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Highlights

What are the main findings?

• Among the four hybrid configurations evaluated, the flax–glass–flax (LVL) laminate
demonstrated the highest tensile strength and flexural deformation capacity.

• Its elastic behavior was reproduced through finite element modeling, showing close
correlation with experimental results (≤0.86% stress error, ≤5.25% strain error).

• The orthotropic elastic properties of the LVL laminate were experimentally character-
ized and confirmed to be suitable for structural use in prosthetic applications.

What is the implication of the main finding?

• The LVL laminate offers a viable and more sustainable alternative to fully synthetic
composites in load-bearing prosthetic components, maintaining mechanical reliability
while incorporating natural fibers.

• The finite element model developed using the experimental data enables accurate
simulation and design of hybrid composite prostheses.

• The proposed fabrication method—vacuum-assisted hand lay-up with additional
weight—proves to be a practical and low-cost route for producing high-performance
bio-composites.

Abstract

Four configuration laminates made of flax, glass, and basalt were fabricated via vacuum-
assisted hand lay-up with added weight and tested under ASTM D3039 and D790. The
flax–glass–flax lay-up exhibited the highest tensile strength and flexural strength. Or-
thotropic elastic properties were determined from remanufactured 90◦-rotated specimens.
A hexahedral-meshed finite element model using these inputs under a 5256 N load pre-
dicted the stress and strain within 1% and 5% of the experimental values. These findings
demonstrate that flax–glass hybrids offer mechanical reliability, sustainability, and afford-
ability for next-generation prosthetic applications.
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1. Introduction
Prosthetic device development has changed dramatically over the last few decades,

owing to advances in biomechanics and material science [1–3]. Because they were heavy
and lacked biomechanical plasticity, early designs depended on inflexible monolithic struc-
tures composed of metal and wood [4,5]. Composite laminates and polymeric materials
have made it possible for contemporary prosthetic devices to offer greater energy return
and storage, increased longevity, and decreased weight [6,7].

High-performance prosthetic limbs are typically made of composite materials, espe-
cially those reinforced with synthetic fibers such as carbon and glass [7–12]. These materials
have notable strength-to-weight ratios and can be laminated to customize their mechanical
properties. However, interest in sustainable substitutes, such as natural fiber-reinforced
composites, has increased owing to the expense and environmental effects of synthetic
fibers [13–21].

Hybrid laminates, which incorporate both natural and synthetic fibers, present an ap-
proach that balances mechanical performance, sustainability, and cost-effectiveness [21–25].
The strategic combination of fibers, such as flax, hemp, or basalt, with traditional carbon or
glass reinforcements can enhance energy absorption, improve damping characteristics, and
provide an eco-friendly alternative to fully synthetic composites [25–29].

Hybrid laminates used in prosthetic devices need to have high flexural strength, fa-
tigue resistance, and the right amount of stiffness to mimic the biomechanical characteristics
of human biomechanics [12]. Choosing the right fiber type, resin matrix, and laminate
stacking pattern is essential for performance optimization. According to recent studies,
hybrid topologies can achieve mechanical qualities similar to those of traditional synthetic
fiber composites, which makes them appropriate for prosthetic applications [1,10,13].

Despite advances in prosthetic materials, the development and mechanical validation
of sustainable hybrid composites that combine natural and synthetic fibers while achieving
mechanical performance comparable to fully synthetic laminates remains a significant
challenge. In this study, four different hybrid laminate configurations were fabricated and
mechanically tested. Among these, the flax–glass–epoxy laminate demonstrated superior
performance and was subsequently selected for detailed mechanical characterization and
validation through numerical simulation. Our results demonstrate that this hybrid laminate
can achieve competitive mechanical properties, offering a sustainable alternative with a
reduced environmental impact compared to conventional synthetic composites. This study
provides a comprehensive evaluation of the laminate’s mechanical behavior through stan-
dardized testing and introduces a validated finite element model to predict its performance
in prosthetic applications. Collectively, these contributions offer a viable pathway toward
high-performance, eco-friendly materials for prosthetic device manufacturing.

