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ABSTRACT: This study focuses on the reinforcement of thermosetting matrices with lignocellulosic fibers and the
limited interfacial compatibility that remains a major obstacle to the structural use of bio-based composites. The effect
of chemical surface treatment on the interfacial behavior and macroscopic performance of unsaturated polyester resin
(UPR) reinforced with Luffa fibers (LF) is studied in depth. LF was treated with two different chemical treatments:
(i) alkaline treatment with sodium hydroxide (NaOH) and (ii) a combined NaOH/acetic acid (CH3COOH) treatment.
The structural and morphological characteristics of the LF treated were examined using Fourier Transform Infrared
Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM). Composite specimens were fabricated through a
contact molding technique. Mechanical performance was assessed via density, tensile strength, impact resistance,
hardness test, andwater absorption. Results demonstrate that composites containing 10 wt.% LF exhibits improvements
in mechanical properties, with tensile strength, impact strength, and hardness increasing by 74%, 192%, and 16.2%,
respectively. The chemical treatments further enhance performance by reducing water absorption and improving
fiber–matrix interfacial densification. SEM observations indicate uniform fiber dispersion at low fiber contents, while
higher loadings lead to fiber agglomeration. The results demonstrate that luffa fibers can serve as an eco-friendly
strengthening material in unsaturated polyester resin composites.
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1 Introduction

Polymers represent a significant part of our daily activities, with increasingly diverse applications [1,2].
The demand for these materials is continuously increasing due to their diverse physical and chemical prop-
erties, strong resistance to thermal variation, simple manufacturing processes, flexibility, and adaptability
to different environmental conditions [3,4]. The use of reinforcing fillers in a polymer matrix makes it
possible to obtain materials with improved or new properties, such as thermal, mechanical, electrical, and
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optical properties. The main advantages of polymers include their ease of processing, high productivity,
and cost-effectiveness [5,6].

In a wide range of uses, polymers are often enhanced by incorporating reinforcing materials to improve
their strength and overall performance. Recent years have seen significant advances in research focused on
thermosetting resin-based composite polymers reinforced with lignocellulosic fibers, such as sisal, hemp,
banana, jute, and alfa [7–10]. Their main objective is to replace the glass and carbon fibers widely used
by manufacturers in the production of sports equipment, containers, construction materials, automotive
and aeronautical parts, etc. Industries are progressively turning toward plant-based fibers as they work to
create greener technologies and eco-conscious materials. These fibers present benefits compared to artificial
alternatives, including being lightweight, inexpensive, widely available, environmentally degradable, safe
to handle, and possessing satisfactory strength and performance characteristics [11–13].

Many studies have explored the use of various reinforcing fibers in polymer composites [14–18]. Surface
modification techniques have been employed to improve fiber–matrix adhesion [19–23]. Other investiga-
tions have focused on hybrid reinforcement strategies and particulate fillers [24–28]. Recent studies have
reported the effectiveness of natural and sustainable fibers for enhancing composite performance [29–33].
Additional work has examined the durability and long-term behavior of these materials [34–36].

Baghloul et al. [37] found that adding marble waste (10–15% by weight) to a polyester resin improves
mechanical properties and thermal stability due to enhanced matrix-filler interaction. However, higher
contents (~20%) lead to a decline in performance due to particle agglomeration and microstructural defects.
Dehas et al. [38] investigated the development of composites based on UPR reinforced with recycled PET
fibers derived from post-consumer bottles. Their results show that incorporating low levels (5 to 8%) of
long fibers (15 mm) improves mechanical properties, particularly tensile strength and impact resistance,
due to good dispersion and strong fiber-matrix adhesion. However, higher fiber contents lead to fiber
entanglement and a decrease in performance.

Luffa fibers (LF) present distinctive structural and functional characteristics that differentiate them
from conventional lignocellulosic reinforcements. Unlike dense fibers such as jute or sisal, luffa exhibits
a naturally interconnected three-dimensional porous network composed of aligned fibrous bundles and
internal channels, which contribute to low-density, high-energy absorption capacity, and enhanced specific
mechanical properties. This hierarchical architecture is particularly advantageous for lightweight composite
applications and facilitates resin impregnation at low fiber contents. However, this same porous structure
also increases susceptibility to moisture uptake and interfacial defects, making luffa fibers an excellent
model system for studying the relationship between microstructure, interfacial behavior, and composite
performance. Recent studies have highlighted the potential of luffa fibers in polymer composites, while
emphasizing the need for optimized surface treatments to overcome their inherent hydrophilicity and
improve compatibility with hydrophobic matrices [39–41].

Experimental studies on hybrid architectures (plant fibers combined with synthetic fibers such as
fiberglass or Kevlar) have reported significant improvements in mechanical performance and reduced
water absorption when alkaline pretreatments are applied, highlighting the critical role of fiber surface
modification in composite performance [13]. Similarly, studies on natural fibers such as jute, sisal, banana,
palm, and oil palm have demonstrated that their high moisture sensitivity and interfacial incompatibility
with hydrophobic polymer matrices are mainly associated with the presence of hemicellulose, lignin, waxes,
and abundant hydroxyl groups on the fiber surface [17,22,28–30,32]. These limitations are also relevant
for luffa fibers and motivate the use of chemical surface treatments. In particular, alkaline treatment can
remove amorphous non-cellulosic constituents and increase surface roughness, while subsequent acetic
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acid treatment may partially modify accessible hydroxyl groups, thereby reducing fiber hydrophilicity
and improving fiber–matrix interfacial adhesion. Such modifications are expected to enhance both the
durability and mechanical performance of UPR/LF composites.

The improvement of the fiber-matrix interface through chemical treatments (NaOH, acetylation,
silanization) and matrix modification (functional agents, nanoscale fillers) is a major methodological focus.
Earlier research indicates that removing contaminants, enhancing the texture of the fiber surface, and
applying bonding agents lead to stronger bonding at the interface [17,20,22]. This, in turn, results in better
mechanical performance, such as higher tensile and flexural strength, improved impact durability, as well
as reduced moisture uptake. The introduction of nanofillers or nanofibers is also reported to be an effective
strategy for increasing toughness and limiting crack propagation (Mode I), provided that dispersion and
the interface are controlled [14,24]. As regards modeling/diagnostics, micromechanical approaches that
consider interfacial debonding and temperature dependence nowmake it possible to better predict structural
properties and sensitivity to operating conditions, thus complementing experimental investigations [15,18].

The interfacial incompatibility between natural fibers and polymer matrices is primarily governed
by the chemical composition of lignocellulosic fibers. These fibers are mainly composed of cellulose,
hemicellulose, lignin, and surface extractives such as waxes and pectins. Among these constituents,
hemicellulose and lignin contribute to the hydrophilic nature of the fibers due to the abundance of hydroxyl (–
OH) functional groups, which promote moisture absorption and weak interfacial bonding with hydrophobic
polymer matrices such as unsaturated polyester [42,43]. In addition, surface impurities and waxy layers
hinder effective stress transfer by limiting direct contact between the fiber and the matrix. As a result,
the presence of these components leads to poor adhesion, increased porosity at the interface, and reduced
mechanical performance. Therefore, chemical surface modification strategies are essential to tailor fiber
surface chemistry, reduce polarity, and enhance interfacial compatibility in bio-composites [39,44].

