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ABSTRACT: This systematic review critically evaluates the mechanical performance, durability, processing routes,
and industrial applicability of sisal fiber reinforced polymer (FRP) composites in relation to their readiness for wider
engineering and industrial implementation. The review analyzes and summarizes science articles published 2020, 2025
to identify the performance trends, technical limitations, and techno, economic constraints influencing the application
of these composites. A PRISMA, based approach was implemented, which included systematic searches of Scopus, Web
of Science, PubMed, and Google Scholar by using pre, set keywords, inclusion criteria, and clear screening procedures,
to ensure reproducibility and quality control. The articles under review illustrate how sisal fiber composites provide a
strength, to, weight ratio that is on par with glass fiber systems as well as a significantly lower environmental impact and
a good cost potential. Mechanical performance and interfacial stability can be significantly improved, as demonstrated
in the various studies, and consistently achieved by fiber surface modification, hybrid reinforcement, and processing
condition optimization. At the same time, the study points to some of the previous issues, which include the composite’s
moisture sensitivity, the variability in quality from one batch of fiber to another, a lack of datasets on long, term
durability, and scale, up limitations associated with fiber grading, decortication efficiency, cycle time, and scrap rates.
The findings highlight the increasing industrial utility of sisal fiber composites for automotive interior components,
low, cost building materials, consumer products, and biodegradable packaging, also pointing out new possibilities in
aerospace secondary and semi, structural applications. In general, this review outlines a clear, application, oriented
plan that points out the necessity for consistent durability testing methods, fiber quality standards harmonization, and
validated design data to make the large, scale and reliable use of sisal fiber composites for high, performance engineering
sectors possible.

KEYWORDS: Sisal fiber composites; natural fiber reinforcement; sustainable polymer materials; biodegradable
composites; eco-friendly structural applications

1 Introduction
Natural fiber-reinforced polymer composites have garnered much attention in transportation, sports

goods, packaging, architecture, marine, aviation, and railway sectors due to their excellent balance between
mechanical performance and environmental sustainability [1,2]. The growing stringency of global regulations
in waste management, embodied carbon, and utilization of non-renewable resources has stirred interest
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in natural fibers as renewable, biodegradable, and energy-efficient substitutes for synthetic reinforcements.
Their low density, competitive strength-to-weight ratio, and reduced carbon footprint make them attractive
candidates for lightweight structures where both the mechanical and sustainability metrics are critical [3].

NFRPCs are generally made of thermoset or thermoplastic matrices, reinforced with fibers from plants
and animals [4,5]. Of the natural fibers, much attention has been given to sisal, jute, flax, kenaf, banana,
and bagasse due to their mechanical stability, availability, and good structural morphology [6,7]. Synthetic
fibers like glass, carbon, and aramid continue to dominate most high-performance applications despite
their processing being energy-intensive, nonbiodegradable, and high in environmental burdens [8]. The
production of synthetic fibers uses about an order of magnitude more energy compared to natural fiber
processing and generates much higher amounts of CO2 [9]. Life Cycle Assessment (LCA) studies have
consistently reported the lower embodied energy and global warming potential of natural fiber composites
by roughly 20%–50% compared to glass fiber composites, further reinforcing the relevance of sisal-based
systems to low-carbon manufacturing [10].

The addition of natural fibers to polymer matrices develops lightweight structures with increased
stiffness and higher energy efficiency in service. It has been estimated that the substitution of synthetic fibers
by natural ones can provide ~10% less component weight, up to 80% less manufacturing energy, and ~5%
less material cost [11]. Sisal is one of the natural fibers used owing to its strong agricultural supply chain,
relatively high length-to-diameter ratio, and better mechanical stability compared with other leaf fibers.

Thermoplastic matrices based on polypropylene, polyethylene, PVC, polystyrene, and PEEK are still
widely used due to their recycling possibilities and lower environmental impact than thermosets [12].
Thermoset polymers like epoxy, polyester, vinyl ester, phenolic, urethane, and urea–formaldehyde, however,
exhibit superior structural properties but have problems with non-recyclability and end-of-life waste
disposal. Bio-based thermosets from plant oils, lignin-based epoxies, cardanol, furanics, and PLA have been
recent developments that are changing this situation by allowing partial recyclability and low toxicity resin
systems [13–15].

Given the enormous progress with natural fiber composites, comprehensive and comparative studies
regarding the behavior of sisal fibers within both thermoset and thermoplastic matrices remain scant. The
novelty of this review is that it presents the first systematically synthesized, side-by-side evaluation of sisal
fiber composites, embodying mechanical, durability, tribological, acoustic, thermal, crystallinity, flame-
retardant, and failure mechanism behaviors under one framework. By pinpointing unresolved challenges in
moisture sensitivity, processing variability, and interfacial deterioration, this review consolidates cross-study
insights in prioritizing research needs and offering directions for the advancement of next-generation sisal
fiber-reinforced polymer composites.

2 Methodology
This review was conducted following the reporting framework of the PRISMA (Preferred Reporting

Items for Systematic Reviews and Meta Analyses), ensuring a transparent and systematic approach for
identifying, screening, and synthesizing relevant literature on sisal fiber-reinforced polymer composites.

Literature Search Strategy
A comprehensive literature search was performed across four major scientific databases: Scopus, Web

of Science, PubMed, and Google Scholar. The search covered publications from January 2000 to December
2025, and the final search was conducted on 15 January 2026. The search strategy employed Boolean operators
to combine keywords related to sisal fibers and polymer composites. A representative search string used in
the databases was:
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(“sisal fiber” OR “sisal fibre”) AND (“polymer composite” OR “fiber reinforced polymer” OR “natural
fiber composite”) AND (“mechanical properties” OR “mechanical behavior” OR “strength” OR “tensile”
OR “flexural” OR “impact”) AND (“thermoset” OR “thermoplastic” OR “epoxy” OR “polyester” OR
“polypropylene”)

Database-specific adjustments were applied where necessary to accommodate indexing formats and
search interfaces. In addition to database searching, the reference lists of relevant review articles and key
publications were manually screened to identify additional eligible studies.

Study Selection and Screening
The study selection process followed the PRISMA 2020 workflow for systematic reviews. The identifi-

cation, screening, eligibility assessment, and inclusion stages are summarized in Fig. 1.

Figure 1: PRISMA flow diagram illustrating the identification, screening, eligibility assessment, and final inclusion of
studies in this systematic review.
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The database search yielded a total of 1248 records from four sources: Scopus, Web of Science,
PubMed, and Google Scholar. After removing 236 duplicate records, 1012 unique articles remained for title
and abstract screening. During the initial screening stage, 760 articles were excluded because they were
unrelated to sisal fiber composites, focused on other natural fibers, or did not involve polymer composite
systems. The remaining 252 articles were assessed for full-text eligibility. Following detailed evaluation,
104 articles were excluded due to insufficient experimental data, lack of relevance to polymer composite
reinforcement, or non-peer-reviewed publication formats. Ultimately, 148 studies met the inclusion criteria
and were incorporated into the qualitative synthesis of this review. The screening process was conducted
independently by two reviewers, and any discrepancies regarding article inclusion were resolved through
discussion and consensus.

Data Extraction and Synthesis
Relevant information from the selected studies was systematically extracted, including fiber compo-

sition, surface treatments, matrix type, fabrication methods, testing standards, and reported mechanical
properties. The extracted data were organized into thematic categories to facilitate comparative analysis
across studies. A qualitative synthesis approach was applied to identify trends in processing techniques,
structure–property relationships, durability behavior, and emerging technological developments in sisal
fiber-reinforced composites. Methodological quality, experimental design, and potential sources of bias were
also considered to ensure that conclusions are balanced and supported by robust evidence.

3 Overview of Natural Fibers in Composites
Natural fibers are obtained from biological sources and can be broadly categorized into plant, animal,

and mineral types. While animal fibers such as silk and wool are primarily protein-based [16–18], plant-
derived fibers—including bast fibers (jute, flax, kenaf), leaf fibers (sisal, banana), fruit/seed fibers (cotton,
coir), and grass fibers (bamboo, bagasse)—dominate composite applications owing to their mechanical
strength, renewability, and widespread availability [19–24]. Most natural fibers exhibit a lignocellulosic
structure, with cellulose microfibrils embedded in a hemicellulose–lignin matrix. Variations in cellulose
content, crystallinity, microfibril angle, and lignin proportion strongly influence stiffness, moisture uptake,
and durability [23]. High-cellulose fibers such as flax, ramie, and sisal generally offer superior reinforcement
potential, whereas lignin-rich fibers like coir and bagasse provide enhanced toughness at the expense
of stiffness.

3.1 Classification of Natural Fibers
Among natural fibers, plant-based types constitute the primary category for polymer composites due to

their high cellulose content and favorable mechanical behavior. Animal fibers provide elasticity and flexibility
but limited structural reinforcement. Mineral fibers, such as asbestos, have been largely phased out due to
toxicity concerns. Fig. 2 summarizes the main classifications of natural fibers [24].

3.2 Chemical Composition and Structure of Natural Fibers
Natural fibers are primarily composed of 60%–80% cellulose, 5%–20% hemicellulose, and 5%–45%

lignin, with smaller contributions from pectin, wax, and ash. Cellulose contributes to tensile strength and
stiffness [16,25,26], hemicellulose governs moisture absorption, and lignin enhances compressive strength
but reduces flexibility [27–31]. Their nanoscale fibrillar morphology and high aspect ratio enable effective
load transfer in composite matrices [29,32,33].
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Figure 2: Presents a detailed classification of natural fibers [24] [open source].

Table 1 summarizes representative compositional and physical characteristics of major natural fibers,
including cellulose content, crystallinity, microfibril angle, and moisture absorption, providing a comparative
framework for evaluating reinforcement potential in polymer composites.

Table 1: Chemical composition and physical characteristics of major natural plant fibers.

Fiber Chemical Constituents
(% w/w)

Density
(g/cm3)

Moisture
(wt%)

Crystallinity
(%)

Microfibril
Angle (○) Refs.

Sisal
65.8 cellulose; 12

hemicellulose; 9.9 lignin; 0.8
pectin; 0.3 wax

1.45–1.50 66–78 10 10–25 [34]

Jute 45–71.5 cellulose; 13.6–21
hemicellulose; 12–26 lignin 1.30–1.50 50–80 12.5–13.7 7–9 [35,36]

Flax
60–81 cellulose; 14–20.6

hemicellulose; 2–3 lignin;
1.8–5 pectin; 1.7 wax

1.50 50–90 8–12 5–11 [37]

Kenaf
45–57 cellulose; 21.5

hemicellulose; 8–13 lignin;
3–5 pectin

1.50–1.60 — 6.2–12 10–15 [38]

Ramie
68–76 cellulose; 13–15

hemicellulose; 0.6–1 lignin;
1.9 pectin; 0.3 wax

1.40–1.60 — 12.17 7.5–8 [39]

Cotton
82.7 cellulose; 5.7

hemicellulose; 5.7 lignin; 0.6
wax

1.60 7.85–
8.50 82.7–91 20–30 [40]

(Continued)
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Table 1 (continued)

Fiber Chemical Constituents
(% w/w)

Density
(g/cm3)

Moisture
(wt%)

Crystallinity
(%)

Microfibril
Angle (○) Refs.

Banana
63–64 cellulose; 19

hemicellulose; 5 lignin; 3–5
pectin

1.35 45–55 10.71 10–25 [41]

Pineapple 66.2 cellulose; 19
hemicellulose; 4.2 lignin 0.80–1.60 44–60 11.8 8–14 [42]

Sugarcane
bagasse

46 cellulose; 24.5
hemicellulose; 19.95 lignin;

3.5 pectin
— — — — [43,44]

Coir
32–43 cellulose; 0.15–0.25

hemicellulose; 40–45 lignin;
3–4 pectin

1.20 27–33 11.3 30–49 [45]

Oil Palm 49.6 cellulose; 18
hemicellulose; 21.2 lignin 0.7–1.55 — — 46 [46,47]

Bamboo
73.8 cellulose; 12.5

hemicellulose; 10.1 lignin;
0.4 pectin

0.50–1.10 40–60 9.16 8–11 [48,49]

Palmyra
Palm

58.58 Cellulose, 22.8
Hemicellulose, 13.48 Lignin — — — — [50]

Note: Data represent ranges reported across multiple studies, reflecting variability due to species differences, geograph-
ical origin, and extraction methods.

Differences in composition directly influence fiber performance in composites: high-cellulose fibers
generally exhibit superior stiffness and strength, whereas lignin-rich fibers provide higher toughness but
lower modulus [51,52]. Fig. 3 illustrates the chemical structures of key fiber components, including cellulose,
hemicellulose, lignin, and pectin, which influence the overall behavior of natural fiber composites.