2. Materials and Methods
2.1. Materials
Fibers and Resin Specifications

A combination of synthetic and natural fibers embedded in a polymeric matrix was
used to create hybrid laminates. Because of their superior mechanical qualities and ad-
vantages for the environment, flax (from RockWest Composites, San Diego, CA, USA,
2 × 2 twill weave, 365 GSM) [30–36] and basalt [29,35,37,38] fibers were selected as
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the natural reinforcements; glass fiber (from Fibre Glast, Brookville, OH, USA, 8H satin
weave, weight: 305.15–345.84 GSM) was chosen because of its high strength-to-weight
ratio [29,39–41]. An epoxy resin (Epoxy Resin 2000 with Catalyst 2021 from Fibre Glast)
system was used to create the matrix because of its excellent mechanical performance and
good fiber adherence [1,12,42–45].

2.2. Sample Preparation
2.2.1. Laminated Configurations (Hybrid Compositions)

The laminate configurations were adapted from the design proposed by Song et al. [6],
incorporating different stacking sequences of flax, basalt, and glass fibers to optimize
mechanical performance. The configurations were as follows:

• BLB: Basalt [±45] + Flax 8@[90] + Basalt [±45];
• LBL: Flax [±45] + Basalt 8@[90] + Flax [±45];
• VLV: Glass [±45] + Flax 8@[90] + Glass [±45];
• LVL: Flax [±45] + Glass 8@[90] + Flax [±45].

Each laminate consisted of 12 layers in total, with the outermost two layers on both
sides oriented at ±45◦ and the inner eight layers oriented at 90◦. This stacking sequence
ensured a symmetrical and balanced laminate structure. Although the stacking sequence
remained the same across all four laminates, the constituent materials varied according to
the specified configurations, affecting the mechanical behavior of each laminate.

2.3. Manufacturing Process
2.3.1. Vacuum-Assisted Hand Lay-Up with Added Weight

The laminates were manufactured using a vacuum-assisted hand lay-up technique
with additional weight (see Figure 1) to ensure proper fiber impregnation and reduced
void content. Layers of fibers were manually arranged in the specified stacking sequences,
impregnated with epoxy resin, and then subjected to vacuum pressure. The resin-to-catalyst
ratio was maintained at 100:27 by weight as specified by the manufacturer. Each laminate
was left to cure at room temperature for approximately 48 h. The final laminate size was
12 × 9.25 inches to accommodate six test specimens of the dimensions required by ASTM
D3039 and ASTM D790.

Figure 1. Hand lay-up: (a) assisted vacuum bagging with added weight and (b) the method used to
manufacture the proposed laminates.

2.3.2. Laminate Preparation and Cutting

After the curing process, each laminate was trimmed to ensure uniformity and proper
alignment of fiber layers. The laminates were marked and cut into test specimens. The
tensile test specimens (ASTM D3039 [46]) measured 10 × 1 inches with a span support of
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5.645 inches, while the flexural test specimens (ASTM D790 [47]) were cut with a width of
0.5 inches and lengths based on laminate thickness for a 32:1 span-to-depth ratio. The calcu-
lated span supports used for the flexural tests were BLB = 9.667 inches, LBL = 6.986 inches,
VLV = 9.142 inches, and LVL = 6.202 inches. Six specimens were cut from each laminate
for each ASTM test, using an 8-inch carbide cutting disk. The process began by marking
and identifying each specimen on the laminate surface, followed by marking the cutting
guides and manually cutting each specimen. A total of 48 specimens were obtained, with
six allocated for each ASTM test, totaling 12 specimens per laminate configuration (see
Figure 2).

Figure 2. Distribution and total number of test specimens required according to the type of test and
laminate configuration.

