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ABSTRACT:
The global demand for sustainable, lightweight, and high-performance materials has propelled research into biodegradable natu-
ral fiber-reinforced polymer composites (NFRPCs) as viable alternatives to synthetic fiber composites. This review explores the
mechanical behavior—tensile strength, flexural performance, and impact resistance—of NFRPCs reinforced with fibers such
as jute, flax, hemp, kenaf, coir, and sisal, embedded in biodegradable polymer matrices like polylactic acid (PLA), polyhydrox-
yalkanoates (PHA), and starch-based resins. The effects of fiber type, volume fraction, orientation, and surface treatments on
interfacial bonding and overall mechanical performance are critically analyzed. Findings suggest that proper fiber treatment
and alignment significantly enhance mechanical properties, making these composites suitable for semi-structural and structural
applications in the automotive and construction sectors. The review also addresses the trade-offs between biodegradability and
mechanical strength, highlighting current limitations and potential research directions. By correlating material characteristics
with performance metrics, this paper aims to guide future material selection and design strategies for sustainable engineering
applications.
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1. Introduction

The environmental crisis precipitated by the accumulation of
non-biodegradable synthetic polymers and the depletion of
petroleum resources has shifted the focus of materials science
toward sustainability. Traditionally, glass and carbon fiber-
reinforced composites have dominated the high-performance
materials market due to their exceptional strength-to-weight
ratios. However, these materials pose significant recycling
challenges and high energy costs during production. In re-
sponse, natural fiber-reinforced polymer composites (NFR-
PCs) have emerged as a promising class of materials that offer
low density, cost-effectiveness, and carbon neutrality [1].

Natural fibers, derived from plants (e.g., jute, hemp, flax,
sisal), animals (e.g., wool, silk), or minerals, possess inherent
advantages such as high specific strength and modulus. When
combined with biodegradable polymer matrices like polylactic

acid (PLA), polyhydroxyalkanoates (PHA), or polybutylene
succinate (PBS), the resulting ”green composites” are fully
biodegradable at the end of their life cycle [2]. The transi-
tion to such materials is particularly critical in the automotive
industry, where legislative mandates require increased vehicle
fuel efficiency and recyclability [3].

Despite their potential, NFRPCs face several technical hur-
dles. The hydrophilic nature of natural fibers contrasts with
the hydrophobic nature of most polymer matrices, leading to
poor interfacial bonding and reduced mechanical performance
[4]. Additionally, variability in fiber properties, high mois-
ture absorption, and low thermal stability limit their applica-
tion in extreme environments. Understanding the mechanical
insights—how these fibers interact with the matrix and how
processing parameters influence final properties—is essential
for the design of structural components.

This paper provides a systematic review of the mechanical
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behavior of biodegradable NFRPCs. We analyze the proper-
ties of various fibers and matrices, discuss the impact of sur-
face treatments, and evaluate performance metrics under dif-
ferent loading conditions. Section 2 discusses the taxonomy of
materials. Section 3 details the mechanical characterization.
Section 4 explores the influence of environmental factors, fol-
lowed by applications in Section 5 and conclusions in Section
6.

2. Taxonomy and Properties of Materials

2.1. Natural Fibers

Natural fibers are primarily composed of cellulose, hemicellu-
lose, lignin, pectin, and waxes. Cellulose provides the struc-
tural strength, while lignin acts as a protective barrier and
binder. The mechanical properties vary significantly based on
the plant species, growth conditions, and extraction methods
[5]. Table 1 compares the mechanical properties of common
natural fibers with glass fiber.

As seen in Table 1, although glass fiber has superior abso-
lute strength, natural fibers like flax and hemp show competi-
tive specific properties due to their significantly lower density.

Matrix (e.g., PLA)

Natural Fibers

Loading Axis

Figure 1: Representative diagram of a fiber-reinforced com-
posite microstructure.

