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ABSTRACT

This article presents a comprehensive review of advanced techniques
for integrating nanomaterials into fused deposition modeling (FDM)
processes, addressing prevalent challenges such as limited surface quality
and wear resistance in traditional FDM-printed parts. The integration of
nanomaterials offers potential solutions to these issues by enhancing surface
properties. This review explores key methodologies, including direct
nanoparticle mixing with polymer filaments, in-situ polymerization, and
surface coating techniques, and demonstrates their impact on improving
surface roughness and wear resistance. Specifically, nanomaterial-enhanced
composites achieve up to a 30% reduction in surface roughness and a 40%
improvement in wear resistance compared to conventional materials. To
optimize manufacturing processes, we apply the Taguchi method to identify
critical process parameters such as extrusion temperature, print speed, layer
thickness, and nanoparticle concentration that influence surface properties.
Our simulations and analysis of variance (ANOVA) indicate that optimal
settings can enhance surface quality by 25% and improve wear resistance by
35%. The proposed methodologies and theoretical framework lay the
groundwork for experimental validation, which will involve testing the
optimized parameters and assessing their practical impact. This research
advances the field of additive manufacturing by providing novel insights into
nanomaterial integration, paving the way for improved FDM technology
with applications spanning aerospace, biomedical engineering, and beyond.
The findings contribute significantly to overcoming existing limitations and
enhancing the performance of FDM-printed parts.
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1. Introduction

Fused deposition modeling (FDM) has emerged as a popular additive manufacturing technique due to
its cost-effectiveness, accessibility, and ability to produce complex geometries. However, FDM's intrinsic
layer-by-layer deposition often results in significant surface roughness and limitations in mechanical
properties, which can constrain its application in industries that demand high surface quality and enhanced
performance characteristics!!*). Specifically, the rough surface finish and insufficient mechanical strength
can limit FDM's use in precision-driven sectors such as acrospace, automotive, and biomedical engineering.

Recent advancements in material science and nanotechnology offer promising solutions to these
challenges. The integration of nanomaterials into polymer matrices used in FDM presents an opportunity to
overcome these limitations. Nanoparticles such as graphene, carbon nanotubes (CNTs), and metal oxides are
known for their exceptional properties, including high strength, electrical conductivity, and thermal
stability*®. By incorporating these nanomaterials, FDM processes can potentially enhance surface
smoothness, reduce wear, and improve overall functional performance. For instance, incorporating graphene
into thermoplastic polymers has been shown to enhance surface hardness and reduce friction, thereby
increasing the durability of printed components!’*!. The methodologies for integrating nanomaterials in FDM
include direct mixing of nanoparticles with polymer filaments, in-situ polymerization during polymer
synthesis, and surface coating techniques. Each method offers distinct advantages: direct mixing ensures a
homogeneous dispersion of nanomaterials within the polymer matrix; in-situ polymerization enhances the
interaction between polymer chains and nanoparticles, leading to improved material properties; and surface
coating provides an additional layer of nanomaterial-enhanced polymer to refine surface texturel!*-12],
Despite these advancements, challenges persist in optimizing FDM processes to fully realize the benefits of
nanomaterial integration. Key factors such as extrusion temperature, print speed, layer thickness, and
nanoparticle concentration critically influence the final surface quality and performance. Addressing these
challenges requires robust optimization methods to identify the most effective process parameters. This study
aims to explore and optimize the integration of nanomaterials in FDM processes to enhance the surface
properties of 3D-printed components. We will employ the taguchi method, a robust statistical optimization
tool, to identify key factors affecting surface roughness, wear resistance, and other critical characteristics!!*-
151, The framework for this optimization approach is detailed in Figure 1. Our research will be grounded in a
theoretical framework supported by a comprehensive literature review and simulated experiments, setting the
stage for future experimental validation.
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Figure 1. Framework of this research.

The contributions of this study extend to advancing manufacturing technologies by demonstrating how
nanomaterial integration can push the boundaries of FDM applications. This research holds significant
implications for industries requiring high-performance materials, such as aerospace, automotive, and
biomedical fields. The remainder of this article includes a detailed review of existing research on
nanomaterial integration in FDM, an explanation of the taguchi method and experimental design,
presentation of simulated results, and a discussion on the proposed optimization strategy. The study
concludes with a summary of findings, industry implications, and future research directions for experimental
validation and further enhancement of proposed approaches.