2.4. Mechanical Testing
2.4.1. Tensile and Flexural Testing of Hybrid Laminates

Six test specimens were tested under both tensile and flexural loading conditions.
Tensile testing was conducted according to ASTM D3039 using a Universal Testing Machine
from Physical Test Solutions (Physical Test Solutions, Culver City, CA, USA). (https://
www.physicaltestsolutions.com/) (accessed on 4 April 2025) with PTS MaxTest software
for controlling, testing, and data acquisition. Tensile tests were performed under a constant
crosshead speed of 2 mm/min until specimen failure, as specified by ASTM D3039 (see
Figure 3a).

 

Figure 3. Tensile (a) and flexural (b) failure test specimens tested according to ASTM D3039
and D790.

https://www.physicaltestsolutions.com/
https://www.physicaltestsolutions.com/
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Flexural testing followed ASTM D790 standards using a SHIMADZU AG-IC 100 kN
Universal Testing Machine (Shimadzu Corporation, Kyoto, Japan) (https://www.shimadzu.
com/) (accessed on 4 April 2025) with TRAPEZIUM X software for control and data
acquisition. Flexural tests were performed as three-point bending tests with a constant
crosshead speed of 2 mm/min until specimen failure or 5% strain, whichever occurred
first (see Figure 3b). The load and displacement data were captured for analysis, and the
results were averaged from six specimens per laminate configuration for each test type for
statistical reliability.

2.4.2. Statistical Analysis for Laminate Performance Comparison

To determine the best-performing laminate configuration based on tensile strength, a
statistical analysis was conducted prior to evaluating the orthotropic properties. A one-way
Analysis of Variance (ANOVA) was performed to assess whether significant differences
existed among the four tested laminate configurations: BLB, LBL, VLV, and LVL.

The analysis was based on the tensile strength values obtained from six specimens
per laminate configuration, in accordance with ASTM D3039. Statistical computations
were conducted using Microsoft Excel, with a significance level of α = 0.05. ANOVA was
used to compare the tensile strength values across the four groups to identify statistically
significant differences.

The results revealed a significant difference in the tensile performance among the
proposed configurations, with the LVL laminate exhibiting superior mean strength. No
post hoc tests were applied because the ANOVA results were sufficient to identify the LVL
laminate as the statistically best-performing configuration. This justified the selection of the
LVL laminate for remanufacturing and detailed orthotropic characterization for numerical
simulation validation.

2.4.3. Determination of Orthotropic Properties for the Best-Performing Laminate

Following the statistical analysis of the tensile and flexural test results (see Section 3.
Results and Discussion for more details), the LVL laminate configuration was identified
as the best-performing laminate owing to its superior mechanical properties. To further
characterize its orthotropic mechanical properties, the LVL laminate was remanufactured
using the vacuum-assisted hand lay-up method described previously (as discussed in
Section 2.3. Manufacturing Process). Because only a single-axis testing machine was
available, an additional LVL laminate was produced with fiber orientations rotated by
90◦ to determine the transverse mechanical properties (see Figure 4).

 

Figure 4. Test specimens of the LVL laminate, with the original orientation of the layers (a), and
rotated 90◦ (b). The yellow lines indicate the difference between the two laminates.

https://www.shimadzu.com/
https://www.shimadzu.com/
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Both laminates were subjected to tensile tests according to ASTM D3039 (as described
in Section 2.4.1. Tensile and Flexural Testing of Hybrid Laminates), one with the original
stacking sequence to obtain longitudinal properties (see Figure 4a) and the other with
the rotated sequence to approximate transverse properties (see Figure 4b). The tensile
tests for both laminates were performed using the HOYTOM HM-D Lab Series testing
machine (Hoytom S.L., Leioa, Bizkaia, Spain) (https://www.hoytom.com/) (accessed on
5 April 2025) equipped with a VECTOR uniaxial digital extensometer (Imetrum Limited,
Wraxall, Bristol, United Kingdom) (https://www.imetrum.com/vector-extensometers/)
(accessed on 5 April 2025) and controlled using HoyWin software. As in previous tests,
each laminate was used to extract six specimens of 10 × 1 inches, totaling 12 specimens
(six for longitudinal and six for transverse properties), manufactured, marked, and cut
as described in previous sections. This process enabled the determination of the key
orthotropic parameters necessary for the accurate modeling and analysis of laminates
using FEA.

