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Fused Deposition Modeling (FDM)), the preferred additive manufacturing technology used for creating
plastic-based parts, due to its affordability and simplicity of use. A well-known material used in FDM
is Polylactic acid (PLA); however, its mechanical properties limit its use as a functional part for many
applications. This research investigates the effect Copper-reinforcement has on PLA material's
ultimate tensile strength (UTS) during production with a FDM process. The max tensile strength
measured during this study was produced using a combination of low layer thickness (0.14 mm), high
infill (90%), and high printing speed (100 mm/s). The wall thickness had a point of maximum tensile
strength which was found at approximately 1.2 mm before strength began to decrease. Surface finish
results were achieved with a combination of 0.14 mm layer thickness, 95 mm/s printing speed, 85%
infill, and 1.0 mm wall thickness, and deviations from these settings led to increased roughness due to
thermal and structural factors. Multi-objective evolutionary algorithm-based optimization MOEA/D

method produced a combined “knee” point for tensile strength that was greater than all the highest
experimental tensile strength measures while maintaining surface roughness identical to established
through experimental means, demonstrating the effectiveness of multi-objective FDM parameter
optimization utilizing it.

© 2026 Growing Science Ltd. All rights reserved.

1. Introduction

An Additive Manufacturing (AM), usually called a 3D Printing, is the fabrication technique that builds 3 dimensional
objects straight from computer models by applying material layer by layer technique. This enables the production of
geometrically complex components with reduced material waste and optimum tooling requirements (Ngo et al., 2018).
Additive Manufacturing (AM) is changing the face of modern industries by production that is complex, customized, and uses
fewer resources. Techniques such as Fused Deposition Modeling, Powder Bed Fusion, Stereolithography, can be used in
applications across a broad range of materials which includes; not limited to polymers, metals, ceramics, and concrete. Being
the flexible and adaptable technology AM is being used in the fields including biomedical engineering, aerospace, and
construction (Chia & Wu, 2015). Fused deposition modeling (FDM), selective laser sintering (SLS), and stereo lithography
(SLA) are examples of AM technologies that are appropriate for various materials and uses (Farah et al., 2016). Metal additive
manufacturing (AM) builds objects with properties comparable to those manufactured using traditional methods but with new
microstructures, anisotropy, and defects to consider. Although there are challenges in process control and materials
development, AM provides several benefits in the view of small volume production that does not require inventories (just-in-
time parts), as well as lower logistics costs and market savings with optimized designs (Tymrak et al., 2014).

3D printing is an additive manufacturing in contrast with traditional methods that remove material after manufacturing.
This technique is used in various fields, including medicine and aerospace, improving customization and efficiency (Es-Said
et al., 2000). It is a fabrication process that constructs objects using computer-aided design software and hardware, which
follows instructions from the software. It includes various technologies and has many current and proposed applications across
different fields (Fu et al., 2008). The design and manufacturing process in 3D printing is referred to as Rapid Prototyping too
(Buj-Corral & Sivatte-Adroer, 2023). It is a rapidly evolving technology. It has a far-reaching impact in medical science.
(Duvanova et al., 2022) It is used in a number of different industrial sectors and materials (Torrado & Roberson, 2016). The
automotive, aerospace, and healthcare industries use this technology because of its design flexibility and capacity to produce
lightweight components. The lightweight impact of components improves performance and fuel consumption in mobility
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applications (Salih et al., 2015). A polymer filament is melted and passed through nozzle and solidified layer wise during the
3D printing process. The following filament materials are often used in 3D printing: PLA, ABS, PETG, polypropylene, and
polyethylene. Engineering thermoplastics such as nylon, PC, PEEK, and PES are also available (Valean et al., 2024). A variety
of metallic materials, such as powdered titanium, nickel, and aluminum, may be used in 3D printing. The quality and
functionality of printed components are impacted by their qualities, which include mechanical and microstructure attributes,
which have a major impact on process parameters (Lanzotti et al., 2015). Combining biodegradable materials with 3D printing
is a crucial strategy for attaining sustainability and improves the selection of environmentally acceptable materials for additive
manufacturing. Even with FDM's benefits, mechanical qualities may suffer from poor molded component quality and weak
interlayer bonding. Printing settings imposes a major effect on performance of 3D Prints. (Ahn et al., 2002). One of the Nano-
filler which has been widely used in polymer composites for improved performance to be used in biomedicine, electronics,
and energy application is a Graphene (Torrado & Roberson, 2016). Because of the strength, durability, and potentially low
thermal expansion, PET-G is used to produce larger, more complex models for mechanical tools and internal and external
industrial applications. Studies have also investigated how to modify the PET-G to improve characteristics such as adhesion
(Rankouhi et al., 2016). When direct 3D printing is used, short-fiber composites are a cheaper and more efficient alternative
than continuous-fiber reinforced composites; however, their mechanical properties are generally not as good as continuous-
fiber composites (Alaghmandfard et al., 2025). The polymer matrix such as Acrylonitrile butadiene styrene (ABS), combined
with stainless steel micro powder (17-4PH) as the filler, will give us 3D printing soft-magnetic functional composites for
applications like magnetic sensors and actuators (Ulkir, 2024). CFRP (Carbon Fiber Reinforcement) panels are 3D printed
and then coated with aluminum particles using cold spray deposition, achieving high adhesion strength and surface coverage,
which enhances wear resistance and mechanical properties (Butt et al., 2020). Plastic and metal additives are incorporated
into metal/polymer composite filaments at varying ratios to determine optimal contributions for enhanced mechanical
properties (Vinay et al., 2023).

