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Abstract: Environmental challenges associated with synthetic reinforcement in polymer composites, 
such as non-biodegradability and poor recyclability, require the exploration of various natural 
materials, especially from waste streams, to fully or partially replace such reinforcements. However, 
these natural fibers also present challenges such as high water absorption, low thermal stability, and 
average mechanical properties. To circumvent these problems, natural fiber-reinforced hybrid 
composites, which contain one or more types of natural reinforcement, are gaining increasing 
research interest. This paper presents a review of natural fiber-reinforced hybrid composites. Both 
thermoplastics and thermosets reinforced by natural and synthetic fibers (hybrid fibers) are reviewed. 
The properties of fibers and the resulting composites and processing techniques are summarized. 
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1. Introduction 

Composites have come to be known as versatile and valuable materials that can solve problems 
in different applications, improve productivity, lower costs, and facilitate the introduction of new 
properties in materials [1]. The distinctive properties of composites, as outlined by Egbo [2], stem 
from the unique characteristics of their individual components and their respective volume ratios and 
arrangements within the material system. Composites can be engineered to meet specific geometrical, 
structural, mechanical, chemical, thermal, and, in some cases, aesthetic requirements. With a 
growing demand for durable lightweight materials, the global market size of composites is projected 
to rise to about 130.83 billion dollars by 2024 [3]. Polymer-based composites are widely used today 
in industries such as biomedical engineering, automobiles, aerospace, marine, construction, 
packaging, industrial, sporting goods, and many others due to their numerous advantages, namely 
their satisfactory mechanical properties like tensile properties, flexural strength, fracture toughness, 
and strength, among others [4–6]. According to De et al. [7], fiber-reinforced polymer (FRP) 
composites have played a crucial role in replacing metals in numerous applications due to their 
superior properties, design flexibility, and ease of manufacturing. Before now, synthetic fibers such 
as carbon, aramid, and glass fibers took the lead in the reinforcement of polymer composite materials 
due to their strength, durability, and other superior properties. Currently, society has grown conscious 
of their non-biodegradability and poor recyclable status. Carbon fibers are non-biodegradable, costly, 
and difficult to recycle, often ending up in landfills [8]. Aramid fibers, like Kevlar, known for 
excellent thermal resistance with outstanding mechanical properties typical of synthetic fibers, share 
similar issues of non-biodegradability and have limited recycling options. Glass fibers, while 
recyclable, require energy-intensive processes and often degrade in quality, leading to a low 
recycling rate. All this gave natural fibers (e.g., jute, kenaf, hemp, banana, sisal, oil palm, bamboo, 
flax) an edge in polymer-reinforced composites due to their environmentally friendly nature, 
biodegradability, good recycling tendencies, low cost, low density, high strength to weight ratio, and 
availability in nature [9]. This change toward natural fibers is driven by their lower environmental 
impact, making them a more sustainable choice for the future [8,10,11]. However, natural fibers also 
present challenges—high water absorption, low thermal stability, and low mechanical properties due 
to fiber agglomeration and poor interfacial adhesion, among other reasons [12]. Further studies prove 
that natural fibers cannot rival the strength of synthetic fiber-reinforced composites [13]. To 
circumvent these problems, the solution according to Almansour [14], Singh and Singh [15], and 
Sergi et al. [16] is to hybridize natural and synthetic fiber reinforcement to obtain higher performance 
properties. The characteristic properties of composites are a result of the individual properties of their 
constituent parts and their respective volume fractions and arrangements in the material system [17]. 

2. Thermoplastics and thermosets matrices in polymer composites 

Polymers are the most commonly used matrix for composite materials today [18]. This is 
because polymers are cheap and can be easily processed. Polymer matrix composites display ideal 
matrix materials because they are low-density, are conveniently processed, and display desirable 
mechanical features. They are either thermosets or thermoplastics polymers [19]. Other matrices 
include ceramic and metal matrices, as shown in Figure 1. Examples of polymer matrix composites 
are polyester, epoxy, bismaleimide, and phenolic matrices, while ceramic matrix composites include 
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aluminum, titanium, or magnesium matrices. Examples of metal matrix composites include silicon 
carbide (SiC), silicon nitride (Si3N4), and aluminum oxide (Al2O3) matrices [20]. Thermosets are 
characterized by a well-bonded 3D molecular structure built up after curing. They are the most used 
polymers in composites today, becoming substantially infusible and insoluble when cured by 
thermal, chemical (catalyst or promoter), or other means. After curing, a thermoset cannot be 
returned to its uncured state. Thermoset matrices generally provide higher rigidity and are more 
chemically stable than thermoplastic matrices [12]. They include epoxy, polyester, and polyamide 
resin matrices. According to Squire et al. [21], thermosetting resins are tougher, with a better 
adhesion to metal substrates, and are more resistant to solvents and chemicals than thermoplastic. 
However, once cured, thermosetting resins are heat-stable and, unlike thermoplastic resin, will not 
revert back to the molten stage when reheated. Thermoset matrices are processed through resin 
transfer molding (RTM), vacuum-assisted resin transfer molding (VARTM), sheet molding 
compound (SMC), pultrusion, and hand lay-up. Each processing technique has distinct advantages 
and limitations depending on the type of matrix used (thermoset or thermoplastic), as shown in  
Table 1. Additionally, the geometry of the reinforcement materials (shape and size) also plays a 
significant role in determining the type of processing technique to be used. Fiber geometry can either 
be particulate, whiskers, or long/continuous fibers. While long fibers may be suitable for pultrusion, 
filament winding, and hand lay-up techniques, they are not suitable for the injection molding 
technique. They require careful alignment, which can maintain fiber orientation and achieve high 
mechanical performance. On the other hand, short fibers and particulate fibers are suitable for high-
volume manufacturing techniques like injection molding and extrusion, which can handle the flow 
and distribution of these reinforcements within the polymer matrix. These techniques significantly 
influence the final properties of composite materials, such as mechanical strength, surface finish, 
fiber distribution, and void content. The choice of processing method is usually aligned with the 
specific requirements of the application, considering factors like part complexity, production volume, 
and cost considerations. Techniques like RTM and pultrusion produce high-quality and high-
performance composites, while methods like hand lay-up and VARTM offer more flexibility and 
lower costs, making them suitable for different applications and production scales [22–24]. 