3.3 Advantages and Challenges of Natural Fibers in Composites
Natural fibers are increasingly adopted as reinforcements in polymer composites owing to their renewa-

bility, biodegradability, low density, and favorable specific mechanical properties. Among this class, sisal
fiber is of particular interest due to its relatively high tensile strength and stiffness and abrasion resistance,
hence its suitability for load-bearing and semi-structural composite applications [1–4]. Its wide availability,
together with its reasonable cost and compatibility with both thermoplastic and thermoset matrices, further
reinforces its industrial appeal [6–9].
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Figure 3: Chemical structures of key natural fiber components: (a) cellulose; (b) hemicellulose; (c) phenols in lignin;
and (d) pectin [51,52].

Despite these benefits, several performance-limiting challenges are specific to lignocellulosic reinforce-
ments but show unique features in the case of sisal systems. The inherent hydrophilicity of sisal fibers,
for instance, favors moisture uptake and subsequent swelling of the fibers, debonding at the interface, and
mechanical property degradation under humid or cyclic environmental exposures [5,11]. Besides, batch-to-
batch variations in fiber diameter, cellulose content, and microfibril angle—often resulting from cultivation
conditions and decortication processes—negatively impact composite performance [34]. Thermal sensitivity
of sisal fibers further narrows processing windows, especially in the case of high-temperature thermoplastics,
where fiber degradation may occur above ~200○C [6,27].

However, recent studies have shown that these deficiencies could be overcome in sisal-based composites
using various surface modifications (such as alkali, silane, or bio-sourced modifications), gradation of fibers,
as well as maleic-anhydride grafted polymers as a compatibilizer [28,29]. Hybridization of sisal with other
synthetic or natural fibers has also enhanced mechanical strength, durability, as well as other properties
while continuing to yield sustainability advantages [11,42]. Individually, these efforts have strengthened
interactions between the fibers and the matrix, resistance to moisture, and retention of properties, thus
firmly establishing the place of sisal-based fiber-reinforced composites as a promising alternative material to
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traditionally acknowledged reinforcements in the automotive, building, and consumer goods sectors, among
others [25].

4 Sisal Fiber: Structure, Properties, and Formation
Among natural fibers, sisal (Agave sisalana) stands out due to its high tensile strength, long fiber length,

and sustainable profile. Its hierarchical structure, chemical composition, and global availability make it
a preferred reinforcement in both thermoset and thermoplastic composites. Understanding the botanical
origin, structural characteristics, and chemical composition of sisal is essential to optimizing its use in
reinforced polymer composites and other industrial applications.

4.1 Botanical Origin and Availability
Sisal is a leaf fiber cultivated extensively in tropical and subtropical regions and is regarded as one of

the most economical natural fibers [53,54]. Its mechanical strength, thermal insulation, and environmental
friendliness make it suitable for carpets, ropes, home furnishings, and industrial textiles [55,56]. The plant
absorbs CO2, releases oxygen, and requires minimal agricultural inputs, contributing to its sustainability [57].
Major producers include Brazil and Tanzania, followed by Kenya, Mexico, and Pakistan [58,59]. Sisal offers a
high aspect ratio, excellent strength-to-weight ratio, and favorable insulating properties, while its cultivation
supports socio-economic development in rural communities [57,60].

4.2 Structure and Formation of Sisal Fiber
Sisal fibers exhibit a hierarchical microstructure composed primarily of cellulose microfibrils embedded

in a hemicellulose–lignin matrix [61,62]. Individual fibers have diameters of 100–300 μm and lengths of
1–1.5 m, containing hollow sub-fibers and a wax-lignin-coated surface that influences polymer adhesion [63].
The fiber surface is coated with a thin layer of lignaceous material and waxes, which influence interfacial
adhesion in composite applications. However, sisal’s high hydrophilicity reduces its moisture resistance,
making strong bonding with hydrophobic polymer matrices challenging [64].

The cell wall is organized into three layers: the primary wall with a reticulated fibrillar structure; the
secondary wall with outer S-layers (microfibril angle ~40○) and inner S-layers (18○–25○) providing strength
and stiffness; and a thin tertiary wall with parallel fibrils maintaining integrity. Each microfibril within a
fibrillae consists of 20 nm-thick cellulose strands, with individual cellulose molecules measuring 0.7 nm in
thickness and extending several micrometers in length [65].

Ribbon fibers, located along the leaf ’s midline near the conducting tissues, exhibit superior mechanical
strength due to their association with vascular bundles. They are the longest fibers in the sisal plant and
can be easily split lengthwise during processing. In contrast, xylem fibers, which have irregular shapes, are
positioned opposite to the ribbon fibers and are connected to the vascular system [59,66,67].

The hierarchical organization of these structural components, from molecular cellulose strands to
macroscopic fiber bundles, underpins the mechanical behavior and performance of sisal fibers, as illustrated
in Fig. 4.
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Figure 4: Structure of sisal fiber.

4.3 Chemical Composition and Properties of Sisal Fiber
Sisal fibers primarily consist of 43%–78% cellulose, 10%–24% hemicellulose, and 3.75%–11% lignin,

with minor ash content (0.6%–1.1%), depending on geographic origin, plant maturity, and extraction
method [23,68–70]. Variations in chemical composition arise from differences in soil mineral availability,
climatic conditions (rainfall and temperature), genetic cultivar, and fiber extraction techniques, all of
which influence lignification, wax deposition, and the retention or removal of non-cellulosic constituents.
In general, hot and arid environments promote higher lignin and surface wax contents, while humid
conditions favor increased hemicellulose fractions, and more mature leaves typically exhibit higher cellulose
crystallinity.

In addition to chemical composition, the density and moisture content of sisal fibers also show
notable variability, which influences composite performance. The true (real) density of sisal fibers typically
ranges from 1.45 to 1.50 g/cm3, reflecting the intrinsic density of the cellulose-rich cell wall, whereas the
apparent or bulk density varies more widely (≈0.7–1.33 g/cm3) due to internal pores and lumen structure.
Chemical treatments such as alkali (NaOH) treatment can increase fiber density by removing surface
waxes and hemicellulose, resulting in a more compact structure. Sisal fibers are inherently hydrophilic,
with typical moisture content ranging from about 9.8% to 11.5% under standard atmospheric conditions,
which contributes to dimensional instability and moisture sensitivity in composites. These variations further
highlight the influence of fiber structure, treatment, and environmental exposure on sisal fiber properties.

Table 2 integrates the chemical, structural, and environmental attributes of sisal fibers, providing a
multidimensional perspective relevant to composite performance, including mechanical behavior, moisture
response, and fiber–matrix interactions.
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Table 2: Integrated structural, chemical, and environmental characteristics of sisal fibers.

Category Parameter Key Values/Features Notes/Regional Variation References

Structural

Fiber
diameter 100–300 μm Brazilian and Tanzanian varieties

narrower

[59,67]

Fiber length 1–1.5 m Longer in Kenya/Tanzania
Microfibril

angle 18○–25○ Lower angles→ higher tensile strength

Lumen size Moderate to large Larger in Mexican cultivars
Surface layer Waxes + lignin coating Thicker in arid regions
True density 1.45 to 1.50 g/cm3 Cellulose-rich cell wall
Bulk density ≈0.7–1.33 g/cm3 Due to internal pores and lumen structure

Moisture
content 9.8%–11.5% Under standard atmospheric conditions

Chemical

Cellulose 43%–78% Highest in East Africa

[23,68–70]Hemicellulose 10%–24% Higher in humid climates
Lignin 3.75%–11% Hot/dry regions increase lignin

Ash 0.6%–1.1% Soil mineral-dependent

Fiber type Ribbon fibers Long, strong, easily split Highest tensile strength; midline leaf [59,67]Xylem fibers Irregular, moisture-prone Lower strength, higher water uptake

Environmental Rainfall & soil Affects fiber thickness &
cellulose Optimal cellulose under moderate rainfall [59,67]

Temperature Influences lignin & wax Hot/dry→ increased lignin & wax

Note: Variations reflect differences in plant origin, maturity, extraction method, and characterization technique.

This illustrates that variations in cellulose content, microfibril angle, and fiber morphology signif-
icantly influence mechanical response, processing behavior, and fiber–matrix interactions. While sisal’s
high tensile strength, long fiber length, and sustainability profile make it an excellent reinforcement
material, its hydrophilic nature and moisture sensitivity necessitate ongoing research in surface modification,
compatibilization, and processing optimization to maximize composite performance.

5 Polymer Composites and Matrix Materials
The polymer matrix is a critical component in defining the structural, thermal, and durability per-

formance of sisal fiber-reinforced composites. By embedding natural fibers, the matrix governs stress
transfer, interfacial adhesion, environmental resistance, and overall functional behavior of the composite
system. In natural fiber-reinforced polymer composites (NFRPCs), the selection of a suitable matrix—
thermoset or thermoplastic—is essential to achieving the desired mechanical and long-term performance
characteristics [71,72].

Increasing environmental concerns and depletion of fossil-based resources have accelerated inter-
est in polymer matrices compatible with sustainable reinforcements such as sisal. While conventional
petroleum-based resins continue to dominate, bio-based and recyclable polymers are increasingly explored
for eco-conscious composite applications [10]. Understanding the key differences between thermoset and
thermoplastic matrices is therefore vital for optimal material selection in sisal fiber composites.
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5.1 Thermoset and Thermoplastic Matrices
Thermoset and thermoplastic matrices differ in curing behavior, molecular architecture, recycla-

bility, and mechanical response, all of which influence fiber–matrix interactions, moisture uptake, and
processability.

Thermoset resins—including epoxy, polyester, vinyl ester, and phenolic systems—undergo irreversible
crosslinking during curing, forming a rigid three-dimensional network. This imparts excellent mechanical
stiffness, thermal stability, and chemical resistance. Epoxy, in particular, exhibits strong wetting of natural
fibers due to reactive functional groups, enhancing interfacial adhesion. However, thermosets are inherently
brittle and non-recyclable [10,72–74].

In contrast, thermoplastic matrices such as polypropylene (PP), polyethylene (PE), polyvinyl chloride
(PVC), and polylactic acid (PLA) soften upon heating and solidify upon cooling without chemical change.
They offer high impact resistance, formability, and recyclability. Due to their relatively low polarity, com-
patibilizers (e.g., maleic anhydride-grafted polypropylene, MAPP) are required to improve bonding with
hydrophilic sisal fibers [10,71]. Although thermoplastics are generally less stiff than thermosets at room
temperature, they provide superior damage tolerance and are widely used in automotive, consumer, and
packaging applications.

To consolidate these distinctions, Table 3 presents a comparative overview of the key physical, thermal,
and functional properties of thermoset and thermoplastic matrices relevant to sisal fiber composites. This
table assists in selecting matrices that meet application-specific requirements for mechanical performance,
durability, and processability.

Table 3: Comparative summary of thermoset and thermoplastic matrices for sisal fiber composites.

Parameter Thermoset Matrices (Epoxy,
Polyester, Vinyl Ester, Phenolic)

Thermoplastic Matrices (PP, PE,
PLA, PVC)

Typical Elastic Modulus
(GPa)

2.5–4.5 (Epoxy); 2.0–3.0
(Polyester) 1.0–1.8 (PP/PE); 2.7–3.5 (PLA)

Tensile Strength (MPa) 60–90 (Epoxy); 40–70 (Polyester) 25–40 (PP); 40–70 (PLA)

Glass Transition
Temperature, Tg (○C) 60–150 −20 to 10 (PP/PE); 55–65 (PLA)

Thermal Stability High; stable at elevated
temperatures Moderate; softening above Tg/Tm

Fiber–Matrix Adhesion Excellent; strong chemical
bonding Moderate; requires coupling agents

Impact Resistance Moderate; brittle High; ductile and energy-absorbing

Recyclability Very limited High; reprocessable

Moisture Resistance Good; phenolics excellent Moderate; PLA moisture-sensitive

Processing Techniques Hand layup, RTM, vacuum
infusion

Injection/compression molding,
extrusion

(Continued)
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Table 3 (continued)

Parameter Thermoset Matrices (Epoxy,
Polyester, Vinyl Ester, Phenolic)

Thermoplastic Matrices (PP, PE,
PLA, PVC)

Cost (USD/kg) 2.5–6.0 1.2–3.5

Application Roles Structural, thermal,
chemical-resistant components

Automotive interiors, consumer
goods, recyclable composites

5.2 Common Polymer Matrices Used in Sisal Fiber Composites
Sisal fibers have been successfully incorporated into a wide range of polymer matrices depending

on application requirements. Among thermosets, epoxy is the most extensively studied due to its strong
adhesion to natural fibers, excellent stiffness-to-weight ratio, and favorable interfacial bonding. Polyester and
vinyl ester resins offer cost-effectiveness and good processing flexibility, while phenolic resins are employed
in fire-resistant and high-temperature applications owing to their dimensional stability [53].

Within thermoplastics, PP dominates in sisal fiber composites due to its low density, recyclability,
and suitability for high-volume manufacturing. PLA has gained interest for biodegradable and sustainable
applications, although its moisture sensitivity and lower thermal stability limit certain structural uses.
Effective bonding of hydrophilic sisal fibers with these matrices typically requires coupling agents or surface
modification strategies.