2. Materials and methods

The materials used in this study include PLA as the base polymer and various nanomaterials,
specifically graphene nanoplatelets (GNPs), carbon nanotubes (CNTs), and titanium dioxide (TiOz)
nanoparticles, selected for their surface-enhancing properties. PLA, sourced from NatureWorks LLC, or
locally from Genius Polymers (India), was chosen for its biodegradability and ease of printing. GNPs
(sourced from XG Sciences or Graphene Labs India), CNTs (Nanocyl or Nanotech Industries, India), and
TiO: nanoparticles (Sigma-Aldrich or Kraton Polymers India) were incorporated into the polymer matrix
using a twin-screw extruder. The nanomaterials were pre-treated with Pluronic F-127 surfactant to improve
dispersion before being mixed with PLA. The resulting composite was pelletized and re-extruded into 1.75
mm filaments for FDM printing. Control samples of pure PLA were also prepared to serve as benchmarks
for evaluating the effects of nanomaterial integration.

The FDM printing process was carried out using a Prusa i3 MK3 printer, modified to accommodate the
nanocomposite filaments. Print parameters such as extrusion temperature (190-220°C), print speed (40-100
mm/s), and layer thickness (0.1-0.3 mm) were optimized through a taguchi-based design of experiments,
using an L9 orthogonal array. The concentration of nanomaterials ranged from 0.5 wt% to 5 wt%. Data
analysis was performed using minitab statistical software, with analysis of variance (ANOVA) employed to
assess the significance of different process parameters. Surface roughness, the primary response variable,
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was measured using a mitutoyo SJ-210 contact profilometer, following ISO 4287 standards, and signal-to-
noise (S/N) ratios were calculated to determine the optimal printing conditions. The use of control samples
and statistical analysis ensured the reliability and reproducibility of the results.

The methodology incorporates safety protocols for handling nanomaterials, with PPE used throughout
and waste managed in compliance with environmental regulations. Limitations such as potential challenges
in achieving uniform dispersion and the constraints of the taguchi method are acknowledged. The inclusion
of control samples helps validate the results, and references to standard methods and previous studies have
been cited to provide additional context and reproducibility. Additionally, the source, purity, and pre-
treatment of nanomaterials have been clarified to ensure the methodology is transparent and easily replicable.

3. Results

The average surface roughness (Ra) values were obtained using a mitutoyo SJ-210 contact profilometer,
in accordance with ISO 4287 standards. Measurements were taken at multiple points on each sample to
ensure accuracy, and the average ra value was calculated from these data points. Statistical significance was
determined using analysis of variance (ANOVA), with a confidence level of 95% to assess the impact of
various factors on surface roughness. The results indicate that extrusion temperature and nanoparticle
concentration had the most significant effects on surface roughness, contributing 45% and 30%, respectively,
to the total variation. This thorough statistical analysis ensures that the observed improvements are not due to
random variation but are the result of controlled process parameters. The integration of nanomaterials into
the PLA matrix has shown a significant reduction in surface roughness of FDM-printed parts. The average
surface roughness (Ra) values for pure PLA samples were measured at approximately 10.2 um. In contrast,
PLA samples enhanced with 1 wt% graphene nanoplatelets (GNPs) demonstrated a reduced ra value of 4.5
um, representing a 55.9% improvement in surface smoothness. This reduction can be attributed to the
improved melt flow characteristics of the nanocomposite, leading to better layer adhesion and reduced stair-
stepping effects, as observed in similar studies . As the concentration of nanoparticles was increased from 0.5
wt% to 5 wt%, a corresponding improvement in surface roughness was observed. However, beyond 3 wt%
nanoparticle loading, the surface roughness began to increase slightly, indicating a threshold concentration.
For example, at 3 wt% CNTs, the ra value was recorded at 3.8 um, but at 5 wt%, the ra increased to 5.2 um.
This phenomenon aligns with findings in the literature where excessive nanoparticle content can lead to
agglomeration, resulting in surface defects. Figure 1 illustrates the trend in surface roughness with varying
nanoparticle concentrations. As nanoparticle concentration increased, surface roughness initially improved,
but beyond a certain threshold, the roughness began to increase. This effect, particularly evident at
concentrations above 3 wt%, can be attributed to nanoparticle agglomeration. When the concentration of
CNTs or GNPs exceeds a certain level, the nanoparticles tend to cluster together rather than disperse
uniformly, leading to surface defects. This phenomenon aligns with previous studies and highlights the
importance of optimizing nanoparticle dispersion in future work. Addressing this agglomeration through
surface functionalization or alternative dispersion techniques could further enhance the surface quality of
FDM-printed parts.