Thermoplastics, on the other hand, have a one- or two-dimensional molecular structure. Like 
thermosets, they also belong to the polymer matrix classification. They have plastic-like properties 
that can be melted or reshaped by applying heat and regain their shape after the removal of heat. This 
makes them different compared with thermosetting materials, which cannot be reshaped after  
heating [5]. They also present some processing challenges because of their relatively high viscosity. 
According to Rajak et al. [25], thermoplastic composites reinforced with natural fiber, in general, 
show poor strength performance when compared to thermoset composites; hence the addition of a 
second reinforcement, preferably a synthetic material. Thermoplastics resins include Nylon, cellulose, 
polyetheretherketone (PEEK), polycarbonate (PC), polypropylene (PP), and polyethylene (PE) [26]. 
  



777 
 

AIMS Materials Science             Volume 11, Issue 4, 774–801. 

Table 1. Some processing techniques with advantages and limitations of thermoset and thermoplastic matrices. 

 Thermoset matrices Thermoplastic matrices Influence on final 
properties Advantages Limitations Advantages Limitations 

1. RTM High-quality finish, 
excellent fiber wet-out, 
suitable for complex 
shapes, reduced void 
content 

Longer curing times, 
careful control needed, 
higher tooling costs 

Rapid cycle times, 
recyclability 

Higher temperatures and 
pressures, challenging 
impregnation due to 
viscosity 

High fiber volume, 
superior mechanical 
properties, reduced 
voids 

2. VARTM Lower tooling costs, good 
for large parts, efficient for 
low-medium volumes 

Longer infusion times, 
potential for dry spots, 
limited to low viscosity 
resins 

Lower temperatures, 
possible use of lower 
viscosity resins 

Difficult fiber wet-out, less 
effective for thermoplastics 

Good mechanical 
properties, suitable for 
large parts, cost-
effective 

3. Injection molding High production rates, 
excellent finish, suitable 
for complex shapes 

Limited to small-medium 
parts, high tooling costs, 
short mold life 

Fast cycle times, re-
processability, high-
volume production 

High initial costs, fiber 
length reduction 

Efficient production, 
good finish, fiber 
orientation affect 
properties 

4. Compression 
molding 

High fiber content, good 
dimensional stability, 
suitable for large shapes 

Longer cycles, higher 
tooling costs, lower 
volumes 

Shorter cycles, suitable for 
medium-large parts, re-
processability 

Higher temperatures and 
pressures, complex molds 

High fiber content, good 
mechanical properties, 
mold design crucial 

5. Pultrusion Continuous process, high 
fiber volume fraction, 
excellent mechanical 
properties, consistent 
cross-sectional shapes 

Limited to linear profiles, 
higher setup costs, less 
flexibility in design 
changes 

Rapid processing, 
recyclability, continuous 
production 

High processing 
temperatures, limited to 
specific profile shapes 

High strength and 
stiffness, suitable for 
structural applications 
like beams and rods 

6. SMC High production rates, 
good surface finish, 
suitable for complex 
shapes 

Limited to medium-sized 
parts, higher initial costs 
for equipment, less suited 
for high-performance 
applications 

Fast cycle times, 
recyclability, high-volume 
production capability 

High initial costs, reduced 
fiber length during 
processing 

Balance of mechanical 
properties and production 
efficiency, often used in 
automotive applications 

7. Hand lay-up Simple and low-cost 
method, suitable for large 
parts, flexibility in design 

Labor-intensive, 
inconsistent quality, longer 
curing times, potential for 
higher void content 

Flexibility in lay-up, 
recyclability of materials 

More difficult to process, 
requires higher 
temperatures 

Variable mechanical 
properties, heavily 
dependent on the skill of 
the operator, often used 
for prototypes and small 
production runs 
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Figure 1. Composites classification based on matrix [20]. 

The widespread adoption of thermoplastic matrices in advanced composites faces significant 
challenges: high processing temperatures and pressures, difficulties in achieving optimal fiber 
wetting and impregnation, poor interfacial bonding, limited material selection and compatibility, and 
higher costs. Researchers are actively addressing these challenges through the development of 
advanced processing techniques, the use of surface treatments and coupling agents, the incorporation 
of nanoparticles and additives, improvements in recycling methods, the creation of new 
thermoplastic resins, and the exploration of hybrid composites. These efforts are aimed at enhancing 
mechanical performance, reducing costs, and improving the sustainability of thermoplastic 
composites, thus making them more suitable for a wider range of applications [26–28]. 

Several research works evaluated polymer matrix composites using thermoplastics and 
thermosetting matrices with natural-, synthetic-, or hybrid-reinforcing materials, characterizing them 
in terms of mechanical performances, thermal properties, water absorbance behavior, and several 
other properties. This is due to the low cost, biodegradability, recyclability, and workability nature of 
polymer composite materials. However, thermosetting matrices have shown superior properties, thus 
the current trend in developing advanced composites. Also, synthetic wastes remain a challenge that 
needs continuous recyclability, which has resulted in hybridization with natural fibers.  

Composites are also classified according to their reinforcement phases: fiber-reinforced 
composites (FRCs), laminar composites, or particulate composites (Figure 2). They are further 
separated into those containing discontinuous or continuous fibers as reinforcements [29]. They can 
be natural, synthetic, and hybrid fibers. 
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Figure 2. Composites classification based on reinforcement [30]. 

3. Natural fiber and natural fiber composites 

Natural fibers are made from natural materials of plants, animals, or minerals. They are sustainable 
materials that are easily available in nature and have advantages like low cost, light weight, 
renewability, biodegradability, and high specific properties [31]. According to Pecas et al. [32], there 
are dozens of natural fibers with different properties influencing their use in specific industrial 
applications across the world. These natural fibers are sourced mainly from plants comprised of 
cellulose as their major structural component or from animals, which are protein based (Figures 3 
and 4). Natural fiber polymer composites are materials that combine natural fibers, such as jute, 
hemp, flax, sisal, bamboo, or coir, with a polymer matrix, such as polypropylene, polyethylene, or 
epoxy resin. Minerals are also classified as natural fibers but are avoided due to associated health 
issues drawn from their carcinogenic nature, which have led to their ban in many countries [33]. 
Examples of mineral fibers include asbestos, which is obtained from rocks. These rocks undergo 
unique treatments to produce heat-resistant and non-inflammable asbestos fiber. Various silicate 
minerals are known as asbestos due to their fibrous crystalline nature, such as the most commonly 
used anthophyllite, amphibole, and serpentine [34]. Other natural fibers are jute, linen, wool, cotton, 
wood, rice husk, silk, or hemp. 