Despite this progress, several obstacles remain and justify a specific study of Luffa cylindrica. The
literature shows that the effectiveness of treatments depends heavily on the operating parameters and the
specific morphology of each fiber, and that the detailed correlation between microstructure (dispersion,
agglomeration, surface topography) andmechanical/hygro-mechanical behavior remains incomplete [17,24].
Furthermore, although practical cases of industrial integration (nonwovens, automotive components) have
been presented for certain fibers, process standardization and long-term evaluation (durability, aging,
abrasive wear) remain challenges for widespread adoption [32,35,36].

Several studies have reported excellent mechanical and thermal performance of glass-fiber-reinforced
polyester composites [42,45,46]. Additional investigations confirmed similar behavior for different fiber
fractions and loading conditions [47–49]. One limitation of incorporating glass fiber into thermoset systems
like unsaturated polyester is the weak compatibility between the polymer matrix and the reinforcing phase.
As a result, additional surface treatments or bonding promoters are typically required to improve the
interaction at their interface. Glass fibers have been extensively utilized as reinforcement, resulting in
composites that demonstrate excellent mechanical, physical, and thermal performance across various fiber
fractions [14–18]. In addition, chemical treatments of natural fibers using sodium hydroxide and acetic
acid, improving the properties of the composite based on thermosetting resins, have been found in several
studies [50–54].

In recent years, increasing awareness of ecological issues has sparked a resurgence in exploring fibers
derived from natural, sustainable plant sources. A detailed understanding of fiber morphology, including
cell size, shape, and chemical composition, is essential for accurately predicting their behavior in composite
materials. In view of these factors, the present study focuses on Luffa cylindrica as a reinforcement. This fiber
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is naturally abundant and offers multiple advantages, including renewability, biodegradability, a distinctive
three-dimensional network structure, high strength, and a favorable initial modulus [55,56]. Composites
reinforced with natural fibers are generally produced using conventional manufacturing techniques. Owing
to these benefits, the automotive industry, for instance, has shown strong interest in incorporating such
bio-based materials into different vehicle components [56].

The poor interfacial adhesion in natural fiber composites originates from the intrinsic chemical and
physical dissimilarities between the fiber and the matrix. LF contains approximately 60 to 70% cellulose,
10 to 20% hemicellulose, 10 to 15% lignin, and a non-negligible fraction of waxes and pectins. The abun-
dance of hydroxyl groups in cellulose and hemicellulose renders the fiber highly hydrophilic, whereas
unsaturated polyester is hydrophobic. This polarity mismatch impedes proper wetting and leads to void
formation at the interface. Furthermore, waxy substances on the fiber surface act as a physical barrier to
mechanical interlocking, and the amorphous hemicellulose contributes to moisture uptake and dimensional
instability [57,58].

Based on these considerations, it can be hypothesized that modifying the surface chemistry of LF
through combined alkaline and acid treatments may improve their compatibility with unsaturated polyester
matrices. In particular, alkaline treatment is expected to remove non-cellulosic amorphous components and
expose reactive hydroxyl groups, while subsequent acetic acid treatment may induce partial esterification
of these groups, thereby reducing fiber polarity and moisture affinity. This dual modification approach
is anticipated to enhance fiber–matrix interfacial adhesion, promote more efficient stress transfer, and
limit water diffusion pathways within the composite structure. Such a strategy could provide a synergistic
improvement in both mechanical performance and hygrothermal stability compared to conventional
single-step treatments.

The present study aims to investigate an original bio-composite system based on an unsaturated
polyester resin (UPR) reinforced with Luffa cylindrica fibers (LF). While alkali treatment of LF has been
widely reported, the originality of this work lies in the application of a combined NaOH–acetic acid surface
modification designed to tailor the fiber surface chemistry through partial esterification of hydroxyl groups.
This chemical strategy is intended to (i) reduce the intrinsic hydrophilicity of LF, (ii) enhance fiber–matrix
interfacial compatibility, and (iii) promote more efficient stress transfer within the composite structure.
Consequently, improved mechanical performance and reduced moisture sensitivity are expected. The
developed composites are systematically evaluated in terms of tensile strength, impact resistance, hardness,
density, andwater absorption in order to establish a clear relationship between surface chemical modification,
interfacial microstructure, and the resulting physico-mechanical behavior of UPR/LF composites.

2 Materials and Methods

2.1 Unsaturated Polyester Resin (UPR)

The unsaturated polyester resin was formulated using a prepolymer (density: 1.2 g/cm3) obtained from
LORN Chemicals. To initiate curing, 1.5 wt.% methyl ethyl ketone peroxide (MEKP) was incorporated into
the system. The key characteristics of both the resin and the initiator are summarized in Table 1.

2.2 Luffa Fiber (LF)

The LF is an edible fibrous plant, with its interior composed of strong fibers interwoven into a dense
network. Soft, flexible, hydrophilic, and durable, LF is recognized for its exceptional absorbent properties.
Tables 2 and 3 provide details about the material characteristics and constituent makeup of LF, covering its
physical attributes and chemical structure, respectively.
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Table 1: Typical properties of polyester resin and MEKP catalyst.

Characteristic Polyester Resin MEKP Catalyst

Apparency A blue liquid Transparent liquid
Specific gravity 1.13 1.1

Density 1.1 1.18
Viscosity (mPa⋅s) 1800–2500 (25◦C) 24 (20◦C)

Compressive strength (MPa) 80
Tensile strength (MPa) 6.8 -
Elastic modulus (GPa) 2 -

Impact resistance (kJ/m2) 1.1 -
Electrical conductivity (mS/cm) 3.7 -
Thermal conductivity (W/m⋅K) 0.28 -

Table 2: Physical properties of LF.

Properties Value

Density (g/cm3) 0.92 ± 0.10
Diameter (µm) 270 ± 20
Micro fibrillar angle (◦) 12 ± 2

Table 3: Chemical properties of LF.

Chemical Constituents % Value

Cellulose % 63.0 ± 2.5
Lignin % 11.69 ± 1.2
Hemicelluloses % 20.88 ± 1.4
Ashes % 0.4 ± 0.10

2.3 Fiber Preparation

Prior to surface treatment, the LF was first chopped into pieces approximately 3 mm in length. These
segments were subsequently soaked in a 5% NaOH solution maintained at 60◦C for a duration of 2 h, aiming
to eliminate contaminants from the surface. Once the process was completed, the fibers were taken out and
repeatedly rinsed with distilled water until any residual alkali was completely removed and the texture no
longer felt slick. In the final step, the cleaned fibers were left to dry naturally under ambient conditions for
a period of three days.