2.5. Finite Element Analysis
2.5.1. Simulation of Tensile Behavior for Validation

To validate the orthotropic mechanical properties determined through the experi-
mental tensile testing, FEA was conducted to replicate the tensile behavior of the LVL
laminate. The objective of the FEA validation was to compare the simulated stress–strain
response with the experimental results, ensuring consistency and reliability of the measured
elastic properties.

A 3D model of the test specimen was developed using the average dimensions of
the real LVL test subjects. The total length of the specimen was 254 mm (10 inches), with
a calibrated area length of 142.24 mm (5.6 inches), a width of 26.50 mm (1.04 inches),
and a thickness of 6.51 mm (0.2563 inches). The elastic orthotropic properties used in
the simulation corresponded to the average values obtained from LVL tensile tests (see
Section 3.2. Orthotropic Properties of the Selected Hybrid Laminate). However, because test
subject 2 exhibited a significant deviation from the other five specimens in the elastic region
of the laminate, its mechanical properties were excluded from the averaging process. Given
that the LVL stacking sequence exhibited quasi-isotropic behavior, the elastic modulus was
assumed to be equal in all directions (E1 = E2 = E3), and Poisson’s ratio was also treated
as equal in all directions (v12 = v13 = v23). The final orthotropic material properties used
in the simulations are presented in Table 1. The tensile load applied in the simulation was
5255.62 N, which corresponded to the average force at which the LVL laminate reached its
elastic limit in the experimental tests. The average elastic stress limit used in the FEA was
30.695 MPa.

Table 1. Orthotropic elastic properties used in the LVL test subject 3D finite element model.

Parameter E1 = E2 = E3 v12 = v13 = v23
1 G12 = G13

2 G23

Value 74,764.87 MPa 0.33 39,457.29 MPa 28,107.09 MPa
Adjusted 3 89,717.84 MPa 0.33 47,348.75 MPa 33,728.51 MPa

1 Poisson’s ratio was determined by averaging values from the related literature. 2 The shear modulus was
estimated using the measured longitudinal elastic modulus, 15% of the LVL measured strain, and the literature-
averaged Poisson’s ratio. 3 A correction factor of 1.2 is applied to compensate for model uncertainty.

The 3D model was meshed using hexahedral elements to ensure a high accuracy in the
stress and strain calculations. A global element size of 3 mm was used, and the calibrated
area was refined with 1 mm hexahedral elements to improve the local stress and strain res-
olution. The final model contained 132,780 nodes and 28,242 elements, with skewness close
to zero and orthogonality values near one, ensuring a well-conditioned mesh for numerical

https://www.hoytom.com/
https://www.imetrum.com/vector-extensometers/
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accuracy. As part of the model calibration process, a correction factor of 1.2 was given
to both the orthotropic elastic modulus and the shear modulus to compensate for model
uncertainty, even though the original material properties provided a close approximation
of the experimental results. The calibration process is necessary to compensate for real
factors not taken into account in the simulation due to the simplification and idealization
process, such as material anisotropy, minor errors in the boundary conditions, localized
stress concentrations, or manufacturing defects that were not adequately represented in the
experimental configuration.

FEA was performed under the same boundary and loading conditions as the experi-
mental tensile test (see Section 2.4.1. Tensile and Flexural Testing of Hybrid Laminates) to
ensure an accurate comparison between the numerical and physical results (Figure 5). The
boundary conditions of one end face of the virtual test specimen were fully constrained
to simulate the fixed grip of the testing machine, whereas a longitudinal tensile load was
applied to the opposite end face, replicating the axial loading conditions used during the
experimental procedure. The two mechanical parameters used for the validation were
the average elastic limit in the calibrated area of the test specimen and the maximum
longitudinal displacement of the central region (50 mm gauge length) of the calibrated
section. The finite element model resulted in a stress of 30.427 MPa, which was compared
to the experimental average of 30.69 MPa with an error of 0.86%. In contrast, the maxi-
mum longitudinal displacement obtained in the simulation was 0.032992 mm, resulting
in a calculated strain of 0.0006598. A strain error of 5.25% was obtained compared to the
experimentally measured strain of 0.0006269.

