res. 2020, 27, 308. 
https://doi.org/10.1007/s10965-020-02284-1. 

Figure A1. Box plot represents the mean and variability of dependent variables. In (a–c), the y-axis
represents Young’s Modulus, E11. In (d–f), the y-axis represents the shear modulus, and in (g–i), the
y-axis represents the Poisson coefficient. The x-axis represents the independent factors ρ, %Vf .

References
1. Preethikaharshini, J.; Naresh, K.; Rajeshkumar, G.; Arumugaprabu, V.; Khan, M.A.; Khan, K.A. Review of advanced techniques

for manufacturing biocomposites: Non-destructive evaluation and artificial intelligence-assisted modeling. J. Mater. Sci. 2022, 57,
16091–16146. [CrossRef]

2. Khoshnava, S.M.; Rostami, R.; Ismail, M.; Rahmat, A.R.; Ogunbode, B.E. Woven hybrid Biocomposite: Mechanical properties of
woven kenaf bast fibre/oil palm empty fruit bunches hybrid reinforced poly hydroxybutyrate biocomposite as non-structural
building materials. Constr. Build. Mater. 2017, 154, 155–166. [CrossRef]

3. Pantaloni, D.; Shah, D.; Baley, C.; Bourmaud, A. Monitoring of mechanical performances of flax non-woven biocomposites during
a home compost degradation. Polym. Degrad. Stab. 2020, 177, 109166. [CrossRef]

4. Gómez, E.F.; Michel, F.C. Biodegradability of conventional and bio-based plastics and natural fiber composites during composting,
anaerobic digestion and long-term soil incubation. Polym. Degrad. Stab. 2013, 98, 2583–2591. [CrossRef]

5. Hammiche, D.; Boukerrou, A.; Grohens, Y.; Guermazi, N.; Arrakhiz, F.E. Mechanical properties and biodegradation of biocom-
posites based on poly (hydroxybutyrate-co-valerate) and alfa fibers. J. Polym. Res. 2020, 27, 308. [CrossRef]

6. Samir, A.; Ashour, F.H.; Hakim, A.A.A.; Bassyouni, M. Recent advances in biodegradable polymers for sustainable applications.
NPJ Mater. Degrad. 2022, 6, 68. [CrossRef]

7. Zaaba, N.F.; Ismail, H. Thermoplastic/natural filler composites: A short review. J. Phys. Sci. 2019, 30, 81–99. [CrossRef]
8. Vilaplana, F.; Strömberg, E.; Karlsson, S. Environmental and resource aspects of sustainable biocomposites. Polym. Degrad. Stab.

2010, 95, 2147–2161. [CrossRef]
9. Awasthi, S.K.; Kumar, M.; Kumar, V.; Sarsaiya, S.; Anerao, P.; Ghosh, P.; Singh, L.; Liu, H.; Zhang, Z.; Awasthi, M.K. A

comprehensive review on recent advancements in biodegradation and sustainable management of biopolymers. Environ. Pollut.
2022, 307, 119600. [CrossRef]

10. Sánchez-Safont, E.L.; Aldureid, A.; Lagarón, J.M.; Gámez-Pérez, J.; Cabedo, L. Biocomposites of different lignocellulosic wastes
for sustainable food packaging applications. Compos. Part B Eng. 2018, 145, 215–225. [CrossRef]

11. Pantano, A.; Militello, C.; Bongiorno, F.; Zuccarello, B. Analysis of the Parameters Affecting the Stiffness of Short Sisal Fiber
Biocomposites Manufactured by Compression-Molding. Polymers 2022, 14, 154. [CrossRef] [PubMed]

12. Karimah, A.; Ridho, M.R.; Munawar, S.S.; Adi, D.S.; Ismadi; Damayanti, R.; Subiyanto, B.; Fatriasari, W.; Fudholi, A. A review on
natural fibers for development of eco-friendly bio-composite: Characteristics, and utilizations. J. Mater. Res. Technol. 2021, 13,
2442–2458. [CrossRef]

https://doi.org/10.1007/s10853-022-07558-1
https://doi.org/10.1016/j.conbuildmat.2017.07.189
https://doi.org/10.1016/j.polymdegradstab.2020.109166
https://doi.org/10.1016/j.polymdegradstab.2013.09.018
https://doi.org/10.1007/s10965-020-02284-1
https://doi.org/10.1038/s41529-022-00277-7
https://doi.org/10.21315/jps2019.30.s1.5
https://doi.org/10.1016/j.polymdegradstab.2010.07.016
https://doi.org/10.1016/j.envpol.2022.119600
https://doi.org/10.1016/j.compositesb.2018.03.037
https://doi.org/10.3390/polym14010154
https://www.ncbi.nlm.nih.gov/pubmed/35012175
https://doi.org/10.1016/j.jmrt.2021.06.014


Polymers 2023, 15, 4727 13 of 15

13. El Bourakadi, K.; Ouragh Hassani Semlali, F.Z.; El Achaby, M.; el kacem Qaiss, A.; Bouhfid, R. 6-Packaging and bionanocomposites.
In Bionanocomposites for Food Packaging Applications; Woodhead Publishing: Sawston, UK, 2022; pp. 91–113. [CrossRef]

