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Abstract 

Natural fiber-reinforced polymer composites (NFRPCs) are characterized by low 

density, biodegradability, renewability, and favorable mechanical properties, making them 

promising alternatives to traditional synthetic composites. This article reviews recent advances 

in NFRPCs published from 2019 to 2025, investigating novel materials systems, computational 

optimization methods and additive manufacturing processes. The studies that have been 

analyzed and reviewed are divided into single-fiber, hybrid-fiber, filler-modified, and surface-

treated composite systems; their impacts on mechanical, thermal, durability properties as well 

as moisture-resistance properties are critically analyzed. Manuscripts focusing on fiber surface 

treatments, hybrid reinforcement approaches and matrix selection are highlighted for 

improving composite properties. This review also thoroughly investigates the application of 

computational approaches such as Response Surface Methodology (RSM), Taguchi design-

based approach, and Artificial Neural Networks (ANN) for performance prediction and process 

optimization. In addition, the paper reviews recent developments and innovations in 3D 

printing technologies related to additive manufacturing such as stereolithography (SLA), 

digital light processing (DLP), vat photopolymerization (VPP) and LCD-based printing 

towards sustainable composite fabrication. Several challenges, including moisture sensitivity, 

long-term durability and process standardization were identified, along with future 
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opportunities such as integration of artificial intelligence-driven material design and 

sustainable processing of high-performance natural fiber composites. 

Keywords: Natural Fiber Composites, Hybrid Composites, Computational Optimization, 

Response Surface Methodology (RSM), Additive Manufacturing, Sustainable Materials. 

1. Introduction 

Due to increased environmental awareness, supply of non-renewable materials, and 

strict sustainability standards, there has been increasing interest in green materials for use in 

engineering. Among the existing options, natural fiber reinforced polymer composites 

(NFRPCs) stand out as viable materials because of their low density, biodegradability, 

renewability, affordability, and acceptable mechanical properties [8]. Natural fibers such as 

jute, kenaf, coir, sugar palm, oil palm, date palm, and fish tail palm have become widely used 

as reinforcements for polymers for applications in automotive parts, building materials, 

packaging products, and lightweight structures [5], [13], [19]. Even though they are 

environmentally friendly, there are some shortcomings associated with natural fiber 

composites such as moisture sensitivity, property variation, poor interface bond, and poor 

durability among others, which result in reduction in mechanical performance and inhibit their 

extensive industrial application. As a way of addressing these shortcomings, studies have been 

conducted on surface treatments, fiber hybridization, addition of fillers, and new matrix 

systems to increase compatibility between fiber and matrix [7], [20]. Recent investigations 

have shown that there has been marked improvement in tensile strength, thermal stability, 

impact resistance, and dimensional stability using appropriate materials and processes [2], [5], 

[13], [20]. 

Meanwhile, search and optimization strategies like Response Surface Methodology 

(RSM), Taguchi design, Artificial Neural Networks (ANN) and multi-objective optimization 

schemes have emerged as useful means of minimizing experimental work and speeding up 

composite development [3], [6], [16], [18], [23], [24]. With these methods, it can predict the 

performance of the material and find suitable processing conditions. In addition, advancements 

in additive manufacturing technologies, such as SLA, DLP, VPP and LCD based printing have 

facilitated the fabrication of complex composite structures with enhanced design flexibility at 

an optimal material utilization [1], [4], [9], [11], [17], [25]. 
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This review offers a thorough evaluation of the advancements in natural fiber reinforced 

polymer composites, with an emphasis on material systems, computational optimization 

techniques and additive manufacturing technologies. It also highlights several critical research 

gaps and opportunities for future development of artificial intelligence-enabled composite 

design, manufacturing and green material processes. 

2. Review Methodology 

This review was conducted using a systematic review of peer-reviewed journal articles 

published between 2019 and 2025. Relevant literature was searched in major scientific 

databases such as Scopus, Web of Science, ScienceDirect, SpringerLink, Wiley Online Library 

and Taylor & Francis. The search terms were "natural fiber reinforced polymer composites", 

"hybrid natural fiber composites", "bio-epoxy composites", "surface treatment", "response 

surface methodology", "artificial neural networks", "additive manufacturing", 

"stereolithography", "digital light processing" and "sustainable composite materials". 

The retrieved articles were screened according to their relevance, originality and 

contribution to the development of natural fiber composites, computational optimization and 

additive manufacturing. Studies on synthetic fiber reinforced composites alone were not 

included, only studies on natural-reinforced composites were included. The review focus on 

studies reporting mechanical performance, thermal behavior, moisture absorption 

characteristics, durability assessment, process optimization, and advanced manufacturing 

approaches. 