The primary limitations and challenges of 3D printed polymer composite materials include mechanical property
inconsistencies, the lack of scientific knowledge regarding performance predictions, and the effort to achieve weight-to-
strength ratio and tensile strength limits of fiber reinforced polymers during manufacturing (Chacén et al., 2017). When adding
metal particles, such as bronze, to PLA it provides better stiffness, higher tensile modulus and better wear resistance, so these
composites are suitable for low-friction applications. However, the results are limited as they are specific to bronze-PLA
composites and did not have long-term durability studies (Ambrus et al., 2023). While the addition of fillers into polymer
composites significantly enhances the mechanical performance, the presence of fillers during extrusion creates issues such as
poor mechanical performance, voids in the construction and a lower quality surface in 3D printed items (Bouchetara et al.,
2025). Due to environmental issues, polysaccharide-rich kenaf fiber is gradually being used instead of synthetic
reinforcements in polymer composites. However, effective chemical modifications such as alkaline and/or silane treatment
must be performed on kenaf to improve fiber/matrix adhesion, maximize mechanical performance and overcome poor
adhesion between kenaf and polymer matrices. The present review highlights the effects of different types of silane-treated
kenaf fiber surfaces on the mechanical properties of polymer composites produced with treated kenaf fibers (Nurazzi et al.,
2021). Thermoplastic composites comprising metal provide a good combination of lightweight and high strength, corrosion
resistance, and the ability to tune the properties for conductivity, resulting in their acceptance in many industries including
aerospace, automotive, medical, and electronics. High manufacturing costs, as well as insufficient filler dispersion and weak
adhesion at the filler/matrix interface remain the primary challenges to further adoption of these materials across different
applications. As a result, there has been significant research performed to develop additives (e.g., coupling agents) that would
alleviate these issues associated with interface bonding between the filler and matrix, thereby enhancing overall materials
performance (Zaaba et al., 2022).

Summary and Research Gap

Despite several advancements in polymer-based composites for 3D printing, research gaps still exist. Long-term durability
and environmental aging studies are few, particularly metal-filled PLA composites, the interactions of filler characteristics
with polymer matrices are not well understood, which affects mechanical consistency, extrusion challenges like voids and
surface characteristics due to poor dispersion of filler and interaction with the polymer matrix has not been adequately
addressed. Printing parameters need to be investigated further to better understand the microstructure properties relationships
and clarify guidelines for standards and compliance.

2. Experimental Work

This research seeks to assess the mechanical characteristics of 3D printed parts also, the surface finish of the same parts.
The next section outlines the methods employed in this study, the sample’s design, the experiments carried out using the
Design of Experiments (DOE) and how data was analyzed.

2.1 Methodology:

There are six steps to this research as shown in Fig 1. First, the CAD model of the study sample was designed using
AutoCAD, and Taguchi's DOE L9 array was used to set the experiment parameters.
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Fig. 1. Methodology of Experimentation

2.2 CAD Modeling

To create a 3D printed object from a 3D printed object, you must first have a 3D CAD model to create the physical object.
A 3D CAD model is needed for creating the 3D printed physical object so that the 3D printer will know how to build the
object layer by layer without this digital model (CAD model). 3D CAD models allow for visualizing or planning the structure
of an object before you make a physical representation of it as a real-world entity. For our 3D printing, we used the ASTM
Standard Test Specimen, Type 1 (tensile test specimen). The dimensions of the specimens are provided in Fig. 2a and Fig.

2b below.
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Fig. 2a. Standard ASTM Tensile Specimen (Type I)

Fig. 2b. CAD Model for 3D Printing

Fig. 2c¢. Slicing of 3D Model

Fig. 2d. 3D Printed Tensile Test Specimen
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2.3 Taguchi's Design of Experiments

To examine how several processing parameters affected the tensile strength in addition with surface roughness of printed
samples, a Taguchi L9 array design was used. The processing parameters included print speed (mm/s), infill percentage (%),
layer thickness (mm) and wall thickness (mm). While a full-factorial design would require 3* = 81 experimental runs,
completing the full-factorial design would require too much money and time, so only the Taguchi method was used. The L9
matrix reduced the total number of runs to nine (9), thus resulting in approximately 89% reduction in the overall amount of
work to conduct the study. The L9 matrix provides sufficient statistical validity to evaluate the main effects of all four (4)
independent factors simultaneously. As a result, an efficacious and robust design will be developed to provide high quality
experimental data while utilizing available resources as effectively as possible.