Lately, studies have focused mainly on natural-reinforced composites due to their low cost, low 
density, high specific properties, good biodegradability, ease of separation, enhanced energy 
recovery, CO2 neutrality, and recyclable nature, among other reasons. The automotive sector is one 
of the major industries that has benefited from natural-reinforced polymer composites, as natural 
fibers hold significant potential for being lightweight and environmentally friendly materials. Flax, 
hemp, kenaf, jute, sisal, and, more recently explored, Baobab fiber from a tropical tree in Africa have 
all found automobile applications in the form of door panels, armrests, seat back panels, headliners, 
or pillars, while sawdust is used as particleboard in the construction and building industries. Besides 
automotive applications, natural fiber composites find additional applications in construction,  
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textiles, medical and pharmaceuticals, packaging, bioenergy, and biofuels, among others [4,32,35]. 
Natural fiber-reinforced composite boards have been manufactured using sawdust and other natural 
fibers in order to replace conventional materials like wood, metals, and asbestos [36]. Madu et al. [37] 
utilized rice hush and sawdust (natural-to-natural fiber hybrid reinforcement) as reinforcement in a 
polymer ceiling board composite using an optimal formulation. The product yielded a ceiling board 
with toughness, hardness, tensile, compressive, and flexural strengths of 3.72, 180.2, 19.68, 8.72,  
and 5.79 MPa, respectively, in conformity with ISO specifications. Hence, the study reported that 
rice husk-sawdust-reinforced polyester composites are suitable for ceiling board production when 
developed using the optimal formulation. Cost-effectiveness could also be ensured. 

However, there are major issues associated with natural fibers; these gave birth to the 
hybridization of natural fibers with a second fiber (natural, mineral, or synthetic fibers). The essence 
is to achieve improved or superior properties such as moisture resistance and thermal stability [14]. 
Scholars have tackled challenges such as absorption, weathering resistance, strength, and tensile, 
flexural, ductility, and fracture toughness [1,38,39]. Kafi et al. [1] studied the mechanical properties 
of jute/glass fiber-reinforced unsaturated polyester hybrid composites and the effect of surface 
modification by ultraviolet radiation. Results showed that composites with a 1:3 ratio of jute to glass 
demonstrated improved mechanical properties. Also, UV-pretreated jute and glass fibers (1:3) at 
optimum intensities show the highest mechanical properties compared to untreated jute- and glass-based 
hybrid composites. The study concluded that jute-reinforced composites incorporated with glass fiber 
can easily be explored for better commercial structural applications. Also, superior mechanical 
properties such as tensile, flexural, and impact strengths were reported when Garadimani et al. [40] 
fabricated polymer hybrid composites using corn cob particles and e-glass fiber as reinforcement.  

In a previous study, Rodriquez-Castellanos and Rodrigue [12] reported improved mechanical 
and thermal properties over neat natural fiber composites, as they follow the rule of hybrid      
mixture (RoHM) regardless of the matrix, manufacturing processing, and fiber combination. Also, 
hybrid polymer-based composite architectures that can simultaneously yield results of practical 
utility have been investigated. Motoc [41] accomplished this by comparing the theoretical predictions 
with the effective properties using available experimental data. Nurazzi et al. [23] suggested that 
natural fibers inherit a hydrophilic character, resulting in high moisture absorption, poor matrix-fiber 
interfacial adhesion, and poor fiber dispersion, thereby limiting their success in polymer reinforcement. 
They also show high flammable properties, thus limiting their applications. The solution to these 
limitations was reported to be a surface treatment to the natural fibers, which improves their surface 
adhesion and enhances the bonding properties of fibers with the matrix by removing the impurities 
present on the fiber surface. In studying the effect of particle size on the morphology of polyester and 
epoxy-based auto-hybrid composites, Jomboh et al. [42] reported that improper particle size 
distribution can also lead to poor interfacial adhesion and surface pores, resulting in high water 
absorption. High water absorption for composites could be due to geometry parameters, 
reinforcement volume, type variation, and interface interactions with the matrix system [41,43]. 

Enhancing desired fiber-matrix interfacial adhesion by chemical surface treatments using 
treatments like alkaline and silane treatment has come to be known as one major way to remedy the 
challenges of water absorption, low thermal stability, and inferior mechanical properties of natural 
fibers. Mohammed et al. [44] reported that the alkali treatment of fibers is the most prevalent and 
effective way for the chemical modification of fibers. The silane treatment, which resulted in the 
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creation of strong covalent bonds, is known to marginally increase the strength qualities of natural 
fiber-reinforced composites.  

In general, recent advancements in overcoming the challenges of high water absorption, low 
thermal stability, and inferior mechanical properties of natural fibers include chemical (e.g., silane 
coupling agents, alkali treatments) and physical treatments of fibers (e.g., plasma, corona), the use of 
nanotechnology (e.g., nano-fillers, nano-fibrillated cellulose), improved fiber dispersion techniques 
(e.g., high shear mixing, electrospinning), thermal treatments, modifications to the polymer      
matrix (e.g., high-performance polymers, additives), and hybrid reinforcement with synthetic fibers, 
which is the focus of this study. These innovations enhance interfacial adhesion, reduce fiber 
agglomeration, and improve the thermal stability of natural fiber composites [23,44]. 

Tailoring hybrid polymer composites with a unique spectrum of properties by taking advantage 
of structure/property relations and widely deployed measuring techniques is the main aim of the study. 
We report important implications for improved materials, their processing, and engineering applications. 

 

Figure 3. Some sources of fibers [45]. 
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Figure 4. Some common natural fibers used in polymer composites [46]. 