Twenty-five relevant references have been selected and classified into three main 

research areas, (i) natural fiber composite systems such as single fiber, hybrid fiber and filler 

modified composites, (ii) computational design and optimization techniques such as RSM, 

Taguchi methods, ANN and multi-objective optimization, and (iii) additive manufacturing 

techniques for sustainable composite fabrication. The selected studies were comparatively 

analysed to identify the prevailing trends, technological advancements, performance 

limitations and emerging research opportunities. This systematic approach guarantees an 

adequate and thorough assessment of recent developments in sustainable natural fiber 

composite materials. 
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3. Natural Fiber Composite Systems 

Natural fiber composites can be classified based on reinforcement architecture, matrix 

nature and modification strategy [1]. The reviewed studies can be categorized into four 

significant categories, as shown in Figure 1 single-fiber composite, hybrid-fiber composites, 

hybrid filler and surface-modified composites. Such a classification constitutes a systematic 

tool to compare mechanical, durability and sustainability properties available in the literature. 

 

Figure 1. Classification of Natural Fiber Composite Systems 

Single-fiber and more complex composite systems develop an understanding of fiber–

matrix interacting units in relation to greater scale composite architecture development and 

may build a foundation for the evolution of advanced composites. Vinyl ester composites 

reinforced with silane-treated palm fibers showed significant increase in tensile strength due to 

the strong interfacial bonding and effective transfer of stress between fiber and matrix [19]. 

Likewise, Syagrus romanzoffiana fiber filled bio-epoxy composites showed improved tensile, 

flexural and thermal properties as fiber loading increased until optimum value after this 

moisture absorption and voids imposed negative influences on composite behavior as well [5].  

Oil palm trunk fiber reinforced high-density polyethylene composites emphasized the 

importance of interfacial compatibility as untreated fibers led to poor adhesion and reduced 

tensile strength due to fiber pull-out and matrix debonding [10]. The potential of completely 

biodegradable composite systems was shown by sugar palm fiber reinforced cassava starch 
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composites, possessing improved thermal stability and biodegradation properties and 

acceptable mechanical performance [14]. 

Hybrid composite systems, which make use of several fibers, have received much 

attention. Synergetic reinforcement effect and stacking sequences enhanced tensile and impact 

properties of jute-coir-oil palm hybrid composites. [2] Functional properties for similar systems 

confirmed the potential of using relatively higher ratios of kenaf fiber, which together with 

sophisticated load-sharing mechanisms in their respective composites [13] improved the 

strength-toughness balance of these kenaf-oil palm bio-epoxy hybrid materials. 

Secondary fillers contribute to an even better performance of the composite material. 

Bio-epoxy composites made from date palm fiber reinforced with chitosan demonstrated 

superior tensile, flexural and impact strength because of increased hydrogen bonding and 

interfacial interactions [20]. In addition to the above treatments, surface treatments such as 

alkali treatment have been used for increasing acoustic absorption and surface roughness of 

fibers, though it can adversely affect dimensional stability [7]. 

Table 1 summarises the major natural fiber composite systems reported in the reviewed 

studies including their matrix systems, key performance improvements, principal limitations 

and supporting references. 

Table 1. Summary of Natural Fiber Composite Systems 

Composite 

System 

Matrix Key Improvement Main 

Limitation 

References 

Fish Tail Palm 

Fiber 

Vinyl 

Ester 

Tensile strength ≈108 

MPa 

Moisture 

sensitivity 

[19] 

Syagrus 

romanzoffiana 

Fiber 

Bio-Epoxy Improved thermal and 

mechanical properties 

Water 

absorption 

[5] 

Oil Palm Trunk 

Fiber 

HDPE Increased stiffness Poor fiber-

matrix adhesion 

[10] 

Sugar Palm 

Fiber 

Cassava 

Starch 

Biodegradability and 

thermal stability 

Limited strength [14] 

Jute-Coir-Oil 

Palm Hybrid 

Epoxy Enhanced tensile and 

impact performance 

Manufacturing 

complexity 

[2] 
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Kenaf-Oil Palm 

Hybrid 

Bio-Epoxy Balanced strength and 

toughness 

Moisture uptake [13] 

Date Palm Fiber 

+ Chitosan 

Bio-Epoxy Improved interfacial 

bonding 

Increased 

hydrophilicity 

[20] 

4. Computational Design and Optimization Approaches 

The computational optimization approach in the study of natural fiber composite is 

shown in Figure 2. The approach includes experimental design, predictive modeling, and 

optimization methods which assist in identifying optimal composite designs through minimum 

experimentation [3], [6], [18], [23], [24]. 