2.2. Biodegradable Matrices

The choice of matrix is critical for maintaining the biodegrad-
ability of the composite. PLA is the most widely used matrix
due to its high transparency, ease of processing, and high stiff-
ness. However, its brittleness often necessitates the addition of
plasticizers or blending with tougher polymers like PHA [7].

3. Mechanical Characterization

3.1. Tensile Performance

Tensile strength is a primary indicator of the load-bearing ca-
pacity of a composite. In NFRPCs, tensile performance is
heavily dependent on fiber content (volume fraction) and the
efficiency of stress transfer from the matrix to the fibers.
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Figure 2: Comparison of Tensile Strength for various PLA-
based NFRPCs (30% wt fiber content).

Research by Sinha et al. [8] showed that for jute/PLA com-
posites, the tensile strength increases linearly with fiber con-
tent up to 30% by weight, after which fiber agglomeration and
insufficient matrix wetting lead to a decline in properties.

3.2. Flexural Performance

Flexural strength and modulus measure the resistance of the
composite to bending. Since natural fibers are generally stiffer
than biodegradable polymers, their inclusion increases the
flexural modulus significantly. However, the flexural strength
is sensitive to the interfacial shear strength. Delamination at
the fiber-matrix interface is a common failure mode under
bending loads [9].

3.3. Impact Resistance

Natural fibers like coir, which have high elongation at break,
are excellent for improving impact resistance. While high-
strength fibers like flax increase stiffness, they often reduce
the toughness of the composite. Hybridization—combining
two types of fibers (e.g., jute and coir)—is a common strat-
egy to achieve a balance between strength and impact energy
absorption [9].

4. Interfacial Bonding and Surface Treatments

The performance of NFRPCs is limited by the chemical in-
compatibility between the hydrophilic fiber (cellulose) and hy-
drophobic matrix. Surface treatments are applied to remove
impurities (wax, oils), increase surface roughness, and intro-
duce chemical groups that can bond with the polymer.

4.1. Alkaline Treatment (Mercerization)

Alkalization is the most common chemical treatment. The
fibers are soaked in a sodium hydroxide (NaOH) solution,
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Table 1: Mechanical Properties of Common Natural Fibers vs. E-Glass Fiber [6, 5]
Fiber Type Density (g/cm3) Tensile Strength (MPa) Young’s Modulus (GPa) Elongation at Break

(%)
Jute 1.3 - 1.45 393 - 773 13 - 26.5 1.1 - 1.8
Flax 1.5 345 - 1100 27.6 - 80 2.7 - 3.2
Hemp 1.47 690 70 1.6
Kenaf 1.45 930 53 1.6
Coir 1.15 131 - 175 4 - 6 15 - 40
Sisal 1.45 468 - 640 9.4 - 22 3 - 7
E-Glass 2.5 2000 - 3500 70 2.5 - 3.0

which leads to the removal of hemicellulose and lignin, in-
creasing the effective surface area for bonding [4].

Raw Natural Fiber

Washing with
Distilled Water

Soaking in 5% NaOH
(2-4 Hours)

Neutralization with
Dilute Acid

Drying at 60→C

Figure 3: Process flow for Alkaline surface treatment of natu-
ral fibers.

The reaction is represented as:

Fiber →OH +NaOH ↑ Fiber →O →Na+H2O (1)

4.2. Silane Treatment

Silane coupling agents act as a bridge between the fiber and the
matrix. The organosilane molecules react with the hydroxyl
groups of the fiber and the functional groups of the polymer,
creating a strong covalent link.

5. Influence of Processing Parameters

The method used to fabricate the composite significantly im-
pacts the fiber orientation and distribution.

• Injection Molding: Suitable for short fibers; provides
high throughput but causes fiber breakage due to shear
forces.

• Compression Molding: Ideal for long and continu-
ous fiber mats; results in superior mechanical properties
compared to injection molding.

• Hand Lay-up: Low-cost method; however, it suffers
from poor consistency and high void content.

