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Abstract: The growing demand for sustainable composites has increased interest in natural
fiber reinforcements as alternatives to synthetic materials. This study evaluates the bending
properties of sandwich structures with flax fibers and 3D-printed lightweight foaming PLA
cores compared to conventional designs using glass fibers and traditional cores. Three-point
bending tests (EN 310) and density profile analysis showed that, despite its lower density,
the 3D-printed foaming PLA core achieved a modulus of elasticity of 2269.19 MPa and a
bending strength of 31.46 MPa, demonstrating its potential for lightweight applications.
However, natural fibers influenced resin absorption, affecting core saturation compared
to glass fibers. The use of bio-based epoxy and foaming PLA contributes to a lower
environmental footprint, while 3D printing enables precise material optimization. These
findings confirm that 3D-printed cores offer a competitive and sustainable alternative, with
future research focusing on further optimization of internal structure to enhance mechanical
performance.

Keywords: foam core; 3D-printed core; balsa wood; glass fiber; flax fiber; density profile;
bending strength; sustainable composite

1. Introduction
Technological advancements and growing sustainability demands are reshaping com-

posite use in engineering and construction. Over the past decade, lightweight carbon fiber
composites have dominated, but the focus is now shifting toward recyclable and bio-based
composites [1]. In 2023, the global composite materials market was valued at USD 41 billion,
with assemblies using composite parts adding USD 105 billion. Between 2010 and 2023, the
sector demonstrated a compound annual growth rate (CAGR) of 2–4% [2]. Future growth
is expected to accelerate to 8.2% annually between 2022 and 2030 [3], driven by increased
demand for recyclable composites and bio-based alternatives to traditional materials [4,5].

Glass fiber maintained its dominant position in global fiber production in 2023, ac-
counting for 77% of total output, followed by carbon fiber at 18%, with natural fibers
contributing only 4% [6]. Total fiber production increased from 12 million tons in 2021 to
13 million tons by 2023 [7]. Composite materials find extensive application across multiple
sectors, including aerospace, energy, transportation, and construction. Among these, the
aerospace sector is projected to experience the highest CAGR (7%) from 2023 to 2028,
followed by energy and transportation (5%) and construction (2%) [5,7].
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In the field of structural materials, composite materials exhibit substantial growth
potential. Despite their current production volumes being lower than those of traditional
materials, ongoing technological advancements offer significant opportunities to exploit
this untapped potential.

2. Literature Review
2.1. Glass Fibers

Glass fiber remains the most widely used type globally [8], offering a favorable
balance of mechanical performance and cost. E-glass fibers, the most common type, have
a typical density of ~2.5 g/cm3. The modulus of elasticity for glass fibers generally falls
between 72 GPa and 85 GPa, depending on the type of fiber and the manufacturing process
used [9,10].

Despite their beneficial properties, glass fibers pose significant manufacturing chal-
lenges. Their production consists of several critical stages, including high-temperature melt-
ing and precise fibrillation, which add to its overall complexity and energy demands [11].
These factors remain key limitations, even though glass fibers offer a favorable balance
between mechanical performance and cost [12,13]. The intricate production process con-
tributes significantly to the high energy consumption and associated CO2 emissions, which
are crucial indicators when assessing environmental impact. Compared to natural fibers,
these environmental drawbacks represent a major disadvantage of glass fibers [14,15].

2.2. Resins

In the domain of matrices used in composite materials, the focus is primarily directed
towards two categories of resins: thermoplastic and thermoset.

Thermoplastic resins are widely applied in the aerospace and automotive sectors, with
prominent representatives including polypropylene (PP), polyamide (PA), and polyethylene
(PE). These materials offer numerous advantages, such as high resistance, lightweight
properties, affordability, and ease of handling. However, thermoplastics also have notable
limitations, including a relatively low melting point and limited resistance to organic
and polar solvents. Additionally, they are prone to permanent deformation and structural
failure when subjected to continuous stress, such as cyclic loading or masticatory forces [16].

Thermoset resins are among the most extensively utilized systems in industries such
as marine, construction, wind energy, aerospace, and consumer goods, including sports
equipment. Key representatives of this category include polyesters, vinyl esters, epoxies,
and phenolics. Similar to thermoplastics, thermosets are selected across these sectors based
on their advantageous mechanical, physical, and technological properties [17,18].

Thermoset resins, such as epoxy or phenolic resin systems, offer superior mechan-
ical properties compared to polyester and vinyl ester systems. However, these high-
performance systems are typically associated with higher acquisition costs. To fully exploit
their performance potential, fibers with enhanced mechanical characteristics, such as car-
bon or aramid, are often utilized. The most commonly used types for manufacturing
epoxy systems are alkaline polycondensation products of epichlorohydrin and bisphenol
A [19,20].

In recent years, bio-based epoxy resins have gained increasing attention due to their
potential to reduce the environmental impact of resin production. These resins are derived
partially or entirely from renewable or recycled sources, such as vegetable and soybean oils,
lignin, tannins, and rosins [21]. Additional components may include saccharides, terpenes,
cardanols, and syringaresinol, a naturally occurring, non-endocrine-disrupting bisphenol
found in magnolia trees [22].
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The main goal of these resins is to partially replace petrochemical components, with
current commercial systems typically containing 25–60% bio-based content [19,23]. The
literature suggests that, in developing these resins, it is essential to balance the proportion of
bio-based components with the desired mechanical and technological properties of the final
product [24,25]. These resins are particularly compatible with natural fiber reinforcements,
which are gaining attention as sustainable alternatives to synthetic fibers.