 

Figure 2. Computational Design Framework for Natural Fiber Composite Development 

The growing complexity of natural fiber composite systems, computational 

optimization techniques have become an important tool. Recently, Response Surface 

Methodology (RSM), Taguchi design, Artificial Neutral Networks (ANN) and mixture design 

approaches have shown good potential in both modeling and optimization of the performance 

composites. 

The Response Surface Method (RSM) has been one of the most applied mathematical 

techniques to correlate processing parameters and material properties. Research using date 

palm fiber composites has also shown that RSM effectively predicts moisture absorption 
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behavior [3]. Such applications have been even reported for alkali treatment optimization and 

natural fibers mechanical property [6]. 

A Taguchi design is a robust way to find which process variables are dominant with 

fewer runs of the experiment. Hence, factors influencing the natural fiber composites are 

simply determined through experiments and so many investigations have been tried out using 

Taguchi orthogonal arrays for the optimization of fiber loading which others focusing on 

fabrication parameters and also reinforcement combinations [3]. It has shown a proven ability 

to enhance performance in terms of tensile, flexural, impact properties.  

Artificial Neural Networks (ANNs) have been gaining popularity to complement RSM 

by boosting the model prediction accuracy and managing the nonlinear interactions between 

process variables. The specific mining approaches were ANN-based that have shown 

remarkable prediction ability for moisture absorption, machining behavior and mechanical 

performance of the natural fiber composites [18]. Also, in recent studies it is used to supplement 

Taguchi and RSM approaches, to multi-objective optimization for higher process reliability 

[23], [24]. 

Mixture design methodologies offers a additional advantages for optimizing multi-

component systems containing multiple fibers, fillers, and matrix constituents. Such strategies 

aid in finding suitable formulations with a smaller number of trails in developing the 

composites [22]. 

 

Figure 3. Computational Framework for Composite Optimization 
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The reliance on computational optimization tools for modern composite development 

is steadily increasing. Figure 3 Typical workflow used in optimization-based composite design. 

It illustrates the cycle of material selection, experimental design, fabrication, testing, and 

optimization that allows users to arrive at validated composite formulations [3], [6], [18], [23]. 

 Table 2 summarizes the most popular computational optimization techniques used in 

the research of natural fiber composites. 

Table 2. Computational Optimization Techniques 

Technique Purpose Advantages Representative 

Studies 

Taguchi Method Parameter 

optimization 

Reduced 

experimental runs 

[17] 

Response Surface 

Methodology (RSM) 

Process modeling 

and optimization 

Interaction analysis [3], [6] 

Artificial Neural 

Networks (ANN) 

Property prediction Handles nonlinear 

behavior 

[18] 

Mixture Design Multi-component 

optimization 

Suitable for hybrid 

systems 

[22] 

Hybrid RSM-

Taguchi 

Multi-objective 

optimization 

Improved 

prediction accuracy 

[23], [24] 

5. Additive Manufacturing of Natural Fiber Composites 

Additive manufacturing has been widely regarded as a transformative technology for 

lightweight and customized composite structures. Different technologies, mainly fused 

deposition modeling (FDM), stereolithography (SLA), digital light processing (DLP) and vat 

photopolymerization (VPP) have extended the manufacturing possibilities of natural fiber 

reinforced composites [8], [11]. 

Stereolithography has exhibited great potential to manufacture high-resolution 

composite structures containing bio-based fillers. Lignin-reinforced photocurable resins 

obtained using SLA have shown large enhancements in tensile strength and stiffness with an 

appropriate print quality obtainable [25]. Research studies recently has also shown successful 

utilization of bio-based fillers into photosensitive resin systems without sacrificing mechanical 

performance while increasing the level of sustainability [4]. 
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Photopolymer composites with very high filling levels can be executed through Digital 

Light Processing (DLP) technology while maintaining a very good dimensional accuracy. 

Optimized filler incorporation leads DLP-printed composites to an extraordinary combination 

of high stiffness and low density [21]. Incorporating polysaccharide thin films within DLP-

processing derived scaffolds has also been done and provided yet another demonstration that 

there is an opportunity to develop bio-based composites that are environment friendly [1]. 