 

Figure 5. Stress test and simulation setup of the LVL laminate 3D test subject model in ANSYS
2019 R3.

The stress distribution and deformation patterns observed in the simulation closely
matched those observed in the physical specimens (Table 2), thereby reinforcing the validity
of the experimental characterization. These findings demonstrate that the finite element
method can effectively predict the elastic response of the LVL laminate, supporting the
accuracy of the experimental results. The validated orthotropic properties can be further
utilized in computational models for the structural performance analysis and design
optimization of similar hybrid laminates in engineering applications.
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Table 2. Experimental versus simulated LVL validation results.

Parameter Experimental Value Simulated Value Error (%)

Elastic Limit (MPa) 30.690 30.427 0.86
Max. Elastic Strain 0.0006269 0.0006598 5.25

3. Results and Discussion
3.1. Mechanical Properties of Hybrid Laminates
3.1.1. Tensile and Flexural Behavior

The tensile and flexural behaviors of the four hybrid laminates (BLB, LBL, VLV, and
LVL) were evaluated using data from the ASTM D3039 and ASTM D790 tests. The tensile
strength, tensile strain, flexural strength, and flexural strain values for each laminate are
summarized in Table 3.

Table 3. The tensile and flexural mechanical properties of the tested laminates were determined
according to ASTM D3039 and ASTM D790.

Laminate Tensile Strength
(MPa) Tensile Strain (%) Flexural Strength

(MPa) Flexural Strain (%) 1

BLB 86.04 ± 2.55 5.85 ± 0.20 94.24 ± 9.84 2.26
LBL 27.48 ± 5.15 3.34 ± 0.41 54.17 ± 2.94 3.05
VLV 89.62 ± 3.69 5.28 ± 0.24 109.94 ± 7.92 2.41
LVL 187.79 ± 8.02 9.57 ± 0.53 91.31 ± 8.43 3.60

1 The failure point was significantly different between the laminates. For comparison, the flexural strain was
calculated at a constant load displacement of 30 mm, regardless of whether the specimen had already failed.

The LVL laminate exhibited the highest tensile strength (187.79 ± 8.02 MPa), while
the VLV configuration achieved the highest flexural strength (109.94 ± 7.92 MPa), which
was not significantly different from that of the LVL (91.31 ± 8.43). Notably, LVL reached a
flexural strain exceeding 5% without failure, demonstrating a greater capacity for deforma-
tion prior to fracture. Overall, LVL showed a better mechanical response than the other
configurations in terms of tensile and flexural performance. The stress–strain curves for all
laminates, shown in Figure 6, highlight LVL’s load-bearing capacity and flexibility.

 

Figure 6. Stress–strain curves of both the test tension (a) and flexion (b) for the best test specimen
from each laminate configuration.

The superior performance of the LVL laminate in tensile testing can be attributed
to the balanced combination of flax and glass fibers, which enhanced both stiffness and
strength. Statistical analysis confirmed that the LVL configuration surpassed the other laminates
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(p < 0.05, as supported by ANOVA results F(3, 17) = 819.111 and a p-value of 1.41× 10−18), indicat-
ing a clear difference in tensile strength across configurations. For detailed data on the statistical
analysis, refer to Section 2.4.2. Statistical Analysis for Laminate Performance Comparison.

In the flexural test, the LVL laminate also demonstrated high resistance to bending
deformation (see Figure 7), with minimal or no delamination and consistent load distri-
bution throughout the test. In contrast, the BLB and VLV laminates exhibited moderate
mechanical behavior, whereas the LBL laminate exhibited the lowest tensile and flexural
strengths, likely due to its fiber composition and stacking orientation.

 

Figure 7. Bending test of an LVL specimen according to ASTM D 790.