The chemical modification of LF involves both NaOH and NaOH/acetic acid treatments, which induce
changes in fiber surface chemistry. The NaOH treatment leads to the removal of amorphous constituents
such as hemicellulose, lignin, pectin, and waxes, resulting in increased surface roughness and exposure
of reactive hydroxyl groups from cellulose. This process enhances mechanical interlocking and improves
interfacial adhesion with the unsaturated polyester matrix. The subsequent acetic acid (CH3COOH) treat-
ment partially neutralizes residual alkali and may promote limited esterification reactions with accessible
hydroxyl groups, thereby reducing the hydrophilic character of the fibers. These combined effects con-
tribute to improved compatibility between the fiber and the polymer matrix, as reflected in the enhanced
mechanical properties and reduced water absorption of the composites.

2.3.1 Sodium Hydroxide (NaOH) Surface Treatment

LFs were soaked in an aqueous sodium hydroxide solution with a concentration of 5% by weight for
a duration of one hour under ambient conditions. Then, the LFs were thoroughly rinsed with distilled
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water containing a few drops of acetic acid to neutralize any remaining alkali. Subsequently, the LFs were
washed under a continuous flow of distilled water to ensure complete removal of sodium hydroxide and to
eliminate any soapy residue on the LF surface. After undergoing sodium hydroxide treatment, the LFs were
initially left to dry in ambient conditions for a full day, followed by additional drying in an oven maintained
at 80◦C for twelve hours.

2.3.2 Combined Process (NaOH + CH3COOH)

The LFs were treated by soaking them for one hour at ambient conditions in a mixture composed
of 10 wt.% sodium hydroxide and 20 wt.% acetic acid, with 1 mL of concentrated sulfuric acid introduced
to accelerate the reaction. After the treatment, the fibers were rinsed repeatedly using distilled water to
ensure that any remaining chemicals were fully eliminated from their surfaces. Subsequently, the samples
were left to dry under normal atmospheric conditions for 24 h and then further dried in an oven maintained
at 80◦C for 12 h.

2.4 Preparation of UPR/LF Composites

The required amount of UPR was weighed to prepare composite plates with an average thickness of
5 mm using wooden molds. The UPR matrix was mixed in a container, after which LF, untreated or treated
with NaOH or NaOH + CH3COOH, were incorporated at concentrations of 5, 10, 15, and 20 wt.%. Finally,
1.5 wt.% MEKP was added to ensure proper curing of the composite matrix. The mixtures obtained were
poured onto a Teflon sheet on which the wooden mold was placed. A uniform distribution of the mixture
over the surface of the mold was achieved using a wooden roller to remove any trapped air bubbles formed
during mixing. All three bio-composite laminates were first allowed to harden under ambient conditions
for one full day. Afterwards, they were placed in an oven and maintained at 45◦C for 17 h to ensure the
polymer matrix was fully set.

3 Materials Characterization and Testing

3.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is used to identify interactions between the matrix and the incorporated LF. FTIR analysis
was conducted on both untreated and surface-treated LF, treated with sodium hydroxide (NaOH) and a
combination of sodium hydroxide and acetic acid (NaOH + CH3COOH). FTIR measurements were carried
out using a Perkin Elmer instrument, scanning the spectral region between 4000 and 400 cm−1 at a resolution
of 4 cm−1.

3.2 Scanning Electron Microscopy (SEM)

To examine the interfacial structure between the reinforcement fibers and the surrounding matrix,
the broken surfaces of the composite specimens were first covered with a fine gold film. This coating was
applied using an automated sputter coating device (JEOL JFC-1600) to improve electrical conductivity
during analysis. These surfaces were then examined using scanning electron microscopy (JEOL JSM 6390
LV). Additionally, the surface morphologies of the LF both before and after chemical treatments along with
the corresponding composites, were observed with the same microscope.

3.3 Mechanical Tests

All mechanical tests were performed under controlled conditions following the corresponding ASTM
standards. For each fiber content and surface treatment, multiple specimens were tested in order to ensure
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the reliability of the results. All mechanical property values reported represent the average of five specimens,
and the standard deviations are provided to indicate data reproducibility. This approach ensures statistical
significance of the experimental data and allows proper evaluation of the variability associated with material
preparation and testing procedures.

3.3.1 Tensile Tests

∙ The tensile test was performed on rectangular specimens with dimensions of 120 × 15 × 5 mm3 to
evaluate the tensile properties of the samples. Five specimens were tested for each fiber content,
and the average values were reported. The tests were conducted using a GOTECH universal testing
machine (UTM) equipped with a DT-W-20 kN dynamometer, at a crosshead speed of 3 mm/min and
an initial gauge length of L0 = 50 mm, in accordance with ASTM D3039 [59]. The tensile properties,
including tensile strength (σr), strain at break (εr), and Young’s modulus, were determined from the
obtained stress–strain curves.

3.3.2 Impact Resistance Measurement

∙ The impact resistance of composites was tested using a Charpy/Izod impact machine per ASTM
D256 [60]. Specimens measuring 65 × 15 × 5 mm3 were subjected to an impact velocity of 1 m/s, using
a 7.5 kg hammer dropped from 203.7 mm, delivering 1.4 J of energy. Specimens were supported as
vertical cantilever beams and fractured by a single pendulum swing. Measurements were recorded at
room temperature, with three tests per sample and average values reported.

3.3.3 Hardness Tests

∙ Shore D hardness measurements were performed in accordance with ASTM D2240-15 [61]. The test
was conducted using a digital Shore D durometer (Model HD3000) equipped with a hardened steel
conical indenter with a 30◦ included angle and a 0.1 mm radius spherical tip. A force of 44.5 N was
applied. Ten measurements were taken on each composite sample at different locations, and the
average value was reported to minimize the influence of surface heterogeneity inherent to natural fiber
composites. All tests were carried out at 23 ± 2◦C and 50 ± 5% relative humidity after conditioning the
specimens for 48 h.

3.4 Physical Tests

3.4.1 Density

∙ Density evaluation was performed on three composite specimens following the ISO 1183-1 guide-
line [62]. The specimens were prepared by sectioning the molded, cured material with a diamond
cutting tool assisted by a water stream. Each specimen had dimensions of 115 × 20 × 4 mm3. The
density (d) is determined using Eq. (1):

𝑑 =
𝑊𝑎 × 𝜌(𝑓 𝑙)
𝑊𝑎 −𝑊𝑓 𝑙

+ 0.0012𝑔/𝑐𝑚3 (1)

where 𝜌(fl) is the density of the immersion liquid (g/cm3); Wa and Wfl are the mass of the sample weighted
in air (g) and in fluid, respectively; and 0.0012 corresponds to the density of air under normal conditions.
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3.4.2 Water Absorption Test

∙ Water absorption tests followed ASTM D5229 standards [63]. Before testing, we recorded the initial
weight of each sample. We immersed three samples of each composite in distilled water at room
temperature. Every 24 h, we took the samples out, dried the surfaces with absorbent paper, and weighed
them. After each measurement, we placed the samples back in the water. This process continued for
several days until the weight of the samples remained constant. We calculated the water absorption
percentage (WA, %) using Eq. (2) as follows,

𝑊𝐴(%) =
Wet composite Weight (t) − Dry composite weight

Dry composite weight × 100% (2)