Figs. 5 and 6 illustrate the classification of polymer matrices and representative chemical structures
that influence fiber–matrix interactions. Fig. 5 presents thermoset and thermoplastic categories alongside
emerging bio-based alternatives, while Fig. 6 highlights functional groups in matrix polymers that enhance
adhesion to sisal fibers.

Figure 5: Classification of polymer matrices used in natural fiber composites, showing thermoset, thermoplastic, and
emerging bio-based options.
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Figure 6: Representative chemical structures of common polymer matrices, illustrating functional groups relevant to
interfacial bonding with sisal fibers.

Figure 7: Alkali treatment (mercerization) of natural cellulose-based fibers.

5.3 Matrix Selection Considerations
The performance of sisal fiber composites is critically influenced by matrix selection. Thermosets

provide high stiffness and chemical resistance but are brittle and non-recyclable, whereas thermoplastics
offer ductility, recyclability, and impact resistance, often at the expense of modulus. Bio-based matrices
like PLA enable sustainable composites but require careful moisture management. In all cases, interfacial
adhesion between sisal fibers and the polymer matrix must be optimized—typically through compatibilizers,
coupling agents, or fiber surface treatments—to achieve reliable load transfer, dimensional stability, and
long-term durability.

Understanding the synergy between fiber characteristics and matrix properties is essential before
implementing surface modification techniques. Section 6 builds upon this foundation by detailing chemical
treatments and surface modification strategies designed to enhance fiber–matrix interactions, thereby
improving the mechanical performance, environmental resistance, and processing behavior of sisal
fiber composites.

6 Chemical Treatment of Sisal Fiber for Composite Applications
A primary challenge in using sisal fibers as reinforcement in hydrophobic polymer matrices is their

intrinsic hydrophilicity. The cellulose microfibrils within sisal are arranged in alternating crystalline and
amorphous regions: the crystalline domains provide structural rigidity and resist chemical penetration,
whereas the amorphous regions are rich in hydroxyl (–OH) groups that readily absorb moisture [75].
This hydrophilicity promotes water uptake, internal swelling, microvoid formation, and stress concentra-
tion under load, ultimately reducing fiber–matrix adhesion and compromising composite strength and
durability [76].

Chemical modification strategies are employed to alter the fiber surface chemistry, reduce polarity, and
improve interfacial bonding with polymer matrices. Such treatments target reactive –OH groups, modify
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surface morphology, and enhance wettability and roughness [77]. Among the most effective and widely
reported methods for sisal fiber composites are alkaline treatment (mercerization), benzoylation, acetylation,
silane coupling, and graft copolymerization [75].

6.1 Alkaline Treatment (Mercerization)
Alkaline treatment is the most economical and widely used method for natural fiber modification.

Immersion of fibers in sodium hydroxide (NaOH) partially removes hemicellulose, lignin, pectin, waxes,
and surface impurities, resulting in fibrillation and exposure of crystalline cellulose microfibrils (Fig. 7) [78].

The benefits of mercerization include enhanced surface roughness for mechanical interlocking, reduced
fiber diameter for greater surface area, and removal of surface impurities to facilitate polymer penetration.
Additionally, increased cellulose crystallinity decreases moisture absorption and improves thermal and
biological stability [79,80]. These effects collectively enhance fiber–matrix adhesion, load transfer efficiency,
and composite mechanical performance, forming a foundational pre-treatment for subsequent chemical
modifications [81,82].

6.2 Benzoylation
Benzoylation substitutes hydroxyl groups with hydrophobic benzoyl groups via esterification with

benzoyl chloride, reducing polarity and improving compatibility with nonpolar matrices [83]. This treatment
is most effective on clean, activated fiber surfaces, and is typically applied after alkaline treatment [84].
Benzoylated fibers exhibit improved thermal resistance, reduced moisture absorption, and enhanced fiber–
matrix bonding (Fig. 8) [85].

Figure 8: Benzoylation and grafting of sisal fibers.

6.3 Acetylation
Acetylation involves esterification of cellulose –OH groups with acetic anhydride or vinyl acetate, often

catalyzed by pyridine, to introduce hydrophobic acetyl (–COCH3) groups [86]. This reduces water absorp-
tion and improves dimensional stability while maintaining cellulose crystallinity. Acetylated fibers show
improved dispersion and interfacial adhesion with hydrophobic matrices, particularly in the amorphous
hemicellulose-rich regions that facilitate reagent penetration (Fig. 9) [87,88].
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Figure 9: (a) Reaction between sisal fiber and acetic anhydride or vinyl acetate; (b) acetylation mechanism with
pyridine as catalyst.

6.4 Silane Treatment
Silane coupling agents provide dual reactivity: the hydrolyzed silanol groups bond with cellulose –

OH groups, while the organofunctional group interacts with the polymer matrix. This creates a molecular
bridge at the interface, enhancing stress transfer, reducing interfacial defects, and improving long-term
durability under moisture and thermal cycling (Fig. 10) [83]. Silane treatment also reduces water absorption
and stabilizes the fiber surface, making it highly effective for both thermoset and thermoplastic composites.

Figure 10: Proposed mechanism for the silane treatment of sisal fiber.
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6.5 Graft Copolymerization
Graft copolymerization involves covalently attaching vinyl monomers (e.g., methyl methacrylate, acry-

lonitrile, ethyl acrylate) to cellulose chains via free radicals generated by initiators such as ceric ammonium
nitrate (CAN) [89,90]. This increases surface energy, wettability, dispersion, and fiber–matrix adhesion.
Grafting is particularly effective for thermoplastic matrices, improving toughness, tensile strength, and
resistance to interfacial debonding. Fig. 11 illustrates the proposed mechanism for the graft copolymerization
of ethyl acrylate onto cellulose-based natural fiber.

Figure 11: (Continued)
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Figure 11: Proposed mechanism for the graft copolymerization of ethyl acrylate onto cellulose-based natural fiber [91]
[open source].

Chemical surface treatments are therefore essential for improving sisal fiber compatibility and per-
formance in polymer composites. Selecting an appropriate method based on the matrix type, service
environment, and target mechanical properties allows for significant enhancements in reliability, dura-
bility, and functional performance, enabling applications across automotive, aerospace, packaging, and
construction sectors.

Table 4 provides a concise summary of these treatments, their mechanisms, and the typical effects on
fiber properties.

Table 4: Summary of common chemical treatments for sisal fiber.

Treatment Mechanism/Chemistry Key Effects on Fiber Notes/Pre-Treatment

Alkaline
(Merceriza-

tion)

NaOH hydrolyzes
hemicellulose, lignin,

wax; fibrillation of
cellulose

Increased surface roughness,
exposure of microfibrils, reduced
diameter, improved fiber–matrix
adhesion, increased crystallinity,

reduced moisture absorption

Often primary
treatment; enhances
effect of subsequent

modifications [73–80]

Benzoylation Esterification of –OH
with benzoyl chloride

Reduced polarity, increased
hydrophobicity, improved thermal

resistance, enhanced interfacial
bonding

Typically preceded by
alkaline

treatment [83–85]

Acetylation
Esterification of –OH

with acetic anhydride or
vinyl acetate

Lower water absorption, improved
dimensional stability, enhanced

polymer compatibility

Degree of substitution
higher in amorphous

regions [86–88]

(Continued)
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Table 4 (continued)

Treatment Mechanism/Chemistry Key Effects on Fiber Notes/Pre-Treatment

Silane
Coupling

Hydrolyzed silane forms
silanol bonds with –OH;
organofunctional group

bonds to polymer

Covalent or hydrogen bonding,
molecular bridge at interface,

reduced moisture uptake,
enhanced stress transfer

Effective for both
thermoset and
thermoplastic

matrices [83,89]

Graft
Copolymer-

ization

Radical grafting of vinyl
monomers (e.g., MMA,

AN) onto cellulose
using initiators like

CAN

Increased surface energy, better
wettability and dispersion,

enhanced tensile strength and
interfacial adhesion

Advanced
modification; suitable
for high-performance

composites [89,90]

7 Manufacturing Techniques for Sisal Fiber Reinforced Polymer Composites
The processing method traditionally represents one of the most important factors affecting the per-

formance, cost, and applicability of fiber-reinforced polymer composites. There are several fabrication
techniques for sisal fiber-reinforced composites, including pultrusion, resin transfer molding, compression
molding, injection molding, and hand lay-up techniques, similar to those used for glass fiber-reinforced
systems. The choice of processing method significantly affects fiber dispersion, interfacial adhesion, void
content, and, consequently, the mechanical and functional properties of the composite. Natural fibers, due
to their inherent variability, moisture sensitivity, and specific anatomical structure, have to be processed
under conditions that carefully take these features into consideration in order to obtain consistent quality
and performance.

7.1 Compression Molding
Compression molding is extensively used to manufacture SMC under controlled temperature and

pressure. Short fiber mats are sandwiched between resin-coated carrier sheets, with extra resin applied in
order to achieve uniform impregnation. Rollers compress the sheets to remove entrapped air and to fully
saturate fibers. Prepared SMC sheets are cut to size and placed in heated molds that are clamped under 500–
1200 psi pressure to facilitate resin flow and curing. This technique is particularly suitable for processing at
moderate fiber lengths and uniform distribution, and these components show high mechanical performance
and repeatability. Compression molding is also more viable for automotive and aerospace purposes because
it can be combined with natural fibers and scaled up for large-volume production [57]. Its compatibility
with natural fibers—including sisal—also makes it a preferred technique when moderate fiber lengths and
uniform fiber distribution are required.

7.2 Injection Molding
Injection molding is a high-precision, high-throughput technique most commonly applied to short

natural fiber-reinforced thermoplastics of complicated geometries. Screw-driven barrel melts short fibers
and polymer granules and homogenizes them before injection into the mold. Thermoset bulk molding
compounds (BMC) with 15%–20% chopped fibers are also used in motor parts, appliance housings,
and automotive electrical components. The process allows rapid production, about 2000 small parts per
hour, with minimal post-processing. Advantages include high reproducibility, improved toughness, and
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recyclability. However, key limitations include the shortening of fibers and thermal degradation, which must
be managed through process optimization [92,93].

7.3 Resin Transfer Molding (RTM)
RTM is a closed-mold technique in which liquid resin is injected under pressure or vacuum into a fiber

preform made of woven, stitched, or continuous mats. Epoxy, vinyl ester, polyester, and phenolic resins are
normally used [94]. A few works have already been developed regarding the manufacturing of natural fiber-
reinforced composites by RTM with renewable polymer matrices [95]. RTM has a number of key advantages
over open-mold methods, including superior fiber wetting, lower void content, minimal material wastage,
and enhanced fiber–matrix bonding, leading to improved tensile strength, Young’s modulus, and flexural
properties compared to compression-molded composites. Reduced voids also enhance water resistance and
durability [96,97].

Natural fibers pose a problem with lower compaction compared to glass fibers, which is again attributed
to the presence of lumens and irregular anatomical structures. Fiber pre-treatment, optimized preform
design, and chemical modification can enhance the infiltration of resin and improve the mechanical
performance of sisal composites. RTM is preferred for large and high-strength applications in automotive,
aerospace, and marine sectors.

7.4 Hand Lay-Up
Hand lay-up is a manual, versatile technique in which layers of fiber reinforcement are placed in a

mold and impregnated with resin matrix. Consolidation is performed using rollers, brushes, or squeegees to
eliminate air within layers and achieve good wetting of fibers. Steps in this process include mold preparation,
gel coating, fiber lay-up, and curing [98].

While labor-intensive, hand lay-up has the advantage of being suitable for geometrically complex molds
due to accommodation of long fibers and low tooling cost. The disadvantages are its relatively low fiber
loading, variable mechanical properties, and longer curing times. Nevertheless, it remains widely used for
small-scale, customized, or prototype composites. Epoxy-based sisal fiber laminates fabricated via hand lay-
up have demonstrated potential for structural, automotive, and sports equipment applications [99]. Fig. 12
illustrates the principal manufacturing techniques for sisal fiber composites.

Figure 12: Illustrations of composite manufacturing techniques: (a) compression molding, (b) injection molding,
(c) resin transfer molding, and (d) hand lay-up [open source] [100].



20 J Polym Mater. 2026;43(2):5

7.5 Additive Manufacturing of Natural Fiber–Reinforced Polymer Composites
Additive manufacturing (AM), particularly methods such as fused deposition modeling (FDM), has

recently revolutionized the production of fiber-reinforced polymer composites. This approach enables
complex patterns, reduces material waste, and provides enhanced design versatility [101,102]. Filaments
reinforced with natural fibers derived from thermoplastic substances such as PLA and PP are increasingly
popular because of their environmental advantages and suitability for extrusion-based additive manufac-
turing techniques. Studies on fiber-reinforced filaments made from wood, flax, hemp, jute, and bamboo
indicate that these short natural fibers can enhance stiffness and reduce environmental effects. Nonetheless,
challenges remain to tackle, including fiber dispersion, bonding problems, nozzle blockages, and the
anisotropic characteristics of mechanical properties [103,104].