The results demonstrate that hybrid laminates with balanced fiber orientations and
well-selected material combinations, such as the LVL configuration, are strong candidates
for prosthetic applications, offering both mechanical strength and flexibility. A comparison
with similar studies shows that the performance of the LVL laminate aligns well with
previous findings on hybrid composites for structural applications. For instance, Dong [48]
reported that optimal mechanical behavior can be achieved by placing flax fibers in the
mid-plane and glass fibers in the outer layers, an approach that mirrors the LVL stack-
up (see Section 2.2.1. Laminated Configurations). This configuration not only enhances
the mechanical properties but also supports the integration of flax fibers owing to their
sustainability benefits. Das et al. [49] and Hinzmann et al. [50] similarly affirmed the
mechanical and ecological advantages of combining flax and glass fibers. The tensile
strength and modulus values obtained in this study fall within the ranges reported in
related studies [9,39,51], with LVL exceeding comparable laminates in both tensile and
flexural tests. These consistent results reinforce the validity of the current findings and
highlight the relevance of hybrid flax–glass laminates in prosthetic device development.

3.1.2. Performance Ranking Based on Mechanical Suitability

To establish a comparative ranking among the four proposed hybrid laminate configu-
rations (BLB, LBL, VLV, and LVL), the results from the mechanical testing were assessed
based on their overall performance in terms of both tensile and flexural properties. The
comparison aimed to identify the most mechanically suitable laminate for structural appli-
cations while factoring in the sustainability contribution of natural fibers. The performance
ranking was primarily based on the combination of the tensile strength and flexural strength
values obtained through the ASTM D3039 and ASTM D790 tests (see Section 3.1.1. Tensile
and Flexural Behavior).

The LVL laminate consistently demonstrated the highest mechanical performance in
both tensile and flexural tests, achieving higher results than the other laminates. As detailed
in the statistical analysis, the tensile strength of the LVL laminate (187.79 ± 8.02 MPa)
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was found to be approximately twice as high as the nearest hybrid competitor (VLV,
89.62 ± 3.69 MPa), with the ANOVA test confirming its statistical significance at p < 0.05
(see Section 2.4.2. Statistical Analysis for Laminate Performance Comparison).

To further validate the superior performance of the LVL laminate and estimate its
orthotropic properties, a second set of LVL laminates was remanufactured following the
fabrication method described previously (see Section 2.3. Manufacturing Process). The
remanufactured LVL laminate was subsequently tested along both the longitudinal and
transverse directions to determine its orthotropic properties (detailed in Section 2.4.3.
Determination of Orthotropic Properties for the Best Performing Laminate). The consis-
tent mechanical behavior observed in the remanufactured laminates reinforced the LVL
configuration as the best-performing hybrid composition.

Thus, the use of flax fiber in the hybrid laminate composition is a good way to improve
sustainability without sacrificing the mechanical performance. These results align with
research that showed that the benefits of hybrid composites containing natural fibers are not
only mechanical but also environmental, particularly flax [32,33,35,36,52] and kenaf [1,53].
By adding flax fibers to the LVL laminate, the mechanical performance was improved, and
the use of natural fibers as a sustainable alternative material for structural applications was
further supported. Based on these findings, the final performance ranking of the hybrid
laminates, in terms of both mechanical suitability and sustainability factors, was as follows:
(1) LVL, (2) VLV, (3) BLB, and (4) LBL.

3.2. Orthotropic Properties of the Selected Hybrid Laminate

Following a statistical comparison of the mechanical properties obtained from the
hybrid laminates (see Section 3.1.2. Performance Ranking Based on Mechanical Suitability),
the LVL laminate configuration exhibited the best performance in both the tensile and
flexural tests. Consequently, this laminate was selected for determining its orthotropic
properties. Two separate laminates were manufactured using the same method previously
described, one for determining the longitudinal properties and the other for determining
the transverse properties by rotating the stacking sequence at 90◦ (detailed in Section 2.4.3.
Determination of Orthotropic Properties for the Best Performing Laminate).