2.3. Natural Fibers

Natural fibers, much like bio-based resins, are attracting increasing interest within
the professional community. Studies suggest that natural fibers can be competitive with
conventional glass fibers in terms of mechanical properties, such as the specific modulus
of elasticity, thermal insulation, and acoustic insulation. In such instances, natural fibers
may achieve comparable or even superior values compared to glass fibers [26–28]. The
literature indicates that the cost of natural fibers can be up to 50% lower than that of
widely used E-glass fibers. However, in some instances, natural fibers may exhibit higher
costs. This variability arises from the diverse range of natural fiber types, variations in
cultivation regions, and differences in the availability of surface treatment processes [29–33].
Furthermore, it is essential to consider variations in mechanical properties. Consequently,
the cost of the amount of fibers required to achieve the same mechanical properties may, in
certain cases, be comparable [29,34,35].

Although natural fibers typically have lower tensile strength than glass fibers, they
offer benefits such as reduced density, biodegradability, and higher cost efficiency. Their
natural origin reduces the carbon footprint through more sustainable sourcing and process-
ing [35–37].

The literature emphasizes the importance of distinguishing fibers based on the nature
of their source and the method of extraction, categorizing them into two types: primary
and secondary plant fibers. The primary category refers to plants cultivated specifically
for fiber extraction, such as jute, flax, hemp, and bamboo. The secondary category applies
to plants where fiber extraction is a secondary process, typically involving the use of
agricultural waste after harvesting the plant’s fruits, as illustrated by banana plants, corn,
or coconut [14].

After harvesting certain fruit species, about 60% of the biomass is left as waste. This
can include pseudostems, which are abundant in cellulose fibers. These fibers are extracted
through methods such as retting and mechanical separation, thereby utilizing what would
otherwise be discarded as agricultural waste [38]. Natural fibers are organic materials
derived from plants, animals, or minerals and are primarily composed of organic polymers.

The main component of plant fibers is cellulose, a polysaccharide that forms the
structure of plant cells [39]. Cellulose is a long chain of glucose units connected by hydrogen
bonds, providing the fiber with strength and durability. Plant fibers with a high cellulose
content include flax, hemp, jute, bamboo, and sisal [40,41]. Other important components
found in natural fibers are lignin and pectin. Lignin, an organic substance found mainly
in woody fibers like those from hemp or bamboo, provides strength and resistance to
environmental conditions. Pectins are polysaccharides that strengthen the cell walls of
plants and are particularly abundant in fibers such as flax or apples [42].

Flax fibers, in particular, offer additional advantages, including the potential for culti-
vation across various regions of Europe [43]. However, flax fibers also present challenges,
such as significant variability in mechanical properties and higher moisture absorption.
Several studies have demonstrated that the hydrophilic nature of natural fibers causes
them to absorb water in a humid environment and swell until saturation, which weakens
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the bond between fibers and resin, potentially leading to a loss of mechanical properties
and delamination [44–46].

A surface treatment is a possible solution to reduce moisture absorption. The most
common methods include chemical treatment (alkaline, salinization or acetylation) and
plasma treatment technologies. The literature confirms that chemical treatment of fibers can,
in some cases, significantly reduce absorption depending on the chosen method [47,48]. Sev-
eral technologies of plasma treatment can reduce fiber absorption and positively influence
the mechanical properties of fibers [49–51]. An interesting alternative is the combination
of chemical and plasma treatment, where natural fibers are first treated with plasma to re-
move hygroscopic components and enhance fiber wettability prior to subsequent chemical
treatment [52]. Although plant fibers offer many advantages as an alternative to synthetic
fibers, their hydrophilic nature necessitates a thorough understanding of their behavior in
wet conditions before use [36]. Existing research consistently demonstrates that any surface
treatment improves the mechanical properties of natural fiber composites; however, each
additional technological step increases the production costs of fibers [53].

Natural fibers have densities ranging from 1.2 to 1.5 g/cm3, with flax having a density
of approximately 1.45 g/cm3. The density can vary depending on the specific type of
fiber. The modulus of elasticity for the most widely used flax fiber currently stands at
52.47 ± 8.57 GPa [29,54]. Hemp fibers can exhibit higher tensile strength compared to
flax fibers, although both hemp and flax fibers have yielded varying results due to factors
such as cultivation conditions, processing methods, and fiber characteristics [55]. However,
the higher lignin content in hemp fibers makes them more challenging to process, as it
contributes to increased stiffness. Additionally, hemp fibers are often more expensive than
flax fibers, primarily due to the additional processing steps required to optimize their
properties [56,57].

Mineral fibers, such as basalt, are gaining increasing recognition in multiple industries
due to their unique properties and environmental benefits. Basalt fibers produce a prod-
uct that combines ecological safety, long-lasting durability, and superior mechanical and
chemical characteristics [58,59].

Numerous studies have demonstrated the potential of natural fibers in bio-composite
structures, especially with regard to compliance with fire safety standards such as EN
45,545 [60]. Additionally, several investigations explore the use of natural fibers like
flax or basalt in bio-based sandwich constructions, substituting recycled PET foams for
conventional PVC as a more sustainable alternative [61].

2.4. Core Materials

Core materials are widely used in composite applications across various industries,
including marine, aerospace, and construction. Their primary application is in structures
subjected to high mechanical stress, where durability and strength are paramount. A broad
range of core material types allows for optimization tailored to specific structural require-
ments [62,63]. For instance, honeycomb cores are available in cellulose-based materials,
which are suitable for moderate stress applications, as well as in polymer-based honey-
combs for structures that demand higher strength and durability. Among core materials in
this sector, cellular foams are particularly prominent and are frequently used in composites
reinforced with glass fibers and thermosetting resins [64].

In recent years, cellular foam composites have expanded into the energy sector, notably
in wind turbine blade manufacturing, and are also widely used in the marine industry,
forming the primary hull structures of recreational watercraft. Key types of cellular foam
materials include PVC, PET, and PUR foams. These foams are manufactured through a
controlled foaming process, where polyvinyl chloride (PVC) and polyurea are combined
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with a foaming agent. The resulting product is typically shaped into slabs or blocks
of constant thickness, ready for further processing. Heat forming is often required to
produce consistent thickness and density, and these foams can be shaped using CNC
machining or manual methods. For high-volume applications, injection molding can be
used to produce foam cores, which can function as a prefabricated core insert for composite
manufacturing [65].