In the realm of sisal fiber composites, additive manufacturing remains in its early stages. Nonetheless,
the elevated cellulose content, low density, and broad availability of sisal position it as a prime option for
creating AM feedstock [105]. For FDM-compatible systems, sisal fibers must be transformed into shorter
fibers or microfibers and blended into thermoplastic matrices—usually PLA or PP. This frequently includes
employing compatibilizers or surface treatments to boost the bond between the fibers and the matrix, along
with enhancing printability [102,104]. Key elements such as fiber loading, raster alignment, layer thickness,
and extrusion temperature significantly influence the interlayer adhesion, porosity, and overall mechanical
properties of the printed composites [106].

Recent reviews highlight that the moisture sensitivity of natural fibers, thermal breakdown during fila-
ment extrusion, and poor interfacial adhesion are major obstacles in producing high-performance additive
manufacturing (AM) composites [102,105]. These issues are especially significant for sisal fibers, highlighting
the need to enhance fiber surface alterations, use hybrid reinforcement methods, and manage filament pro-
duction techniques. Despite these challenges, additive manufacturing offers an excellent chance to integrate
sisal fibers into customized, lightweight, and functionally graded parts for automotive interiors, consumer
products, and low-load structural uses. Upcoming studies should focus on creating printable filaments
from sisal, investigating the structure–property interactions in the printed components, and contrasting
AM-produced sisal composites with those generated via conventional processing techniques [103,106].

7.6 Comparative Summary of Manufacturing Techniques
Table 5 offers a comparative summary of the main manufacturing methods utilized for sisal fiber-

reinforced polymer composites, highlighting their specific benefits, processing limitations, and typical areas
of application. Through the comparison of techniques from traditional molding processes to new additive
manufacturing methods, this analysis offers a useful guide for choosing suitable processing strategies
according to fiber length specifications, matrix material, desired mechanical properties, part shape, and
production volume.

The selection of manufacturing method significantly influences the mechanical performance, cost, and
longevity of sisal fiber-reinforced composites. Mass production benefits from compression and injection
molding, whereas RTM is suited for strong, low-void structural parts. Hand lay-up continues to be significant
for tailor-made and experimental uses. Aligning fiber pre-treatments with processing methods is crucial
for enhancing composite performance and facilitating sustainable, lightweight, high-performance natural
fiber composites
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Table 5: Comparison of manufacturing techniques for sisal fiber–reinforced polymer composites.

Manufacturing
Technique Key Advantages Principal Limitations Typical Applications

Compression
Molding

Good fiber wetting and
distribution; high fiber volume

fraction achievable; superior
mechanical performance;

suitable for semi-structural
parts

Requires dedicated
molds; longer cycle times
than injection molding;

limited geometric
complexity

Automotive interior
panels, building

panels, structural and
semi-structural

components

Injection
Molding

High dimensional accuracy;
short cycle times; compatibility
with high-volume production;

good surface finish

Significant fiber length
reduction; thermal

degradation risk for sisal;
properties limited by

short-fiber reinforcement

Consumer goods,
small automotive

components,
housings, interior

trim

Resin Transfer
Molding (RTM)

Low void content; good
fiber–matrix impregnation;

capable of producing
high-strength and large

components

Natural fiber preform
compaction and

permeability control are
challenging; higher

tooling cost

Automotive parts,
marine structures,

large panels,
load-bearing
components

Hand Lay-Up

Low tooling cost; simple
processing; accommodates

long and aligned sisal fibers;
flexible design

Labor-intensive; low
reproducibility; limited
fiber volume fraction;
higher void content

Prototyping,
low-volume products,

sports and leisure
equipment

Additive
Manufacturing

(FDM/Pellet
Extrusion)

Design freedom and
customization; reduced

tooling requirements; potential
for functional integration and

lightweight structures

Fiber length severely
limited; nozzle clogging
and moisture sensitivity;
weak interlayer adhesion;

limited mechanical
performance

Prototypes,
customized

components,
non-structural

interior parts, design
validation

Note: Typical effective lengths of sisal fibers vary greatly based on the processing method used. Hand lay-up and
compression molding can support long or continuous fibers (≈20–200 mm), whereas RTM usually uses aligned or
mat-based fibers ranging from ≈10–100 mm based on the preform structure. Injection molding and compounded
thermoplastics limit the effective fiber length to short fibers, typically under ≈0.2–1.0 mm after processing because of
shear-induced fracture. Additive manufacturing of sisal-filled filaments or pellets is presently restricted to very short
fibers or fibrils (generally <0.5 mm), since longer fibers undermine extrusion stability and interlayer adhesion.

8 Performance Characteristics of Sisal Fiber-Reinforced Polymer Composites
Sisal fiber-reinforced polymer composites merge the high tensile strength, lightweight nature, and

renewability of sisal fibers with the mechanical versatility and thermal properties of polymer matrices. These
are broadly classified into thermoset- and thermoplastic-based systems, each offering distinct advantages
depending on processing conditions, fiber content, and end-use requirements. Thermoplastic matrices offer
recyclability and ease of forming under heat, while thermoset matrices offer superior dimensional stability,
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chemical resistance, and structural performance. The interaction of sisal fibers with diverse polymer matrices
is therefore critical in determining load transfer efficiency, toughness, and long-term durability.

8.1 Sisal Fiber-Reinforced Thermoset Composites
Extensive studies have been conducted on the properties of sisal fiber-reinforced thermoset composites

based on epoxy, polyester, vinyl ester, and phenolic matrices. The mechanical properties such as tensile
strength, tensile modulus, flexural strength, flexural modulus, and impact strength of these composites are
significantly related to the fiber-matrix interfacial adhesion. The addition of sisal fibers generally improves
such properties with respect to neat matrices thanks to the effective load transfer and distribution of stresses
occurring at the interface. Thermoset matrices, due to their crosslinked networks, reduce the mobility of the
polymer chains, which increases stiffness and enhances structural performance under loading.

The suitability of sisal fiber for thermoset composites is further supported by its low cost and avail-
ability, combined with compatibility regarding fabrication techniques like filament winding, lamination,
and compression molding. Whereas glass fiber composites result in higher absolute tensile strengths, the
specific strength of the sisal-based composites is still competitive. Unidirectional sisal-epoxy composites, for
instance, show tensile moduli up to 8.5 GPa [65].

Several studies illustrate performance trends in thermoset matrices: Mukherjee and Satyanarayana [107]
reported a specific modulus for chopped sisal-polyester composites equivalent to glass fiber composites, and
impact resistance three times that of neat polyester. Pavithran et al. [108] found that maximal fracture work
for long-strand sisal-polyester composites was obtained at 50% fiber volume fraction. Sanadi et al. [109]
showed linear increases in tensile strength and modulus to 40% fiber volume fraction, whereupon interfacial
degradation resulted in reduced performance. Bai et al. [110] studied the failure mechanisms of longitudi-
nally oriented sisal-epoxy composites using four-point bending tests and SEM and noted that sisal-epoxy
composites had moderate interfacial adhesion whereas microtubular fiber formations had weak adhesion.
Joseph et al. [111] pointed out the superior performance of sisal-phenol-formaldehyde composites compared
to polyester and epoxy systems due to enhanced interfacial compatibility. Bisanda and Ansell also presented
the influence of fiber volume fraction on the flexural properties of unidirectional sisal-epoxy composites; at
40% fiber volume, the flexural modulus was 16 GPa with a flexural strength of 266 MPa. The tensile modulus
for sisal fibers was measured to be 24 GPa, but the effective fiber modulus in the composite was 40 GPa,
indicating improved stress distribution [63].

Oksman et al. [112] investigated fiber strength distribution and obtained effective fiber strengths of 420,
400, and 390 MPa for fiber volume fractions of 0.28, 0.35, and 0.46, respectively. These values were based
on an average measured fiber strength of 550 MPa. As expected, the study concluded that poor interfacial
adhesion resulted in the debonding of fibers from the matrix near fracture sites, with corresponding
load redistribution. Mechanical testing showed that sisal fibers embedded in a polymer matrix exhibited
higher modulus values compared to neat polymeric materials. However, the overall composite strength was
constrained due to a fraction of weak fibers. To improve this, future composite designs must take advantage
of enhanced fiber-matrix adhesion and proper fiber distribution. Representative mechanical properties for
sisal fiber-reinforced thermoset composites are summarized in Table 6.
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Table 6: Characteristics of sisal fiber-reinforced thermoset composites.

Composite Tensile
Strength (MPa)

Tensile
Modulus

(GPa)

Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

Impact Strength
(KJ/m2) Reference

Epoxy 35.6 1.95 84.79 3.62 9.35 [113]
Epoxy 18.35 – 50.22 – 1.33 [114]
Epoxy 5.6 – 30.00 – 3.52 [115]
Epoxy 95.33 – – – – [116]

Polyester 112.64 – 156 N/mm2 – – [117]
Vinyl Ester 41.7 – 52.1 – – [118]

Overall, thermoset matrices confer high stiffness, superior stress distribution, and enhanced fracture
resistance in sisal-reinforced composites, though fiber-matrix interface quality remains the primary factor
controlling mechanical performance.

8.2 Sisal Fiber-Reinforced Thermoplastic Composites
Sisal fiber-reinforced thermoplastics, which include PLA, LDPE, HDPE, PP, PEEK, PVC, and PS, have

found increasing use in semi-structural and consumer applications. Thermoplastics are characterized by
recyclability, short processing cycles, and ease of remolding, which make them ideal for applications related
to automotive interiors, packaging, and consumer products. Strong fiber-matrix adhesion, which is usually
achieved through the use of coupling agents, for example, MAPP, is important for effective stress transfer in
such composites, considering that most thermoplastics exhibit low polarity.

Experimental investigations have reported an increase in mechanical properties with fiber content.
Accordingly, Mohanty et al. [119] recorded that tensile strength increased by 60%–70%, flexural strength
increased by 140%–150%, and impact strength increased to a maximum of 125% for an increase in the sisal
fiber loading from 10% to 30%. Oksman et al. [120] noticed that the addition of fibers increased the flexural
modulus in sisal-PP composites. The use of MAPP further increased the modulus to a value of 4.6 GPa.
Jarukumjorn and Suppakarn [121] reported increases in flexural strength by 58%, flexural modulus by 9%,
and Young’s modulus by 55% in PP-sisal composites. However, impact strength was reduced significantly at
higher fiber loading. Other investigations on composites with sisal fibers in PP, PS, and PE matrices showed
improved tensile strength and Young’s modulus and reduced elongation at break with increased fiber content.
These studies point out the necessary optimization of fiber-matrix adhesion and fiber orientation to improve
the comprehensive performance of thermoplastic composites based on sisal fibers [65,122].

Table 7 presents some representative mechanical properties of thermoplastic-based sisal fiber compos-
ites, focusing on the effects that fiber content and coupling agents exert on their performance.

Performance in thermoplastic composites is sensitive to fiber dispersion, matrix compatibility, and
processing conditions. The use of coupling agents and optimized processing parameters is therefore critical
to achieve a balance between stiffness, strength, and toughness.
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Table 7: Characteristics of sisal fiber-reinforced thermoplastic composites.

Matrix Fiber Content
(%)

Tensile
Strength

(MPa)

Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

Impact
Strength

Coupling
Agent Reference

PP 10–30 +60%–
70%

+140%–
150% 3.5–4.6 +125% MAPP [119,120]

PP 20–40 +55 +58 +9 Decrease – [121]
LDPE 15–25 +40–50 +80–100 2.5–3.0 – – [122]
PE/PS 10–30 +45–60 +90–120 2.0–3.5 – – [65]

9 Sisal Fiber-Based Hybrid Polymer Composites
Hybrid polymer composites incorporate sisal fibers with other natural or synthetic reinforcements to

achieve improved mechanical, thermal, and physical performance. Hybridization allows the designers to
tailor properties like stiffness, toughness, moisture resistance, and thermal stability by combining different
fiber types while overcoming the natural limitations of pure sisal composites, such as moderate strength and
hydrophilicity. Hybridization is, therefore, a strategic means to extend the application opportunities of sisal
fiber composites, especially for automotive, aerospace, packaging, and construction industries.

9.1 Natural–Natural Fiber Hybrids
Available studies show that the combination of sisal with other natural fibers such as jute, coir, banana,

or cork enhances particular mechanical properties. Accordingly, Ramesh et al. [123] investigated sisal-
jute-glass-epoxy hybrids; here, the tensile strength obtained in the case of sisal-glass hybrids was higher
(68.55 MPa), while the jute-glass hybrids gave better flexural capacity. Akash et al. [124] added SSP as a
natural binder to epoxy composites reinforced by sisal-coir hybrids, and found significant rises in the tensile
and flexural performances at low SSP contents up to 10 wt%, with lower gains above this content.