4 Results and Discussions

4.1 FTIR

Fig. 1 presents the FTIR spectra of untreated luffa fibers (LF) and fibers treated with NaOH and
combined NaOH + CH3COOH. The spectra exhibit characteristic absorption bands associated with the
lignocellulosic structure of LF. The broad band observed around 3330–3350 cm−1 is assigned to O–H
stretching vibrations arising from hydroxyl groups present in cellulose, hemicellulose, and lignin [52].
The bands located between 1030 and 1070 cm−1 correspond to C–O–C stretching vibrations and skeletal
vibrations of cellulose polysaccharides [64]. The peak observed near 1428 cm−1 is attributed to CH2 bending
vibrations of cellulose, while the absorption bands around 1335–1360 cm−1 are associated with C–H and
O–H bending vibrations of cellulose [52]. In addition, modifications in the FTIR spectra are observed after
chemical treatment. The band around 1730–1740 cm−1, generally attributed to the C=O stretching vibration
of acetyl and uronic ester groups present in hemicellulose, becomes less pronounced after NaOH treatment,
indicating partial removal of hemicellulosic constituents [65,66]. Moreover, the reduction in the intensity of
bands associated with lignin-related structures suggests the elimination of non-cellulosic components from
the fiber surface. These observations are consistent with the alkaline removal of amorphous constituents,
including hemicellulose, lignin, waxes, and surface impurities.

Furthermore, fibers treated using the combined NaOH + CH3COOH process exhibit a more distinct
absorption band around 1735–1745 cm−1 together with a shoulder near 1240–1250 cm−1. According to
Maya et al. [65] and Mahima et al. [66], these bands can be attributed to carbonyl (C=O) stretching and C–O
stretching vibrations associated with ester groups. Their appearance suggests that acetic acid treatment
may induce partial hydroxyl groups on the fiber surface. This chemical modification contributes to reducing
the hydrophilic character of the fibers and may improve their compatibility with the polyester matrix.

The FTIR spectra of neat UPR and UPR/LF composites are shown in Fig. 2. The broad absorption
observed around 3543 cm−1 is associated with O–H stretching vibrations. Aromatic C–H stretching
vibrations appear in the range 3075–3030 cm−1, whereas aliphatic C–H stretching bands are detected
around 2956 cm−1. The strong absorption band located near 1730 cm−1 corresponds to the ester carbonyl
(C=O) groups characteristic of the polyester matrix. In addition, bands between 1600 and 1400 cm−1 are
assigned to C=C stretching vibrations, while the absorption band around 1266 cm−1 is related to C–O–C
stretching vibrations of the polyester backbone [37].

The FTIR spectra of the UPR/LF composites exhibit characteristic absorption bands originating from
both the polyester matrix and the lignocellulosic reinforcement. The presence of bands between 1040
and 1080 cm−1 confirms the contribution of cellulose through C–O–C stretching vibrations, while the
absorption band around 1430 cm−1 is associated with CH2 bending vibrations of cellulose [52]. Com-
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pared with composites reinforced with untreated LF, those containing chemically treated fibers show less
pronounced contributions from hydroxyl-rich components and a more evident presence of ester-related
bands. These spectral changes support the effectiveness of the chemical treatments in modifying the fiber
surface chemistry and improving the compatibility between the fibers and the polyester matrix [65,66].
The FTIR results are consistent with the proposed mechanisms of fiber modification, namely the partial
removal of hemicellulose and lignin fractions during alkaline treatment and the possible formation of ester
functionalities following the combined NaOH + CH3COOH treatment. Such chemical modifications reduce
the hydrophilic nature of the fibers and are expected to enhance fiber–matrix interfacial adhesion, which is
in agreement with the improved mechanical performance and fracture morphology observed in the SEM
analysis [65–67].
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Figure 1: FTIR spectra of untreated LF, treated with (NaOH) and (NaOH + CH3COOH).
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4.2 Mechanical Properties of Composites UPR/LF

4.2.1 Tensile Properties

The variations in the tensile properties, particularly tensile strength, strain at break, and Young’s
modulus of the UPR/LF composites as a function of fiber content and surface treatment, are presented
in Fig. 3, Fig. 4, and Fig. 5, respectively. According to Fig. 3, which illustrates the evolution of tensile
strength with LF content, an increase is observed compared with the neat UPR matrix up to a fiber loading
of 10 wt.%, followed by a decrease at higher loadings. This improvement becomes more pronounced when
the fibers are chemically treated with NaOH or with the combined NaOH + CH3COOH process. However,
increasing the fiber content beyond the optimal level promotes fiber agglomeration, which disrupts the
structural continuity of the composite and generates stress concentration zones that may initiate brittle
failure. The enhancement in tensile strength is mainly attributed to the reinforcing and stiffening effect of
the incorporated fibers.
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Figure 3: Variations in the tensile strength of UPR/LF composites as a function of the fiber content and surface
treatment by (NaOH) and (NaOH + CH3COOH).

Chemical treatment modifies the surface chemistry of luffa fibers and improves their compatibility with
the unsaturated polyester matrix through several complementary mechanisms. During alkaline treatment,
some cellulose hydroxyl groups are converted into more reactive alkoxide species (–O–Na+), which may
participate in transesterification reactions with the ester functionalities of the UPR during curing. In
addition, residual hydroxyl groups remaining on the treated fiber surface can establish hydrogen-bonding
interactions with the carbonyl groups of the polyester matrix. Simultaneously, the removal of hemicellulose,
lignin, and surface impurities increases the surface roughness of the fibers, thereby promoting stronger
mechanical interlocking between the reinforcement and the matrix.

These interfacial modifications are clearly reflected in the mechanical performance of the composites.
At the optimal fiber loading of 10 wt.%, the tensile strength increased from 15.5 ± 1.8 MPa for untreated
LF composites to 18.1 ± 1.9 MPa and 20.1 ± 2.1 MPa for NaOH-treated and NaOH + CH3COOH-treated
LF composites, respectively. Compared with the neat UPR matrix, this corresponds to an increase of
approximately 126% for the combined treatment. Similarly, both the strain at break and Young’s modulus
increased after chemical treatment, confirming the improvement in stress transfer efficiency between the
fibers and the polyester matrix. SEM observations further support these findings by revealing reduced
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fiber pull-out and improved matrix adhesion around treated fibers compared with untreated composites.
Therefore, the enhanced interfacial adhesion can be attributed to the combined contribution of possible
covalent interactions through transesterification, hydrogen bonding, and improved mechanical anchoring
at the fiber–matrix interface [68,69]. The superior performance obtained with the combined NaOH +
CH3COOH treatment also demonstrates that reducing the hydrophilic character of LF improves fiber–matrix
compatibility, thereby enhancing the overall mechanical performance of the developed bio-composites.

