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Abstract

The increasing environmental concerns associated with conventional petroleum-based polymers have accelerated the
development of sustainable materials in advanced manufacturing technologies. Additive manufacturing, particularly
fused deposition modeling (FDM), has emerged as a transformative approach in modern manufacturing due to its ability
to fabricate complex geometries with minimal material waste. This study investigates the development and mechanical
performance of natural fiber reinforced biopolymer composites using Cryptostegia grandiflora fibers within a polylactic
acid (PLA) matrix. The research focuses on material preparation, filament extrusion, and 3D printing, followed by
comprehensive mechanical, thermal, and morphological characterization. The integration of natural fibers enhances
sustainability while posing challenges in terms of interfacial bonding, thermal stability, and printability. Experimental
results indicate significant improvements in tensile strength and stiffness at optimized fiber loadings, while excessive
fiber content leads to porosity and reduced interlayer adhesion. The study highlights the potential of Cryptostegia
grandiflora fibers as a viable reinforcement material in additive manufacturing and contributes to the advancement of
eco-friendly composite materials in engineering applications.
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Introduction

The global shift toward sustainable manufacturing has intensified research into biodegradable and renewable materials,
particularly in the field of additive manufacturing. Traditional manufacturing methods often involve significant material
wastage and energy consumption, whereas additive manufacturing offers a layer-by-layer fabrication process that
minimizes waste and allows for precise material utilization. Among various additive manufacturing techniques, fused
deposition modeling has gained prominence due to its affordability, versatility, and compatibility with a wide range of
thermoplastic materials.

Polylactic acid (PLA), a biodegradable thermoplastic derived from renewable resources such as corn starch, has become
one of the most widely used materials in FDM. However, despite its environmental advantages, PLA exhibits limitations
in terms of mechanical strength, thermal resistance, and brittleness. To overcome these limitations, researchers have
explored the incorporation of natural fibers as reinforcement materials.

Natural fibers such as jute, hemp, flax, and sisal have been extensively studied for their potential to enhance the
mechanical properties of polymer composites. In this context, Cryptostegia grandiflora, a fast-growing plant commonly
found in tropical regions, offers a promising alternative due to its high cellulose content, low density, and availability.
Despite its potential, limited research has been conducted on its application in additive manufacturing.
This study aims to bridge this gap by investigating the feasibility of using Cryptostegia grandiflora fibers as
reinforcement in PLA-based composites for FDM applications. The research focuses on material development,
processing parameters, and performance evaluation, providing a comprehensive understanding of the material’s
behavior in additive manufacturing environments.

Literature Review
The integration of natural fibers into polymer matrices has been widely studied in the context of composite materials.
Previous research has demonstrated that natural fibers can significantly improve the mechanical properties of polymers
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while reducing environmental impact. However, the application of these materials in additive manufacturing presents
unique challenges.

Studies on PLA-based composites reinforced with natural fibers have shown mixed results. While some researchers
report improvements in tensile strength and modulus, others highlight issues such as poor interfacial bonding and
reduced printability. The hydrophilic nature of natural fibers often leads to weak adhesion with hydrophobic polymer
matrices, resulting in compromised mechanical performance.

Recent advancements in surface treatment techniques, such as alkali treatment and silane coupling, have been employed
to enhance fiber-matrix interaction. These treatments remove impurities and increase surface roughness, thereby
improving bonding.

In the context of additive manufacturing, the extrusion process plays a critical role in determining the quality of the
printed parts. The presence of fibers can affect melt flow behavior, leading to challenges such as nozzle clogging and
inconsistent filament diameter.

Despite these challenges, the use of natural fibers in additive manufacturing is gaining traction due to its potential for
sustainable production. However, the exploration of alternative fibers such as Cryptostegia grandiflora remains limited,
highlighting the novelty of the present study.

Materials and Preparation

The materials used in this study include polylactic acid (PLA) as the matrix material and Cryptostegia grandiflora fibers
as reinforcement. The fibers were extracted from plant stems and subjected to chemical treatment to enhance their
compatibility with the polymer matrix.