A notable advantage of cellular foam materials is the extensive range of available
thicknesses, formats, and densities. Foam density affects both mechanical performance
and resin absorption; low-density foams show higher porosity, which may compromise
structural integrity [66].

2.5. Balsa Core

The pursuit of environmentally responsible composite production has led to the
exploration of balsa wood as a potential substitute for synthetic foam materials. Balsa
(Ochroma pyramidale), a tropical tree species primarily native to South America, emerges as
a promising alternative due to its low density (50–350 kg/m3) and rapid growth rate [67,68].
The substantial variation in density can be attributed to the specific climatic conditions
of the growth region. In the foreseeable future, demand for balsa as a core material in
sandwich constructions is expected to increase.

Balsa cores are predominantly supplied in the form of board material, produced
through a process in which individual balsa prisms are bonded together—typically using
PVA glue—to form blocks that are then cut perpendicularly to the grain. Due to the natural
variability in wood density, balsa boards are generally classified into three density cate-
gories: 80–120 kg/m3, 120–180 kg/m3, and 180 kg/m3 and above. However, a significant
drawback of these materials is the inconsistency in density even within classified groups.
Consequently, a single prism of lower density can potentially determine the maximum me-
chanical properties of the slab, thus impacting the material’s uniformity and predictability
in performance [69].

2.6. Additive Manufacturing—3D Printing

Recent advancements in 3D printing—including improved hardware and a broader
range of materials—have enabled its transition from home use to industrial applica-
tions [70,71]. Advancements are also reflected in the scaling of 3D printing equipment.
Contemporary 3D centers now feature complex setups, such as robotic arms for both
printing and surface finishing [72]. A major challenge within additive manufacturing
remains the integration of cellular foams with 3D printing technologies. This study ex-
plores challenges and innovations involved in producing foam materials through additive
manufacturing processes [73].

In the field of composite manufacturing, 3D printing, or additive manufacturing, is
widely used for model making, rapid prototyping, and mold production for final products,
with fused deposition modeling (FDM) being the most prevalent technique [74]. Recent
research has also explored the use of 3D-printed structures as sacrificial absorbers or
as adaptive mechanical components. In combination with thin-walled laminates, these
components can function as dynamic systems, such as adjustable wings [75,76].

Another notable innovation in additive manufacturing and composite materials is a
technology where continuous synthetic fiber is printed together with thermoplastic material
using a 3D printer [77]. This approach enhances mechanical properties and expands the
applications of 3D-printed structures in high-performance industries.

The use of 3D printing in construction is gaining attention for its efficiency, ability to
address unconventional challenges, and cost reduction in residential development [78–80].
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Research focuses not only on automated construction processes but also on novel materials,
particularly cementitious and concrete-based composites [81–84]. Recently, studies have
explored thermoplastic printed cores inspired by honeycomb structures to enhance the
mechanical properties of sandwich panels. However, their performance largely depends
on proper design [85,86].

The literature suggests that, in certain cases, three-point bending tests indicate that a
rhombus core exhibits higher stiffness than a honeycomb core. This behavior is attributed
to the rhombus core’s lower proportion of angular components in the loading direction
and its stronger reinforcement effect in the perpendicular direction. Experimental results
confirm that the mechanical behavior of sandwich structures is significantly affected by
core geometry, where design optimization through 3D printing can enhance strength
and stiffness [87,88]. However, the measured tensile strength and modulus of elasticity
were lower than predicted, likely due to defects introduced during the printing process
and discontinuities such as fiber gaps. Consequently, 3D-printed sandwich structures
demonstrate reduced mechanical resistance compared to conventionally manufactured
CFRP panels [89,90]. These findings underscore the need for further research aimed at
process optimization and geometric refinement to fully leverage the advantages of additive
manufacturing in the design of structural composites.

The increasing integration of 3D printing in composite manufacturing presents oppor-
tunities to tailor core geometry and material distribution. This study compares sandwich
structures with conventional and 3D-printed cores, focusing on mechanical performance,
density, and sustainability. The core contribution lies in evaluating the potential of 3D-
printed cores as viable alternatives to traditional solutions and, in some cases, as superior
ones. Through parametric modeling and additive manufacturing, the study demonstrates
how design flexibility enables application-specific geometries optimized for targeted load-
ing conditions. This adaptability also supports reverse-engineering strategies to refine core
architecture and improve structural efficiency.

A novel aspect of this study is the experimental evaluation of a scarcely explored
material system: 3D-printed thermoplastic cores reinforced with natural fibers. This unique
integration demonstrates competitive mechanical properties and offers a pathway to fully
or partially sustainable sandwich composites. By combining the design freedom of additive
manufacturing with renewable reinforcements, this approach enables lightweight, cus-
tomizable, and environmentally conscious structures, which is an area largely unexplored
in the existing literature.

3. Materials and Methods
3.1. Materials

Four groups with different fiber reinforcements and core materials were produced,
with each group containing 10 samples. For mechanical testing, sample dimensions were
standardized at 50 × 290 × 12 mm, while density profile measurements utilized samples
measuring 50 × 50 × 12 mm (Figure 1).

The GF group was constructed using two outer layers of Aeroglass 200 g/m2 twill
fabric (Havel Composites, Svésedlice, Czech Republic) from each side with a PVC foam
core of 110 kg/m3 density (3A Composites, Sins, Switzerland).