Alkali treatment further optimizes the performance of natural-natural hybrids. For example, NaOH-
treated sisal fibers improved interfacial bonding and mechanical strength upon incorporating 10% alkali
treatment with 40 wt% sisal content [125]. Acetylated sisal fibers similarly showed improved tensile and
flexural properties during hybridization with glass fibers and epoxy resin at low incorporation levels
(≤4 wt%) [115]. The above studies identify fiber surface modification to play an important role in optimizing
synergistic reinforcement effects for hybrid natural fiber composites.

9.2 Natural–Synthetic Fiber Hybrids
Sisal fibers are often blended with glass, aramid, or carbon synthetic reinforcements to obtain enhanced

stiffness, strength, and durability. Zhong et al. [126] illustrated that microfibrillated sisal-aramid composites
exhibit enhanced wear resistance and tensile strength, which can be explained by a better interfacial adhesion.
Glass-sisal fiber-polypropylene (PP) hybrid composites also demonstrated improved mechanical, thermal,
and moisture resistance properties [121]. These hybrid systems take full advantage of the high modulus and
dimensional stability of synthetic fibers while retaining the sustainability and lightweight benefits of the sisal.

Fber processing and surface modification of sisal fibers are of prime importance for natural–synthetic
hybrids. Coupling agents, chemical treatments (alkali, acetylation, silane), and appropriate fiber orientation
greatly enhance the load transfer and reduce moisture-induced degradations, which lead to long-term
durability of hybrid composites [127,128].
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9.3 Sisal Fiber Hybrids with Polymer Matrices
There is a different response by the thermoset and thermoplastic matrices to the hybridization strategies.

In epoxy-based hybrid composites, both tensile and flexural strengths increased with moderate contents
of sisal; higher loadings can lead to interfacial debonding or stress concentrations. Among thermoplastic
hybrids, coupling agents improve interfacial adhesion and promote uniform fiber dispersion. Fernandes
et al. [129] reported improvements in tensile and flexural properties of the sisal-cork-HDPE hybrids at 10 wt%
sisal, enabled by coupling agents, which they confirmed using FTIR, TGA, and XRD analyses.

Banana-sisal-epoxy hybrids also exhibit decreased moisture absorption and enhanced mechanical
properties up to a maximum of 50 wt% sisal; performance also remains inferior to that of fully synthetic fiber-
based composites [11]. These observations indicate that the main issue in hybrid composite optimization
concerns the balance between fiber content and treatment and the compatibility with the matrix.

9.4 Comparative Performance of Sisal-Based Hybrids
Table 8 summarizes some representative mechanical performance metrics of sisal-based hybrid com-

posites reported in recent studies, including fiber type, matrix, fiber content, and key mechanical outcomes
to facilitate a clear overview for researchers and industry practitioners.

Table 8: Representative mechanical performance of sisal fiber-based hybrid composites.

Hybrid
Type Matrix Fiber

Content

Tensile
Strength

(MPa)

Flexural
Strength

(MPa)
Key Observations Reference

Sisal-Jute-
Glass Epoxy 30–50 wt%

total 68.55 120
Sisal-glass high

tensile, jute-glass high
flexural

[123]

Sisal-Coir-
SSP Epoxy 10 wt% SSP +15%–20% +10%–15%

Optimal SSP improves
tensile/flexural; higher

SSP reduces gain
[124]

NaOH-
treated

Sisal
Epoxy 40 wt% +18 +25

Alkali treatment
enhances interfacial

bonding
[125]

Acetylated
Sisal

Glass-
Epoxy ≤4 wt% +10–12 +15

Low loading improves
tensile/flexural, higher

loads reduce
[115]

Sisal-
Aramid Epoxy 20–30 wt% +25 +20

Improved wear
resistance and tensile

strength
[126]

Sisal-Cork HDPE 10 wt% +12 +18
Coupling agents

enhance stiffness and
dimensional stability

[129]

(Continued)
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Table 8 (continued)

Hybrid
Type Matrix Fiber

Content

Tensile
Strength

(MPa)

Flexural
Strength

(MPa)
Key Observations Reference

Banana-
Sisal Epoxy ≤50 wt% +18 +15

Reduced moisture
absorption; improved
mechanical properties

[11]

Glass-Sisal PP 30–50 wt% +20–30 +15–25
Enhanced mechanical

and thermal
performance

[121]

10 Specialized Properties of Sisal Fiber Composites
Sisal fiber-reinforced polymer composites display a wide range of specialized functional properties

beyond conventional mechanical behavior, making them competitive candidates for lightweight and low-
carbon applications within areas like automotive engineering, building acoustics, packaging, and tribological
systems. The inherent hierarchical structure of sisal fibers, along with composite design variables such as
chemical surface modification, hybrid reinforcement, filler incorporation, and fiber orientation, controls the
sisal composites’ properties related to tribology, acoustics, thermal behavior, and crystallinity. Due to their
hydrophilic, porous, and chemically heterogeneous nature, devising such functional properties of sisal fibers
calls for a mechanistic understanding of the fiber-matrix interactions not only during operational but also
during environmental stresses. This section integrates the tribological, acoustic, and thermal behaviors of
sisal fiber reinforced composites.

10.1 Tribological Properties of Sisal Fiber Composites
The tribological behavior of sisal fiber–reinforced polymer composites has been investigated under

varying test conditions, including applied load, sliding velocity, counterface material, and environment. Since
tribological responses are highly sensitive to these parameters, meaningful comparison across studies is
generally possible only within similar experimental envelopes. Most reported investigations employ pin-on-
disc configurations under dry sliding against steel or hardened steel (EN31), with applied loads of 10–40 N
and sliding speeds of 0.5–2.0 m/s. Within this range, consistent trends in friction and wear behavior can
be identified.

Sisal fibers possess a rough surface morphology with high asperity density and contain hemicellulose
and lignin, which typically result in moderate to high friction coefficients under dry sliding. In composites,
however, the dominant factor governing tribological performance is the quality of fiber–matrix interfa-
cial adhesion. Poor adhesion, moisture uptake, and fiber softening promote asperity-driven interactions,
leading to increased friction, micro-cracking, fibrillation, and fiber pull-out, particularly at higher loads
and speeds [130–132]. Moisture absorption further accelerates wear due to reduced stiffness, whereas
dry conditions may induce brittle fragmentation. Consequently, minimizing moisture sensitivity through
chemical treatments or hybridization is critical for stable tribological performance.

Several studies conducted under comparable conditions demonstrate that improved interfacial bonding
significantly enhances wear resistance. Miniappan et al. [133] reported substantially lower wear rates in
tungsten carbide-reinforced sisal/epoxy composites, attributed to increased surface hardness and improved
fiber–matrix adhesion. Similarly, Aslan et al. [134] observed that increasing sisal content in hybrid
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polypropylene composites raised the friction coefficient, while wear behavior depended strongly on hybrid
architecture. Sisal/glass hybrids exhibited lower wear volumes than sisal/carbon systems due to superior
interfacial stabilization.

Studies operating within similar load–speed ranges further reinforce these trends. Maurya et al. [135]
found that specific wear rates in sisal/epoxy composites increased with load and sliding velocity, while
friction coefficients decreased due to the formation of smoother transfer layers. Using Taguchi optimization,
Dangi and Thakur [136] identified optimal fiber length, weight fraction, and filler content combinations
that minimized abrasive and erosive wear. Dhanasekar et al. [137] further demonstrated that low silica
nanoparticle additions (≈3 wt%) reduced void content and improved interfacial bonding, resulting in
enhanced wear resistance.

Chemical surface modification further stabilizes tribological response. Behera et al. [138] showed that
sodium citrate-treated sisal fibers improved frictional stability and wear resistance in epoxy matrices. Under
similar test conditions, Gehlen et al. [130] reported that sisal/polyester composites formed compact tribofilms
that reduced friction and wear more effectively than glass fiber composites, where abrasive micro-cutting
dominated. In hybrid sisal/fly-ash polypropylene systems, cetyltrimethylammonium-bromide treatment also
improved mechanical integrity, indirectly enhancing resistance to tribological degradation [135].

Across studies conducted under comparable dry sliding conditions (10–40 N, 0.5–2 m/s), a consistent
hierarchy in wear resistance emerges. Properly treated or nanoparticle-reinforced sisal composites outper-
form untreated systems, while sisal/glass hybrids generally show lower wear rates than pure sisal composites
while maintaining moderate friction levels suitable for semi-structural use. Under near-matched conditions,
the relative wear resistance typically follows:

nanoparticle-reinforced sisal composites > sisal/glass hybrids > chemically treated sisal composites >
untreated sisal composites.

Overall, although untreated sisal composites exhibit only moderate wear resistance, targeted strategies
such as chemical modification, hybrid reinforcement, filler incorporation, and moisture control substantially
enhance their tribological performance. Under optimized conditions, sisal fiber composites show strong
potential for automotive components, moderate load-bearing interfaces, and environmentally sustainable
tribological applications.

10.2 Acoustic Properties of Sisal Fiber Composites
The acoustic performance of sisal fiber–reinforced composites is governed by porosity, fiber–matrix

interaction, density, thickness, and fiber content. Sound energy dissipation occurs primarily through viscous
losses within interconnected pores, interfacial vibration damping, and resonance-related scattering, leading
to effective absorption in the mid-to-high frequency range. Most sisal-based composites exhibit efficient
absorption between 500 and 4000 Hz, with reported noise reduction coefficient (NRC) values typically
ranging from 0.40 to 0.80. Such performance is generally achieved at thicknesses of 20–40 mm, densities
of 150–250 kg/m3, and fiber contents of 25–35 wt%, depending on matrix stiffness and pore architecture.
These characteristics position sisal composites as sustainable alternatives to synthetic acoustic absorbers in
building, automotive, and industrial noise-control applications [139,140].

10.2.1 Experimental Studies on Sound Absorption
Experimental investigations consistently demonstrate that increasing sisal fiber content enhances sound

absorption by improving pore connectivity and airflow resistivity. Fatmawati et al. reported a significant
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increase in absorption as sisal content rose from 10% to 30%, achieving a maximum coefficient of 0.494 at
200 Hz for 30% fiber loading [139].

Hybridization further refines frequency response. Dhandapani and Megalingam [141] showed that sisal–
palm hybrids significantly enhanced high-frequency absorption (1600–4000 Hz), attributed to finer pore
networks, while Jayamani et al. identified maximum absorption in PLA composites containing 30 wt% sisal,
confirming the role of high fiber fractions in optimizing acoustic performance [142].

Comparative studies by Yang et al. [143] indicated that while sugarcane fibers exhibited superior
absorption due to higher airflow resistivity, sisal composites outperformed glass fiber in several mid-
frequency bands, reinforcing the acoustic advantages of natural fibers. In sisal/polypropylene systems,
Munde et al. [144] demonstrated that increased fiber content improved both SAC and transmission loss,
highlighting the suitability of sisal composites for combined absorption–barrier applications.

10.2.2 Hybridization and Structural Optimization
Hybrid reinforcement and structural tailoring provide additional control over acoustic behavior. Prabhu

et al. showed that sisal combined with tea or glass fibers achieved a balance between mechanical integrity
and sound absorption, with tea fibers particularly enhancing mid-frequency SAC [145]. Mamtaz et al. [146]
noted that drying improves durability but may reduce absorption, suggesting granular fillers as a strategy to
recover low-frequency performance.

Systematic studies by da Silva et al. [147] revealed that, at comparable densities (~200 kg/m3) and
thicknesses (20–40 mm), sisal fibers offer balanced mid-to-high frequency absorption, whereas sugarcane
fibers perform better at low frequencies due to higher airflow resistivity. Wadgave et al. [148] reported a wide
range of SAC (0.10–0.999) and sound transmission loss (STL), confirming that sisal-based composites can
be tailored for specific acoustic targets. Hygrothermal effects remain important: Bhuvaneswari et al. [149]
showed that sisal’s hydrophilicity increases porosity and absorption but compromises moisture durability,
necessitating targeted moisture-resistance treatments. Further studies confirmed that fiber orientation,
density, and hybrid reinforcement critically influence acoustic performance, enabling sisal composites to
serve as cost-effective and environmentally sustainable acoustic materials [150,151].

Design-Ready Guidance and Worked Example
For mid-frequency noise control (500–2000 Hz), sisal composites with thicknesses of 25–30 mm,

densities of 150–200 kg/m3, and fiber contents of 20–30 wt% typically achieve NRC values of 0.50–0.65. High-
frequency absorption (2000–4000 Hz) is favored by thinner panels (15–20 mm), densities of 180–220 kg/m3,
and fiber contents above 30 wt% or hybrid reinforcement with palm or tea fibers.

An illustrative automotive application involves a 30 mm thick sisal/PLA composite with a density of
180 kg/m3 and 30 wt% sisal, which achieves NRC values of 0.55–0.70 with peak absorption between 1500 and
3500 Hz [142]. When installed behind a perforated trim panel (5%–8% hole ratio), enhanced airflow pathways
further improve high-frequency absorption in the 1–4 kHz range relevant to wind, road, and engine noise.