Fig. 4 shows the evolution of strain at break for the different composites. The strain at break increased
from 4.64% for neat UPR to 6.2%, 7.35%, and 8.85% for UPR/LF composites reinforced with untreated LF,
NaOH-treated LF, and NaOH + CH3COOH-treated LF, respectively, at a fiber loading of 10 wt.%. Overall,
the tensile behavior of the composites was improved after chemical treatment, particularly for the combined
NaOH + CH3COOH process. This enhancement is attributed to improved fiber dispersion within the matrix
and stronger interfacial adhesion resulting from the chemical modification of the fiber surface [67]. Beyond
10 wt.% fiber content, the strain at break decreases for all composites. This reduction may be related to
fiber agglomeration, insufficient matrix wetting, and reduced matrix continuity at high fiber loadings.
In addition, homogeneous fiber dispersion within the matrix is a key factor governing efficient stress
distribution and improved ductility. Conversely, at higher fiber loadings, inadequate fiber dispersion, fiber
agglomeration, and incomplete matrix impregnation may generate stress concentration sites, leading to a
reduction in tensile strength and elongation at break. Similar behavior has been reported for sisal fiber and
luffa fiber-reinforced polymer composites, where excessive fiber content compromises fiber distribution
and interfacial bonding, thereby deteriorating the mechanical performance [70,71].
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Figure 4: Variations in the strain at break of UPR/LF composites as a function of the fiber rate and surface treatment
by (NaOH) and (NaOH + CH3COOH).

The tensile modulus (Young’s modulus) of the UPR/LF composites was determined from the initial
linear region of the stress–strain curves and is presented in Fig. 5. The results indicate that the modulus
increases with fiber loading up to 10 wt.% for treated fibers, reflecting enhanced composite stiffness and
more efficient stress transfer between the reinforcement and the matrix. This improvement is particularly
pronounced for composites reinforced with LF treated by the combined NaOH + CH3COOH process,
confirming the beneficial effect of chemical treatment on interfacial adhesion. The increase in modulus is
also associated with the removal of amorphous constituents and the improved fiber–matrix interaction
resulting from surface modification. However, at higher fiber contents, a slight decrease in modulus is
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observed due to fiber agglomeration, insufficient resin impregnation, and reduced matrix continuity. These
results are consistent with the tensile strength behavior and further confirm the critical role of interfacial
quality in controlling the mechanical performance of the developed composites.
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Figure 5: Young’s Modulus of UPR/LF composites as a function of the fiber content and surface treatment by (NaOH)
and (NaOH + CH3COOH).

4.2.2 Resilience of UPR/LF Composites

∙ The impact resistance without notching of the UPR/LF composites as a function of the fiber content
and the surface treatment is represented by Fig. 6. The curves clearly show that the resilience of
bio-composites increases with fiber content up to 10–15%, then decreases. We can also discern the
effect of treating the surface of the fiber. Thus, bio-composites with surface treatment have the highest
impact resistance. Furthermore, reinforcement/matrix adhesion is improved thanks to the surface
treatment, which makes it possible to promote, for a certain percentage, contact at the interface
between the two components of the material [41].

∙ The increase in resilience of the whole bio-composites reinforced with LF treated with NaOH and with
(NaOH + CH3COOH) relative to the UPR matrix may be due to the chemical treatment to eliminate
waxy impurities, lignin, and hydroxyl groups on the surface of the LF [72]. From LF content of 15%, the
opposite occurs because the effects of phenomena at the interface (formation of aggregates and lack
of adhesion) dominate because of the high concentration of the natural LF and the low contribution
of resin likely to diffuse into the fiber (there is not enough remaining when the reinforcement rate
reaches 20%). The lack of good wettability of the luffa fibers by the UPR matrix leads to problems,
resulting in a decrease in mechanical properties [73].

4.2.3 Shore Hardness of UPR/LF Composites

The variations in hardness as a function of the fiber content and the surface treatment are shown in
Fig. 7. An increase is noted for the bio-composites reinforced with 5 and 10% of LF. This increase is due
to the longer than the LF is treated by (NaOH) and (NaOH + CH3COOH). The treatment strengthens the
interface between the LF and the UPR [74]. In addition, voids and hydroxyl groups were removed from the
surface due to surface treatment. The chemical modification caused a structural change to the surface of
the LF, which roughened the surface and consequently increased the hardness of the composite. Also, a
reduction in hardness is observed at the highest rates, namely 15 and 20%.
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75 76 68 6568 76 78 70 66

76 79

70 66

0
10
20
30
40
50
60
70
80
90

UPR pure
(0%)

5% 10% 15% 20%

H
ar

dn
es

s 
sh

or
e 

D
 

LF rate(%)

UPR/LF UPR/LF (NaOH) UPR/LF (NaOH+CH3COOH)
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4.2.4 Density of UPR/LF Composites

The density of the UPR/LF composites as a function of the fiber rate and surface treatment are reported
in Fig. 8. The low density of the LF led to variations in the density of the resin 1.2. Thus, by increasing
the fiber rate of 5, 10, 15, and 20%, the density of the bio-composites reinforced with untreated LF was
1.18, 1.17, 1.16, and 1.13, respectively. In addition, the more the LF is treated with (NaOH + CH3COOH),
the more the density decreases. This represents an additional advantage for the UPR/LF composite, since
lightweight characteristics are highly desirable in structural applications while maintaining adequate
mechanical performance. Therefore, the incorporation of chemically treated luffa fibers contributes to the
development of lightweight bio-composites with improved mechanical properties, mainly due to enhanced
fiber–matrix interfacial adhesion and more efficient stress transfer between the reinforcement and the
polymer matrix [74].
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Figure 8: Variations in the density of UPR/LF composites as a function of the fiber rate and surface treatment by
(NaOH) and (NaOH + CH3COOH).

4.2.5 Influence of the LF Rate and Surface Treatment on the Water Absorption of UPR/LF Composites

Fig. 9 presents the moisture uptake data. All examined composites exhibit a comparable trend in
their absorption patterns. A rapid intake of water occurs during the early period (0–48 h), after which
the materials begin to approach saturation [75,76]. For composites reinforced with modified luffa fibers,
a steady state is achieved around 48 h. In contrast, composites containing unmodified fibers continue to
take in small amounts of water beyond this period. The absorption rate was lower for UPR/treated LF than
for UPR/untreated LF after 250 h of exposure to water. UPR/untreated LF composites exhibit higher water
absorption rates due to the hydrophilic nature of cellulose. The high-water absorption leads to changes
in the dimensional properties of the samples. UPR/Untreated LF composites showed the highest water
absorption of all composites. Moisture uptake is notably reduced when the fibers are chemically modified
with sodium hydroxide (NaOH), and this reduction becomes even more significant when a combined sodium
hydroxide and acetic acid treatment is applied, in comparison to untreated fibers. This improvement is
mainly linked to stronger bonding at the interface between the reinforcement and the polymer matrix, as
well as an increase in the fibers’ resistance to water. The modification of hydroxyl functionalities in the
fiber structure plays a key role in limiting water penetration, thereby enhancing the overall compatibility
between the fibers and the matrix. Thus, (NaOH) treatment of LF reduced the polar groups in the fiber by
replacing some of the hydroxyl groups on the surface of the fibers.