Table 1. Taguchi’s L9 Array with Experimental Values

Parameter Tensile Test Reports Surface
Sr. . Wall . Maximum . Tensile Roughness
No. LT Infill % ;:;:(ti Thickness Ez‘::]kg\lg Elongation S t{:inns‘(l,;) ) Strength V(‘E:;’s

(mm) (mm) (MPa)

T1 0.14 80 90 1.0 1988.74 3.29 5.06 47.81 1.74
T2 0.14 85 95 1.2 2048.93 342 5.26 49.25 1.60
T3 0.14 90 100 1.4 2061.84 331 5.09 49.56 1.60
T4 0.16 85 90 14 1988.03 341 5.25 47.79 2.48
T5 0.16 90 95 1.0 2043.11 3.39 5.21 49.11 2.26
T6 0.16 80 100 1.4 1999.41 3.35 5.16 48.06 3.32
T7 0.18 90 90 1.2 1993.41 3.35 5.16 47.92 2.70
T8 0.18 80 95 14 1940.72 342 5.26 46.65 2.98
T9 0.18 85 100 1.0 2018.43 3.30 5.08 48.52 232

The features of the printed parts were assessed based on nominal measurements for height (mm), width (mm), thickness
(mm), and roundness (mm). Data collected from the analysis of printed samples included printing parameter information (e.g.,
layer thickness, printing speed, infill percentage, and wall thickness) listed in Table 1. The layer thicknesses were controlled
within the range of 0.14 mm - 0.18 mm, while the printing speed was varied between 90 and 100 mm/s.

2.4 Slicing of CAD Model

To produce the sliced 3D model, we used Snap maker Cura software. First, imported the STL file and arranged it for
printing. As part of the slicing, the software generated individual slices of the model to create printing instructions for wall
thickness, layer thickness, print speed, and infill percentage. Then, exported these instructions via a compatible file type for
the 3D printer to receive. A visual of this process can be found in the Figure 2a, 2b, 2c.

2.5 Material Selection and Characterization

2.5.1 Filament Material Finalization

For this experiment, the Gizmo Dorks Metal Copper Fill Filament is used. It has a standard diameter of 1.75 mm. The
manufacturer states a dimensional accuracy of +/- 0.03 mm. This is a very high level of precision (some sources state +/- 0.05
mm, but the primary product description cites 0.03 mm).

2.5.2 Characterization Techniques

2.5.2.1 XRD analysis

By shooting X-rays at the sample and measuring how they bounce off, we can identify exactly which elements are present
(Phase Identification) and how the atoms are arranged (Crystalline Structure).

o o om &
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Fig. 3. XRD characterization of PLA Copper Filament
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As shown in Fig 3., the XRD analysis successfully characterized the PLA-Copper composite filament. By comparing the
position of these sharp peaks with standard scientific databases (JCPDS Card No. 04-0836), the material is characterized. If
the copper were oxidized (rusted), we would see extra peaks at 36° (for Cu20) or 35° (for CuO).

The absence of these extra peaks confirms that the copper powder inside the filament is high-purity metallic copper and
has not degraded. The graph clearly displays the characteristic peaks of Face-Centered Cubic (FCC) Copper, proving the
filament contains real metal. The broad hump at low angles confirms the presence of an amorphous PLA matrix. The lack of
oxide peaks indicates the material is chemically stable and not rusted. The crystallite size was calculated to be 60 nm,
indicating a fine-grained, polycrystalline structure within the larger metal particles. This characterization confirms that the
material is suitable for the subsequent optimization experiments, as the reinforcement is pure and structurally sound.

2.5.2.2 EDAX (Energy Dispersive X-ray)

An elemental composition and mapping were determined by using Energy Dispersive X-ray Spectroscopy (EDAX APEX).
An accelerating voltage of 15 kV was used for the analysis to enable good excitation of K-lines for lighter elements and L/K-
lines of heavier trace metals. Acquisition was performed at a magnification of 207x, take-off angle of 37.5°, live time of 163.8
seconds and amplifier time of 3.84 microseconds, providing an energy resolution of 127 eV.

Fig. 4. EDAX Apex
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Fig. 5. EDAX (Energy Dispersive X-ray) Profile
Table 2. Elemental Breakdown

Minimum Detection Limit

Element Weight % Atomic % Net Intensity Error % (MDL)
Carbon (C K) 59.3 66.8 2342 8.8 0.16
Oxygen (O K) 38.7 32.8 2133 10.1 0.13
Copper (Cu K) 1.9 0.4 43 13.9 0.33

Tin (SnL) 0.2 0 0.8 58.3 0.27

With refer to Table 2, by the use of quantitative elemental analysis and the ZAF standard matrix corrections, it was
determined that the overall makeup of the sample was mostly made up of organic polymeric materials (carbon, 59.3 wt%;
oxygen, 38.7 wt%); this is consistent with the chemical makeup of common thermoplastics that are often used in 3D printing,
where these two chemical elements are more prevalent than other chemical elements. The only statistically valid inclusion of
a metallic element was copper at 1.9 wt%. Hence it is authenticating that the filament consists of Copper metal. In contrast,
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tin was detected at 0.2 wt%; however, this value fell below the minimum detection limit and has a large error margin (58.3%),
so is not included in the overall compositional picture. Therefore, tin is considered to be either an artifact from the chemical
measurement instrument or background noise from another source.