10.3 Thermal Behavior and Crystallinity of Sisal Fiber Composites
The thermal behavior of sisal fiber–reinforced composites is primarily governed by fiber chemical

composition, crystallinity, and surface treatment. Sisal fibers consist mainly of cellulose, hemicellulose,
lignin, and minor waxy components, with cellulose being the key contributor to crystallinity and thermal
resistance. Owing to their relatively high tensile strength (300–600 MPa) and density (1.3–1.5 g/cm3),
sisal fibers can enhance the thermal response of polymer matrices more effectively than some synthetic
reinforcements, including glass fibers [152]. Thermal degradation typically proceeds through moisture
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loss (50○C–150○C), decomposition of hemicellulose and lignin (200○C–350○C), and cellulose breakdown
(280○C–400○C), defining the usable temperature window of sisal-based composites.

Chemical treatments strongly influence crystallinity and thermal stability. Alkali treatment removes
amorphous hemicellulose and surface impurities, exposing cellulose microfibrils and increasing crystalline
order, as reflected by enhanced XRD peaks at 2θ ≈ 16○ and 22○ [153]. Increased fiber crystallinity generally
improves composite stiffness and heat deflection temperature (HDT), although the extent of improvement
depends on matrix type and interfacial bonding, particularly when coupling agents such as silanes are used

Experimental studies consistently link crystallinity enhancement with improved thermal performance.
Liu et al. reported superior thermal stability in NaOH-treated sisal composites compared with silane-treated
systems, attributed to increased V-type crystallinity in thermoplastic starch matrices [154]. Ferreira et al.
observed stable morphology below 200○C but significant microcracking and crystallinity loss at 250○C,
emphasizing the role of crystalline integrity in resisting thermal degradation [155].

In thermoplastic systems, sisal fibers also act as nucleating agents for polymer crystallization. Ye
et al. [156] showed that sisal increased PLA crystallinity but reduced thermal stability due to interfacial
incompatibility; annealing mitigated this effect by increasing Tg, HDT, and crystal perfection. Samouh
et al. [157] similarly reported an increase in PLA crystallinity from 47% to 61% with increasing sisal content.
The presence of hybrid fillers modifies this behavior: Ji et al. [158] found that talc, CaCO3, and eggshell
powder improved thermal stability but reduced crystallinity due to disruption of polymer chain alignment.

Treatment intensity and processing routes further affect thermal response. Krishnaiah et al. [159]
reported a 38.5○C improvement in thermal stability following strong alkali and ultrasound-assisted treat-
ments. HDT trends reflect these structural changes: Orue et al. [160] observed modest HDT increases
(~4○C) in untreated sisal composites, while annealed systems containing 20–40 wt% sisal showed HDT
enhancements up to 38○C. Hybrid reinforcement with flax fibers or powdered sisal further improved
degradation temperatures and overall thermal resistance [152,161].

Overall, sisal fiber composites exhibit moderate thermal stability and semi-crystalline behavior, with
performance strongly dependent on fiber treatment, crystallinity development, and fiber–matrix interac-
tions. While higher crystallinity enhances stiffness, Tg, and HDT—particularly in annealed thermoplastic
systems—excessive removal of amorphous phases may reduce damping capacity and toughness, requiring
careful optimization. With appropriate treatment and hybrid design, sisal composites are suitable for
thermally demanding applications in automotive, construction, and packaging sectors [162].

10.4 Flame-Retardant Properties of Natural Fiber Composites
Natural fiber–reinforced polymer composites, particularly sisal fiber–reinforced polypropylene (PP),

offer low density, renewability, and cost advantages, but their inherent flammability remains a major barrier
to use in automotive, construction, and packaging applications [163,164]. Combustion originates from the
flammable PP matrix and volatile release during thermal decomposition of cellulose and hemicellulose.
Consequently, flame-retardant (FR) strategies focus on promoting protective char formation, suppressing
melt dripping, and reducing heat release (Fig. 13) [163].

Current FR approaches for sisal composites include intumescent flame retardants (IFRs), mineral
additives, and fiber-level chemical modification. While IFR systems effectively form insulating char layers,
they may reduce mechanical strength due to plasticization or poor dispersion. Mineral fillers such as
Mg(OH)2 or zinc borate often improve stiffness and fire resistance but can reduce ductility. Therefore,
achieving an optimal balance between fire safety and mechanical performance remains critical.
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Figure 13: Possible flame-retardant mechanism of PP/SF flame-retardant composites [open source] [163].

Advances in IFR and Additive Systems
Among IFR formulations, silane-coated ammonium polyphosphate (APP) combined with pentaery-

thritol has proven particularly effective in PP/sisal systems. Wang et al. [163] reported that a two-step
blending process achieved an LOI of 28.3% and UL-94 V-0 rating, alongside reductions in peak and total heat
release of 11.3% and 13.7%, respectively. Mechanical penalties were moderate, with tensile strength reductions
of 5%–10% and minimal impact strength loss, while char stability remained intact after thermal cycling.

Mineral-based FR additives offer alternative pathways. Prabhakar and Rajasekaran showed that APP,
Mg(OH)2, zinc borate, and graphite enhance flame resistance through char promotion and endothermic
cooling [165]. Mg(OH)2 and zinc borate preserved or slightly improved tensile strength, whereas graphite
occasionally reduced impact resistance due to stress concentration. Synergistic APP–Mg(OH)2–Zn-borate
systems further improved thermal stability and achieved LOI values above 26% with UL-94 V-1 performance,
without severe mechanical degradation or moisture-induced dispersion issues [166].

Fiber-Level Modification and Hybrid Strategies
Direct modification of sisal fibers introduces flame-retardant functionality into the lignocellulosic

structure. Mukhopadhyay and Srikanta demonstrated that sisal fibers inherently suppress melt dripping
and shift degradation to higher temperatures (~476○C), supporting stable char formation [167]. Kang et al.
showed that impregnating sisal fibers with APP, polyethyleneimine, and nano-silica increased LOI values
from 20.7% to 37.8% for fibers and from 18.9% to 22.8% for composites, with tensile strength losses typically
below 5% [168]. A later biomimetic flow-field modification further increased LOI to 39.1% while maintaining
thermal stability [169]. Although long-term aging data remain limited, such coatings improved moisture
resistance by sealing fiber surfaces.
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Performance Trade-Offs, Aging, and Best Practice
Flammability performance is strongly influenced by fiber content, thickness, and dispersion. Increased

sisal loading generally reduces burning rate and mass loss, though excessive fiber content may reduce impact
strength due to agglomeration [170,171]. Jeencham et al. identified an optimized APP (30 phr) + zinc borate
(10 phr) formulation that consistently achieved UL-94 V-0 classification while retaining tensile strength
within 3%–5% of untreated composites, representing one of the best-balanced systems reported [172].
Zinc borate also improved resistance to humidity-induced degradation, addressing a known weakness of
APP-rich formulations.

Chemical treatments such as ammonium sulfamate yielded LOI values of 28–32 while preserving
structural integrity and stable char morphology during thermal cycling [173]. Hybrid strategies incorporating
graphene nanoplatelets further reduced burning rate (from 11.22 to 7.6 mm/min at 0.5 wt%) while simulta-
neously improving tensile and impact properties, demonstrating rare synergy between fire retardancy and
mechanical enhancement [171].

A comparative summary of these approaches, mechanisms, and trade-offs is provided in Table 9.
Collectively, the literature indicates that the APP (30 phr) + zinc borate (10 phr) system offers the most
practical compromise between flame retardancy, mechanical retention, and environmental durability for
PP/sisal composites.

Table 9: Summary of flame-retardant treatments in sisal fiber composites.

Study (Ref.) Composite
System

Flame-
Retardant Str

Ategy
Mechanism Fire

Performance

Effect on
Mechanical
Properties

Remarks

Wang et al. [163] PP/Sisal Fiber

Two-step
blending of

silane-coated
APP + PER

Formation of
intumescent char,

heat insulation

LOI = 28.3%;
UL-94 V-0;

pkHRR −11.3%;
THR −13.7%

Slight tensile
strength

reduction

Optimized
blending route
enhances char

cohesion

Prabhakar &
Rajasekaran [165] PP/Sisal Fiber

APP, Mg(OH)2,
Zn-borate,
Graphite

Char formation,
endothermic

decomposition,
barrier effect

UL-94 (tested)

Improved or
retained

mechanical
strength

Balanced additive
design for dual

property
enhancement

Suppakarn and
Jarukumjorn [174] PP/Sisal Fiber APP +Mg(OH)2

+ Zn-borate

Char formation +
endothermic

reaction + char
stabilization

Improved
thermal stability

(TGA), more
homogeneous

char

Not significantly
degraded

SEM/TGA
confirm

synergistic
additive action

Mukhopadhyay
& Srikanta [167] PP/Sisal Fiber

Fiber-level
treatment plus

APP

Sisal as char initiator,
improved interfacial

bonding

Onset
degradation

~476○C, reduced
dripping

Not stated
Demonstrates role
of fiber itself in FR

behavior

Kang et al. [168]
Sisal Fiber

(modified) +
PP

Repeated cycles
of APP + PEI +

nano-silica

Char network
formation,

reinforcement of
char skeleton

LOI increased
from 20.7%→

37.8%
–

Multi-step
treatment yields

highly
fire-resistant fibers

Kang et al. [169] Sisal Fiber +
PP (IFR)

Biomimetic
flow-field

modification
with APP & PEI

Deep impregnation,
continuous char

skeleton

LOI = 39.1% after
20 cycles –

Very high additive
uptake, excellent

performance

Gerezgiher
et al. [170] PP/Sisal Fiber APP or treated

fiber

Reduced burning
rate through better
char and bonding

ASTM D635:
reduced

horizontal burn
rate

–
Highlights benefit

of treatment +
fiber loading

(Continued)
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Table 9 (continued)

Study (Ref.) Composite
System

Flame-
Retardant Str

Ategy
Mechanism Fire

Performance

Effect on
Mechanical
Properties

Remarks

Jeencham
et al. [172] PP/Sisal Fiber APP + ZB

(Zn-borate)
Barrier char, flame

inhibition

UL-94 (30 phr
APP, 10 phr

ZB)—excellent
rating

Mechanical
properties
preserved

Effective loading
without

performance
trade-off

Basak et al. [173] Sisal
Yarn/Polymer

Ammonium
sulfamate (AS)

treatment

Dense char
formation

LOI = 28%–32%;
char stable

Maintained
structural
integrity

Good thermal
resistance via

fiber-level
treatment

Kamesh
et al. [175]

Sisal/Glass
Hybrid

Composite

Graphene
nanoplatelets

(0.5 wt%) + IFR

Tortuous heat paths,
thermal barrier

Burning rate
reduced from
11.22→ 7.60

mm/min

–
Nano-additive +
hybrid strategy to

improve FR

Flame-retardant innovations—including intumescent systems, mineral additives, nano-fillers, and
fiber-surface modifications—have significantly improved the fire safety of sisal fiber composites by delaying
ignition, suppressing melt dripping, and reducing heat release. However, future research must prioritize envi-
ronmentally benign, non-toxic FR chemistries, alongside systematic durability assessments under humidity,
UV exposure, and thermal cycling. Optimizing synergistic FR combinations at lower additive loadings
and maintaining fiber–matrix compatibility will be essential for translating laboratory-scale advances into
reliable applications in automotive interiors, building panels, and sustainable packaging technologies.

10.5 Failure and Enhancement Mechanisms of Sisal Fiber–Reinforced Composites
Failure in sisal fiber–reinforced composites (SFRCs) results from damaging mechanisms interacting

at various length scales, such as interfacial debonding, fiber pullout, fiber breakage, matrix cracking,
delamination, buckling, and damage from impact. The prevalence of a specific failure mode is influenced
by fiber-matrix adhesion, fiber orientation and length, fiber quality, matrix toughness, and the existence of
hybrid or nanoscale reinforcements. Similarly, mechanical improvement in SFRCs arises from the intentional
suppression or postponement of these failure mechanisms via interfacial modification, microstructural
control, and hierarchical reinforcement techniques.

Mechanisms at the Interfacial and Fiber Levels
At the fiber–matrix interface, insufficient adhesion encourages early debonding and fiber pullout,

resulting in ineffective stress transfer and diminished strength. Surface treatments like alkali treatment,
silanization, and acetylation enhance interfacial compatibility by raising surface roughness, revealing reactive
hydroxyl groups, and creating chemical or physical bonds with the matrix. These changes improve load
transfer effectiveness, extend critical fiber length, and shift failure from interfacial debonding to fiber
fracture, thus enhancing tensile strength and stiffness [67,176].

Influence of Fiber Orientation, Length, and Hybridization
The orientation of fibers plays a crucial role in determining the distribution of stress and the paths

of crack propagation. Alemayehu et al. [177] showed that sisal fibers treated with alkali and oriented at 0○
exhibit better tensile strength and crack resistance than those at±45○ and 90○ orientations, thanks to efficient
axial load transfer. Combining with complementary fibers (such as jute or glass) boosts interfacial shear
strength and limits crack propagation by redistributing stresses among layers with varying stiffness and
failure strains [178].
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At the microscale, Li et al. [179] discovered a failure sequence consisting of three stages—fiber-
matrix debonding, basic fiber separation, and microfibrillar fracture—through multi-interface finite element
modeling. This framework emphasizes fiber length and interfacial strength as crucial factors influencing the
initiation and progression of failure.