Vat photopolymerization technologies have allowed the integration of cellulose 

nanofibers and multifunctional nanoparticles into biomedical-grade resins improving their 

mechanical performance and functionality [9]. Meanwhile, LCD-based printing has allowed 

the fabrication of fully bio-based polymer composites for sustainable engineering applications 

[17]. 

 

Figure 4. Evolution of Additive Manufacturing Technologies 

The evolution of additive manufacturing technologies for natural fiber composites is 

illustrated in Figure 4. demonstrating the shift from traditional filament-based fabrication to 

advanced photopolymerization technologies that process bio-based composite materials [1], 

[4], [9], [11], [17], [25]. 

However, resin viscosity, filler dispersion, curing efficiency, interlayer bonding and 

long-term durability challenges still limit large-scale adoption. Future directions will target bio-

derived photocurable resins, enhanced filler compatibility, and better process optimization 

strategies. 
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A comparison of the principal additive manufacturing technologies employed for NFC 

fabrication is presented in Table 3. 

Table 3. Additive Manufacturing Technologies for Natural Fiber Composites 

Technology Material Form Advantages Limitations References 

FDM Filaments Low cost, easy 

processing 

Poor surface finish [8] 

SLA Photopolymer 

Resin 

High accuracy Limited filler 

loading 

[4], [25] 

DLP Photopolymer 

Resin 

Fast printing 

speed 

UV penetration 

issues 

[1], [21] 

VPP Resin-based 

composites 

Excellent 

resolution 

High resin 

sensitivity 

[9] 

LCD Bio-resin 

composites 

Sustainable 

fabrication 

Limited industrial 

studies 

[17] 

6. Comparative Analysis 

The analysis indicates that the performance of natural fiber reinforced polymer 

composites is affected by various factors, viz. Fiber type, matrix choice, surface treatment, 

reinforcement architecture and processing method employed. Among the single-fiber 

composite systems, silane-treated fish tail palm fiber reinforced vinyl ester composites were 

found to exhibit significantly improved tensile performance due primarily to increased 

interfacial bonding and efficient stress transfer between the fiber and matrix phases [19]. 

Likewise, optimized fiber loadings were investigated in Syagrus romanzoffiana fiber 

reinforced bio-epoxy composites that exhibited enhanced thermomechanical behavior and 

thermal stability [5]. On the other hand, lower tensile performance of oil palm trunk fiber 

reinforced HDPE composites was attributed to low interfacial compatibility and succumbed to 

fiber pull-out and matrix debonding during loading 10. 

Hybrid reinforcement strategies outperformed single-fiber systems consistently across 

all the metrics. By utilizing synergistic reinforcement mechanisms and improved stress 

distribution, tensile and impact properties of jute–coir–oil palm hybrid composites were 

increased [2]. In the same way kenaf–oil palm bio-epoxy hybrids showed a promising 

combination between strength, stiffness and toughness, it was recognized that hybridization is 
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a better solution to avoid the disadvantages associated with pure natural fibers [13]. 

Incorporating secondary fillers further enhanced composite properties. The date palm fiber 

composites treated with chitosan exhibited higher flexural behavior, tensile strength and 

dimensional stability due to the development of better fiber–matrix interaction besides its 

hydrogen bonding effect [20]. 

Computational optimization techniques have significantly accelerated composite 

development by reducing experimental effort and improving predictive accuracy. Mechanical 

Properties, moisture absorption behavior and process optimization have to be modelled using 

Response Surface Methodology (RSM), Taguchi design and Artificial Neural Networks 

(ANN) [3], [6], [18]. In addition, the introduction of additive manufacturing technologies 

(SLA, DLP, VPP and LCD-based printing) has further increased natural fiber composite 

potential by producing personalized structures with irregular geometric shapes [1], [4], [9], 

[17], [25]. 

To facilitate a direct comparison of representative natural fiber composite systems, the 

key mechanical performance indicators and associated benefits reported in the literature are 

summarized in Table 4. 