The FF group was similarly produced with the same PVC foam core as the GF group
but reinforced with two layers of flax fiber (FLAXDRY-BL200 200 g/m2 twill fabric; EcoTech-
nilin, Valliquerville, France).
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Figure 1. Samples cross section of groups (a) GF group, (b) FF group, (c) F3D group, and (d) FB
group.

For the F3D group, the core material consisted of a 3D-printed structure using foaming
polylactic acid (PolyLight 1.0 LW-PLA; 3D LabPrint, Brno, Czech Republic) [91]. The FB
group utilized an end-grain balsa core with a density of 150 kg/m3 (Easy Composites
Ltd., Longton, UK). Table 1 outlines the grouping and material composition of sandwich
structures for clarity in abbreviation usage.

Table 1. Composition of sandwich structure groups.

Group Fiber Core

GF Aeroglass 200 g/m2 twill PVC core foam
FF FLAXDRY-BL200 200 g/m2 PVC core foam

F3D FLAXDRY-BL200 200 g/m2 PolyLight 1.0 LW-PLA
FB FLAXDRY-BL200 200 g/m2 End-grain balsa core

All samples were infused with IB2 Epoxy Infusion Bio Resin (Easy Composites Ltd.,
Longton, UK), a high-performance bio-based epoxy system specifically designed for ad-
vanced resin infusion applications. With a viscosity of 185 mPa·s at 25 ◦C, it ensures optimal
fiber wetting and minimizes void content in composite structures.

The 3D-printed core (intended thickness: 10 mm) and the balsa core (measured
thickness: 9.5 mm) were both close to their respective target thicknesses of 10 mm and
12 mm. The selected geometry for the 3D-printed core, resembling a truss structure,
was chosen based on material-specific considerations. Due to foaming additives in the
thermoplastic material, the printing parameters required adjustment.

PolyLight 1.0 LW-PLA (3D LabPrint, Brno, Czech Republic) is a lightweight foaming
PLA filament designed for weight-sensitive applications. Utilizing active foaming tech-
nology, it expands when heated, reducing its density from 1.24 g/cm3 to approximately
0.54 g/cm3 within a print temperature range of 215–250 ◦C. Higher nozzle temperatures
increased surface porosity, while lower temperatures led to reduced porosity.

Unlike conventional thermoplastic materials commonly studied in current research [88,90],
foaming-grade polymers undergo thermal expansion within the nozzle, disrupting stan-
dard operations such as filament retraction and causing surface defects like stringing [92,93].
Excessive foaming at elevated temperatures exacerbates these issues and may introduce
impurities that reduce mechanical performance. A printing temperature of 240 ◦C was
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identified as optimal for balancing foam quality and process stability. To further minimize
defects, strategies such as continuous extrusion paths, similar to “vase mode”, can reduce
retractions. Comparable extrusion-related challenges have also been reported in functional
materials, including self-healing polymers [94].

Given these considerations, the standard infill strategy commonly used in the litera-
ture was not applied in this study. Instead, a customized approach optimized for foaming
materials was implemented to improve print quality and process reliability. PVC foam
showed slightly higher average thickness (measured at 10.5 mm), influencing the final sam-
ple thickness, which averaged 12 mm. Some specimens in this group reached thicknesses
up to 12.5 mm.

The test samples were produced using vacuum infusion technology. Samples were
fabricated on 6 mm tempered glass, which was pre-cleaned with Sea-Line cleaner and
degreaser. The glass surface was subsequently waxed with Oskar’s M700/C (Oskar’s
GmbH, Karlsruhe, Germany), and eight layers of release agent were applied according to
the technical data sheet instructions. Two layers of 200 g/m2 twill fabric were placed on
the outer surfaces, sandwiching the dry core between them. A 105 g/m2 peel-ply fabric
was applied to the visible side of each sample, and each sample was then hermetically
sealed with vacuum film. Vacuum was applied using an EC4 Compact Composites Vacuum
Pump, supplemented with a VR20 vacuum controller and VF1 air filtration system. After
vacuuming the dry samples, a full seal test was conducted by closing the valves for 1 h and
measuring any vacuum drop in the system. All samples were infused under full vacuum,
with PVC tubing (6 mm internal cross-section) used to distribute the resin evenly.

3.2. Methods

Each sample was weighed and measured across all three dimensions (X, Y, and Z)
to calculate bulk density. The density profile of each sample was determined using the
IMAL DPX300 LTE X-ray density profile analyzer (Imal-pal Group, San Damaso, Italy).
Measurements were conducted on five individual samples from each group, with data
from each sample plotted on a linear graph. The calculated density values for each sample
are presented in Table 1.

Bending characteristics were evaluated using the TIRA Test 2850 machine (TIRA
GmbH, Schalkau, Germany) in compliance with EN 310 (1995) standards. The modulus of
elasticity in bending and the bending strength were determined by applying a central load
to each specimen, which was supported at two distinct points.

Figure 2a illustrates the bending test of a sample made with flax fiber composite
and a 3D-printed core structure, while Figure 2b shows the density profile measurement
procedure using the IMAL DPX300 LTE densitometer.
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The calculations for the modulus of elasticity, denoted as Em, and the bending strength,
represented as fm, were conducted utilizing the subsequent Equations (1) and (2).

Em =
(F2 − F1)l3

1

4bt3(a2 − a1)
(1)

fm =
3Fmax l1

2bt2 (2)

where l1 is the distance between the centers of the supports [mm], b represents the width
of tested pieces [mm], t is the thickness of the test samples [mm], and F2 − F1 is the
load increment within the linear portion of the load–deflection curve [N]. F1 might be
approximately 10% and F2 approximately 40% of the maximal load. a2 − a1 is the increment
of deflection at the mid-length of the specimen [m]. Fmax is the maximal load [N].

Fracture surfaces of the test specimens were evaluated visually and with a ZEISS
Axio Zoom V16 digital light microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) at
various magnifications. The Axio Vision SE64 software 4.9.1. (Carl Zeiss Microscopy GmbH,
Jena, Germany) was used for detailed examination of the interfacial regions between the
epoxy matrix and reinforcing fibers as well as the core of the composite panel.