2.5.2.3 FESEM Analysis

Based on morphological and elemental characterizations, the integration of the additives was successfully verified. With
reference to Fig. 6, the microstructure of the polymer was observed using FESEM and found to consist of an irregularly
shaped, polydisperse, bright phase that was evenly dispersed throughout a dark, continuous, polymeric matrix. The elemental
composition of the dark polymeric matrix was found to primarily consist of C (59.3 wt %) and O (38.7 wt %), whereas the
bright phase consisted of Cu (1.9 wt %). At higher magnification, the micrographs display well-defined interfaces between
the bright and dark phases, indicating that these two phases are physically separated and mechanically interlocked. Also, while
the EDAX test indicated a trace amount of Sn (0.2 wt %), no third phase was identified or observed in FESEM micrographs,
and therefore, is considered an artifact.

Fig. 6. SEM images of the PLA-Copper composite film

2.6 3D Printing

An ISO-standard AutoCAD file was converted into STL form before being produced on a desktop 3D printer (the Snap
maker Artisan 3-in-1 Printer). As shown in Fig. 7, the Snap maker has a maximum build size of 400 mm in the X, Y & Z
dimensions. The default nozzle used to create the test specimens was provided by the manufacturer at 0.4 mm diameter from
hardened steel. Bed & Printer temperatures were held at 90 °C & 250 °C respectively for the duration of the prints. Nine (9)
tensile test specimens were successfully produced as shown in Fig. 2d.

Fig. 7. ap maker Artisan 3-in-1 3D Printer

2.7 Tensile Testing of Specimen

After the 3D Printing, the entire specimen has been tested for the measurement of surface roughness testing to check the
surface roughness quality of printed objects. Tensile testing is a fundamental characterization technique used to determine the
mechanical properties of materials.
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Fig. 8. (a) Tensile Testing of Specimen (b) Load-Extension Plots for Specimen T1 (c) Load-Extension Plots for Specimen
T4 (d) Load-Extension Plots for Specimen T7

As shown in Fig 7., the Instron 5566 is a high-precision, table-top electromechanical Universal Testing Machine (UTM)
that has been used for the tensile testing of specimens. For ASTM D638 tensile testing, its dual-column design ensures high
frame stiffness and axial alignment, which is critical for the accurate characterization of PLA-metal composites. The 5566
model is designed for mid-range force applications, making it ideal for the tensile strengths typically seen in polymer-based
composites. The primary purpose of a tensile test is to find out how well materials behave when stressed upwards. When a
material reaches its limit of stress when tested physically there are two pieces of data collected: the applied Load (measured
using kilograms-force kgf) and the Extension measured in mm). This Load and Extension data forms the basis of what is
called a Load-Extension curve. However, both parts of the Load-Extension curve are determined by the physical size of the
specimen being tested. A larger specimen would naturally support a higher Load compared to a smaller specimen and a longer
specimen would simply Stretch further before it reaches its ultimate failure point. Because this type of raw data does not
provide the intrinsic properties of an individual material but rather reflects the combined properties of both the material
property itself and the specific measurement of the sample, in order to define an equivalent level of performance of the specific
type of material, the raw data must be transformed into Engineering Stress-Strain curves.

To convert the Load-Extension data into a Stress-Strain curve, we have performed the calculations based on standard
specimen assumptions.

For the ASTM D638 Type I standard:

Original Gauge Length (Lo): 50mm.

Width (w):13 mm

Thickness (t): 3.2 mm

Gravitational Acceleration (g): 9.80665 m/s? (used to convert kgf to newton)

L=

Cross-Sectional Area (Ag): original cross-sectional area is calculated from the width and thickness of the specimen's narrow
section.
Ao=w xt=13 x3.2=41.6 mm?

Load Conversion (kgf to N)

The raw data provided "Load" in kilograms-force (kgf). This was converted to Newton (N) for standard stress calculations.

Engineering Stress, o0 = F /Ao
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where F is Force in newton (1 kgf =9.807 N) and the result will be in MPa (Megapascals).
Engineering Strain, € = A L/Lo

where A L is Extension in mm and the result will be dimensionless (mm/mm).