Table 4. Performance Comparison of Natural Fiber Composite Systems 

Composite System Matrix Tensile 

Strength 

Additional Benefit References 

Fish Tail Palm Fiber 

(FTP) 

Vinyl 

Ester 

108 MPa Improved interfacial 

bonding through silane 

treatment 

[19] 

Syagrus 

romanzoffiana Fiber 

(SrF) 

Bio-

Epoxy 

83.21 MPa Enhanced thermal 

stability and crystallinity 

[5] 

Jute–Coir–Oil Palm 

Hybrid 

Epoxy 1573.33 N 

(maximum 

tensile load) 

Synergistic hybrid 

reinforcement 

[2] 

Kenaf–Oil Palm 

Hybrid (7K30) 

Bio-

Epoxy 

37.66 MPa Balanced strength–

toughness performance 

[13] 

Date Palm Fiber + 

Chitosan (20 wt%) 

Bio-

Epoxy 

24.04 MPa Improved interfacial 

adhesion and flexural 

strength 

[20] 
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Sugar Palm Fiber (5 

wt%) 

Cassava 

Starch 

11.78 MPa High biodegradability and 

thermal stability 

[14] 

Oil Palm Trunk 

Fiber 

HDPE ~6 MPa Increased stiffness but 

poor fiber–matrix 

adhesion 

[10] 

7. Research Gaps 

Despite significant progress in natural fibers are reinforced polymer composites, 

several research challenges remain unresolved. Most existing studies majorly advance single 

properties, such as tensile strength, moisture resistance or thermal stability, however sport few 

multi-functional optimization efforts. Absence of standardized and procedure for test 

characterization (especially for composites fabricated through additive manufacturing) limits 

comparative assessments across studies, hindering the creation of reliable design schemes [1], 

[4], [9], [11], [17]. Any of these applications are not supported by long-term durability 

investigations covering environmental aging, ultraviolet exposure, cyclic loading, thermal 

degradation and biodegradation. Because natural fibres are naturally sensitive to environmental 

conditions, further studies have been needed to quantify their service life and long-term 

structural performance [3], [5], [18], [20].  

Although computational approaches including Response Surface Methodology (RSM), 

Taguchi design and Artificial Neural Networks (ANN) have proved effective for process 

optimization and performance prediction, most studies are single-objective optimization and 

separate from manufacturing [6], [16], [18], [23], [24]. In addition, there exists a lack of 

information relating to the combination between optimization and additive manufacturing 

processes who are concerned in improving together material performance, process efficiency 

and sustainability. Lifecycle assessment, recyclability evaluation and large-scale industrial 

validation are also still under-investigated, even though they are crucial for the development of 

sustainable materials [8], [11]. 

8. Future Directions 

The future research should be targeted towards the development of multi-functional 

natural fiber composites, which can satisfy mechanical, thermal, acoustic, and environmental 

performance requirements at the same time. Further research should concentrate on advanced 

surface treatments, bio-based coupling agents, and hybrid reinforcement systems to improve 
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the compatibility of fiber and matrix, durability and performance of the composite. Application 

of artificial intelligence (AI) and machine learning (ML) techniques provides an important 

scope for the composite design and optimization. The experimental datasets, which include 

physical properties of the fibers, physical properties of the matrix, processing conditions, and 

response in terms of mechanical performance of the composite structure, can be used to develop 

prediction models like Artificial Neural Networks, Random Forest, etc. AI-based optimization 

framework can help in making decisions involving strength, durability, manufacturing cost, 

and sustainability aspects at the same time. In the field of additive manufacturing, ML 

techniques can be used for optimizing the processing parameters, predicting defects, assessing 

the quality of the printed composite structure and process monitoring. Digital twin technique 

is another approach, which can allow simulating and validating the structure virtually prior to 

its manufacture. Moreover, future developments will have to focus on fully bio-based 

photocurable resins, improved dispersion techniques for fillers, large scale production process, 

and lifecycle assessment to promote industrial use of natural fiber composites. 

9. Conclusion 

Natural Fiber Reinforced Polymer Composites (NFRPCs) have been recognized as 

viable sustainable materials that can be employed to meet the increasing demand for 

lightweight, environmentally-friendly, and high-performance engineering solutions. The 

review article highlights some recent developments in natural fiber composite materials, such 

as single fiber, hybrid fiber, filler modified, and surface treated natural fiber composite systems. 

In particular, this paper explores the impact of the above-named developments on the 

mechanical, thermal, and durability properties of natural fiber composite materials. It has been 

shown that hybrid reinforcement approaches and proper surface treatments are helpful in 

improving fiber-matrix interface, which consequently enhances the strength and toughness of 

the composites. Some advanced optimization algorithms such as Response Surface 

Methodology (RSM), Taguchi design, and Artificial Neural Networks (ANN) have been 

successfully applied to save the experiment time and predict the performance and optimize the 

processes. Moreover, additive manufacturing techniques such as SLA, DLP, VPP, and LCD 

printing provide more design freedom and sustainability for natural fiber composite materials. 

Still, there are some limitations associated with the sensitivity to moisture, durability, process 

standardization, and industrial scalability. 
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