The group of specimens tested from the original laminate was used to obtain the
longitudinal mechanical properties, whereas the rotated laminate specimens were used to
approximate the transverse mechanical properties. Owing to the quasi-isotropic nature of
the stacking sequence, the variation between these properties is expected to be minimal.
The directly measured parameters were the longitudinal modulus E1, transverse modulus
E2, maximum load, maximum stress, and maximum strain of the longitudinal group. The
shear moduli G12 and G23 were estimated using empirical equations based on the measured
elastic modulus values. Poisson’s ratios v12 and v23 were obtained from averaging values
from literature [25,26,29,31–34,36,40,52,54–58].

According to the findings (see Table 4), the LVL laminate has better mechani-
cal qualities than several natural fiber composites documented in the literature. Its
75.56 ± 13.39 GPa longitudinal modulus is higher than the 17.33–32 GPa values found
in flax/epoxy [33,54] and flax/basalt/epoxy [35] composites. Comparably, the transverse
modulus of 71.26 ± 6.57 GPa is greater than that of Abida et al.’s [34] flax/epoxy (4.7 GPa)
and Lian et al.’s [44] and Almula et al.’s [25] glass/epoxy composites (10.1–11.3 GPa). These
findings imply that the LVL design offers more stiffness, most likely as a result of the fibers’
optimal orientation and the interplay between flax and glass fibers.
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Table 4. Elastic and strength properties of orthotropic LVL laminate.

Property Symbol Value

Elastic Properties

Young’s Modulus, Longitudinal (GPa) E1 75.56 ± 13.39
Young’s Modulus, Transverse (GPa) E2 = E3 71.26 ± 6.57
Poisson’s Ratio (Longitudinal–Transverse) v12 = v13 0.31 ± 0.09
Poisson’s Ratio (Transverse–Radial) v23 0.35 ± 0.16
Shear Modulus (Longitudinal–Transverse, GPa) G12 = G13 37.66
Shear Modulus (Transverse–Radial, GPa) G23 26.39

Strength Properties

Maximum Load (kN) Fmax 26.50 ± 1.51
Maximum Stress (MPa) σmax 153.07 ± 4.55
Maximum Strain (%) εmax 1.58 ± 0.08
Yield Stress (MPa) σyield 30.17 ± 2.10

The LVL laminate also performed better than the published hybrid natural fiber com-
posites in terms of shear characteristics. The flax/basalt/epoxy hybrid laminate from
Giammaria et al. [35] was between 0.8 and 2.65 GPa, which was exceeded by the LVL
in-plane shear modulus, reaching 37.66 GPa. At 26.39 GPa, the out-of-plane shear modulus
was comparatively high, exceeding the values found in glass/basalt/epoxy hybrid compos-
ite from Almula et al. [25], which was 3.35 GPa. These results suggest that the LVL laminate
is a promising option for structural applications when multi-axial stress conditions are
anticipated, due to its high resistance to shear deformation.

In terms of strength characteristics, the LVL laminate shows a maximum stress of
153.06 ± 4.55 MPa, which is higher than the values documented for hybrid laminate made of
kenaf/jute/epoxy (88.08 MPa) [28]. Natural fiber composites, such as Moudood et al.’s [32]
flax/epoxy, projected a range of maximum strain of 1.87–2.64%, which is comparable
even though their laminate was made only by ten flax layers. Overall, the results confirm
that the LVL hybrid laminate offers significant improvement over traditional natural
fiber-reinforced composites in terms of stiffness, shear resistance, and strength. These
enhancements make it a viable and sustainable alternative for engineering applications that
require high mechanical performance while maintaining eco-friendly material composition.