3.1. Properties of natural fiber polymer composites 

Natural fiber polymer composites are characterized by being lightweight, low cost, and         
eco-friendly, and having high specific strength, specific stiffness, and biodegradability, among other 
properties. Due to these qualities, they are particularly appealing for a wide range of industrial uses. 
When adopting natural fibers, their safety, mechanical strength, stiffness enhancement of composites, 
lowering density, and environmental concerns should all be taken into account [47]. Also, the 
interaction of fiber and matrix at the interphase is a very important property in composites, as many 
failures can be traced to the type of interfacial interaction [48,49]. Additionally, Sahu and Gupta [50] 
highlighted the main drawbacks of natural fibers including hydrophilicity, poor thermal stability, and 
poor durability. Zeleke and Rotich [36] further stated that the properties of natural fibers greatly 
affect the performance of their reinforced composites. These characteristics include fineness, length, 
distribution, arrangement, and proportion of the fibers in the composite, as well as the direction of 
stacking within the composite structure. 

Although natural fiber composites possess relatively good specific strength and stiffness 
properties, they often show relatively poor interfacial adhesion with respect to polymeric matrices, 
may contain relatively high levels of moisture, and have variable mechanical properties due to the 
method by which they were gathered and produced. These factors could lead to inconsistent mechanical 
properties of such composites, especially evident in poor interlaminar fracture toughness [18]. 

3.1.1. Mechanical properties of natural fiber and natural fiber composites 

Typically, the reinforcement material of a composite is responsible for the mechanical strength 
and transfer loads in the composite. The matrix binds and maintains the alignment of the 
reinforcement material and protects the reinforcement from abrasion or the environment. The 
discrepancy in mechanical characteristics, according to Pecas et al. [32], is a problem of natural 
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fibers’ quality. Awais et al. [34] note that the mechanical properties of natural fibers (especially plant 
fibers) are influenced by the chemical composition, microfibrillar angle, degree of polymerization, 
fiber surface morphology, and defects. The chemical composition differs from plant to plant and 
even among different parts of the same plant. The properties mainly depend upon the content of each 
component of the fiber.  

Natural fibers possess excellent specific strength and stiffness, which means they are strong and 
rigid relative to their weight. When combined with a polymer matrix, these properties can be further 
enhanced, resulting in composites that offer good strength-to-weight and stiffness-to-weight ratios. 
Also, compared to synthetic fibers, natural fibers are less abrasive, which can be advantageous in 
applications where contact with other materials or surfaces is a concern.  

3.1.2. Physical properties of natural fiber and natural fiber composites 

Natural fiber polymer composites offer several beneficial physical properties, including 
lightweight, high specific strength and stiffness, good impact resistance, low density, thermal 
insulation, biodegradability, non-abrasiveness, and lower cost compared to synthetic fiber 
composites. These properties make them suitable for applications where strength, impact resistance, 
thermal insulation, sustainability, and cost-effectiveness are required, or when lightweight materials 
are preferred, such as automotive components and sporting goods [24,32,33]. The use of natural 
fibers as reinforcement in polymer composites can contribute to the overall sustainability and 
environmental friendliness of the material. They are generally less expensive compared to synthetic 
fibers, making natural fiber polymer composites a cost-effective alternative in various applications. 
Natural fibers have relatively low densities, and when incorporated into a polymer matrix, they 
contribute to the overall reduction in composite density. However, specific properties can vary based 
on factors like fiber type, treatment, loading, matrix material, and manufacturing process. 
Mechanical properties are influenced by factors such as fiber alignment, interfacial bonding, and 
moisture absorption. 

3.1.3. Thermal properties of natural fiber and natural fiber composites 

Thermal properties of natural fiber polymer composites refer to their behavior and characteristics 
in response to heat. These can be influenced by factors such as fiber content, fiber-matrix interface, 
processing conditions, and the presence of additives or reinforcements [33]. Therefore, the specific 
thermal behavior and performance of these composites may vary based on these factors and the 
intended application. Among the important thermal properties of these composites are thermal 
expansion, thermal conductivity, thermal stability, heat resistance, and fire resistance.  

Natural fiber polymer composites generally exhibit lower thermal conductivity compared with 
pure polymer matrices. In other words, natural fibers have inherent thermal insulation properties, 
making them suitable for applications where thermal insulation is desired. According to Dhaliwal [51] 
and Patel et al. [52], natural fibers have hemicellulose, cellulose, and lignin as primary components. 
The high cellulose content in natural fibers results in high flammability, while the presence of silica 
or ash as well as higher crystallinity and lower polymerization of fiber microstructure may contribute 
to better fire resistance performance [18].  
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Natural fiber polymer composites can exhibit varying levels of fire resistance depending on the 
type of fiber, fiber treatment, and polymer matrix used. Some natural fibers, such as jute or hemp, 
have inherent fire-retardant properties, while others may require additional treatments or additives to 
enhance their fire resistance. Fire-resistant polymer matrices can also improve the overall fire 
performance of the composite. The resulting thermal expansion behavior of the composite depends 
on the fiber-matrix interaction and fiber orientation. The incorporation of natural fibers can help 
reduce the overall thermal expansion of the composite. Additionally, the heat resistance of natural 
fiber polymer composites depends on the thermal stability of both the fibers and the polymer matrix. 
Natural fibers may undergo thermal degradation at elevated temperatures, which can affect the 
overall mechanical and physical properties of the composite. Polymer matrices with good heat 
resistance help to maintain the integrity of the composite at high temperatures.  

In summary, natural fiber polymer composites possess several important thermal properties. 
They generally exhibit lower thermal conductivity, making them suitable for applications requiring 
thermal insulation. The composite’s thermal expansion behavior depends on the interaction between 
the natural fibers and the polymer matrix. Heat resistance is influenced by the thermal stability of 
both the fibers and the matrix. Adequate thermal stability ensures the composite can withstand 
processing temperatures and maintain its properties in high-temperature environments. Fire 
resistance varies based on fiber type, treatment, and matrix, with some fibers having inherent fire-
retardant properties. The thermal properties are affected by factors like fiber content, interface, 
processing conditions, and additives/reinforcements. 

