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ABSTRACT

With the rapid advancement of additive manufacturing technology, fused deposition modeling (FDM) has emerged as a key
technology in industrial manufacturing, medical customization, and education innovation. Its advantages include design
flexibility, enhanced creativity, high automation, reduced labor intensity, improved safety and efficiency, lower labor costs,
unmanned printing, high material utilization, intelligent operation and maintenance, as well as environmental sustainability
and pollution-free production ['l. By 2022, the global FDM equipment market had surpassed 17 billion dollars [2!. This process
builds objects by depositing material layer by layer to form products with diverse geometries, finding extensive applications
in industries such as automotive, aerospace, and biomechanics 1. It is also widely employed in research, particularly in the
study of materials. Fused Deposition Modeling, also referred to as fused filament fabrication, is one of the most prevalent
additive manufacturing techniques in 3D printing. The core principle involves heating thermoplastic materials to a molten state
and extruding them in a controlled manner to construct parts layer by layer (4. However, FDM still faces challenges, including
insufficient tensile strength in components for ultra-high-rise structures and high costs in medical and educational applications.
Therefore, enhancing the tensile strength of FDM-printed parts is of critical importance [*!. This study proposes an experimental
approach to investigate the influencing factors, though the actual experiments were not conducted due to equipment limitations.
This project aims to investigate the effects of deposition angle, material properties, nozzle diameter, and infill pattern on the
tensile strength of the fabricated parts in fused deposition modeling.
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1. Introduction

3D printing, also known as additive manufacturing, is a manufacturing process that transforms digital models into physical
objects through computer-aided design (CAD). At its core, this technology utilizes various materials (such as plastics, met-
als, and ceramics) to build objects layer by layer until completion. Unlike traditional subtractive manufacturing methods
(e.g., cutting, milling), 3D printing constructs objects through material deposition, offering significant advantages in material
conservation and waste reduction.

FDM is a 3D printing technology successfully developed by American scholar Scott Crump in 1988. The fundamental principle
of this process involves melting materials into a liquid state at high temperatures, extruding them through printhead, and
subsequently solidifying them to form three-dimensional structures in space. The mechanical system of FDM equipment
primarily consists of components such as nozzles, filament feeding me charisms, motion systems, heating chambers, and work
platforms. The materials used in FDM technology are mainly categorized into modeling materials and support materials. The
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Figure 1. Schematic Diagram of FDM Manufacturing Process [

specific workflow is as follows: low-melting-point filament materials are melted into liquid form by the heating extruder. The
molten thermoplastic filament is then extruded through the nozzle while the print head precisely moves along the cross-
sectional contours of each layer. The semi-fluid thermoplastic material deposits and solidifies to form accurate thin layers of
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the actual part, covering previously constructed sections and rapidly solidifying. After each layer is completed, the work
platform lowers by one layer height, and the nozzle proceeds to extrude the next cross-sectional contour. This layer-by-layer
deposition process continues until the final layer is completed, ultimately forming a solid model or component from the bottom
up, as shown in the figurel.

In the FDM manufacturing process, each new layer is built upon the previous one, which serves as both a positioning reference
and structural support. As the height increases, the area and shape of the layer contours may vary significantly. When
substantial geometric changes occur, the upper layer contours may fail to provide adequate positioning and support for
subsequent layers. Therefore, auxiliary structures - "supports" - must be designed to ensure smooth manufacturing progress.
While support can be constructed using the same material, current systems typically employ dual independently heated nozzles:
one nozzle deposits the modeling material to fabricate the part, while the other deposits specialized support material. The
differing material properties facilitate relatively easy removal of supports after completion.

The filament feeding mechanism delivers raw materials to the print head, requiring smooth and reliable operation. The
mechanism employs a push-pull combination method with the nozzle to ensure stable and consistent material feeding, pre-
venting filament breakage or clogging. The design of this mechanism significantly impacts both the stability of the printing
process and the quality of the final product.

2. Literature Review
2.1 Research on Process Parameters

In 2019, Elena Verdejo de Toro et al. conducted a comprehensive investigation into the application of FDM for carbon fiber-
reinforced polyamide composites. Their study systematically analyzed the effects of various printing parameters (including
layer height, infill density, and printing mode) on the mechanical properties of the material. Through thermal analysis
(differential scanning calimetry and thermogravimetric-differential thermal analysis) and mechanical testing (tensile, flexural,
impact, and hardness tests), they identified the optimal parameter combination to enhance the engineering applicability of 3D
printed components. Notably, the researchers proposed a novel approach to control crystallinity by adjusting the cooling fan
operation, offering new insights for reducing material anisotropy. This study represented the first comprehensive evaluation of
the synergistic effects of multiple FDM process variables on carbon fiber-reinforced polyamide, particularly the correlation
between crystallinity and mechanical properties. The experimental results demonstrated that the optimal mechanical
performance was achieved with a 0.8 mm nozzle diameter, 0.2 mm layer height, concentric pattern, and 100% infill density [,