Overview images were captured using the ZEISS Apo Z 1.5x/0.37 FWD 30 mm objective
and the Extended Depth of Focus (EDOF) function. The final images were composed from
a series of approximately 100 individual frames acquired at 10 µm increments. The EDOF
function was employed to ensure a consistently sharp image across the entire depth of the
examined region by computationally merging images captured at different focal planes.

Measured values from mechanical tests were analyzed in MS Excel to calculate the
mean (x), minimum, maximum, and standard deviation (SD) for each group. The resulting
data were visualized using basic statistical tables and graphs. Box-whisker plots were
employed to represent the mechanical properties, illustrating mean values, quartiles, and
data points deviating from the main distribution. These deviations were categorized as
outliers, defined as values lying beyond 1.5 times the interquartile range (IQR), and extreme
values, which significantly deviate beyond the typical range, exceeding 3 times the IQR.

Statistical differences between groups were evaluated using analysis of variance
(ANOVA) followed by Tukey’s honest significant difference (HSD) test at a significance
level of α = 0.05. All statistical analyses were conducted using Statistica software (version
13, TIBCO, Santa Clara, CA, USA).

4. Results
4.1. Density Profile

The density of the produced samples was calculated and is summarized in Table 2.
Group GF exhibited an average density of 416.56 kg/m3. Group FF showed a density
approximately 3% higher than group GF, representing the highest value overall. Group
F3D had an average density of 424.46 kg/m3, while group FB recorded the lowest average
density at 405.41 kg/m3.

Table 2. Density parameters for sample groups.

Group/Sample x
[kg/m3]

Min
[kg/m3]

Max
[kg/m3]

SD
[kg/m3]

GF 416.56 399.96 437.22 15.77
FF 432.21 416.88 447.56 12.83

F3D 424.46 396.73 440.76 17.63
FB 405.41 384.93 431.86 18.29
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The data reveal the density profile of the clusters as measured by the IMAL DPX300
LTE density profile analyzer (Figure 3). The density profile for each group is derived
from the mean measurements of all test specimens within the respective group. In each
profile, the smooth side of the test specimens, which contacted the separated surface during
production, is consistently denoted by a value of 0 on the X-axis, while the maximum
X-axis value corresponds to the side where solid infusion occurred.
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Figure 3. Representation of the results of density profile measurements of groups using the IMAL
DPX300 LTE density profile analyzer.

The curves reveal discrepancies between theoretical bulk densities and measured
profiles. Across all groups, a characteristic distribution is evident, with high density
observed in the outer layers and markedly lower density in the core regions of the sandwich
material.

The GF group demonstrated the most distinct pattern, with its density profile showing
a consistent linear decrease and subsequent increase at comparable values along the X-
axis. In this group, the PVC foam core density measures approximately 900 kg/m3, while
the measured density of the raw Airex foam is 110 kg/m3. The density of the raw core
is influenced by the presence of the PP grid and groove patterns, which facilitate foam
absorption, potentially increasing the core density by up to 818%. A similar effect was
observed in the FF group samples, though the foam absorbed a reduced amount of resin,
resulting in a core density increase of only 690% relative to the raw material.

This substantial increase in core density is attributed not only to resin absorption but
also to the presence of resin within grooves in the core that enhance resin distribution
during the manufacturing process. According to the technical data sheet, the density of the
epoxy resin matrix used is 1100 kg/m3.

The experimental results indicate that the foam core achieved the highest density
among all tested groups. Specifically, the density profile remained stable, with the outer
layers—reinforced by glass fibers—exhibiting the highest density, while the middle section
of the structure displayed the lowest density. Notably, the foam core itself showed a higher
density compared to the cores of other groups.

One of the main objectives of sandwich structures is to reduce the product’s weight
while simultaneously enhancing its mechanical properties or achieving the same mechanical
properties as products made, for instance, from solid laminate but with the benefit of
reduced weight. Foam cores, despite their high absorbency, can achieve such results.
However, future research could focus on the trade-off between increased core density
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and its influence on mechanical properties. Increased core density positively impacts the
mechanical performance of the entire structure.

The FF group exhibited a comparable density profile, with the outer layers displaying
the highest density and the core presenting the lowest. However, both the core and outer
layers in the FF group exhibited lower densities than those observed in the GF group.
Data analysis indicates that the foam core density is influenced by resin absorption at the
fiber/foam interface. Flax fibers demonstrated higher matrix absorption, which may lead
to resin uptake from the sandwich core during the production process.

The F3D group showed a typical density profile for sandwich structures, albeit with
greater variability in density values within the transition region between the reinforcement
layers and the 3D-printed core. The lowest density measured across all groups occurred
within the deeper sections of the structure, approximately in the thickness range of 4 to
9 mm, suggesting deeper matrix penetration in this inter-transition region. This variability
in the density profile of the 3D-printed core may be attributed to differences in the geometry
of the infill material across samples.

The FB group demonstrated a similar density profile but lacks the density variability
observed at the fiber-core interface, indicating that balsa does not possess the same ab-
sorption properties as foam materials, and the resin does not infiltrate the material’s pores.
This difference may be influenced by the surface characteristics of the core materials; foam
cores, with their inherently more porous surfaces, likely facilitate greater resin absorption
compared to the smoother, less porous surface of balsa cores.

The measured data also support previous research [35], showing that in all cases of
groups containing flax fibers, lower density values were achieved in the outer layers than
in the GF group containing glass fibers. Despite the higher absorption capacity of flax fibers
relative to synthetic fibers, the overall density of the reinforcement remained lower. This
phenomenon is further supported by the fact that glass fibers exhibit significantly higher
density values compared with natural fibers.