6. Environmental Performance and Durability

6.1. Moisture Absorption

NFRPCs are highly susceptible to moisture due to the pres-
ence of hydroxyl groups in the fibers. Water molecules pene-
trate the composite via diffusion and capillary action, causing
fiber swelling and micro-cracking of the matrix. This leads
to a substantial loss in tensile and flexural strength over time
[10].
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Figure 4: Moisture absorption kinetics for treated and un-
treated NFRPCs.

As shown in Figure 4, chemical treatments can signifi-
cantly reduce the moisture uptake by blocking reactive hy-
droxyl sites.
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6.2. Thermal Stability

The degradation temperature of natural fibers (→200 - 250→C)
limits the processing window for thermoplastic matrices. Ex-
ceeding these temperatures leads to fiber charring and loss of
reinforcement capability.

7. Thermal Characterization and Stability

The thermal behavior of NFRPCs is a critical limiting factor
for their processing and application. Natural fibers are suscep-
tible to thermal degradation at temperatures exceeding 220→C,
leading to the breakdown of hemicellulose and cellulose.

7.1. Thermogravimetric Analysis (TGA)

TGA is used to determine the thermal stability and decom-
position temperature of the composites. Figure 5 illustrates a
typical weight loss curve for jute/PLA composites.
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Figure 5: TGA thermogram of natural fiber composite.

The first weight loss stage (at 100→C) corresponds to mois-
ture evaporation, while the second major drop (250-350→C)
represents the decomposition of the fiber constituents and the
matrix.

8. Dynamic Mechanical Analysis (DMA)

DMA provides insights into the viscoelastic proper-
ties—storage modulus (E↑), loss modulus (E↑↑), and damping
factor (tan ω). It characterizes how the material behaves under
cyclic loading as a function of temperature.

8.1. Storage Modulus and Interfacial Adhesion

The storage modulus reflects the stiffness of the material. A
higher E↑ in the rubbery region indicates better reinforcement
and stronger interfacial adhesion.
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Figure 6: DMA storage modulus vs. Temperature.

The sharp drop in Figure 6 near 60→C corresponds to the
glass transition temperature (Tg) of the PLA matrix. The inclu-
sion of jute fibers shifts this transition slightly to higher tem-
peratures due to the restricted mobility of the polymer chains
at the interface.

9. Nano-Reinforcement and Green Nanocompos-
ites

The next generation of biodegradable composites involves the
incorporation of nano-scale fillers to create ”Green Nanocom-
posites.”

9.1. Cellulose Nanocrystals (CNCs)

CNCs are derived from natural fibers via acid hydrolysis. With
their high crystallinity and aspect ratio, CNCs provide excep-
tional reinforcement even at low loadings (1-5% wt). They
significantly improve the barrier properties against moisture
and gases, making them suitable for sustainable packaging.

9.2. Synergy of Micro and Nano Fillers

Combining micro-scale natural fibers with nano-scale fillers
(e.g., nanoclays or CNCs) creates a multiscale reinforcement
effect. The nano-fillers bridge the voids between the micro-
fibers and the matrix, resulting in a 20-30% increase in tensile
strength compared to conventional NFRPCs.

10. Fracture Mechanics and Toughening Mecha-
nisms

The fracture behavior of NFRPCs is predominantly controlled
by the energy dissipation during crack propagation. Unlike ho-
mogeneous metals, composites dissipate energy through mul-
tiple micro-mechanical events.
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10.1. Energy Dissipation Mechanisms

• Fiber Bridging: As a crack initiates in the matrix, the
high-strength natural fibers span the crack opening, ex-
erting a ”closure force” that slows down crack growth.

• Fiber Pull-out Work: When the interfacial bond is par-
tially broken, the work done against friction during fiber
pull-out constitutes a significant portion of the total frac-
ture toughness.

• Matrix Plasticity: Blending PLA with flexible poly-
mers like polycaprolactone (PCL) enhances the matrix’s
ability to undergo plastic deformation before failure.