4. Synthetic, mineral, and man-made fiber and their composites 

Synthetic, mineral, and man-made fiber polymer composites are materials that combine various 
types of fibers, such as synthetic fibers (glass, carbon, acrylic, aramid), mineral fibers (glass wool, 
rock wool), or man-made fibers (ceramic, basalt) with a polymer matrix (Figure 5). These 
composites offer a range of properties depending on the specific fibers and matrix materials used. 
They are characterized by high strength and stiffness, excellent chemical resistance, superior thermal 
properties, low density, electrical conductivity (in some cases), fire resistance (with appropriate 
additives or fibers), sound absorption (in mineral fiber composites), and dimensional stability. These 
composites are utilized in various industries, including aerospace, automotive, construction, and 
electronics, for applications requiring mechanical performance, chemical resistance, thermal stability, 
lightweight structures, electrical conductivity, fire safety, sound absorption, and dimensional accuracy. 
The specific properties can be influenced by factors such as fiber type, matrix material, fiber loading, 
manufacturing processes, fiber orientation, interfacial bonding, and composite architecture. 

Synthetic fibers are man-made fibers usually formed through chemical processes. They are 
typically known to improve specific properties. They are either organic, such as acrylic, nylon, 
polyester, aramid, and rayon, or inorganic, such as glass, carbon, and boron. They have the 
advantages of durability, high strength, and low cost and can sustain heavy loads and elasticity. 
Mineral fibers, on the other hand, are inorganic materials used in composites to enhance properties 
like strength, fire resistance, and insulation. Man-made fibers can be designed to suit a wide range of 
applications, from textiles to industrial materials. These man-made fibers can be engineered to 
possess specific properties, such as improved strength, durability, or flexibility, based on the desired 
application. These properties provide a broad overview of the characteristics of each type of       
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fiber-polymer composite, bearing in mind that the specific properties of composite materials will 
depend on the type and combination of fibers and polymers used, as well as the manufacturing 
process. Also, the modification process can enhance the resistance of man-made fibers to environmental 
factors like UV radiation, moisture, and chemicals [33,53,54]. 

 

Figure 5. Some sources of synthetic fibers [22]. 

4.1. Properties of synthetic, mineral, man-made fiber polymer composites 

Among the advantages of synthetic, mineral, and man-made fibers and their composites are a 
high strength-to-weight ratio, high chemical resistance, low thermal expansion, low moisture 
absorption, fire resistance, electromagnetic transparency, corrosion resistance, thermal insulation, 
tailored properties, enhanced durability, and high dielectric strength. However, the specific properties 
of these composites can vary based on the types of fibers, fiber/matrix interactions, fiber loading, and 
manufacturing processes employed. Additionally, composite performance can be tailored by adjusting 
factors such as fiber orientation, interfacial bonding, and composite architecture. Also, compared 
with natural fibers, synthetic and mineral fibers are superior in strength and some other properties.  
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4.1.1. Mechanical properties of synthetic, mineral, and man-made fiber and their composites 

Synthetic fibers or man-made composites offer good mechanical strength and toughness, providing 
durability in various applications. These composites, especially those reinforced with fibers like 
carbon or aramid, exhibit high tensile strength and stiffness, contributing to their structural integrity. 
In terms of flexural strength, these composites show good resistance to bending forces, making them 
suitable for applications where flexural properties are crucial. Polymer materials reinforced with 
synthetic fibers such as glass offer high stiffness and weight ratio compared with natural fibers such 
as wood [55]. Generally, a number of factors influence the mechanical properties of polymer-
reinforced composites. Key among those factors are fiber geometry, the secondary plastic processing 
method employed, fiber treatment, and the interfacial interaction between the phases (Figure 6). 

Kafi et al. [1] studied the mechanical properties of jute/glass fiber-reinforced unsaturated 
polyester hybrid composites and the effect of surface modification by ultraviolet radiation. Results 
showed that a jute-to-glass ratio demonstrates improved mechanical properties. Synthetic fibers like 
carbon and aramid exhibit high tensile strength and stiffness, making them suitable for applications 
requiring lightweight but strong materials. Many synthetic fibers are resistant to chemicals, which 
makes them suitable for applications in harsh environments [56]. 

Mamolo and Sodano [57] enhanced the mechanical properties of carbon fiber-reinforced 
polymer (CFRP) composites by using a chlorinated aramid nanofiber (Cl-ANF) interphase, resulting 
in a 79.8% increase in interfacial shear strength and a 33.7% increase in short beam strength. This 
was achieved without compromising the tensile strength of the carbon fibers. Poor interfacial 
strength can reduce composite performance and cause failure, but ANFs, with their high tensile 
strength and polar functional groups, improve interfacial reinforcement. The chemically inert nature 
of carbon fibers was addressed by chlorinating ANFs and treating carbon fibers with oxygen plasma, 
enabling effective bonding through a dip-coating process. The study highlights Cl-ANFs’ potential in 
high-performance applications like aerospace, automotive, and sports equipment, providing next-
generation composites with enhanced properties and durability. 

 

Figure 6. Some factors that influence the mechanical properties of composite materials. 
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4.1.2. Physical properties of synthetic, mineral, and man-made fiber and their composites 

Most synthetic fibers have low moisture absorption rates, which is beneficial for applications 
where moisture resistance is important, and lower density compared with traditional materials, 
contributing to lightweight structures. Mineral fiber composites also have moderate-to-high densities, 
contributing to their structural mass. Man-made composites can be engineered to have a wide range 
of colors and surface finishes, providing versatility for aesthetic purposes. Depending on the type of 
mineral fiber used, the surface texture can range from smooth to rough, affecting the tactile and 
visual aspects of the material. Additionally, these composites exhibit excellent resistance to corrosion 
and chemical attack, making them suitable for applications in aggressive environments [36,58,59]. 

4.1.3. Thermal properties of synthetic, mineral, and man-made fiber and their composites 

Man-made fiber composites are ideal for applications that require heat dissipation, since they 
can be designed to have controlled thermal conductivity. Depending on the chosen fibers and 
polymers, these composites can exhibit high thermal stability, making them suitable for applications 
exposed to elevated temperatures [60]. Feng et al. [61] developed nature-inspired energy dissipation 
sandwich composites reinforced with high-friction grapheme for vibration suppression. The study 
reported superior damping properties of sandwich composites compared with those of conventional 
blended composites and pure epoxy resin. Polydopamine was used to modify reduced graphene 
oxide and boost surface friction force. 