2.2 Investigation of Deposition Orientation

In reference 6, Guan Tianmin et al. conducted a comparative study on the tensile properties of rectangular ring specimens
fabricated from polylactic acid (PLA) and polyether ether ketone (PEEK) materials under identical optimized process
parameters. The re- searchers employed finite element simulation software to predict the maximum stress concentration areas
in the specimens, significantly improving experimental efficiency. The study focused on examining the influence of three distinct
fiber deposition orientations (0 °, 45°, and 90°) on tensile strength. For precise measurement, ultra-high molecular weight
polyethylene fiber rope elongation was utilized as a characterization index. The results revealed that specimens with 45¢
deposition orientations exhibited superior fracture strength, demonstrating 63.80% and 32.81% improvements compared to 0°
and 90 ° orientations, respectively. These findings provide crucial experimental evidence for optimizing material deposition
orientation in additive manufacturing processes.

2.3 Optimization of Infill Patterns

In reference 5, an international research team led by Rajan Kumaresan and Kumaran Kadirgamar from University Malaysia Pahang,
in collaboration with scholars from India, Czech Republic, and Vietnam, investigated the mechanical property optimization
ofpolyethylene terephthalate glycol (PETG) in FDM. The team proposed a novel layered parameter strategy, dividing specimens
into top/bottom solid layers (0.3 mm thickness) and middle infill layers (0.1 mm thickness), with independent optimization
of infill patterns (Concentric, Rectilinear, Lines) and raster angles (07, 45°, 90°). Using Box- Behnken Response Surface
Methodology (RSM), they designed 27 experimental groups and analyzed parameter interactions through Minitab software. This
study pioneered the systematic investigation of different infill pattern and angle combinations between top/bottom and middle layers,
breaking through traditional uniform parameter limitations. The findings indicated that rectilinear pattern yielded maximum
tensile strength, while concentric pattern demonstrated optimal flexural resistance. The 45°raster angle effectively balanced
interlayer shear and anisotropy, minimizing crack initiation and resulting in printed parts capable of with- standing complex
loads while reducing directional failure risks. Consequently, the Rectilinear+45° raster angle combination was recommended for high
tensile strength applications, whereas Concentric + 45° raster angle proved more suitable for flexural resistance scenarios.

2.4 Biomaterial Composite Research

In the same year, Mynmayh Khamvongsa et al. fabricated bioactive bone scaffolds using hydroxyapatite (HA) and PLA composites
through FDM technology, with varying HA contents (5%, 10%, 15%). The study systematically characterized the
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mechanical properties and microstructure of these scaffolds. Results indicated that HA incorporation significantly enhanced scaffold
porosity and bioactivity, albeit at the expense of reduced tensile and compressive strength. Notably, mechanical properties
showed negligible variation when HA content exceeded 10%. Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) analyses confirmed homogeneous HA distribution within the composite, with the porous structure
effectively mimicking natural bone characteristics !

2.5 Thermal Processing Effects

Dan Ioan Stoia, Gerlinde Rusu, and Anghel Cernescu conducted innovative research on the influence of thermal processing
on PLA mechanical properties. The study examined tensile performance variations under different FDM conditions (including virgin
filament, air extrusion, single-bead single-layer, double-bead, and fourteen-bead depositions), while Differential Scanning
Calorimetry (DSC) revealed the relationship between material crystallinity and mechanical properties. The results
demonstrated that platform-deposited samples exhibited significantly reduced mechanical properties due to cooling rate and
interfacial adhesion issues. DSC analysis confirmed decreased crystallinity (from 12.67]/g to 8.646 J/g) after extrusion, supporting
the observed mechanical performance changes in FDM testing. The study concluded that thermal reprocessing generally reduces
both crystallinity and mechanical properties of PLA, particularly in small-sized or single-layer printed com- ponents .

Existing studies have primarily investigated the individual influences of single or dual process variables (such as infill density
and layer thickness) on component tensile performance, while neglecting the systematic examination of multi-parameter
coupling mechanisms. Practically, nonlinear interactive effects exist among various manufacturing parameters (including temperature
field, deposition path, interlayer cooling rate, etc.), where single-variable optimization may result in locally optimal solutions
rather than achieving global optimization.

3. Experiment

3.1 Method of Experiment

To investigate the influence of four key factors on tensile strength while minimizing experimental workload, an orthogonal
experimental design (L9 orthogonal array) was adopted to ensure both efficiency and data reliability. Factors are shown in
Tablel.

Table 1. Factor Level Settings

Factors Level 1 Level 2 Level 3
Deposition Angle 0 45° 90°
Material PLA ABS PETG
Nozzle Diameter 0.4 mm 0.6 mm 0.8 mm
Infill Pattern lines Honeycomb | Concentric

In this table, the deposition angle refers to the angle between the material extrusion path (printing path) and the printing bed plane as
shown in Figure2,and 3 types of infill patterns are shown in Figure3. The experimental table designed is presented in Table2

3.2 Procedure of Experiment
3.2.1 Parameter Setting

Based on research conducted by Elena Verdejo de Toro et al., the optimal combination of mechanical performance test results was
achieved with a layer height of 0.2 mm, a wall thickness of 1 mm, and an infill density of 100%. Therefore, these

Figure 2. Schematic diagram of deposition angles in different directions. From left to right: 0, 90°, and 45¢.