It is important to note that the initial moisture content of LF prior to composite fabrication was not
directly measured in this study. However, the influence of chemical treatments on the hydrophilic behavior
of the fibers can be indirectly assessed through the water absorption response of the resulting composites.
The obtained results clearly demonstrate that all composites exhibit an initial rapid water uptake, followed
by a gradual approach toward saturation. In the case of composites reinforced with chemically treated
fibers, a stabilization of water absorption is reached earlier compared to those containing untreated fibers,
which continue to absorb water over a longer period. This behavior indicates that alkaline (NaOH) and
combined NaOH/acetic acid treatments effectively reduce the hydrophilicity of the fibers and improve
interfacial compatibility with the polyester matrix. The reduction in water uptake is attributed to the partial
removal or modification of hydroxyl-rich components (such as hemicellulose and surface impurities), which
limits the availability of polar sites for water interaction. In addition, improved fiber–matrix adhesion
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reduces interfacial voids and restricts water diffusion pathways, thereby enhancing the overall moisture
resistance of the composites.
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Figure 9: Influence of fiber rate and surface treatment on water absorption of UPR, 5% LF/UPR (a), 10% LF/UPR (b),
15% LF/UPR (c) and 20% LF/UPR (d).

4.2.6 Morphology of UPR/LF Composites

Fig. 10 shows the SEM images of untreated LF and LF treated with (NaOH) and (NaOH + CH3COOH),
respectively. The LF shape appears to be a long strip with a non-planar surface and fiber diameters ranging
from 12 to 30 µm. Fig. 10a (untreated LF) shows the presence of a thin layer of lignin covering the cellulose
fibrils. These results, compared with those shown in Fig. 10b (LF treated with NaOH), indicate that alkali
treatment removes waxy substances present on the surface of untreated LF. Certain modification methods
applied to LFs can enhance their ordered internal arrangement by eliminating non-crystalline constituents
like lignin and hemicellulose. As illustrated in Fig. 9c, fibers subjected to the dual treatment (NaOH followed
by CH3COOH) exhibit noticeable surface abrasions, likely due to the stripping away of outer protective
layers. This combined approach appears to deliver superior results, as the resulting surface texture becomes
more favorable for bonding with the polyester phase, thereby improving reinforcement performance in
composite fabrication processes.

In addition to surface observations, the internal structure of LF is characterized by a highly porous
shape composed of interconnected lumens and cell walls arranged in a radial pattern. Although the present
SEM analysis mainly focuses on surface morphology and fiber–matrix interfacial features, it is important
to note that this hierarchical structure plays a key role in the mechanical behavior and fluid transport
properties of the fibers. The presence of lumens contributes to low density and energy absorption capacity,
while the multilayered cell wall structure governs stiffness and strength. Cross-sectional SEM analysis of
Luffa fibers reveals a highly porous structure composed of vascular bundles and parenchyma cells. After
alkaline and acetic acid treatments, a noticeable reduction in lumen diameter and removal of non-cellulosic
constituents from the cell walls were observed, leading to fiber densification. This structural change
enhances the fiber’s load-bearing capacity and improves interfacial contact with the polyester matrix. A



16 J Polym Mater. 2026;43(3):12

detailed investigation of the radial cross-section, requiring specific sample preparation techniques, will be
addressed in future work to better correlate internal morphology with composite performance.

 
Figure 10: SEM images of untreated LF (a), LF treated with NaOH (b), and LF treated with the combined process
NaOH + CH3COOH (c), along with their corresponding higher-magnification micrographs (d–f), highlighting surface
morphology details after each treatment.

Fig. 11 presents SEM micrographs of the fractured surfaces after impact testing. Clear variations can
be seen in how the fibers interact with the polymer matrix when comparing untreated and chemically
modified LF composites. As illustrated in Fig. 11a, the composite containing untreated fibers exhibits a
weak fiber-matrix interface, indicating insufficient bonding and a lack of effective interaction between
the reinforcement and the unsaturated polyester resin. The untreated LF was easily pulled out from the
UPR matrix which indicates weak interfacial bonding and consequently inefficient load transfer between
reinforcement and polymer. In contrast, the composites containing chemically treated LF (Fig. 11b–d)
show that fractured fiber remnants remain firmly trapped within the matrix after failure, demonstrating
improved interfacial compatibility between the fibers and the UPR. This behavior suggests that the fibers
were able to carry and sustain the stress transferred from the surrounding matrix, reflecting enhanced
stress-sharing efficiency. Such performance is associated with a well-developed interface that promotes
effective load distribution across the composite structure, which is essential for strengthening the material
system [77]. Furthermore, noticeable fiber deformation along with the uneven and rugged nature of
the fractured surfaces, especially in samples reinforced with 15% and 20% fiber content, which provides
additional confirmation of strong interfacial bonding. The presence of hydroxyl functionalities on the
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treated fiber surfaces is also likely to promote stronger intermolecular attraction, particularly through
hydrogen bonding with the polyester matrix, thereby further improving adhesion.

Figure 11: SEM images of UPR composites reinforced with (a) 10% untreated LF, (b) 5% LF treated with (NaOH +
CH3COOH), (c) 15% treated LF with (NaOH + CH3COOH), and (d) 20% LF treated with (NaOH + CH3COOH).

4.3 Statistical Analysis

4.3.1 Design of Experiments Using Statistical Response Surface Method

Design-Expert® software (Version 13) was utilized to perform a structured statistical analysis based on
a full factorial experimental design [78,79]. In accordance with the developed experimental matrix, a 3 × 4
general factorial design was adopted to systematically investigate the combined effects of fiber surface
treatment type TT and LF replacement rate on the physical and mechanical properties of the developed
polyester-based bio-composites. The experimental design was structured around two independent variables:
the type of fiber treatment (Factor A) and the fiber replacement rate (Factor B). Factor A was investigated
at three levels, namely untreated fibers (−1), NaOH-treated fibers (0), and fibers subjected to a combined
NaOH/acetic acid treatment (+1), representing different chemical surface modification strategies aimed at
improving fiber–matrix interfacial adhesion. Factor B corresponded to the fiber replacement rate and was
examined at four levels: 5% (−1), 10% (0), 15% (+0.5), and 20% (+1), reflecting the progressive incorporation
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of LF into the UPR matrix. The experimental design matrix adopted for the factorial analysis is presented
in Table 4.

Table 4: Experimental design matrix and corresponding measured properties.