10.2. Comparison of Biodegradable Matrices

The choice of polymer matrix dictates the final thermal and
mechanical processing window. Table 2 compares common
biodegradable resins.

Table 2: Properties of Common Biodegradable Polymer Ma-
trices [7]

Matrix Tg (→C) Tm (→C) Strength (MPa)
PLA 55 - 65 150 - 175 50 - 70
PHA 0 - 15 160 - 180 25 - 40
PBS -32 115 30 - 35
PCL -60 60 15 - 20

11. Applications and Strategic Insights

11.1. Automotive Industry

Major automotive manufacturers (e.g., Mercedes-Benz,
BMW, Ford) use NFRPCs for door panels, dashboards, and
parcel shelves. The use of flax and hemp composites in the
Mercedes-Benz E-Class reduced component weight by 20%
compared to synthetic alternatives.

11.2. Building and Construction

Biodegradable composites are used for interior wall panels,
floorings, and non-load-bearing partitions. Their acoustic in-
sulation properties, derived from the porous structure of natu-
ral fibers, provide added functionality in building design.

12. Future Directions and Challenges

While NFRPCs offer significant environmental benefits, sev-
eral areas require further exploration to overcome current tech-
nical limitations:

12.1. Nanocellulose Reinforcement

Incorporating cellulose nanocrystals (CNCs) or cellulose
nanofibers (CNFs) into the matrix is a high-potential research
area. Due to their high aspect ratio and crystalline nature,
CNCs can act as a secondary reinforcement at the nano-scale,
creating a hierarchical composite structure with enhanced bar-
rier properties and mechanical strength.

12.2. Additive Manufacturing (3D Printing)

Developing NFRPC filaments for Fused Deposition Model-
ing (FDM) enables the production of complex, bio-inspired
geometries that are impossible to fabricate using traditional
molding. Challenges include preventing nozzle clogging due
to fiber agglomeration and ensuring consistent fiber orientation
during the extrusion process.

12.3. Artificial Intelligence in Composite Design

Machine Learning (ML) models can be utilized to predict the
mechanical properties based on fiber orientation, volume frac-
tion, and treatment parameters. This reduces the need for ex-
tensive trial-and-error experimentation, accelerating the dis-
covery of optimal composite formulations.

12.4. Standardization and Life-Cycle Accountability

Establishing international standards for the testing and classi-
fication of NFRPCs is vital for industrial adoption. Further-
more, comprehensive Life Cycle Assessment (LCA) must be
performed to quantify the net carbon footprint and ensure that
biodegradation products are non-toxic to the soil ecosystem.

13. Detailed Analysis of Fiber-Matrix Interac-
tion

The fundamental mechanical performance of any composite
system is governed by the efficiency of load transfer across
the interface. In natural fiber-reinforced polymer composites
(NFRPCs), this interface is notoriously complex due to the
multi-scale hierarchical structure of plant fibers. A single plant
fiber is not a monolithic cylinder but an assembly of microfib-
rils embedded in a hemicellulose-lignin matrix.

13.1. Shear Stress Distribution

According to the Shear-Lag model, the tensile stress ωf in a
fiber of length L and radius r increases from the fiber ends to-
ward the center. The maximum shear stress εmax occurs at the
fiber ends. For effective reinforcement, the fiber length must
exceed a critical length Lc:

Lc =
ω↑
fd

2εi
(2)
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where ω→
f is the fiber ultimate tensile strength, d is the fiber

diameter, and εi is the interfacial shear strength (IFSS). If the
fiber is shorter than Lc, it will pull out of the matrix rather than
breaking, leading to low composite strength. Recent studies on
kenaf/PLA systems suggest that surface alkalization increases
εi by up to 45%, thereby reducing Lc and enabling more effi-
cient use of short fibers.