For Example, the calculation for specimen T2 is provided here,

Raw Max. Load: 208.93 kgf
Raw Extension: 4.30 mm

Step 1: Conversion of Load to Newton
F =208.93 x 9.80665=2048.90 N

Step 2: Stress Calculation:

2048.90N
0 =F/Am——=49.25MPa
41.6 mm?2
Step 3: Strain Calculation:
430 mm
€= AL/Li= ——=0.086
50 mm
Table 3. Stress-strain Curves for T1 to T9 specimens
0 B Sl Gl - pa- VT Stress-Strain Curve - Specimen T2 Stress-Strain Curve - Specimen T3
T1 T2 T3
. o e g T . e ).
§ £
T5 T6
i Stress-Strain Curve - Specimen T7 Sicmee Kirain Curve  Spacimer.Td, Stress-Strain Curve - Specimen T¢
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Fig. 9. Combined Stress - Strain curves for T1 — T9 Specimens
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With reference to Fig. 9, the comparative analysis of all 9 specimens (T1-T9), it can be said that the key to making a strong
3D printed part lies in infill density, or how solid the inside of the part is. Parts with higher infill densities are stronger than
those with lower densities: Infill density was a determining factor in strength; parts printed at 90% infill density withstood
approximately 49 MPa of force, whereas parts printed at 80% infill density could not hold up to this amount of force. The
thickness of the layers (or the height of the layer when printed) also has an effect on strength. Parts made with thinner layers
(0.14 mm) were stronger than those made with thicker layers (0.18 mm) because the thinner layers tended to adhere to each
other better and created fewer voids within the plastic than did the thicker layers. Specimen No. 03 (T3) proved to be the
strongest part tested as it comprised both the highest percentages of infill density and the thinnest layer heights possible in
these tests (90% and .14mm, respectively). The mechanical performance of all specimens has been tabulated in Table 4.

Table 4. Mechanical performance of each specimen

Specimen Max Stress (MPa) Elongation (%) Kev Parameters (Laver-mm / Infill / Sneed-mm/s)
T3 49.56 (Highest) 7.88 0.14/90% / 100
T2 49.25 8.6 0.14/85% /95
TS5 49.11 8.24 0.16 /90% / 95
T9 48.52 8.8 0.18/85% /100
T6 48.06 8.24 0.16 /80% / 100
T7 47.92 9.34 (Highest) 0.18/90% /90
T1 47.81 7.52 0.14/80% /95
T4 47.79 7.6 0.16/85% /90
T8 46.65 (Lowest) 8.12 0.18/80% /95

2.8 Surface Roughness Testing

To determine the roughness characteristics of printed specimens Mitutoyo Surftest SJ-210 Surface Roughness Tester was
utilized to measure Ra, Rz, and Rq values using the stylus method, as shown in the figure. Out of the above 3 readings, only
Ra values of testing has been taken for the analysis. The Mitutoyo surface roughness tester was configured to measure surface
roughness using pre-defined parameters such as Evaluation Length = 4mm; Tip Angle = 90 degrees; Tip Radius = 2 um;
Tracing Speed = 0.25 mm/s; Cut-off Wavelength = 0.8 mm. These parameters were kept consistent across all measurements
for improved accuracy and reliability.

" 4

Fig. 10. Surface roughness measurement

The testing has been done for the two places of the same specimen. Likewise, the entire nine specimens were tested for the
surface roughness. After the successful testing, measurements were recorded and the mean for every single specimen is
calculated for the further analysis. After the successful testing, measurements were recorded and the plot for every single
tensile specimen was recorded at the time of testing.

3. Analysis of Results and Discussions
3.1 Main Effects plots
3.1.1 Main Effects plots for Tensile Strength

The main effect plot for tensile strength is as illustrated in Fig. 11. It can be used to assess some of the printing parameters
(layer thickness, infill percentage, and printing speed) and how they affect the tensile strength. The tensile strength was
observed to be highest at 0.14mm with a value of 48.8733 MPa; however, when the layer thickness is increased, the tensile
strength is decreased. The lowest tensile strength of 47.6967 MPa was observed at 0.18mm layer thickness. Thus, at 0.14mm
layer thickness, the tensile strength was increased by 1.13% and 2.40% when the layer thickness was changed to 0.16mm and
0.18mm respectively.
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Fig. 11. Main Effects plot for Tensile Strength

The highest tensile strength i.e. 48.86 MPa is observed at 90% infill and it decreases with decrease in infill. The lowest
tensile strength is 47.50 MPa, observed at 80% infill. Therefore, at 90 % infill, tensile strength is increased by 0.70% and 2.78
% for the infill percentages of 80 and 90 respectively. The highest tensile strength i.e. 48.7133 MPa is observed at printing
speed of 100 mm/s which decreases with decrease in printing speed. The lowest tensile strength is 47.84 MPa is observed at
90 mm/s printing speed. Therefore, at 100 mm/s, the tensile strength is increased by 0.77 % and 1.79% with respect to printing
speeds of 90mm/s and 95 mm/s respectively. Initially, the tensile strength observed at 1 mm wall thickness was 48.48MPa, it
increased up to 48.5850 MPa at 1.2 mm wall thickness and then lowered with increase in wall thickness. The lowest tensile
strength is 48.015 MPa, observed at 1.4mm wall thickness, therefore at 1.2 mm wall thickness; Tensile strength increased by
0.22% and 1.17% with respect to wall thicknesses of 1.0 mm and 1.4 mm respectively.