Mix ID Type of Treatment (TT) LF Remplacement Rate (%) (LF)

1 −1 −1
2 0 −1
3 +1 −1
4 −1 0
5 0 0
6 +1 0
7 −1 +0.5
8 0 +0.5
9 +1 +0.5
10 −1 +1
11 0 +1
12 +1 +1

The developed regression equations for the evaluated responses are given in Eqs. (3)–(8) below (coded form):

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 5.8083 + 4.05 × 𝑇𝑇 + 1.4257 × 𝐿𝐹 − 0.074 × 𝑇𝑇 × 𝐿𝐹 (3)

𝑆𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 𝐵𝑟𝑒𝑎𝑘 = 4.975 + 1.725 × 𝑇𝑇 + 0.3917 × 𝐿𝐹 − 0.042 × 𝑇𝑇 × 𝐿𝐹 (4)

𝐼𝑚𝑝𝑎𝑐𝑡 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ = −0.2625 + 0.175 × 𝑇𝑇 + 0.2028 × 𝐿𝐹 + 0.0077 × 𝑇𝑇 × 𝐿𝐹 (5)

𝑆ℎ𝑜𝑟𝑒 𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 = 74.5833 + 1 × 𝑇𝑇 + 0.65 × 𝐿𝐹 − 0.01 × 𝑇𝑇 × 𝐿𝐹 (6)

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 1.2033 − 0.0050 × 𝑇𝑇 − 0.00127 × 𝐿𝐹 − 0.00020 × 𝑇𝑇 × 𝐿𝐹 (7)

𝑊𝑎𝑡𝑒𝑟 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 1.8192 + 0.135 × 𝑇𝑇 − 0.2361 × 𝐿𝐹 − 0.0257 × 𝑇𝑇 × 𝐿𝐹 (8)

The two-dimensional contour plots derived from the developed factorial models (Fig. 12) illustrate the
combined effects of LF surface treatment type (TT) and LF replacement rate on the physical and mechanical
behavior of the LF/UPR composites. For tensile strength (MPa), an improvement is observed with increasing
LF content up to an optimal level, particularly for chemically treated fibers. The transition from untreated
to NaOH and NaOH/acetic acid treatments results in higher strength values, which can be attributed to
enhanced interfacial adhesion and improved stress transfer between the LF and the UPR matrix. However,
at higher fiber loadings, slight reductions may occur due to fiber agglomeration and dispersion issues. A
similar trend is noted for strain at break (%), where both the increase in LF content and the application of
chemical treatments contribute to improved ductility. The combined NaOH/acetic acid treatment exhibits
the most pronounced effect, indicating better fiber-matrix compatibility and reduced interfacial defects.
However, untreated fibers show lower deformation capacity due to weaker bonding. For impact strength
(kJ/m2), the contour plots reveal a significant enhancement with increasing fiber incorporation, especially
for treated fibers. This behavior is associated with the energy absorption mechanisms provided by the fibers,
such as pull-out and crack bridging, which are more effective when interfacial adhesion is improved through
chemical modification. Regarding Shore hardness (D), a gradual increase is observed with fiber content,
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with treated fibers contributing to slightly higher hardness values due to improved interfacial cohesion
and matrix stiffening. The effect of treatment remains moderate compared to fiber loading, indicating
that hardness is primarily governed by composite densification. In terms of density (g/cm3), the contour
diagrams indicate a slight decrease with increasing fiber replacement rate, reflecting the lower density of LF
compared to the polyester matrix. Fiber treatment has a minimal influence on density, although a marginal
reduction may be observed due to structural modifications at the fiber surface.

Figure 12: Surface response contours depicting the interaction of type of treatment (TT) and LF rate replacement on
composite behavior.
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Finally, water absorption (%) shows a decreasing trend with increasing fiber content, particularly for
chemically treated fibers. The NaOH/acetic acid treatment significantly reduces water uptake by modifying
the hydrophilic nature of the fibers and improving interfacial sealing, thereby limiting moisture penetration
pathways within the composite. The contour plots clearly demonstrate that fiber surface treatment plays a
crucial role in enhancing composite performance, while fiber replacement rate governs the balance between
mechanical improvement and structural integrity. Combined chemical treatment emerges as the most
effective approach, significantly improving interfacial bonding and mitigating the limitations associated
with higher fiber contents.

4.3.2 Model Validation

The statistical adequacy of the developed regression models [74–76] was evaluated using the fit
statistics presented in Table 5 and the ANOVA results summarized in Table 6. For all measured properties:
tensile strength, elongation at break, impact resistance, Shore hardness, density, and water absorption,
the coefficient of determination (R2) remained very high, between 0.9047 and 0.9948. This shows that the
proposed factorial models are able to account for over 90% of the observed variation in the experimental
results. Furthermore, the close correspondence between adjusted R2 and predicted R2 values demonstrates
that the models are stable and possess strong predictive reliability.

Table 5: Statistical validation and goodness-of-fit parameters of the developed model.

Response
Tensile
Strength
(MPa)

Strain at
Break (%)

Impact
Strength
(kJ/m2)

Hardness
Shore D (%)

Density
(g/cm3)

Water
Absorption

(%)

Standard deviation 0.7396 0.3801 0.1482 0.5000 0.0075 0.2723
Mean 11.44 6.56 0.9258 72.08 1.16 2.12
R2 0.9804 0.9483 0.9047 0.9948 0.9383 0.9754

Predicted R2 0.9214 0.7933 0.6187 0.9791 0.7531 0.9016
Adjusted R2 0.9640 0.9052 0.8252 0.9904 0.8868 0.9549

Adequate precision 24.9548 15.0082 11.4763 38.8909 13.9140 17.5307

Table 6: Analysis of variance (ANOVA) results.

Response
Tensile
Strength
(MPa)

Strain at
Break (%)

Impact
Strength
(kJ/m2)

Hardness
Shore (D)

Density
(g/cm3)

Water
Absorption

(%)

Sum of squares 163.73 15.90 1.25 285.42 0.0051 17.64
Df 5 5 5 5 5 5

Mean square 32.75 3.18 0.2501 57.08 0.0010 3.53
F-value 59.87 22.02 11.39 228.33 18.24 47.57
p-value 0.0001 0.0009 0.0051 0.0001 0.0014 0.0001
Remarks Significant Significant Significant Significant Significant Significant

The ANOVA results further demonstrate the statistical significance of the regression models. The
F-values obtained for all responses are relatively high, while the corresponding p-values are lower than 0.05,
indicating that the models are statistically significant at a 95% confidence level. These results confirm that
the selected factors, namely the type of fiber treatment (Factor A) and the fiber replacement rate (Factor B),
as well as their interaction, have a significant influence on the mechanical and physical properties of the
developed composites.
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The comparison between calculated and experimental results for all outputs (Fig. 13) indicates that the
data points lie very near the diagonal 45◦ line. This close clustering reflects a high level of correspondence
between observed measurements and model predictions. It also verifies that the developed factorial models
are dependable and effectively capture the behavior of the composite system under study.
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Figure 13: Correlation between actual and predicted response.

4.3.3 Factorial Optimization and Experimental Validation

It can be challenging to determine the optimal combination of input variables when multiple per-
formance criteria must be simultaneously satisfied [80–82]. Therefore, a multi-objective optimization
approach was carried out based on the developed factorial regression models to identify the most suitable
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combination of fiber treatment type (TT) and fiber replacement rate (LF). The optimization aimed to achieve
a compromise between the mechanical and physical responses of the developed composites.

The independent variables considered were fiber surface treatment (Factor A) and fiber replacement
rate (Factor B), while the target responses included tensile strength, strain at break, impact strength,
Shore hardness, density, and water absorption. The optimization criteria were defined that mechanical
properties (tensile strength, strain, impact strength, and hardness) were maximized, whereas density and
water absorption were minimized, as summarized in Table 7.