13.2. Micro-Mechanical Failure Modes

Failure in NFRPCs typically occurs through a combination of
four mechanisms:

1. Fiber Pull-out: Dominant when interfacial bonding is
weak.

2. Matrix Cracking: Occurs when the matrix is brittle
(e.g., neat PLA).

3. Fiber Breakage: Indicates strong bonding where the
fiber reaches its limit.

4. Interfacial Debonding: Triggered by thermal mis-
match or moisture-induced swelling.

14. Optimization of Volume Fraction

The mechanical properties of NFRPCs are highly sensitive to
the fiber volume fraction (Vf ). While the Rule of Mixtures
(ROM) provides a theoretical upper bound for tensile strength
ωc:

ωc = ωfVf + ωm(1→ Vf ) (3)

experimental results often deviate due to processing defects.

Table 3: Effect of Fiber Volume Fraction on Tensile Strength
of Sisal/PLA

Fiber Content
(% wt)

Tensile Strength
(MPa)

Elastic Modulus
(GPa)

0 (Neat PLA) 52.4 3.2
10 56.8 4.5
20 65.2 5.8
30 74.5 7.1
40 68.3 7.8

As summarized in Table 3, there is an optimal threshold
(around 30% for sisal/PLA). Beyond this point, the matrix is
insufficient to fully coat the fibers, leading to voids and stress
concentrations that initiate premature failure.

15. Hybridization Strategies for Performance
Tuning

Hybridization involves the simultaneous use of two or more
fiber types in a single matrix to achieve a synergistic effect

that overcomes the limitations of individual fibers. For in-
stance, while flax provides high tensile strength, it is relatively
brittle. By adding coir fibers, which possess high elongation
and energy absorption capacity, the resulting hybrid composite
achieves a balance of stiffness and impact toughness.
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Figure 7: Stress-Strain behavior showing the effect of hy-
bridization.

Recent advancements in sandwich structures—where
high-strength flax mats form the outer skins and a low-
density coir core provides bulk—have demonstrated signif-
icant potential in aerospace cabin interiors, where weight
and fire-retardancy (enhanced by natural minerals in coir) are
paramount.

16. Interface Engineering: Advanced Coupling
Mechanisms

The quality of the fiber-matrix interface is the single most im-
portant factor determining the mechanical reliability of NFR-
PCs. Beyond simple alkalization, advanced chemical modifi-
cations are being explored to create ”molecular bridges.”

16.1. Maleated Coupling Agents

Maleic anhydride grafted polymers (e.g., MAPLA for PLA
matrices) are highly effective. The maleic anhydride groups
react with the hydroxyl groups on the fiber surface, while the
polymer backbone entangles with the matrix. This creates a
strong covalent and physical bond.

16.2. Silane Treatment Efficiency

Silane coupling agents (e.g., APTES) act as a bridge. Table 4
shows the performance improvement after silane treatment for
kenaf/PLA composites.
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Table 4: Effect of Silane Treatment on Kenaf/PLA (30% wt)
Property Untreated Silane Treated

Tensile Strength (MPa) 58.2 76.5
Flexural Modulus (GPa) 4.8 6.2

Impact Energy (J/m) 25.4 32.1

17. Degradation Mechanisms and End-of-Life
Analysis

The primary advantage of NFRPCs is their biodegradability.
However, the degradation process must be controlled to ensure
the material maintains its structural integrity during its service
life.

17.1. Hydrolytic Degradation

PLA degrades primarily through hydrolysis—the cleaving of
ester bonds by water molecules. In NFRPCs, the presence of
fibers accelerates this process because the fiber-matrix inter-
face acts as a conduit for water penetration. Studies indicate
that after 12 months of soil burial, jute/PLA composites lose
approximately 60% of their initial tensile strength.

17.2. Microbial Degradation

Microorganisms such as bacteria and fungi consume the cellu-
lose and hemicellulose in the fibers, followed by the enzymatic
breakdown of the polymer matrix. The rate of degradation is
highly sensitive to temperature, pH, and moisture levels.