At 0.14mm LT, there is an increase in TS by 1.13% as compared to 0.16mm LT and 2.40% as compared to 0.14mm LT.
This trend is observed because at lower LT, more no of layers get deposited for the same specimen height which indicates
higher inter layer bonding in specific surface area; which results in better molecular diffusion of heated polymer between
layers. As compared to this, at higher LT, less no of layers get deposited, which indicates weaker molecular diffusion.
Therefore, low layer thickness, stronger bonding improves load transfer and hence higher Tensile Strength is observed at
lower Layer thickness of 0.14mm. At 90 % infill, tensile strength is increased by 0.70% and 2.78 % for the infill percentages
of 80 and 90 respectively. This trend is observed because higher IP, more material gets deposited. Inside which indicates pure
voids and air gaps and because of this, the load distribution gets improved across the parts. Therefore, at 90% infill, more
solid material is there as compared to 80% and 85%. Which allows better stress transfer across the parts. Therefore, at 90%
IP, more solid material is there as compared to 80% and 85% IP. Which allows better stress transfer across material hence
reduced stress concentration. At 100 mm/s, the tensile strength is increased by 0.77 % and 1.79% with respect to printing
speeds of 90mm/s and 95 mm/s respectively. This trend is observed because at lower PS, each layer gets cooled down before
the next layer gets to be deposited or during the next layer addition. This tends to make the bonding between layer some-what
weaker. But at higher speed, the layer sticking is good and the layer gets fused with each other strongly. This improves Tensile
strength.

3.1.2 Main Effects plot for Surface Roughness:

As shown in Fig. 12, main effect plot for surface roughness were drawn to analyze an impact of printing parameters i.e.
Layer thickness, Infill percentage and printing speed on the surface roughness. Initially, the surface roughness observed at
0.14mm layer thickness was 1.6467, it increased up to 2.6867 at 0.16 mm layer thickness and then lowered with increase in
layer thickness up to 2.6667. The lowest surface roughness is 1.6767, observed at 0.14 mm layer thickness, therefore at 0.16
mm layer thickness; surface roughness increased by 63.41 %. In addition, at 0.18-layer thickness, surface roughness increased
by 62.19 %. Initially, the surface roughness observed at 90 mm/s printing speed was 2.3067; it decreased to 2.2800 at 95 mm/s
printing speed and then increased up to 2.4133 at 100 mm/s printing speed. Therefore, at 100mm/s printing speed, the surface
roughness increased by 4.41% and 5.52% at printing speeds of 90mm/s and 95 mm/s respectively. Initially, the surface
roughness observed at 80% infill was 2.6800; it decreased to 2.1333 at 85% infill and then increased up to 2.1867 at 90%
infill. Therefore, at 80% infill, the Surface roughness increased by 20.34% and 18.41% at Infill % of 85 and 90 respectively.
Initially the roughness recorded at 1 mm wall thickness was 2.1067, gradually increased up to 2.15 mm at 1.2 mm wall
thickness. The highest surface roughness i. e. 2.596 was observed at 1.4 mm wall thickness Therefore, tensile strength at 1.4
mm wall thickness is increased by 18.85% and 17.18% at wall thicknesses 1.0 mm and 1.2 mm respectively.

At 100mm/s printing speed, the surface roughness increased by 4.41% and 5.52% at printing speeds of 90mm/s and 95 mm/s
respectively. As the time required for the deposition of the next layer is reduced and also due to the thermal conductivity of
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Cu, heat dissipation occurs. Because of this filament cools faster and solidifies more rapidly. It can lead to irregular layer
bonding and increased surface roughness in the final printed part. At 80% infill, the Surface roughness increased by 20.34%
and 18.41% at Infill % of 85 and 90 respectively. More infill percentage in the part results in improved support for outer walls
and top layers. At 80% infill, the presence of larger internal voids results in no uniform structural support which results in
rougher surface. Tensile strength at 1.4 mm wall thickness is increased by 18.85% and 17.18% at wall thicknesses 1.0 mm
and 1.2 mm respectively. As we increase the wall thickness, it will extrude more layers to build the wall. It directly makes the
surface rougher. More the thickness of the wall, the more will be the heat kept in the region, also it will change the rate of
cooling between wall and adjacent infill layer. This change of cooling rate can create small gaps, ridges or inconsistent layers
on the surface. Increased wall passes mean more starts/stops and retraction events near the outer surface. These transitions
can leave tiny material blobs or scars. Therefore, at 1.4 mm the combination of extra pass of filament and altered thermal
behavior makes the surface more and rougher.