Nanomodification and Hierarchical Toughening
Nanofillers provide extra reinforcement methods that function at sub-micron levels. Carbon nanotubes,

graphene derivatives, and oxide nanoparticles enhance interfacial load transfer by raising surface energy, cre-
ating mechanical interlocks, and connecting microcracks. CNT-modified SFRCs show improved crack-arrest
effectiveness, fatigue resilience, and damage tolerance due to crack bridging and pullout resistance [180].

Hierarchical toughening mechanisms—such as fiber bridging, crack deflection, twisting, and
entanglement—create complex crack paths and greatly enhance energy dissipation during fracture, as
demonstrated by experimental and finite element analyses [181,182].

Structural, Fatigue, and Specialized Systems
Hybrid SFRC systems that include bamboo, glass, cork, or other natural fibers show enhanced tensile,

flexural, and compressive performance when the treatments of the fibers and laminate design are opti-
mized [129,183,184] In cementitious and bio-composite systems, sisal fibers improve fatigue resistance and
longevity by postponing crack formation and enhancing stress redistribution during cyclic loading [185,186].
Hybrid sisal-reinforced bio-concrete panels also demonstrate enhanced shear transfer and energy absorption
when the ideal fiber dimensions and volume ratios are utilized [187].

In general, the improvement in sisal fiber–reinforced composites is due to the combined effect of inter-
facial strengthening, microstructural management, hierarchical reinforcement, and optimized composite
design. By preventing early debonding, postponing crack growth, and enhancing fracture energy, these
mechanisms together allow SFRCs to attain better strength, toughness, fatigue resistance, and structural
dependability in various engineering applications.

10.6 Water and Moisture Absorption Properties (Hydrophilicity and Degradation)
Sisal fibers are inherently hydrophilic due to their high cellulose and hemicellulose content, which

promotes moisture uptake and accelerates degradation [56]. When embedded in hydrophobic matrices,
absorbed water weakens fiber–matrix adhesion, reduces stress-transfer efficiency, and accelerates microc-
racking and aging [188,189]. Cyclic moisture exposure progressively degrades tensile strength and fracture
toughness in sisal/epoxy and sisal/vinyl ester composites [190].

Moisture absorption increases with fiber loading; however, an optimum balance between mechanical
performance and water resistance is typically observed around 30 wt% sisal [191]. High-temperature immer-
sion often results in non-Fickian diffusion behavior, driven by fiber–matrix incompatibility and polymer
relaxation effects [192].

Chemical treatments—including mercerization, acetylation, cyanoethylation, silanization, and thermal
modification—significantly reduce hydrophilicity by enhancing interfacial bonding and limiting diffusion
pathways [193,194]. Hybrid systems (e.g., sisal/glass, sisal/banana, sisal/coir) show moisture responses
dependent on fiber ratios and surface treatments [11,195,196].

The moisture-induced degradation sequence involves fiber swelling, microcrack initiation, water
ingress, dissolution of soluble components, and interfacial debonding (Fig. 14). These findings underscore the
need for optimized fiber treatment, controlled fiber content, compatible matrix selection, and hybridization
strategies to ensure long-term durability of sisal-based composites.
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Figure 14: Water absorption and debonding mechanism at the fiber-matrix interface. (a) Fiber swelling leads to
microcrack formation; (b) water molecules penetrate the cracks; (c) dissolution of water-soluble substances occurs;
(d) debonding at the fiber-matrix interface reduces mechanical integrity [197] [open source].

11 Nano-Filler–Based Sisal Fiber-Reinforced Polymer Composites
Nano-engineered sisal fiber–reinforced polymer (SFRP) composites represent an important class of

sustainable lightweight materials with performance approaching that of synthetic fiber composites. The
incorporation of nanoscale fillers—such as SiO2, TiO2, Al2O3, carbon nanotubes (CNTs), graphene and
graphene oxide (GO), and nanocellulose—addresses the inherent limitations of natural fibers by improving
fiber–matrix compatibility, interfacial bonding, and load-transfer efficiency. As a result, notable enhance-
ments are achieved in tensile, flexural, impact, and fracture properties, alongside improved thermal stability,
flame retardancy, dimensional stability, and moisture resistance [198,199]. These improvements expand the
applicability of nano-modified SFRPs to automotive components, lightweight structures, consumer goods,
and noise-control applications.

The effectiveness of nanofillers strongly depends on filler chemistry, particle morphology, dispersion
quality, and loading level. TiO2, Al2O3, and SiO2 nanoparticles have been widely reported to enhance
mechanical strength and thermal stability at optimized loadings, while excessive additions lead to agglomer-
ation and property degradation [200]. Manufacturing-focused studies further demonstrate that nanofillers
improve surface quality and processability, which is critical for precision-engineered components [201]. Syn-
ergistic effects between fiber orientation and nanofiller concentration confirm that nanoscale modification
and composite architecture jointly govern performance [202].

Hybrid nanocomposites combining nanofillers with secondary reinforcements such as glass, carbon,
or Kevlar fibers further extend the performance envelope. These multiscale systems show superior stiffness,
strength, impact resistance, and fracture toughness compared with mono-reinforced composites, while also
reducing variability associated with natural fibers [203–205]. Graphene-based nanofillers are particularly
attractive due to their multifunctional benefits, including improved mechanical properties, reduced water
absorption, and enhanced flame retardancy [175].
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Bio-based nanofillers offer an additional pathway toward sustainability. Nanocellulose, especially
cellulose nanocrystals, significantly enhances stiffness and strength through strong interfacial hydrogen
bonding and high specific surface area [206]. Similarly, green-synthesized nanoparticles, such as plant-
derived Al2O3, demonstrate effective reinforcement while maintaining environmental compatibility, though
moisture uptake remains governed by natural fiber content [207].

Overall, nanofillers including CNTs, GO, TiO2, Al2O3, SiO2, and nanocellulose substantially improve
the mechanical performance, thermal stability, and durability of sisal fiber–reinforced polymers. When
combined with hybrid fiber architectures, these nano-engineered composites exhibit enhanced strength,
fracture resistance, and moisture tolerance, confirming their strong potential as high-performance, sustain-
able materials for next-generation engineering applications. Table 10 summarizes the key nanofiller types,
typical loading ranges, reinforcement mechanisms, and associated performance gains in SFRP composites.

Table 10: Summary of nanofiller types, loadings, mechanisms, and performance enhancements in sisal fiber–reinforced
polymer composites.

Nanofiller
Type

Typical
Loading
Range

Primary Mechanisms Key Performance
Improvements

Representative
Studies

TiO2
nanoparticles 4–8 wt%

Increased surface energy;
improved fiber–matrix

adhesion; crack
deflection; UV

stabilization

↑ Tensile strength (up to
81 MPa), ↑ flexural &

impact strength, ↑ thermal
stability; diminishing
returns >5% due to

agglomeration

Gopal et al. [200];
Natrayan and

Seeniappan [202]

SiO2
nanoparticles 2–10 wt%

Nano-scale interlocking;
improved wetting;

barrier effect

↑ Tensile, flexural, impact
properties; improved

stiffness; reduced porosity

Saravanan
et al. [203]; Sathish

et al. [205]

Al2O3
nanoparticles 2–6 wt%

Enhanced hardness;
improved load transfer;

abrasion resistance

↑Mechanical strength; ↑
machinability (reduced
drilling roughness); ↑

thermal stability

Dhinakarraj
et al. [201];

Lakshmaiya
et al. [207]

Graphene/
Graphene

Oxide (GO)
0.1–1 wt%

High aspect ratio
reinforcement; crack

bridging; barrier to heat,
oxygen, and moisture

↑ Tensile & flexural
strength; ↑ hardness; ↓

water absorption; ↑ flame
resistance

Kamesh et al. [175]

Carbon
Nanotubes

(CNTs)
0.05–1 wt%

Strong π–π interactions;
high specific stiffness;
conductive network

formation

↑ Tensile modulus; ↑
fracture resistance; ↑

fatigue life; ↑
electrical/thermal

conduction

(General CNT
literature; specific
sisal-based studies

limited—
placeholder for

future expansion)

Nanocellulose
(CNC, CNF) 5–15 wt%

Strong hydrogen
bonding; high specific
surface area; improved

network formation

↑ Tensile strength &
modulus; improved

biodegradable profile;
enhanced interfacial

compatibility

Jain &
Pradhan [206]

(Continued)
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Table 10 (continued)

Nanofiller
Type

Typical
Loading
Range

Primary Mechanisms Key Performance
Improvements

Representative
Studies

Hybrid
nanofillers (e.g.,
SiO2 + Carbon
Fiber, SiO2 +

Kevlar)

Varies
(typically
2–6 wt%
nano +

microfibers)

Synergistic
reinforcement at multiple

length scales; stress
redistribution; improved

fracture pathways

↑ Tensile (up to 12%), ↑
flexural (22%), ↑ impact
(9%); reduced variability

of natural fibers

Saravanan
et al. [203]; Sathish

et al. [205]

Green/bio-
derived

nanofillers (e.g.,
neem-based

Al2O3)

2–4 wt%

Eco-reactive surfaces;
improved interfacial

bonding; microstructural
toughening

↑ Tensile & flexural
strength; stabilized water

absorption after 60 h;
improved sustainability

profile

Lakshmaiya
et al. [207]

12 Morphological and Structural Analysis
Understanding the morphological, structural, and interfacial characteristics of sisal fiber–reinforced

polymer (SFRP) composites is essential for interpreting their mechanical, thermal, viscoelastic, and elec-
trical performance. Microstructural features—including fiber surface morphology, fiber–matrix adhesion,
void content, nanofiller dispersion, and treatment efficiency—govern stress transfer, fracture mechanisms,
damping behavior, and dielectric response. This section synthesizes findings from SEM, DMA, and electrical
characterization to elucidate structure–property relationships in SFRP composites.

12.1 Scanning Electron Microscopy (SEM): Fiber–Matrix Adhesion, Surface Treatments, and Failure
Morphology
The fiber–matrix interface is the primary load-transfer zone in natural fiber composites, where adhesion

is governed by mechanical interlocking, hydrogen bonding, and limited chain diffusion, all of which
depend on fiber surface chemistry and cleanliness [208,209]. SEM is therefore widely used to evaluate fiber
dispersion, treatment effects, interfacial bonding, and fracture features.

Untreated sisal fibers typically exhibit surface impurities, waxy layers, and microvoids that hinder
wetting and promote fiber pull-out, leading to premature interfacial failure [210]. In contrast, well-bonded
systems display cohesive fracture with minimal fiber debonding, indicating efficient stress transfer [211].

Chemical treatments—particularly alkali treatment—effectively remove amorphous constituents,
increase surface roughness, and improve adhesion, although excessive treatment can damage fiber cell
walls [212,213]. Mercerization, coupling agents, and eco-friendly treatments further enhance fibrillation and
interfacial contact when optimally applied [214–216].

Alternative treatments, including bicarbonate treatment, compatibilized matrices, organic acids, and
MAPE modification, consistently reduce voids and improve fiber wetting and dispersion [138,184,217,218].
Overall, SEM studies confirm that optimized surface treatment and effective wetting are critical for
improving load-bearing capacity and delaying interfacial failure in SFRP composites.

12.2 Viscoelastic Behavior of Sisal Fiber Composites
Dynamic mechanical analysis (DMA) provides insight into the temperature- and frequency-dependent

viscoelastic response of sisal composites through storage modulus (E′), loss modulus (E′′), damping factor
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(tan δ), and glass transition temperature (Tg) [219–224]. These parameters reflect fiber reinforcement
efficiency, interfacial bonding quality, and polymer chain mobility.

In general, increasing sisal fiber content enhances E′ across a wide temperature range, indicating
improved stiffness, while reductions in E′′ and tan δ signify restricted molecular mobility and stronger
fiber–matrix coupling [225]. Fiber orientation further influences viscoelastic response, with aligned fibers
providing superior load transfer and higher modulus values [226]. Reduced tan δ peak intensity and
stabilized modulus in the rubbery region consistently indicate improved interfacial adhesion and reduced
interfacial slippage [227].

Collectively, DMA results demonstrate that sisal fiber incorporation increases composite stiffness,
suppresses molecular relaxation, and stabilizes the glass–rubber transition, particularly when fiber content,
orientation, and surface treatment are optimized.