3.3. Finite Element Validation of Tensile Behavior

The finite element model, developed to replicate the tensile behavior of the LVL
laminate (as described in Section 2.5.1. Simulation of Tensile Behavior for Validation),
showed agreement with experimental measurements. The simulation, which employed an
adjustment factor of 1.2 to both the orthotropic elastic and shear moduli, yielded an average
stress of 30.427 MPa—very close to the experimental average of 30.69 MPa (error of 0.86%).
Moreover, the maximum longitudinal displacement in the simulation, when converted to
strain over the 50 mm gauge length, produced a strain value of 0.0006598, compared to the
experimental measurement of 0.0006269, corresponding to an error of 5.25% (see Table 2).

These findings confirm that the finite element analysis reliably predicts the elastic re-
sponse of the LVL laminate. The close correlation between the simulated and experimental
stress–strain data reinforces the validity of the measured orthotropic properties and demon-
strates the effectiveness of the model in capturing the mechanical behavior of the laminate
within the elastic range. Moreover, the reliability of the finite element model suggests that
this approach can be extended to predict the mechanical elastic behavior of prosthetic 3D
models and to test such models under various loading scenarios in future studies. Similar
processes have been successfully employed to assess prosthetic foot materials, as reported
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in studies by Santana et al. [12], Sehar et al. [9], and Song et al. [6]. In contrast, studies such
as those by Mankai et al. [17] and Nurhanisah et al. [1] have similar approaches, but for the
socket made of fibers extracted from the alfa plant and kenaf, respectively.

4. Conclusions
Tensile and flexural characterizations of the four hybrid laminates revealed that the

flax–glass–flax (LVL) configuration exhibited higher strength and stiffness compared to
the other configurations. When remanufactured and tested in both the longitudinal and
transverse directions, LVL exhibited a longitudinal modulus of 75.6 GPa and a transverse
modulus of 71.3 GPa, with shear moduli of 37.7 GPa (in-plane) and 26.4 GPa (out-of-
plane). Finite element simulations using these orthotropic properties—after applying a
1.2 correction factor to compensate for model uncertainty—predicted an average stress
within 0.86% and a strain within 5.25% of the experimental results. The mesh quality
(132,780 nodes, 28,242 hexahedral elements with skewness ≈ 0 and orthogonality ≈ 1) and
the consistency between the numerical simulation and physical data support the accuracy
and applicability of the mechanical model inside the elastic range.

By combining flax and glass fibers in a symmetrically balanced lay-up, the LVL
laminate achieved a balance between sustainability and mechanical performance. The
incorporation of natural flax fibers reduces raw material costs, and the use of vacuum-
assisted hand lay-up with added weight proves to be a low-cost and effective manufacturing
route for hybrid composites. These findings demonstrate the potential of hybrid laminates
to meet the demands of load-bearing prosthetic components while minimizing both the
ecological footprint and manufacturing cost.

Importantly, this study provides a novel contribution to the literature by integrating
experimental and numerical methods to validate the orthotropic properties of flax–glass
hybrid laminate tailored specifically for prosthetic applications. While natural fiber com-
posites have been explored in various structural contexts, this study advances the field
by focusing on biomechanical relevance and demonstrating their feasibility for use in
prosthetic limbs.

Nevertheless, the limitations of this study must be acknowledged. The finite element
validation was based on a single average experimental specimen, and confidence intervals
could not be applied to the simulation comparison. Dynamic testing and fatigue evaluation
were not conducted in this study, and the influence of interfacial effects, fiber orientation
distribution, and matrix–fiber interactions on the mechanical response were not analyzed
in depth. These aspects are important and will be addressed in future studies.

Moving forward, several directions are proposed to translate these findings into practi-
cal prosthetic solutions. First, the validated orthotropic properties should be implemented
into a complete 3D prosthetic foot model and evaluated under static, dynamic, and fatigue
loadings. Second, the physical prototyping of the design should be followed by mechani-
cal and biomechanical testing. Third, long-term studies under cyclic and environmental
exposure should be conducted to confirm durability. Finally, clinical collaboration is es-
sential to assess the fit, comfort, and end-user functionality. Finally, clinical cooperation is
required to determine the fit, comfort, and end-user functionality. These will bridge the
material development-to-end-application gap, paving the way for economically feasible,
high-performance, and sustainable prosthetic devices.
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