4.2. Modulus of Elasticity

Table 3 confirms that glass fibers yield the highest modulus of elasticity among all
tested reinforcements. Specifically, the GF group recorded an average modulus of elasticity
of 5085.12 MPa, with individual measurements ranging from 4914.52 MPa to 5409.55 MPa.
In contrast, the FF group demonstrated an average modulus of elasticity that was 47%
lower than that of the GF group, corroborating current research [95,96] indicating that
glass fiber composites generally achieve superior mechanical properties compared to any
alternatives such as natural fibers or any hybrid options. The F3D group exhibited an
average modulus of elasticity of 2269.19 MPa, reflecting a modest reduction in performance
of only 6.6% relative to the FF group, which also utilized flax fiber. Meanwhile, the FB
group achieved an average modulus of elasticity of 2445.25 MPa, marking it as the highest
among groups containing flax fiber and the second highest across all tested groups.

Table 3. Measured data of modulus of elasticity, regardless of samples orientation.

Group x
[MPa]

Min
[MPa]

Max
[MPa]

SD
[MPa]

GF 5085.12 4914.52 5409.55 175.31
FF 2429.28 2120.85 2971.30 254.24

F3D 2269.19 2216.60 2310.52 29.93
FB 2445.25 2196.85 2782.82 193.40
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The modulus of elasticity associated with the core materials indicates that the three
tested core types yielded comparable values when paired with the same fiber reinforcement
(Figure 4). Specifically, the balsa core demonstrated an average modulus of 2445.25 MPa,
closely followed by the PVC core with an average of 2429.28 MPa (FF group), and the
3D-printed core with an average of 2269.19 MPa. Notably, the PVC core exhibited enhanced
performance when combined with the GF group, which incorporates glass fiber reinforce-
ment. This pairing significantly strengthens the mechanical properties of the PVC core,
providing increased rigidity and strength due to the reinforcing effect of the glass fibers.
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In the GF group, distinct differences in modulus of elasticity were observed based
on the orientation of the foam handling and infusion grooves (Figure 5). Specifically,
specimens tested with the grooves oriented upwards exhibited a 3.9% higher average
modulus of elasticity (5184.80 MPa) compared to specimens with grooves oriented down-
wards (4985.43 MPa). This trend is reflected in the variation range for the upward ori-
entation, with the maximum recorded value reaching 5409.55 MPa and the minimum
at 4914.52 MPa. In contrast, the highest observed modulus in the downward-oriented
samples was 5027.79 MPa. These variations may be attributed to the resin distribution
within the grooves; when the grooves are oriented upwards, the resin is subjected to com-
pressive stress, potentially creating favorable loading conditions that enhance the structural
performance.

Using Tukey’s HSD test, it was determined that the modulus of elasticity results for
the GF group differed statistically significantly from all other groups (p = 0.000138 and
p = 0.000180 for the upwards and downwards orientations, respectively). No statistically
significant differences were observed among the other groups.

An intriguing observation emerged in the comparison between the GF and FF groups.
In the FF group, specimens with grooves oriented upwards exhibited lower modulus of
elasticity values, averaging 2286.56 MPa. Conversely, specimens tested with downward-
oriented grooves achieved values that were 11.1% higher, with an average of 2571.99 MPa.
These results imply that the absence of resin within the grooves of the FF group, likely
due to increased absorption by the flax reinforcement, resulted in air gaps that did not
contribute to compressive strength enhancement as observed in the GF group.
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Samples from the FF group demonstrated that producing a panel with the same natural
fiber weight and foam core as in the GF group, which utilizes synthetic fibers, requires a
greater amount of resin to achieve adequate saturation. The resin absorbed by the core
represents an undesirable effect and corroborates findings in the literature, which indicate
that natural fibers demand more resin than synthetic fibers [97,98].

A viable solution to this issue might involve optimizing the infusion process, such
as reducing the infusion rate by modifying the resin viscosity, thereby ensuring complete
and uniform saturation of both the fibers and the core. Another approach, as highlighted
in the literature [99], could involve advancing research in natural fiber surface treatment
to evaluate commonly used protection methods and their effects on moisture and resin
absorption. Finally, the possibility of incorporating additives into the resin prior to the
manufacturing process warrants consideration. This approach has been shown to modify
the matrix, enhancing resistance to biotic factors or improving abrasion resistance [100].
Addressing these challenges will be a key focus of future research.

The application of identical conditions for all sample groups in this study ensured
a valid comparison between groups. It can be concluded that the design of a structural
element with a foam core must account not only for the shape of the element but also, in the
case of infusion technology, for the orientation of the foam and the distribution channels
facilitating resin flow. Fully saturated channels contribute to an increase in the overall
weight of the structure; however, they also enhance its strength. This enhancement occurs
because the top layer of the structure experiences compressive loading in contrast to the
tensile stresses on the bottom layer.

For the F3D and FB groups, the orientation of specimens during testing appeared
to have negligible influence on the measured values, with the F3D group, in particular,
displaying exceptional consistency in its results. The overlapping variation ranges among
all groups support the conclusion that their mechanical properties are highly comparable.
Moreover, examining these values alongside the density profiles of each group yielded
additional insights. Despite showing the lowest average modulus of elasticity, the 3D-
printed core group exhibited one of the highest density profiles among the tested samples.
However, the 3D-printed core material showed the lowest density overall according to the
density profile.

The PVC foam core groups demonstrated intermediate modulus values, achieving the
highest density profile when used with flax fiber reinforcement. The modulus of elasticity
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for the 3D-printed core was specifically measured along the primary direction of the filler
to capture the structure’s lowest possible modulus values. In contrast, the other groups,
due to the intrinsic nature of their materials, exhibited uniform properties across the X- and
Y-axes.