12.3 Electrical Properties of Sisal Fiber Polymer Composites
The electrical and dielectric behavior of SFRP composites is governed by dipolar polarization, ionic

mobility, moisture absorption, and interfacial polarization between hydrophilic fibers and polymer matrices.
These factors determine suitability for insulation, dielectric, or conductive applications. Dielectric constant
and loss generally increase with fiber loading, particularly at low frequencies, due to enhanced interfa-
cial polarization and ionic conduction, while higher frequencies and longer fibers reduce polarization
effects [228]. Hybrid natural fiber systems show promising insulation performance suitable for electrical and
transformer applications [229]. Conductivity can be significantly enhanced through fiber modification or
incorporation of conductive fillers such as polyaniline, CNTs, graphene, or metal nanoparticles, enabling
semiconductive behavior [230–232].

Chemical treatments often reduce dielectric constant by removing polar groups and limiting mois-
ture uptake, thereby improving insulation reliability [233–235]. Sisal/PLA systems typically exhibit higher
dielectric constants due to their lignocellulosic nature, while alkali-treated sisal composites show improved
dielectric strength and long-term stability [236,237].

Overall, electrical characterization highlights that fiber loading, chemical treatment, nanofiller incor-
poration, and interfacial bonding collectively govern dielectric and conductive behavior, allowing SFRP
composites to be tailored for specific electrical and functional applications. To integrate these findings, a
comparative summary of morphological, viscoelastic, and electrical characteristics of sisal fiber-reinforced
polymer composites is presented in Table 11.

Table 11: Summary of morphological, viscoelastic, and electrical behavior in sisal fiber–reinforced polymer composites.

Analysis Type
Key Microstruc-

tural/Material
Factors

Observed Effects Performance
Implications

Representative
Studies

SEM
(Morphology &

Fracture
Analysis)

Surface roughness,
cleanliness, chemical
treatments (NaOH,

coupling agents, organic
acids), fiber

heterogeneity

Reduced fiber pull-out;
improved roughness;

enhanced wetting;
fewer voids; cohesive

fracture

↑ Tensile & flexural
strength; ↑ interfacial
adhesion; ↓ premature

failure

[210–218]

(Continued)
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Table 11 (continued)

Analysis Type
Key Microstruc-

tural/Material
Factors

Observed Effects Performance
Implications

Representative
Studies

DMA
(Viscoelastic

Behavior)

Fiber loading,
orientation, treatment,

polymer type

↑ Storage modulus (E′);
reduced loss modulus
(E′′) and tan δ; higher

Tg stability

↑ Stiffness; restricted
polymer mobility;

improved
thermal/mechanical

stability

[225–227]

Dielectric &
Electrical
Properties

Fiber moisture content,
ionic impurities, fiber

content, nanofillers
(CNT, conductive

coatings), chemical
treatments

↑ ε′, ε′′, tan δ with fiber
content; ↓ resistivity;
enhanced interfacial
polarization; tunable

conductivity

Applications in
insulation, EMI

shielding, conductive
composites; ↑ dielectric

strength; ↓ water
uptake

[228–238]

13 Applications of Sisal Fiber–Reinforced Polymer Composites
Sisal fiber–reinforced polymer (SFRP) composites have gained increasing scientific and industrial

attention due to their favorable combination of low density, adequate mechanical performance, renewability,
and cost effectiveness. Compared with synthetic reinforcements such as glass or carbon fibers, sisal offers
a low–embodied-energy alternative aligned with sustainability and circular-economy goals. Advances in
fiber surface modification, hybrid reinforcement strategies, and polymer matrix engineering have broadened
the applicability of SFRPs in construction, transportation, packaging, and consumer products, particularly
where eco-efficiency and moderate structural performance are required [239,240].

13.1 Applications in Construction and Infrastructure
Construction is one of the most established application areas for sisal-reinforced composites. Sisal

fibers enhance crack resistance, toughness, impact strength, and load-carrying capacity in cementitious
and polymer-based matrices, while also reducing water permeability [241–243]. As a result, sisal-reinforced
sheets, boards, and prefabricated panels are increasingly used in roofing, ceiling panels, partition walls, and
low-cost housing.

Earlier durability concerns related to fiber degradation in alkaline cement environments have been
largely mitigated through low-alkali and modified cement systems, significantly improving service life
and structural reliability [244]. These developments position sisal-based composites as cost-effective and
sustainable materials for housing and infrastructure applications, particularly in developing regions.

13.2 Automotive and Aerospace Sectors
The automotive sector has shown sustained interest in sisal-based composites due to light weighting

requirements, vibration damping capability, and reduced environmental impact. Current applications are
primarily limited to non-load-bearing interior components such as door panels, dashboard inserts, seat-
backs, trunk liners, and acoustic insulation. The use of sisal and flax fibers in interior panels of commercial
vehicles demonstrates the feasibility of large-scale industrial adoption [57].
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In aerospace applications, sisal-reinforced composites are under evaluation for lightweight interior
and insulation components where structural demands are moderate. When combined with suitable flame-
retardant systems, these composites offer weight reduction and improved fuel efficiency while meeting
safety requirements.

13.3 Packaging, Consumer Products, and Bio-Composites
The packaging industry represents a rapidly growing market for sisal-reinforced biocomposites due

to the transition away from petroleum-based plastics. Incorporation of sisal fibers improves stiffness and
dimensional stability of biodegradable polymer matrices, enabling applications in rigid and semi-rigid
packaging, including trays, pallets, containers, and protective packaging [57].

Sisal composites are also increasingly used in consumer goods such as furniture components, house-
hold items, sporting goods, and decorative products. Their natural aesthetics, biodegradability, and lower
environmental footprint make them attractive alternatives in sustainability-driven markets.

13.4 Sustainability, Circularity, and Environmental Performance
SFRP composites exhibit a strong sustainability profile due to low embodied energy, renewability, and

compatibility with circular material systems. Depending on matrix selection, end-of-life options include
biodegradation, mechanical recycling, or energy recovery. Sisal cultivation typically involves low-input
agricultural practices, resulting in a significantly lower carbon footprint than synthetic fiber production.

Ongoing advances in surface functionalization, nanofiller hybridization, and tailored resin systems
continue to improve mechanical stability, moisture resistance, and durability. As these challenges are
progressively addressed, sisal fiber-reinforced composites are increasingly positioned as competitive, sus-
tainable alternatives to conventional synthetic composites across construction, transportation, packaging,
and consumer product sectors.

Scale Up and Cost Consideration
When it comes to scaling up and keeping costs in check, there are some significant hurdles that are

holding back the broader use of natural fiber–reinforced polymer composites in industry. Even though
raw sisal fiber is plentiful in key producing areas, the commercial supply chains are still quite fragmented
and localized. Processed and decorticated fibers often come with hefty price tags due to factors like grade
variability, seasonal changes, and logistical challenges. The quality of decortication has been pinpointed
as a major bottleneck in manufacturing, as it directly affects fiber damage, residual lignin content, length
distribution, and ultimately the variability in composite properties and rejection rates downstream [53,224].
If decortication isn’t controlled properly, it can lead to mechanical defects and chemical inconsistencies that
increase variability in the final composite product.

On the bright side, advancements in mechanical and biochemical pretreatment methods have made
strides in improving fiber uniformity and cutting down on impurities. However, these technologies haven’t
been widely adopted on an industrial scale yet, and securing a consistent fiber supply remains a real challenge
in many areas [221,245]. This inconsistency continues to pose problems for reproducibility and traceability
of fiber properties, especially for high-volume and safety-critical applications. Additionally, the processing
methods we choose can further limit scalability. High-throughput thermoplastic methods like injection
molding and long-fiber thermoplastic (LFT) compounding can speed up production cycles, but they often
struggle with fiber length loss and are very sensitive to the quality of the input fibers. Recent reviews on
automotive composites indicate this production efficiency is a key driver in industry adoption trends [246].
When we look at compression molding and sheet molding compound (SMC) processes, they really shine in
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preserving longer fiber lengths and delivering impressive mechanical performance. However, they do come
with longer cycle times, often taking minutes instead of seconds, and can have scrap rates ranging from 2%
to 10% in industrial settings [247].

When it comes to material costs, things can vary quite a bit based on local fiber prices, how much
preprocessing is done, and how efficient the process is. Market studies show that processed natural fibers
usually cost around US $0.7 to US $3.5 per kilogram in regions like Asia, South America, and Africa.
In contrast, high-quality, traceable fibers in Europe and North America can go for US $3 to US $8 per
kilogram [248–250]. For a typical automotive interior trim piece weighing about 0.5 kg, natural fiber-
reinforced polypropylene compounds might save you a bit on material costs—around US $0.15 to US $0.30
less per part compared to glass fiber systems. But keep in mind, these savings could be negated by higher scrap
rates, the need for reprocessing, or longer molding cycles. So, when conducting techno-economic analyses,
it’s better to use a range of scenarios for fiber prices, decortication yields, cycle times, and scrap rates instead
of relying on a single fixed value.

Key Barriers to Adoption in Aerospace and Automotive Interiors
Despite significant advancements in material development, there are still three major hurdles that

hinder the use of sisal-based composites in aerospace and automotive interiors. First off, we still don’t fully
grasp how these materials hold up under changing humidity and temperature conditions. Natural fibers, like
sisal, tend to absorb moisture, which can lead to fiber swelling, plasticization of the matrix, and eventual
debonding between the fiber and matrix. This chain reaction can cause long-term mechanical issues. Studies
have shown that interfacial strength and stiffness can drop by 15%–40% after repeated exposure to humidity
or hydrothermal cycling, although the exact outcomes can vary based on how the fibers are treated and the
chemistry of the matrix [224,251]. Unfortunately, we still lack reliable long-term durability models that meet
FAA or EASA certification standards.

Secondly, maintaining consistent fiber quality with traceable grading standards is a significant challenge
in the supply chain. Sisal fiber batches can vary greatly in length, microfibril angle, cellulose-to-lignin
ratio, and even damage from harvesting and processing. This inconsistency can directly impact stiffness,
impact resistance, moisture absorption, and fatigue performance. Many reviews highlight that the lack of
internationally recognized grading and qualification protocols makes it difficult to ensure reliable design and
certification for components that are critical to safety [10,221].

Lastly, there’s a shortage of validated design data produced under controlled and standardized mois-
ture conditions. While sisal fiber composites are becoming more common in automotive interior panels,
mechanical properties—like tensile strength, flexural strength, impact resistance, fatigue, creep, and fire
performance—are seldom reported consistently across different moisture states or after accelerated aging.
Aerospace qualification frameworks usually call for A- and B-basis property datasets that have been
statistically validated under various environmental conditions. However, there’s a bit of a gap here, as only a
handful of natural fiber composite systems currently offer such thorough data.

Roadmap and Measurable Targets
Addressing these challenges will require a coordinated research-industry program in the following

areas: Interface Durability: The adoption of standard cyclic humidity protocols (e.g., 30% to 90% RH at 25○C
to 60○C) and predictive degradation models for interface durability are necessary. Quantitative targets could
be given as less than 10% loss in interfacial shear strength and less than 15% reduction in flexural strength after
100 cycles. Fiber Quality and Grading: We need to establish international standards on fiber length, fineness,
biochemical composition, and processing damage. The tensile strength and modulus from batch to batch
must be within±10%. Validated Design Data: Develop standard mechanical and durability property data sets
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using ASTM/ISO methods in various moisture conditions; target to include complete property packages for
a minimum of three most commonly employed natural-fiber composite systems.

14 Conclusion and Future Perspectives
Sisal fiber–reinforced polymer composites have emerged as promising sustainable alternatives to

conventional synthetic composites due to their low density, biodegradability, favorable mechanical perfor-
mance, and cost effectiveness. The inherent tensile strength, toughness, and insulation properties of sisal
fibers have enabled applications across construction, automotive, packaging, and consumer products. In
construction, sisal-reinforced cementitious composites offer low-cost solutions for housing and partition
materials, while in the automotive sector they are increasingly used in interior components, demonstrating
their feasibility in eco-efficient designs. The growing adoption of sisal-based bio-composites in packaging
and consumer goods further highlights their potential to replace petroleum-based materials in line with
circular-economy objectives.

Despite these advantages, several challenges remain. The hydrophilic nature and biological variability
of sisal fibers lead to moisture sensitivity, interfacial degradation, and variability in mechanical performance.
Limitations in fiber–matrix adhesion, processing consistency, and long-term durability under cyclic or
high-load conditions restrict wider adoption, particularly in high-performance structural and aerospace
applications where synthetic composites still dominate.

Future research should therefore focus on improving fiber durability and interfacial stability through
advanced surface treatments, chemical modification, nanomodification, and hybrid reinforcement strate-
gies. Optimization of processing routes and the increased use of bio-based resins can further enhance
reproducibility and multifunctional properties, including thermal stability, impact resistance, and electrical
insulation. Performance benchmarking against synthetic composites, together with comprehensive life-cycle
and techno-economic assessments, will be essential for guiding industrial-scale implementation.

Overall, sisal fiber–reinforced polymer composites represent a transformative materials class capa-
ble of bridging sustainability and performance requirements. Continued advances in fiber treatment,
hybridization, and processing technologies are expected to enable their broader deployment in mainstream
engineering applications, contributing to reduced reliance on synthetic composites and supporting the
transition toward a low-carbon, circular materials economy.
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