18. Strategic Implications for Sustainable Man-
ufacturing

The shift toward NFRPCs represents more than just a material
change; it is a fundamental shift in manufacturing philosophy.
The Department of Mechanical Engineering at Rungta College
focuses on ”Design for Environment” (DfE) principles.

• Energy Audit: Producing one ton of flax fiber con-
sumes 10 times less energy than producing one ton of
glass fiber.

• Carbon Sequestration: Natural fibers sequester carbon
during their growth, making the resulting composites
potentially carbon-negative.

• Localized Supply Chains: Utilizing agricultural
residues like rice husk or coconut coir in Bhilai and sur-
rounding regions can reduce logistics-related emissions
and support the local circular economy.

19. Acoustic and Vibrational Properties

One of the most significant advantages of natural fibers over
glass or carbon fibers is their superior acoustic insulation and
vibrational damping characteristics.

19.1. Damping Capacity

Natural fibers possess a cellular structure with internal voids
and a high degree of molecular friction. This allows them
to absorb vibrational energy more effectively than synthetic
fibers. For instance, flax-reinforced composites exhibit a
damping factor (tan ω) that is 30-50% higher than glass-
reinforced composites of similar stiffness. This makes NFR-
PCs ideal for automotive interiors and sports equipment,
where noise, vibration, and harshness (NVH) reduction is crit-
ical.

19.2. Sound Absorption Coefficient

Composites reinforced with hollow fibers like coir or kenaf
act as effective sound barriers. The porosity of the fiber archi-
tecture allows sound waves to enter the material and dissipate
into heat through viscous losses. Research at Rungta College
indicates that 20mm thick panels of coir/starch composites can
achieve a sound absorption coefficient of 0.75 in the frequency
range of 1000-4000 Hz.

20. Life Cycle Assessment (LCA) and Environ-
mental Footprint

The environmental impact of NFRPCs must be evaluated
through a ”Cradle-to-Grave” approach.

20.1. Carbon Sequestration

Industrial hemp and flax sequester approximately 1.5 to 2.5
tons of CO2 per ton of fiber harvested. This carbon remains
”locked” within the composite material during its service life.
If the matrix is also bio-derived (e.g., PLA), the net carbon
footprint of the component can be negative.

20.2. Energy Consumption in Production

The energy required to produce flax fiber (approx. 10 GJ/ton)
is significantly lower than that for glass fiber (approx. 50
GJ/ton). This translates to a 70-80% reduction in greenhouse
gas emissions during the material extraction phase.

21. Conclusion

The investigation into biodegradable natural fiber-reinforced
polymer composites (NFRPCs) reveals a landscape of im-
mense potential tempered by significant technical challenges.
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Natural fibers such as jute, flax, and hemp offer specific me-
chanical properties that can rival traditional E-glass fibers,
particularly when density is considered. When paired with
biodegradable matrices like PLA and PHA, these materials
provide a pathway to truly sustainable engineering compo-
nents.

Our analysis underscores that the mechanical performance
of NFRPCs is not an intrinsic property of the constituents
alone but is deeply contingent upon the quality of the fiber-
matrix interface. Chemical surface treatments—alkalization
and silane coupling—are essential interventions to overcome
the inherent hydrophilic-hydrophobic mismatch. Furthermore,
the optimization of fiber volume fraction and orientation re-
mains critical for achieving structural reliability.

Despite the vulnerabilities to moisture and the constraints
of thermal processing, NFRPCs are already proving their
worth in the automotive and construction sectors. As manu-
facturing techniques like 3D printing and nano-scale reinforce-
ment mature, the range of viable applications will continue to
expand. The transition to these green composites is a vital
component of the global effort to mitigate plastic pollution and
achieve a circular economy.

Ultimately, the goal is to develop ”bio-inspired” compos-
ites that do not merely substitute for synthetic materials but
redefine performance through lightweighting, acoustic func-
tionality, and total life-cycle accountability.
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