Synthetic fibers generally have low coefficients of thermal expansion, which makes them useful 
in applications where dimensional stability under varying temperatures is crucial [62,63]. Mineral 
fibers like basalt and glass fibers have inherently high resistance to fire and high temperatures, 
making them suitable for applications in fire-prone environments. They are effective insulators, 
which makes them useful in applications where thermal insulation is required [64]. Certain synthetic 
fibers, like carbon fibers, are transparent to electromagnetic waves within specific frequency ranges, 
making them useful in applications requiring electromagnetic shielding [65]. Some mineral fibers, 
like glass fibers, have high dielectric strength, which is advantageous in applications requiring 
electrical insulation [66]. 

5. Hybrid polymer composites  

The combination of two or more reinforcement materials (natural, mineral, or synthetic) in the 
same matrix to form superior composites is referred to as hybrid composites (Figure 7). Generally, 
polymer matrix composites have the advantages of high tensile strength, high stiffness, high fracture 
toughness, good abrasion resistance, good puncture resistance, good corrosion resistance, and low 
cost. However, they present low thermal resistance and a high coefficient of thermal expansion. The 
need to improve such properties of polymer composites gave rise to hybridization. 

Begum et al. [67] worked on the hybridization of natural/synthetic fibers as well as polymer 
hybrid composites that are reinforced with various combinations of nanometer-sized carbon and 
mineral fillers to improve their applications in the field of engineering and technology. Hybrid 
composites were developed to improve composites’ properties, thereby overcoming challenges such 
as thermal stability, moisture absorption, brittleness, or surface quality. The idea, according to 
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Rodriguez-Castellanos and Rodrigue [12], is to combine natural fibers with other fibers or particulate 
reinforcements, which can be of natural or synthetic origin, such as glass or rubber particles. 

Umunakwe et al. [68] studied the mechanical properties and microstructure of hybrid 
vulcanized natural rubber filled with carbon black and nano-CaCO3 from Achatina achatina shells as 
a partial replacement of carbon black to produce vulcanized natural rubber (NR). They reported a 
significant improvement in the mechanical properties of vulcanized NR; however, the properties 
were inferior to those of the carbon black-reinforced sample, which they attributed to the poor 
dispersion of the nano-CaCO3 in vulcanized NR. 

Kim [13] suggested that by hybridization of natural and synthetic fibers, it is possible to achieve 
a balance between performance properties and cost of the composites, which would not otherwise be 
obtained with a single kind of reinforcement. Also, Singh et al. [15] affirmed that hybridization of 
natural and synthetic fibers shows higher performance properties. There are three possible ways to 
hybridize natural fibers into composites based on the type of materials: natural-synthetic, natural-mineral, 
and natural-natural fibers [14].  

 

Figure 7. Schematic representation of hybrid polymer composites. 

5.1. Properties of hybrid polymer composites  

Hybrid polymer composites combine different reinforcing materials with organic polymers to 
achieve enhanced properties. They offer improved mechanical strength, stiffness, toughness, and 
thermal stability. These composites can also be tailored for specific electrical, chemical, and thermal 
conductivities. They exhibit resistance to moisture, chemicals, and fatigue, and can be lightweight. 
By selecting reinforcing materials carefully, hybrid composites can be cost-effective and 
environmentally sustainable. Their versatility makes them valuable in automotive, aerospace, 
construction, and biomedical industries. 
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5.1.1. Mechanical properties of hybrid polymer composites 

Hybrid polymer composites combine different types of reinforcements within a polymer matrix 
to enhance their mechanical properties. These composites can exhibit improved strength, stiffness, 
toughness, fatigue resistance, impact resistance, wear resistance, dimensional stability, and 
environmental resistance compared with pure polymers. The specific mechanical properties depend 
on factors such as the types, content, and arrangement of reinforcements, as well as the matrix 
material and manufacturing process. Factors like fiber/matrix interface, interfacial bonding, and 
reinforcement orientation also influence mechanical behavior. Careful selection and optimization of 
reinforcement types and their distribution are essential for achieving the desired mechanical 
properties in hybrid polymer composites [58]. 

Hybrid polymer composites exhibit superior strength in comparison with pure polymer matrices, 
primarily attributed to the synergistic effects of various reinforcements. This multifaceted 
enhancement leads to improved tensile, compressive, and flexural strength. Additionally, the 
modulus of elasticity, a fundamental property for applications necessitating rigidity and deformation 
resistance, experiences a substantial increase through hybridization. The utilization of multiple 
reinforcements further augments a multitude of properties, including toughness, fatigue resistance, 
impact resistance, wear resistance, and dimensional stability [18,20].  

The combination of several reinforcements improves the composite’s ability to absorb energy 
and sustain fracture, hence increasing overall durability. In terms of fatigue resistance, hybrid 
composites outperform their pure polymer equivalents in terms of cyclic loading and fatigue. The 
inclusion of numerous reinforcements prevents crack initiation and slows break propagation, 
eventually extending the fatigue life of the material. 

5.1.2. Physical properties of hybrid polymer composites 

Hybrid polymer composites offer a range of physical properties that can be tailored to meet 
specific application requirements. These composites can exhibit varying densities, water absorption 
behavior, surface hardness, and weathering resistance. The specific physical properties are also 
influenced by the types, content, and arrangement of reinforcements, as well as the matrix material 
and processing techniques used. Combining multiple types of reinforcements allows for a wide range 
of composite densities, providing flexibility in material selection for specific applications. The water 
absorption behavior of hybrid polymer composites is determined by the kind and content of 
reinforcements as well as the matrix material. Some reinforcements, such as natural fibers, may have 
inherent water-absorbing qualities, whereas synthetic fibers, such as carbon and glass fibers, have 
low water absorption. The use of hydrophobic reinforcements can minimize the overall water 
absorption of the composite [69,70]. 

Weathering resistance, which is used to determine how a material behaves to specific weather 
conditions and to forecast potential performance problems, is also an important feature of hybrid 
polymer composites [71]. The weathering resistance is influenced by the choice of reinforcements 
and the matrix material. Certain reinforcements, such as glass fibers or nanoparticles, can enhance 
the composite’s resistance to UV radiation, moisture, and other environmental factors, making them 
suitable for outdoor applications. Also, the incorporation of certain reinforcements, such as ceramic 
particles or nanoparticles, can improve the surface hardness of hybrid polymer composites. This 
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property is important in applications where resistance to wear and abrasion is required. Furthermore, 
depending on the type of reinforcements utilized, hybrid polymer composites might have varied 
optical characteristics. Composites containing glass fibers, for example, can be transparent or 
translucent, but composites with carbon fibers can be opaque. These optical qualities have applications 
in optics, displays, and architectural materials. 