14. Berthet, M.A.; Mayer-Laigle, C.; Rouau, X.; Gontard, N.; Angellier-Coussy, H. Sorting natural fibres: A way to better understand
the role of fibre size polydispersity on the mechanical properties of biocomposites. Compos. Part A Appl. Sci. Manuf. 2017, 95,
12–21. [CrossRef]

15. Meléndez-Rodríguez, B.; Torres-Giner, S.; Reis, M.A.M.; Silva, F.; Matos, M.; Cabedo, L.; Lagarón, J.M. Blends of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) with fruit pulp biowaste derived poly(3-hydroxybutyrate-co-3- hydroxyvalerate-co-3-
hydroxyhexanoate) for organic recycling food packaging. Polymers 2021, 13, 1155. [CrossRef]

16. Kovalcik, A.; Obruca, S.; Marova, I. Valorization of spent coffee grounds: A review. Food Bioprod. Process. 2018, 110, 104–119.
[CrossRef]

17. Numata, K.; Abe, H.; Iwata, T. Biodegradability of poly(hydroxyalkanoate) materials. Materials 2009, 2, 1104–1126. [CrossRef]
18. Rubino, M.; Singh, S.P.; Kale, G.; Auras, R.; Kijchavengkul, T.; Selke, S.E. Compostability of Bioplastic Packaging Materials: An

Overview. Macromol. Biosci. 2007, 7, 255–277. [CrossRef]
19. Wei, L.; McDonald, A.G. A review on grafting of biofibers for biocomposites. Materials 2016, 9, 303. [CrossRef]
20. Cinelli, P.; Seggiani, M.; Coltelli, M.B.; Danti, S.; Righetti, M.C.; Gigante, V.; Sandroni, M.; Signori, F.; Lazzeri, A. Overview

of Agro-Food Waste and By-Products Valorization for Polymer Synthesis and Modification for Bio-Composite Production.
Proceedings 2020, 69, 22. [CrossRef]

21. Sa Prieto-Sandoval, V.; Jaca, C.; Ormazabal, M. Circular economy: Relationship with the evolution of the concept of sustainability
and strategies for its implementation. Mem. Investig. En Ing. 2017, 15, 85–95.

22. Comisión Europea. Residuos Plásticos: Una Estrategia Europea para Proteger el Planeta, Defender a los Ciudadanos y Capacitar a las
Industrias; European Commission: Brussels, Belgium, 2018.

23. Ekins, P.; Gupta, J.; Boileau, P. GEO-6 Healthy Planet, Healthy People; Cambridge University Press: Cambridge, UK, 2019; ISBN
9781108707664.

24. Erbach, G. Legislative Train The European Green Deal. European Parliament. 2021. Available online: https://www.europarl.
europa.eu/legislative-train/theme-a-european-green-deal/file-european-green-deal/ (accessed on 20 September 2023).

25. Phaneuf, M.D.; Brown, P.J.; Bide, M.J. Nanofibrous Biocomposite Prosthetic Vascular Graft. U.S. Patent 7,413,575, 19 August 2008.
26. Greenhalgh, K.; Li, M.; Koob, T.J. Biocomposite Medical Constructs Including Artificial Tissues, Vessels AND Patches. U.S. Patent

9,125,759, 8 September 2015.
27. Billington, S.L.; Criddle, C.S.; Frank, C.W.; Morse, M.C.; Christian, S.J.; Pieja, A.J. Bacterial Poly(Hydroxy Alkanoate) Polymer

and Natural Fiber Composites. U.S. Patent 7,887,893, 15 February 2011.
28. Wilke, J.; Kaiser, C.; Schuster, P. Film Packaging for Oral Biologics. U.S. Patent 14/356,618, 25 June 2015.
29. Nissenbaum, D.; Neuman, T.; Pelled, D.; Garty, S.; Konieezny, N. Biodegradable sheet 2019. U.S. Patent 10,239,292 B2, 26

March 2019.
30. Reddy, C.S.K.; Ghai, R.; Rashmi; Kalia, V.C. Polyhydroxyalkanoates: An overview. Bioresour. Technol. 2003, 87, 137–146. [CrossRef]

[PubMed]
31. Poli, A.; Di Donato, P.; Abbamondi, G.R.; Nicolaus, B. Synthesis, production, and biotechnological applications of exopolysaccha-

rides and polyhydroxyalkanoates by Archaea. Archaea 2011, 2011, 693253. [CrossRef]
32. Savenkova, L.; Gercberga, Z.; Nikolaeva, V.; Dzene, A.; Bibers, I.; Kalnin, M. Mechanical properties and biodegradation

characteristics of PHB-based films. Process Biochem. 2000, 35, 573–579. [CrossRef]
33. Yeo, J.C.C.; Muiruri, J.K.; Thitsartarn, W.; Li, Z.; He, C. Recent advances in the development of biodegradable PHB-based

toughening materials: Approaches, advantages and applications. Mater. Sci. Eng. C 2018, 92, 1092–1116. [CrossRef] [PubMed]
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