4.3. Bending Strength

The GF group, with a bending strength of 43.88 MPa (Table 4), is only 14% higher than
the FF group and 42% higher than the FB group (30.83 MPa). Interestingly, in certain cases,
samples from the FF group, which recorded the lowest values in modulus of elasticity,
achieved comparatively higher bending strength (Figure 6).

Table 4. Measured data of bending strength related to groups, regardless of samples orientation.

Group x
[MPa]

Min
[MPa]

Max
[MPa]

SD
[MPa]

GF 43.88 34.52 54.40 8.67
FF 38.41 31.24 48.01 5.63

F3D 31.46 29.17 34.62 2.01
FB 30.83 20.72 37.04 5.68
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The F3D group exhibited the smallest variation in its measured bending strength
data, aligning with previous findings on the modulus of elasticity for this group and
indicating a high degree of consistency in its mechanical properties. The maximum recorded
bending strength for the F3D group was 34.62 MPa. Although this value does not reach the
performance levels observed in the GF group—where the lowest bending strength recorded
is 34.52 MPa—it remains within the lower range of the values measured for the FF group,
underscoring the moderate performance of the F3D configuration.

An analysis of the bending strength data across all groups revealed that flax fibers
attain their highest values when combined with a PVC foam core, reaching 38.41 MPa.
This is followed by the F3D group, where flax fibers were paired with a 3D-printed core,
resulting in an average bending strength of 31.46 MPa. Meanwhile, the combination of
flax with a balsa core yielded an average bending strength of 30.83 MPa, which is only
0.57% lower than the F3D group. These findings highlight the influence of core material
on the structural performance of flax fiber composites. PVC foam provided the highest
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reinforcement effect, while the 3D-printed core and balsa core configurations demonstrated
competitive yet slightly lower bending strength values.

As anticipated, the highest bending strength (Figure 7) was observed in the GF group
when samples were oriented with the grooves facing upward during testing, a trend
consistent across both orientations within the group. A similar trend was noted in the FF
group, although its bending strength values were 18.5% lower at 42.22 MPa compared to
the GF group. In contrast, similar to the modulus of elasticity results, the orientation of
the samples during mechanical testing did not have a significant impact on the bending
strength measurements for the F3D and FB groups.
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The F3D group exhibited a 25.3% reduction in performance compared to the FF group
when samples were oriented with grooves facing upwards. However, with a downward
orientation, the reduction in the F3D group’s values was only 8.8%, and in comparison
to the GF group, the decrease was 12.4%. This discrepancy may be attributed to the F3D
group’s homogeneous and consistent cross-sectional shape, which lacks the resin infusion
channels present in other core configurations.

The FB group, with a balsa core, exhibited performance values 31% lower than the
GF group and 21% lower than the FF group yet remained within the acceptable variation
range. The F3D group displayed mechanical properties comparable to the FB group, with
overlapping ranges observed with the FF group. Additionally, the F3D group showed
significantly smaller variance in performance compared to the other groups, indicating
greater consistency. The results of Tukey’s HSD test showed p-values exceeding the sig-
nificance level (p > 0.05) for all groups except GF upwards, indicating that the observed
differences between the tested samples were statistically insignificant. These findings
suggest very similar strength values across the groups, with the exception of GF, which
exhibited significantly higher strength.

The results of the conducted measurements support previous research in this field,
demonstrating that 3D-printed core structures have the potential to serve as a viable
alternative to conventional core materials [101]. The existing literature highlights that
the geometric configuration of the 3D core infill and its density are critical factors that
significantly influence the mechanical properties of the overall structure. Therefore, further
research in this area is strongly recommended [85].
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The success of sandwich structures depends on achieving an optimal balance between
the core’s geometry and porosity, the type of fiber and its absorbency, and the resin’s
viscosity, all of which must be optimized for the manufacturing process. The epoxy resin
used in sample production exhibited low viscosity, as specified by its technical parameters.
However, alternative resin systems with even lower viscosities are available on the market,
potentially offering improved fiber wettability in certain cases.

Additionally, it is important to highlight that the selected resin system contains 35% bio-
based content, a level that infusion resin systems do not always achieve. The development
of this technology holds great promise for applications not only in construction but also in
engineering.

Parametric modeling allows for the optimization of both the shape and properties of
the outer layers and core of sandwich structures. Until now, this level of customization and
optimization has not been possible with conventional core materials, which often do not
allow the same level of design flexibility and precision achievable through 3D printing. Re-
cent studies confirm our hypothesis that combining conventional manufacturing processes
with advanced 3D printing technologies, such as carbon fiber printing, can yield promising
results [102].

Traditional materials struggle to offer the same level of design adaptability and perfor-
mance enhancement. In contrast, 3D printing technology enables easy core modifications,
allowing for tailored designs to meet specific requirements. As a result, the continuous
optimization of the 3D-printed core and outer layers remains a central focus of ongoing
research.

4.4. Failure Modes

In the GF group samples, a typical brittle fracture in the outer layer under tensile stress
was observed. The load-deflection diagram in Figure 8 indicates that brittle fracture occurs
with almost no plastic deformation of the material. The fracture surface is characteristically
smooth and glossy.
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were selected. The graph also includes a detailed image of a sample from the GF group after testing.
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In the FF group, various types of fractures were observed. A significant factor influ-
encing the fracture type was the orientation of the sample during testing. Samples tested
with the smooth side oriented downward predominantly exhibited a mixed-mode failure,
involving core compression failure and face layer delamination. The low resin saturation
of the foam core likely contributed to the reduced mechanical properties observed in this
group. Conversely, samples with the smooth side oriented upward primarily displayed a
mixed-mode failure, characterized by core compression failure or brittle fracture.

The F3D group displayed consistent fracture patterns across all samples. In most cases,
this involved core shear failure or core compression failure of the 3D-printed core. It can
be inferred that the designed infill of the printed core deformed either due to exceeding
shear strength or because of the core’s low density and strength. Deformation or collapse
of the core was visible directly under the loading point, which is a typical failure pattern
for honeycomb cores [103].