5.1.3. Thermal properties of hybrid polymer composites 

Thermal properties of hybrid polymer composites refer to their behavior and characteristics in 
response to heat. These properties are influenced by the type and arrangement of reinforcements as 
well as the polymer matrix used. Thermal properties of hybrid polymer composites can change 
depending on elements like the kind, quantity, and organization of reinforcements as well as the 
chosen polymer matrix. The thermal behavior of these composites can also be influenced by other 
elements including the fiber/matrix interface, interfacial bonding, and manufacturing procedures. To 
achieve the desired thermal characteristics in hybrid polymer composites, it is important to carefully 
choose and optimize the reinforcing types and their distribution within the matrix. These properties 
include thermal conductivity, heat resistance, thermal stability, thermal insulation, thermal expansion, 
and flame resistance [72]. 

The thermal conductivity of hybrid polymer composites can be tailored through strategic 
reinforcement selection in terms of type and concentration. Incorporating thermally conductive 
materials such as carbon fibers or ceramic particles represents a strategy for increasing the total 
thermal conductivity of the composite [73]. This property is critical in applications that require 
efficient heat transfer. Furthermore, depending on the combination of reinforcements and matrix 
material, hybrid polymer composites may have a unique coefficient of thermal expansion. The 
thermal expansion coefficients of various reinforcements vary, and their distribution within the 
matrix might influence the composite’s overall thermal expansion behavior. As a result, the coefficient 
of thermal expansion of the hybrid composite can be purposely engineered to be either lower or 
higher than that of the matrix alone, depending on the application’s unique requirements [74].  

The thermal stability of both the reinforcements and the polymer matrix influences the heat 
resistance of hybrid polymer composites. The choice of reinforcements with high heat resistance, 
such as ceramic fibers or carbon fibers, can improve the composite’s ability to withstand high 
temperatures without significant degradation. This property is crucial in applications involving 
exposure to elevated temperatures. Hybrid polymer composites find practical applications in 
scenarios necessitating thermal insulation, such as in construction materials or insulation panels, due 
to their inherent thermal insulating properties that effectively impede heat transfer [75,76]. In terms 
of thermal stability, these composites demonstrate the capability to endure the elevated temperatures 
encountered during the manufacturing process while retaining their desirable attributes. This 
resilience is achieved through the careful selection of reinforcements and matrix materials characterized 
by robust thermal stability. Additionally, hybrid polymer composites can be engineered to exhibit 
flame-retardant properties by incorporating specific reinforcements or additives. This enhances their 
resistance to ignition, flame spread, and heat release, making them suitable for applications requiring 
fire safety [72,77]. 
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6. Natural and synthetic fiber hybrid reinforcement 

The issues associated with natural fibers, mentioned earlier, are what gave rise to the hybridization 
of natural fibers with a second fiber (natural, mineral, or synthetic). The essence is to achieve 
improved or superior properties such as moisture resistance and thermal stability properties [14]. 
Rodriguez‐Castellanos and Rodrigue [12] proved that the combination of natural and synthetic 
reinforcement showed improved thermal stability, impact strength, and water intake. Polymers on 
their own are established to have limitations such as low stiffness and low resistance to impact 
loading. Hence, the reinforcement of polymers enhances the mechanical as well as other properties 
that make composites suitable for various applications. 

Hybrid composites combine natural and synthetic fibers to achieve a balance between 
performance and environmental sustainability. Increasing the amount of synthetic fibers generally 
improves mechanical performance, but it can have a negative impact on the composite’s 
biodegradability and other environmental properties. For example, a higher content of synthetic 
fibers typically enhances strength, stiffness, and durability, but reduces overall biodegradability and 
eco-friendliness. Maintaining synthetic fiber content below 50% helps preserve biodegradability [24,78]. 
Also, balancing performance and biodegradability involves actions such as fiber treatment, surface 
modification, matrix selection, hybrid layering, and strategic placement of fibers [10,29]. 

Composites made from recycled materials show promise in material innovation, sustainability, 
and waste management. There are a lot of competitive composite materials being referred to as waste. 
Wood, for example, is a natural fiber, which has the advantages of low density, low price, and 
biodegradability as reinforcement in composites. It is also a natural insulator against heat and cold, 
making it a competitive composite material [79]. However, it also presents dimensional instability 
and inhomogeneous quality, resulting in low thermal stability, water absorption, and mechanical 
properties. Glass as synthetic fiber, on the other hand, is known to have low moisture absorption, 
good thermal resistance, better mechanical properties, and can transmit light [1,80]. Bringing these 
two materials together to produce a hybrid polymer composite will result in materials with improved 
properties. In other words, developing composites from recycled waste (natural and synthetic 
materials) offers a compromise between the more environmentally friendly and low-cost, but    
lower-performing, natural-reinforced composites and the improved quality but high-cost and        
non-biodegradable synthetic-reinforced composites, with the promise of better physical-thermal and 
mechanical properties. 

By combining sawdust (natural fiber) and post-consumer glass (synthetic fiber), Jomboh [81] 
developed hybrid composite particle board materials with improved physical and thermal    
properties (Figures 8 and 9). The study established improved flame resistance properties                   
of 3.34, 3.72, and 5.46 mm for hybrid samples of 13/27/60 wt.%, 20/20/60 wt.%, and 20/20/60 wt.%, 
respectively, compared with sawdust-reinforced particle board composites. Also, improved physical 
properties were reported, including water absorption with minimum values of 1.76%/1.46% and the 
highest value of hardness of 76.7/83.0 HV. 
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Figure 8. Sawdust as a natural fiber. 

 

Figure 9. Glass as a synthetic fiber. 

In [37], the weathering resistance of hybrid composites of natural and synthetic reinforcements 
was evaluated. Samples with 5/27.5/67.5 wt.%, 7/33/60 wt.%, and 20/20/60 wt.% and original tensile 
strength of 11.60, 19.76 and 10.25 MPa, respectively, had an improved tensile strength of 12.63, 22.84, 
and 12.85 MPa, respectively, indicating good resistance to weathering for particleboard applications. 
This suggests that the composite material has the ability to withstand outdoor service conditions, 
agreeing with Krishnaiah [82] and Almansour [14] on the hybridization of natural and synthetic fibers 
for optimum performance properties. 