For the third method (45°), the part requires support during fabrication. This may lead to a decrease in tensile strength. This is because
the contact surface between the support and the part may have weak bonding due to insufficient extrusion or rapid inter-layer
cooling. The contact surface of the support (such as "grid" or "tree-like" supports) will leave uneven marks,
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forming stress concentration points, which reduces the tensile strength. The inter -layer strength of FDM printing is already
lower than that in the XY plane, and the contact surface of the support may further weaken the inter -layer bonding.

Figure 3. Comparison of different infill pattern schematics

Table 2. Design of Experiment

Number | Depositionangle | material | nozzle diameter | infill pattern
1 0 PLA 0.4 mm lines
2 0 ABS 0.6 mm honeycomb
3 0 PETG 0.8 mm concentric
4 45° PLA 0.6 mm concentric
5 45° ABS 0.8 mm lines
6 45° PETG 0.4 mm honeycomb
7 90 PLA 0.8 mm honeycomb
8 90 ABS 0.4 mm concentric
9 90 PETG 0.6 mm lines

Reference 5 provides some data for us. Parameter settings were adopted in the present experiment. Furthermore, the optimal printing
temperatures for PLA, ABS and PETG materials were determined to be 200°C, 240°C and 230°C, respectively. Deviations from
these optimal temperatures (either higher or lower) would lead to material performance degradation and structural damage.
Consequently, the following experimental setup was implemented.

Furthermore, the size of the sample directly affects the determination of the constitutive relationships of the material and the
characteristic parameters. An excessively large specimen size may introduce boundary effects that compromise testing accuracy,
while an overly small size may make the results susceptible to microdefects and surface irregularities. In this experiment,
standard tensile specimens conforming to ASTM D638 Type I specifications were employed. The ASTM D638 Type I
specimen features a dumbbell-shaped geometry with an overall length of 165 mm, a thickness of 3.2 mm, and a gauge length of 50
mm. This standardized design ensures reliable and comparable test results while minimizing the aforementioned size-related
effects.

Key aspects of the experimental setup:

Parameter settings derived from previous optimal research:
Layer height: 0.2 mm

Wall thickness: 1 mm

Infill density: 100%

Material-specific printing temperatures:

PLA:200°C (£5°C)

ABS: 240°C (£5°C)

PETG: 230-C (£5°C) Specimen standardization:
Compliant with ASTM D638 Type I

Critical dimensions maintained within 0.1 mm tolerance
Surface finish controlled to Ra < 3.2 micrometers

This configuration ensures experimental consistency while allowing for meaningful comparison of material performance under
standardized testing conditions.

3.2.2 Preparation of ASTM D638

* 3D Modeling: Computer-aided design (CAD) of standard tensile test specimens conforming to ASTM D638 Type I
specifications. As shown in the following figure4.
» Slicing Parameter Settings:
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* Layer height: 0.2 mm

* Print speed: 40 mm/s

* Print temperature: PLA (200°C), ABS (240-C), PETG (230-C)
« Infill density: 100%

+ Controlled Variables:

« Deposition angle: 0c, 45¢, 90°

» Material: PLA, ABS, PETG

* Nozzle diameter: 0.4 mm, 0.6 mm, 0.8 mm

« Infill pattern: Lines, Honeycomb, Concentric

3.2.3Mechanics Performance Testing

» Tensile Testing Equipment: Universal tensile testing machine

» Tensile Speed: 5 mm/min

* Recorded Data: Maximum load, fracture strength, stress-strain curve

» Experimental Repetition: Each test group was repeated 3 times and the mean values were calculated.

-
am

Figure 4. Schematic diagram of ASTM D638 Type I specimen. The yellow area represents the internal infill region, while the interface

between yellow and white zones indicates the tensile measurement points. The stretching machine is fixed in the white area. If the white
area is also an infilled area, this area is prone to being crushed during the stretching process by the machine mentioned above.

3.2.4Expected Results and Verification

» Predict the most influential factors (deposition angle, material properties).

* Determine the optimal process parameters (best combination: 45 + PETG + 0.6 mm + concentric infill).

+ Validation experiment: Print test specimens using optimized parameters and evaluate whether the tensile strength im- proves
significantly.

4. Conclusion

This paper investigates the key factors influencing the tensile strength of 3D printed components by fused deposition
modeling, including deposition angle, material properties, nozzle diameter, and infill patterns. Through orthogonal experimental
design (L9 orthogonal table) and literature review, it was found that the combination of 45° deposition angle, PETG material,
0.6 mm nozzle diameter, and concentric infill pattern may optimize the tensile strength. The research aims to provide parameter
optimization solutions for industrial applications to enhance the mechanical properties of FDM components.
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