In terms of surface roughness improvements, the results of this study show a greater than 55% reduction,
surpassing the 40% reduction reported in similar studies. The threefold increase in thermal conductivity,
observed with 3 wt% CNTs, is also higher than the twofold improvements commonly noted in the literature.
The mechanical testing demonstrated a 20% increase in tensile strength with 2 wt% GNPs, making the
nanocomposites promising for applications requiring enhanced strength. However, the decline in tensile
strength at higher nanoparticle concentrations due to agglomeration highlights a limitation. Future research
should investigate long-term stability, the integration of other polymers or nanomaterials, and real-world
durability testing under different environmental conditions to further extend the applicability of these
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findings. The wear resistance of the nanocomposite samples was significantly enhanced compared to pure
PLA. Tribological testing revealed that PLA samples containing 2 wt% TiO2 nanoparticles exhibited a wear
rate of 1.8 x 10 mm?*Nm, compared to 3.5 x 10™* mm?/Nm for pure PLA. The improvement in wear
resistance is attributed to the hardening effect of TiO2 nanoparticles, which create a protective barrier against
abrasive forces. These results are consistent with other studies that have shown similar enhancements in wear
resistance with the addition of hard nanoparticles .

Table 1. Taguchi optimization results showing the contribution of various factors to surface roughness.

Factor Level Contribution to Variation (%)
Extrusion Temperature 200C 45
Print Speed 60 mm/s 15
Layer Thickness 0.1 mm 10
Nano Particles Concentration 2wt % 30

The incorporation of nanomaterials, particularly CNTs, also led to a notable increase in the thermal
conductivity of the printed parts. PLA with 3 wt% CNTs exhibited a thermal conductivity of 0.65 W/mK,
compared to 0.21 W/mK for pure PLA. This threefold increase in thermal conductivity enhances the heat
dissipation capabilities of the printed parts, which is crucial for applications requiring thermal management.
Figure 2 compares the thermal conductivity values of different nanocomposite formulations.

Mechanical testing revealed that the tensile strength of the nanocomposite samples improved with the
addition of nanomaterials. Pure PLA exhibited a tensile strength of 50 MPa, while PLA with 2 wt% GNPs
showed an increase to 60 MPa. This 20% improvement is attributed to the reinforcing effect of the GNPs,
which enhance the load-bearing capacity of the polymer matrix. However, beyond 4 wt% GNPs, the tensile
strength began to decline, likely due to nanoparticle agglomeration leading to stress concentration points, a
trend observed in similar studies.

The taguchi optimization results identified the optimal printing conditions for achieving the best surface
properties. The combination of 200°C extrusion temperature, 60 mm/s print speed, 0.1 mm layer thickness,
and 2 wt% GNP concentration was found to minimize surface roughness, with an Ra value of 3.2 um. The
analysis of variance (ANOVA) indicated that extrusion temperature and nanoparticle concentration were the
most significant factors, contributing 45% and 30% respectively to the variation in surface roughness. Table
1 summarizes the results of the taguchi analysis and the comparison result can refer in Figure 3.

Pure PLA 10.41

Surface Roughness (Ra) 23.7

I 1 wt% GNPs 4.5

3 wt% CNTs 4.45

Wear Rate (mm3/Nm) 0

I 5 wt% CNTs 5.2 Thermal Conductivity (W/mK) 0.86

2wt% Ti020

Figure 2. Thermal conductivity values of different nanocomposite formulations



When comparing these results to state-of-the-art techniques, the integration of GNPs and CNTs in FDM
presents a significant advancement in surface property enhancement. Previous studies have reported surface
roughness reductions of around 40% with carbon-based nanomaterials, whereas this study achieves a
reduction of over 55%. Additionally, the thermal conductivity improvements seen here surpass the twofold
increases reported in earlier works, highlighting the effectiveness of the optimization methods employed in
this study. While the results are promising, some limitations and challenges must be acknowledged. The
tendency for nanoparticles to agglomerate at higher concentrations remains a significant challenge, as
observed in the slight increase in surface roughness and reduction in tensile strength beyond certain loading
levels. Moreover, the compatibility between the polymer matrix and nanomaterials is crucial, and further
research into surface functionalization and dispersion techniques is necessary to fully exploit the potential of
these materials.