In summary, natural fibers offer renewable, biodegradable, and low-cost alternatives, contributing 
to a reduced environmental impact. However, their inherent variability in properties and 
susceptibility to environmental factors require careful selection and processing techniques. On the 



793 

AIMS Materials Science  Volume 11, Issue 4, 774–801. 

other hand, synthetic fibers offer consistent and tailored properties, making them indispensable in 
high-performance applications. The combination of these reinforcements has shown promise in 
achieving a balance between strength, stiffness, toughness, and environmental sustainability. The 
interface between natural and synthetic components, as well as the choice of matrix material, play 
pivotal roles in determining the final properties of the composite. Furthermore, advances in 
fabrication techniques, such as hybridization methods and improved matrix formulations, continue to 
broaden the horizons of these materials. 

Applications of natural and synthetic-reinforced hybrid composites span across various 
industries, including automotive, aerospace, construction, and biomedical fields. Their lightweight 
nature, coupled with impressive mechanical properties, makes them an attractive choice for replacing 
conventional materials. Additionally, their potential to mitigate the environmental footprint in 
manufacturing processes aligns with the growing emphasis on sustainable practices. Nonetheless, 
challenges remain, including the need for further research in optimizing processing techniques, 
understanding long-term durability, and addressing end-of-life disposal considerations. Additionally, 
standardization and certification protocols for these materials will be crucial in ensuring their 
widespread adoption. 

7. Computational methods in composite design 

The use of computational methods is crucial for the design, analysis, and optimization of 
polymer-reinforced composites. Finite element analysis (FEA) is utilized to simulate mechanical 
behavior, stress distribution, and failure zones under various loading conditions [83,84]. Molecular 
dynamics (MD) evaluates interactions at the molecular level, with a focus on interfacial properties 
and adhesion between the polymer matrix and fibers. Multiscale modeling connects molecular 
interactions to macroscopic properties, bridging different length scales to enhance the optimization of 
composite materials. Computational fluid dynamics (CFD) is employed to simulate fluid flow and heat 
transfer during manufacturing processes such as resin transfer molding. Artificial intelligence (AI) 
and machine learning (ML) techniques are used to predict properties and optimize designs based on 
large datasets, thereby accelerating material discovery and design [85,86]. Phase-field modeling is 
utilized to simulate microstructural evolution, particularly for fracture and damage analysis. These 
methods collectively enhance the understanding, performance, and reliability of polymer-reinforced 
composites [87–89]. 

Jomboh et al. [38] employed a D-optimal mixture design to formulate an optimum composition 
of post-consumer glass- (PCG) and sawdust (SD)-reinforced polyester (UPR) hybrid composite using 
the resin casting technique. They investigated four response parameters: tensile strength, flexural 
strength, impact strength, and hardness. Their results show that tensile and flexural strength 
decreased with an increase in reinforcements. The impact strength was highly improved with the 
hybrid composition. Uzochukwu et al. [90] studied the mechanical properties of natural 
rubber/Baobab (Adansonia digitata) fiber nanocomposites using response surface methodology 
(pedagogical approach). They leverage the central composite design (CCD) in response surface 
methodology (RSM) to elucidate the effects of processing pressure, temperature, pressing time, and 
reinforcement loading on the mechanical properties of natural rubber/Baobab fiber nanocomposites. 
They reported that compression pressure had the least impact on the composite’s Young’s modulus 
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and hardness, whereas processing temperature and reinforcement loading had the most profound 
impact—38.3% and 34.4% on the Young’s modulus and hardness of the composite, respectively. 

Furthermore, Adesina et al. [91] examined the influence of process parameters of spark plasma 
sintering (SPS) technique on the density and hardness properties of graphene (GNP)-reinforced 
polylactic acid (PLA) nanocomposites. Both the numerical and physical experiments showed 
hardness and density to be a function of the independent process parameters. Results show that the 
most desirable SPS processing parameters were 158.2 °C and 25.87 MPa. Raak et al. [92] also 
deployed response surface methodology to simultaneously optimize the electrical and mechanical 
properties of newly developed conducting biofibers made up of kenaf fiber/polyaniline (KF/PANI). 
The effect of process parameters such as PANI amount (1–10 wt.%), dopant concentration (5–25 N), 
and molar ratio of aniline/oxidant solutions (0.5–1.5) were studied. They reported that the responses 
correlated very well will the experimental values for the electrical and mechanical properties studied. 

Johnson et al. [93] evaluated computational methods for predicting impact damage in composite 
structures and described progress in materials modeling and numerical simulations of the impact 
response of fiber-reinforced composite structures. They developed a continuum damage-mechanics 
(CDM) model for fabric-reinforced composites as a framework within which both in-ply and 
delamination failure may be modeled during impact loading. They were able to derive a damage-
development equation and appropriate material parameters were determined from experiments. 

Researchers benefit from computational approaches by engineering high-performance polymer 
composites, saving time, materials, and energy, and ensuring accuracy in material design and selection. 

8. Conclusions 

This review explores natural and synthetic reinforced hybrid composites, emphasizing their 
properties, applications, and environmental impact. It highlights the potential of integrating these 
materials for improved performance and sustainability. Computational methods in composite design 
are also reviewed. The review also gathered that composites made from recycled materials show 
promise in material innovation, sustainability, and waste management. This is a step in the right 
direction toward environmental sustainability. Natural fibers offer eco-friendly and cost-effective 
options, while synthetic fibers provide consistent and superior properties. The combination of both 
creates a balance between strength, stiffness, and environmental benefits. These composites find 
applications in various industries, from automotive to construction. Challenges include refining 
processing techniques and addressing end-of-life disposal. Overall, these hybrid composites hold 
great promise for advancing materials science and sustainability efforts. In conclusion, natural and 
synthetic-reinforced hybrid composites represent a promising frontier in materials science, poised to 
revolutionize industries with their remarkable combination of performance and sustainability. 
Continued research and development in this field will undoubtedly lead to even more innovative 
applications and a more sustainable future. 
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