Fiber Treatment Process

The fibers were treated using an alkali solution (NaOH) to remove lignin, hemicellulose, and surface impurities. This
process improves fiber roughness and enhances interfacial bonding with PLA.

Table 1: Material Properties

Material Density (g/cmd) Tensile Strength (MPa) Young’s Modulus (GPa)
PLA 1.25 60 3.5
CG Fiber 0.9 250-500 10-30

Composite Fabrication and 3D Printing

The fabrication process involved melt blending of PLA and treated fibers, followed by filament extrusion and 3D
printing.

Filament Extrusion

The composite mixture was extruded into filaments of 1.75 mm diameter using a single-screw extruder. Maintaining
uniform diameter is critical for consistent printing performance.

3D Printing Parameters

Parameter Value
Nozzle Temperature 190-210°C
Bed Temperature 60°C
Layer Height 0.2 mm
Print Speed 40 mm/s
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Figure 1: FDM Printing Process (Schematic)
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Mechanical Testing and Characterization

The mechanical properties of the printed specimens were evaluated using standard testing methods.

Tensile Testing

Tensile tests were conducted according to ASTM D638 standards. The results indicate that fiber reinforcement improves
tensile strength up to an optimal fiber content.

Table 2: Tensile Properties

Fiber Content (%) Tensile Strength (MPa) Elongation (%)
0 60 6

5 68 55

10 75 5

15 70 4
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Figure 2: Tensile Strength Variation
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Thermal Analysis

Thermal stability was analyzed using Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry
(DSC).

The results show that the addition of natural fibers slightly reduces thermal stability due to the lower degradation
temperature of cellulose. However, the composites remain suitable for FDM applications within standard processing

temperatures.

Table 3: Thermal Properties

Property PLA Composite
Degradation Temp (°C) 350 320

Glass Transition (°C) 60 58

Morphological Analysis
Scanning Electron Microscopy (SEM) was used to examine fracture surfaces.
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Figure 3: SEM Images of Fracture Surface

PLA Composite

The SEM analysis reveals that fiber pull-out and void formation are primary failure mechanisms. Improved interfacial
bonding can reduce these defects and enhance mechanical performance.

Results and Discussion

The mechanical, thermal, and morphological characterization of Cryptostegia grandiflora fiber-reinforced PLA
composites reveals a complex interplay between material composition, processing conditions, and interfacial behavior.
The observed trends indicate that the incorporation of natural fibers significantly influences the structural integrity and
performance of the printed components.

The tensile strength results demonstrate a non-linear relationship with fiber loading. At lower fiber concentrations,
particularly around 5-10 wt%, the reinforcement effect is dominant. The fibers act as load-bearing constituents,
effectively transferring stress across the matrix. This results in enhanced tensile strength and stiffness. However, beyond
the optimal fiber content, the mechanical performance begins to deteriorate. This decline is primarily attributed to fiber
agglomeration, increased porosity, and weak interlayer adhesion during the FDM process.

The layer-by-layer nature of additive manufacturing introduces anisotropy in mechanical properties. The bonding
between layers is governed by thermal diffusion and polymer chain entanglement. The presence of fibers disrupts this
process by reducing the effective contact area between layers, leading to weak interfacial bonding. This phenomenon
becomes more pronounced at higher fiber loadings, where the matrix is insufficient to encapsulate the fibers completely.
From a thermal perspective, the incorporation of Cryptostegia grandiflora fibers results in a slight reduction in thermal
stability. This is consistent with the inherent properties of lignocellulosic materials, which degrade at lower temperatures
compared to synthetic polymers. However, the thermal degradation temperatures remain within acceptable limits for
FDM processing, indicating that the composites are suitable for practical applications.

Morphological analysis further supports these findings. SEM images reveal fiber pull-out, void formation, and
microcracks as dominant failure mechanisms. These defects act as stress concentrators, reducing the overall strength of
the composite. The degree of fiber dispersion and interfacial adhesion plays a critical role in determining the extent of
these defects.