A desirability function approach was employed to evaluate the optimization performance, where
the desirability value ranges from 0 to 1, with values closer to 1 indicating a more optimal solution. The
optimization results revealed that the combined NaOH/acetic acid treatment and a fiber replacement rate
of 10% represent the best compromise among all responses.

Under these optimal conditions, the predicted responses were tensile strength of 19.35 MPa, strain
at break of 8.61%, impact strength of 1.18 kJ/m2, Shore hardness of 78.33%, density of 1.155 g/cm3, and
water absorption of 0.741% (Table 8). The overall desirability of the solution was found to be 0.835 (83.5%),
indicating a high level of optimization considering the multiple and sometimes conflicting objectives.

To validate the reliability of the developed factorial models and the optimization results, experimental
tests were conducted using the optimal factor combination (Fig. 14). The experimental results showed
strong agreement with the predicted values, with deviations of 3.73%, 3.26%, 0.00%, 0.84%, 0.43%, and 2.21%
for tensile strength, strain at break, impact strength, hardness, density, and water absorption, respectively.

All experimental errors were found to be lower than 5%, confirming the high accuracy, robustness,
and predictive capability of the developed models. This close agreement demonstrates that the factorial
design methodology and the applied optimization strategy are reliable tools for predicting and optimizing
the performance of polyester-based bio-composites reinforced with treated LF.

Table 7: Objective optimization criteria.

Variable/Response Optimization
Criteria/Goal Lower Limits Upper Limits

A: TT is in range No Treatment NaOH/acetic acid
B: LF rate is in range 5 20

Tensile strength (MPa) maximize 6.8 20.1
Strain at break (%) maximize 4.7 8.9

Impact strength (kJ/m2) maximize 0.33 1.38
Hardness shore D (%) maximize 65 79

Density (g/cm3) minimize 1.12 1.19
Water absorption (%) minimize 0.95 4.3

Results confirm that the combined chemical treatment enhances interfacial adhesion, leading to
improved mechanical performance and reduced water absorption, while the optimal fiber content ensures a
balance between reinforcement efficiency and structural integrity.

The observed optimum in mechanical performance at 10 wt.% fiber content can be explained by
considering both microstructural dispersion and interfacial phenomena. At low fiber loadings, the fibers are
well dispersed within the matrix, ensuring effective stress transfer through a sufficiently wetted interface.
At approximately 10 wt.%, an optimal balance is achieved between fiber content and matrix continuity,
allowing efficient load distribution and maximized interfacial interactions. This condition can be associated
with a critical threshold related to interfacial coverage and the onset of fiber network interactions. At
higher fiber contents, however, the increased likelihood of fiber agglomeration and fiber–fiber contacts
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leads to poor matrix impregnation, the formation of voids, and stress concentration sites. These effects limit
the efficiency of stress transfer and result in reduced mechanical performance. This behavior is consistent
with classical composite theories involving percolation thresholds and interfacial saturation effects.

Table 8: Multi-objective optimization solution, optimum factors and desirability.

Variable/Response Solution Experimental Validation Error (%)

A: TT NaOH/acetic acid - -
B: LF rate 10% - -

Tensile strength (MPa) 19.35 20.1 3.73
Strain at break (%) 8.61 8.9 3.26

Impact strength (kJ/m2) 1.18 1.18 0
Hardness shore (D) 78.33 79 0.84
Density (g/cm3) 1.155 1.16 0.43

Water absorption (%) 0.741 0.96 2.218
Solution Desirability 0.835 (83.5%) - -

 

A:Type of Treatment = NaOH/acetic acid
Treatments

1 2 3

B:Fibre Remplacement Rate = 10
Treatments

1 2 3 4

Tensile strength  = 19,3583

6,8 20,1

Strain at break = 8,61667

4,7 8,9

Impact strength = 1,18

0,33 1,38

Hardness shore  = 78,3333

65 79

Density = 1,155

1,12 1,19

Water absorption = 0,741667

0,95 4,3
Desirability = 0,835
Solution 1 out of 9

Figure 14: Optimized solutions with a desirability of 0.835.

5 Conclusions

In this study, bio-composites based on unsaturated polyester resin (UPR) reinforced with luffa fibers
(LF) were developed using untreated fibers, NaOH-treated fibers, and fibers subjected to a combined NaOH
+ CH3COOH treatment. The main conclusions can be summarised as follows:
∙ FTIR analysis revealed clear interactions between the LF and the UPR matrix, confirming that chemical

surface treatment improved fiber-matrix compatibility.
∙ The combined NaOH + CH3COOH treatment gave the best overall mechanical performance, with

increases of 74% in tensile strength, 192% in impact resistance, and 16.2% in hardness compared with
composites reinforced with untreated LF.
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∙ SEM observations highlighted a cleaner and rougher fiber surface after treatment, indicating that the
removal of waxy layers and other impurities promoted stronger interfacial adhesion.

∙ The combined treatment reduced the density of the bio-composites, leading to lighter materials with a
more favourable strength-to-weight ratio.

∙ Water absorption decreased after chemical treatment, especially in the case of the combined process,
as a result of lower fiber hydrophilicity and better interfacial compatibility.

∙ Chemical treatment improved both the mechanical behavior and the durability of the bio-composites,
suggesting that these materials could serve as more sustainable and cost-effective alternatives to
conventional composites reinforced with glass or carbon fibers.

∙ The application of a full factorial design combined with response surface methodology proved to be
an effective and reliable approach for modeling and predicting the behavior of UPR/LF composites.
The high coefficient of determination (R2 > 0.90) and the high concordance between the predicted and
experimental values confirm the robustness and accuracy of the developed regression models, thus
demonstrating their relevance for the multiparametric optimization of the developed composites.

∙ The results clearly demonstrate that the combined treatment with NaOH and acetic acid, combined
with an optimal fiber replacement rate (10% by weight), enhances interfacial adhesion, resulting in
improved mechanical performance while reducing water absorption and density.
The findings demonstrate that luffa fibers (LF), being an abundant and naturally sourced material, are

highly promising for producing eco-friendly, low-density bio-composites suitable for structural strengthen-
ing and load-bearing uses. Subsequent studies will explore the application of LF-reinforced unsaturated
polyester resin systems for structural enhancement purposes.

While the present study demonstrates the beneficial effect of chemical treatments on the interfacial
adhesion and short-term mechanical performance of UPR/LF composites, further investigations are required
to fully assess their suitability for structural applications. In particular, future work will focus on the
long-term durability of these composites under realistic service conditions, including hygrothermal aging,
temperature-dependent behaviour, and moisture diffusion over extended periods. Additionally, time-
dependent mechanical responses such as creep, stress relaxation, and fatigue performance under cyclic
loading will be systematically evaluated. These studies will provide a more comprehensive understanding
of material reliability and lifetime performance and contribute to validating the use of luffa fiber-reinforced
UPR composites in demanding engineering applications.
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