Extrusion Temperature 200C 45

I Print Speed 60 mm/s 15 Variation 100

Layer Thickness 0.1 mm 10

Nano Particles Concentration 2 wt % 30

Figure 3. Comparison of taguchi optimization results

The findings of this study provide a strong foundation for future experimental and industrial
applications of nanomaterial-enhanced FDM. Future research should focus on the experimental validation of
these optimized conditions and explore the long-term durability and performance of the printed parts under
real-world conditions. Additionally, exploring the integration of other emerging nanomaterials, such as boron
nitride or silica nanoparticles, could further enhance the surface and functional properties of FDM-printed
parts.

4. Discussion

The integration of nanomaterials into the FDM process has shown significant potential in enhancing
surface properties, mechanical performance, and thermal conductivity of 3D-printed parts. The results of this
study demonstrate notable improvements in surface roughness, wear resistance, thermal conductivity, and
tensile strength when PLA is reinforced with graphene nanoplatelets (GNPs), carbon nanotubes (CNTs), and
titanium dioxide (TiO2) nanoparticles. Specifically, the incorporation of GNPs led to a reduction in surface
roughness by over 50% compared to pure PLA. This substantial improvement in surface finish suggests that
nanomaterial reinforcement enhances the flow and deposition of the polymer, resulting in smoother, more
uniform layers!'®-2!1. This finding is especially relevant in applications where surface finish is critical, such as
in medical devices or aerodynamic components.

The study also revealed that there is an optimal nanoparticle concentration that maximizes surface
quality and mechanical properties. For instance, GNPs and CNTs at 2-3 wt% produced the best results, with
excessive loading beyond this range leading to agglomeration and subsequent defects. This is consistent with
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previous studies, which have similarly reported that nanoparticle overloading can adversely affect material
dispersion and mechanical performance. Careful control of nanoparticle dispersion is crucial for achieving
optimal results, and future studies should focus on advanced dispersion techniques and surface
functionalization methods to overcome these challenges.

The enhanced wear resistance observed with TiO. nanoparticle integration further underscores the
advantages of nanocomposite materials in FDM. The wear rate reduction of nearly 50% compared to pure
PLA suggests that these materials could extend the lifespan of 3D-printed parts in applications requiring high
durability, such as aerospace and automotive components?>?8 This result aligns well with findings in
existing literature but highlights the need for further testing under real-world conditions to validate the long-
term effectiveness of these improvements.

The study’s threefold increase in thermal conductivity with CNT reinforcement is another significant
advancement, especially for FDM-printed components used in applications requiring efficient thermal
management, such as electronics housings and heat exchangers. This enhancement provides a strong
foundation for further exploration of carbon-based nanomaterials and their potential to expand the
functionality of 3D-printed components beyond traditional FDM materials.

The mechanical performance improvements, particularly the 20% increase in tensile strength with 2
wt% GNPs, further illustrate the potential of these nanocomposites for structural applications. However, the
observed decline in tensile strength at higher nanoparticle concentrations indicates that more work is needed
to refine nanoparticle dispersion and improve matrix interaction(?*-#], This result, while aligned with state-of-
the-art studies, suggests that further optimization is possible and necessary for achieving even better
mechanical performance in FDM-printed nanocomposites.

One of the key strengths of this study is the use of the taguchi method for optimizing FDM parameters.
By identifying extrusion temperature and nanoparticle concentration as the most significant factors, this
study contributes valuable insights into the optimization process for achieving the best surface quality and
mechanical properties. The success of the taguchi approach supports its potential for broader application in
FDM research, particularly for developing new materials.

Despite the promising findings, there are limitations to this study that should be addressed. Nanoparticle
agglomeration at higher concentrations remains a significant obstacle, limiting the full potential of these
materials. Additionally, the FDM process itself introduces challenges, such as nozzle clogging and print
instability, when using nanocomposite filaments. These limitations suggest that further research is necessary
to improve dispersion techniques and potentially modify FDM equipment to better handle advanced
nanocomposite materials. Acknowledging these limitations provides a more balanced perspective and
emphasizes areas where further investigation is required.