LT I Filll % Print Speed Wall Thickness {mimn}
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Fig. 12. Main Effects plot for Surface Roughness
3.2 Cause—Effect Analysis: Printing Parameters vs Surface Roughness

Certain 3D printing parameter changes can lead to poor surface quality; In most cases when layer thickness is increased to
0.16 mm, the volume of extruded material increases as well as the potential for bond failure between layers, and results with
a more pronounced staircase effect that can create a 63.41% increase in surface roughness. Also, if the infill value is lowered
to 80%, this results in large internal voids that cause the top layers of a part to sag and lead to bridging, which leads to a
20.34% increase in roughness compared to using a value of 85% infill. In addition, the requirement of more perimeter lines
when the wall thickness has been increased to 1.4 mm results in localized heating during the printing process, adding to seam
mismatches which contribute to an increase in roughness of 18.85% compared to using a wall thickness of 1.0 mm. Finally,
printing at speeds of 100 mm/sec causes poor material wetting along with vibration artifacts and results with an increase in
surface roughness of 4.41% compared to printing at 90 mm/sec.

3.3 MOEA/D Algorithm

The Multi-Objective Evolutionary Algorithm based on Decomposition (MOEA/D) is a useful method for optimizing Fused
Deposition Modeling (FDM) parameters (Zhang & Li, 2007). The MOEA/D will decompose a complex multi-objective
problem into easy-to-solve single-objective problems, which can be solved at the same time and create a set of effective and
efficient (Pareto optimal) solutions (Zapotecas-Martinez et al., 2015). By decomposing the multi-objective problem into scalar
sub-problems, it reduces the complexity of solving the problem and provides reasonable performance improvements over
traditional optimization techniques (e.g., NSGA-II, MOGLYS) in solving a multi-objective optimization problem (Zapotecas-
Martinez et al., 2015). In addition, it has the capability to normalize multiple sized objectives, making it an effective technique
for solving a multi-objective problem that has multiple objectives present in multiple sizes (Zhang & Li, 2007). MOEA/D has
the capability to optimize FDM printing settings (e.g., layer height, speed, and infill) which all influence the tensile strength
and surface quality of printed PLA composites (Nugroho & Budiantoro, 2019; Baharudin et al., 2024). The MOEA/D also
offers a unique, effective parameter search mechanism that can significantly positively impact the mechanical characteristics
of parts made by FDM. However, although MOEA/D is very good at solving optimization issues, it does not always provide
the solution to every optimization issue as in such issues involving more than one variable that may be nonlinear in complexity
or where there is a relationship between the variable objectives versus one another this is more than one way to solve the
problem.

Since it is a multi-objective optimization, the individual objective functions are maximizing tensile strength and minimize
surface roughness.
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This is equivalent to:

Minimize F; = -T(x)

Minimize F, = R,(x)
Subject to:

0.14 <x;<0.18,80 <x,<90,90 <x3< 100, 1.0 <x,< 1.4

x, = Layer thickness
x, = Infill percentage
X3 = Printing speed
x, = wall thickness

To solve this multi-objective optimization, MOEA/D algorithm is used in following technique.
1. Weight Vector Generation:
Create N weight vectors w'=[ w{, w} ] such that wi+ wi =la
2. Scalarization (Tchebycheff Approach):
9% (xIw,z) = max [w; | fj(x)- zl]

z = z;, Z, ] is the ideal point (minimum of each objective)
3.4 Surrogate Modelling with Regularization

As seen in Table 5, the mechanical properties (such as tensile strength) and surface quality (such as surface roughness) of
printed parts are greatly influenced by process parameters such as Layer Thickness (LT) (mm), Infill Percentage (%), Print
Speed (mm/s) and Wall Thickness (mm). The relationship of each of these to printed part property is nonlinear and often
shows opposite trend; e.g., increasing print speed decreases the surface roughness but also decreases the tensile properties.
This requires multi-objective optimization to establish the optimal balanced trade-off.
This study applies MOEA/D (Multi-Objective Evolutionary Algorithm based on Decomposition) to simultaneously maximize

tensile strength and minimize surface roughness.

Table 5. Tensile Test & Ra values for Surrogate Modelling

Parameters
Specimen LT Infill Print Speed Wall Thickness Tensile (MPa) Ra
T1 0.14 80 90 1 47.81 1.74
T2 0.14 85 95 1.2 49.25 1.6
T3 0.14 90 100 1.4 49.56 1.6
T4 0.16 85 90 1.4 47.79 2.48
TS 0.16 90 95 1 49.11 2.26
T6 0.16 80 100 1.4 48.06 3.32
T7 0.18 90 90 1.2 47.92 2.7
T8 0.18 80 95 1.4 46.65 2.98
T9 0.18 85 100 1 48.52 232

Initially the surrogate model created to carry out optimization. For this 2-degree polynomial model is selected.
For this optimization, predicted Tensile Strength-T and Surface Roughness-Ra can be expressed as

T= Po+3i, Bixi+Xh, fiixi®+3; fijxixij

Ra=a0+X{ aixi + Yi aii xi? + ¥, ; aijxixj
where:

Bi, ai = Regression coefficients (calculated using ridge regression)
Bij, aij = interaction coefficients.
R? Values: Tensile= 0.9012, Ra=0.8222, showing a good model fit.