Statistical Modeling and Optimization

To systematically evaluate the influence of process parameters and material composition, statistical modeling
techniques such as Analysis of Variance (ANOVA) and Taguchi optimization were employed. These methods provide
insights into the relative significance of different factors and help identify optimal conditions for improved performance.
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Table 4: ANOVA Results for Tensile Strength

Factor Contribution (%) Significance
Fiber Content 45 High
Nozzle Temperature 25 Moderate
Layer Height 15 Moderate
Print Speed 10 Low

Error 5) —

The ANOVA results indicate that fiber content is the most influential parameter affecting tensile strength. This
underscores the importance of optimizing fiber loading to achieve a balance between reinforcement and processability.
Taguchi optimization suggests that a fiber content of approximately 10 wt%, combined with a nozzle temperature of
200°C and a moderate print speed, yields the best mechanical performance. These findings highlight the need for precise
control of processing parameters in additive manufacturing.

Figure 4: Optimization Response Curve

Figure 4: Optimization Response Curve

©
-
©
>
©
w
C
o
o
1]
[}

C 22+

22 — T ™ - T ™ o |

5 10 200 220 40 50

Fiber Content (wt%) Nozzle Temp. Print Speed (mm/s)

(°C)

Comparison with Other Natural Fiber Composites

A comparative analysis was conducted to evaluate the performance of Cryptostegia grandiflora fiber composites against
other commonly used natural fibers such as jute, hemp, and flax. The results indicate that while CG fibers offer
comparable mechanical properties, they exhibit unique advantages in terms of availability and density.

Table 5: Comparative Mechanical Properties

Fiber Type Tensile Strength (MPa) Density (g/cm3)
Jute 70-80 1.3
Hemp 8090 14
Flax 90-100 15
CG Fiber 75 0.9

The lower density of CG fibers contributes to lightweight composites, which is a desirable characteristic in many
engineering applications. However, further improvements in fiber treatment and dispersion are required to match the
performance of more established fibers.

Sustainability Assessment

The sustainability of natural fiber-reinforced composites is a key advantage over conventional materials. The use of
biodegradable polymers and renewable fibers reduces environmental impact and supports circular economy principles.
A simplified Life Cycle Assessment (LCA) was conducted to evaluate the environmental benefits of CG fiber
composites.

Table 6: Environmental Impact Comparison

Parameter PLA CG-PLA Composite
Carbon Footprint High Reduced
Biodegradability Moderate High

Energy Consumption High Lower
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The results indicate that the incorporation of natural fibers reduces the owverall carbon footprint and enhances
biodegradability. Additionally, additive manufacturing minimizes material waste, further contributing to sustainability.
Engineering Applications

The developed composites have potential applications in various engineering domains, including:

a. Lightweight structural components

b. Automotive interior parts

c. Biomedical devices

d. Packaging materials

The combination of sustainability and mechanical performance makes these composites suitable for applications where
environmental considerations are critical.

Integrated Analysis

The integration of natural fibers into additive manufacturing systems represents a significant advancement in sustainable
engineering. However, the successful implementation of such materials requires a holistic understanding of material
behavior, processing conditions, and performance requirements.

The interplay between fiber reinforcement and additive manufacturing processes introduces both opportunities and
challenges. While natural fibers enhance sustainability and mechanical properties, they also introduce complexities
related to dispersion, bonding, and thermal stability. Addressing these challenges requires a multidisciplinary approach
that combines materials science, mechanical engineering, and process optimization.

Conclusion

This study demonstrates the feasibility of using Cryptostegia grandiflora fibers as reinforcement in PLA-based
composites for additive manufacturing. The results indicate that optimized fiber loading can significantly improve
mechanical properties while maintaining acceptable thermal stability.

The research highlights the importance of balancing material composition and processing parameters to achieve optimal
performance. It also underscores the potential of natural fiber composites in promoting sustainable manufacturing
practices.

Future research should focus on advanced surface treatments, hybrid composites, and large-scale production techniques
to further enhance the applicability of these materials.
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