In the FB group, as in the GF group, brittle fracture predominated. From the load-
deflection diagram and observations of the samples after mechanical testing, it is clear that,
after the failure of the outer tensile layer, the load was transferred to the balsa core until its
load-bearing capacity was exhausted. Similar patterns were observed across all samples
within the group, regardless of their orientation during the measurements. The literature
suggests [104] that the mechanical properties of balsa wood are significantly influenced
by its microstructure, which may lead to behavior distinct from that of conventional core
materials.

4.5. Microscopic Analysis

Figure 9a–d present the fracture surfaces of individual specimen groups after the
bending test. The images provide a detailed view of the bottom side of the specimen, where
tensile failure occurred due to the applied loading. This region is critical for analyzing the
fracture mechanisms, including fiber breakage, matrix cracking, and interfacial debonding,
which contribute to the overall failure behavior of the composite material.

The fracture surface of glass fibers was typically smoother, with pronounced fiber
fragmentation and splitting, whereas flax fibers exhibited a more ductile fracture, charac-
terized by fibrous and progressive detachment, partial fiber pull-out, or even the extraction
of entire fiber bundles from the fabric.

The microscopic analysis of the GF group samples indicates that the resin fully perme-
ated the cross-section, saturating not only the outer layer but also the foam core throughout
its entire depth. This extensive saturation ensures strong adhesion between the outer layer
and the core. However, it also increases core density, which, while beneficial for mechanical
performance, results in a higher overall structural mass.

Conversely, in the FF group, incomplete saturation of the foam core was observed,
while the flax fiber outer layer exhibited increased thickness. This phenomenon can be
attributed to the high absorbency of flax fibers, which retained a substantial amount of resin
during the manufacturing process. This behavior led to reduced adhesion at the interface
between the outer layer and the core, thereby diminishing the mechanical performance of
the composite. Microscopic analysis confirmed the previously observed delamination in a
larger number of samples.

For the F3D samples, the core exhibited limited resin penetration, with significant
absorption occurring within the outer flax layer, similar to the FF group. In some F3D
samples, signs of delamination were observed, likely due to insufficient adhesion between
the minimally penetrated core and the outer layer. This issue could potentially be mitigated
by optimizing 3D printing parameters, such as printing a textured surface on the 3D-printed
core, and by adjusting core manufacturing settings to enhance interfacial bonding.
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The FB sample analysis revealed that, despite the relatively low porosity of balsa wood,
significant resin infiltration into the core occurred. Compared to other flax fiber-based
groups, the outer layer was thinner, indicating resin penetration into the balsa. However,
frequent delamination occurred, likely due to low surface porosity and the presence of
microcracks, which led to uneven resin distribution.

Previous research [105–107] confirms that core porosity and density significantly
influence mechanical properties. A sufficiently porous core enhances resin absorption and
bonding, as observed in the GF group, whereas less porous surfaces, such as in the FB
group, increase the risk of delamination under mechanical stress.

The F3D group, with intermediate density and porosity, limits resin penetration while
effectively preventing delamination. Unlike conventional materials, 3D printing allows
systematic control over these characteristics by adjusting printing parameters and surface
texture, optimizing resin distribution and adhesion while maintaining low density. Future
research will focus on 3D printing parameter optimization and process refinement to
enhance core properties.

5. Conclusions
Experimental results confirm that both natural and 3D-printed core materials are

viable alternatives to traditional sandwich cores, providing favorable mechanical and
density characteristics for structural applications.



J. Compos. Sci. 2025, 9, 182 19 of 24

• Glass fiber reinforcements achieved superior mechanical properties compared to flax
fibers, including higher tensile strength and greater stiffness;

• Flax fiber reinforcement reduced impregnation efficiency in foam cores, negatively
affecting certain mechanical characteristics;

• Although flax fibers absorbed more resin, they maintained a significantly lower density
than glass fibers;

• Despite their lower mechanical performance, flax fibers provide an environmentally
friendly alternative, making them suitable for sustainable composite production;

• Density profile measurements showed that the 3D-printed core had the lowest raw ma-
terial density yet delivered comparable performance in selected tests. In the F3D group,
the resulting composite density was intermediate among flax-reinforced samples;

• Mechanical testing confirmed that lightweight 3D-printed thermoplastic cores can
match the performance of conventional foam and balsa cores. Moreover, 3D-printed
materials exhibited greater consistency and homogeneity in their properties;

• The modulus of elasticity for samples with 3D-printed cores averaged 2269.19 MPa,
with statistical analysis revealing overlapping values with groups utilizing conven-
tional core materials.

While slightly lower in peak mechanical performance, 3D-printed cores offer consider-
able freedom in structural design. Their geometry, density, and internal architecture can be
tailored to specific application requirements, enabling optimization beyond the limitations
of conventional core materials.

This study contributes to the emerging field of digitally tailored composites by ex-
perimentally validating that lightweight thermoplastic cores, particularly in combination
with natural fiber reinforcement, can deliver competitive mechanical performance. In
addition, they offer notable advantages in terms of sustainability and adaptability in the
manufacturing process.

Future research will systematically explore advanced 3D printing strategies and novel
material combinations to further improve the mechanical and environmental performance
of composite structures. Particular attention will be given to addressing current limitations,
such as sample variability and sensitivity to process parameters, that are inherent to
additive manufacturing.

Author Contributions: Conceptualization, V.B.; methodology, V.B. and M.B.; validation, V.B., T.H. and
K.K.; investigation, V.B., I.B. and M.J.; resources, M.B.; data curation, V.B., I.B., M.B. and M.J.; writing—
original draft preparation, V.B.; writing—review and editing, V.B., M.B., R.Č. and Z.P.; visualization,
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