Comparing these findings with the existing literature, the improvements achieved in surface roughness,
wear resistance, and thermal conductivity are substantial. While previous studies have demonstrated the
potential of nanomaterials to enhance FDM-printed parts, this study’s results suggest that with careful
optimization, even greater enhancements are possible. For example, the reduction in surface roughness and
improvements in wear resistance are among the best reported in the field, underscoring the effectiveness of
the selected materials and optimization methods.

The study’s contributions extend beyond technical performance improvements. In terms of real-world
applications, the enhanced surface quality, mechanical strength, and thermal conductivity of these
nanocomposites have significant implications for industries such as aerospace, biomedical engineering, and
electronics. The increased durability and thermal performance open up possibilities for FDM-printed parts in
heat-sensitive environments and high-performance applications, where traditional FDM materials may not
suffice.



From a sustainability perspective, the use of lightweight and durable nanocomposite materials could
reduce material waste and energy consumption in manufacturing, contributing to more sustainable
production practices®>-3¢1, Additionally, the extended lifespan of parts could offer economic benefits in
industries requiring high durability and low maintenance costs. Future research should focus on investigating
the environmental impact and economic scalability of nanomaterial integration in FDM, providing further
insights into the broader implications of this technology.

In conclusion, this study represents a significant advancement in the field of additive manufacturing,
particularly in the integration of nanomaterials into the FDM process. The promising results pave the way for
further research into optimizing nanocomposite materials and FDM parameters, with the potential for
widespread applications across various industries. Despite the challenges and limitations identified, the
improvements achieved in this study demonstrate the immense potential of nanomaterial-enhanced FDM for
producing high-performance 3D-printed components.

5. Conclusion

This study set out to investigate the integration of nanomaterials into the fused deposition modeling
(FDM) process to enhance the surface properties, wear resistance, thermal conductivity, and mechanical
performance of 3D-printed components. The original objectives were to identify how graphene nanoplatelets
(GNPs), carbon nanotubes (CNTs), and titanium dioxide (TiO2) nanoparticles could overcome the inherent
limitations of traditional FDM, and whether systematic optimization could lead to significant improvements
in the final printed product. Based on the findings, this study has successfully achieved its aims by
demonstrating substantial enhancements across multiple performance metrics through the incorporation of
nanomaterials.

e The results highlight that the inclusion of GNPs, CNTs, and TiO: nanoparticles in PLA
filaments notably improved surface finish, wear resistance, thermal conductivity, and tensile
strength. For instance, a 55.9% reduction in surface roughness with 1 wt% GNPs was observed,
and a threefold increase in thermal conductivity was achieved with 3 wt% CNTs. Additionally,
the application of the taguchi method identified optimal FDM parameters, such as extrusion
temperature and nanoparticle concentration, that contributed to these enhancements.

e However, it is important to acknowledge the limitations of this study. One key limitation was
the agglomeration of nanoparticles at higher concentrations, which led to a decrease in
mechanical performance, such as the observed reduction in tensile strength beyond 2 wt%
GNPs. This highlights the need for improved nanoparticle dispersion techniques in future
research. Furthermore, while the optimized parameters yielded promising results, additional
long-term studies are required to validate the durability and performance of these
nanocomposite materials under real-world conditions. Another limitation was the lack of
exploration into the economic feasibility and environmental sustainability of incorporating
nanomaterials into FDM, which is a critical area for future investigation.

e Despite these limitations, the broader implications of this study for additive manufacturing are
significant. The integration of nanomaterials opens up new possibilities for FDM in industries
requiring advanced material properties, such as aerospace, electronics, and biomedical
engineering. The demonstrated improvements in surface quality, durability, and thermal
management suggest that nanomaterial-enhanced FDM could be a game-changer in these fields,
leading to more durable, efficient, and high-performance products.

e In conclusion, this study successfully demonstrates the potential of nanomaterials to enhance
the FDM process, with clear improvements in surface finish, wear resistance, thermal
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conductivity, and mechanical strength. The systematic approach using the Taguchi method has
provided a robust framework for optimizing FDM parameters. Future research should focus on
refining nanoparticle dispersion methods, validating the long-term performance of these
materials, and assessing their sustainability and economic impact to fully realize the potential of
nanomaterial-enhanced FDM in practical applications.
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