3.5 Optimization Results

From the optimization, the main task is to find out best trade-off from the set of experiments where optimal results are
found from the parameters used in the terms of higher tensile strength and lowering the surface roughness. The results were
recorded in Table 7. The Balanced Knee point is the best trade-off solution; slightly higher tensile strength with minimal
increase in roughness.
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Table 6. Optimization Results

. LT o Print Speed Wall Thickness Predicted Tensile .
Choice (mm) Infill (%) (mm/s) (mm) (MPa) Predicted Ra (um)
Maximize Tensile 0.14 90 100 1.40 49.706 1.644
Minimize Ra 0.14 85 95 1.10 49.213 1.592
Balanced Knee 0.14 90 100 1.03 49.675 1.643

3.6 Pareto Front

As shown in Fig. 13, the Pareto graph has been drawn which is a set of non-dominated solutions, where no objective can be
improved without degrading the other.

e X-axis: Tensile Strength (maximize)
e  Y-axis: Surface Roughness (minimize)

Each point on this curve is Pareto-optimal. The selection of a point is based on a desired trade-off.
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Fig. 13. Pareto Graph
3.7 Comparison with Experimental Best Points
Table 7. Best Experimental Values
Condition LT (mm) I(‘},/f:;' Pr;“mtn?sed Wall Thickness (mm) ?ﬁ‘lf:)e Ra (tm)
Best Experimental Tensile 0.14 90 100 1.40 49.56 1.60
Best Experimental Ra 0.14 85 95 1.20 49.25 1.60

Balanced MOEA/D Knee 0.14 90 100 1.03 49.675 1.643

With reference to Table 7, Tensile Strength is improved by 0.23%, also at the same time the surface roughness is also
increased by 2.4% (~+0.043 um) which is a very small trade-off. In this way, MOEA/D technique is used to optimize printing
parameters by balancing tensile strength and surface roughness. The surrogate model achieved good prediction accuracy (R?
> (.82 for both objectives). The improved tensile strength beyond experimental results achieved at Balanced Knee keeping
surface roughness nearly unchanged. This approach allows manufacturers to choose optimal settings depending on product
requirements through the mechanical and surface quality measures.

3.8 Discussions

To summarize the results following are the main observations of this investigation:

a. Effect of Processing Parameters on Tensile Strength

The mechanical properties of the PLA/Copper composites that were manufactured using FDM technology were
significantly impacted by processing parameters. The most important parameter affecting the mechanical properties was layer
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height. The tensile strength was shown to have a negative correlation with both layer height and wall thickness, where it
reached its maximum value at the lowest layer thickness and wall thickness tested, which were 0.14 mm (48.87 MPa) and 1.2
mm (48.59 MPa), respectively. In contrast, both infill percentage and print speed had a positive correlation with tensile
strength, with the greatest tensile strength achieved using an infill percentage of 90% and print speed of 100 mm/s.

b. Effect of Processing Parameters on Surface Roughness

Surface quality followed a slight variation in the overall trend. Typically, the lowest layer height (0.14 mm) produced
consistently the smoothest surface. In this case, wall thickness appeared to have a direct relationship with surface roughness,
producing a maximum quality of finish from a minimum wall thickness of 1.0 mm. Unlike tensile strength, printing speed
and infill density did not exhibit a linear relationship to surface roughness; instead, they preferred a mid-point (95 mm/s for
speed and 85% for density) compared to either of their tested minimum or maximum values.

c. Optimal Parameter Configurations:

The above results illustrate that optimal printer parameter configurations vary based on the primary mechanical requirement
of the component (i.e., tensile or surface quality).

For the Maximum tensile strength, use: 0.14 mm layer height, 90% fill, 100 mm/s print speed, and 1.2 mm wall thickness.
For the best surface quality, use: 0.14 mm layer height, 85% fill, 95 mm/s print speed, and 1.0 mm wall thickness.

4. Conclusion

PLA copper composites created using the FDM (Fused Deposition Modeling) printing process show that both the
mechanical properties and surface characteristics depend heavily on the set of process parameters used. The combination of
a layer thickness of 0.14 mm, a fill density of 90%, a print speed of 100 mm/s, and a wall thickness of 1.20 mm produced the
maximum amount of tensile strength. An example of minimal surface roughness would be a combination of a layer thickness
of 0.14 mm, a fill density of 85%, a print speed of 95 mm/s, and a wall thickness of 1.00 mm. These examples show that there
are trade-offs between some of the parameters when trying to achieve ideal mechanical properties and surface characteristics,
both of which directly affect the functionality and appearance of the composite.
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