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Abstract: Fused Deposition Modeling (FDM) is a three-dimensional (3D) printing technique in which parts are
produced with thermoplastic polymer layers in a highly controlled manner. However, the production of ready-
made parts using FDM is quite tricky. At the same time, the mechanical properties of parts printed with current
print parameters and low-cost 3D printers also vary. The quality and mechanical characteristics of the final part
are influenced by production parameters such as the extrusion temperature, infill density, infill pattern, print
speed, and layer height. This study focused on the effects of the infill pattern, infill density and print speed
parameters on the tensile strength and production time of model structures printed with PLA+ material. A WDM-
100E model, a tensile testing machine, has determined the tensile strength of the printed parts. In addition, the
parts' tensile strengths and production times have been optimized by the signal-to-noise (SN) ratio analysis. The
results reveal that the triangle infill pattern exhibits the best tensile strength at 40 mm/sec printing speed and
100% infill density. On the other hand, the lowest production time is observed in the gyroid infill pattern.
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1. Introduction

Manufacturing (production) is a basic requirement for improving people's quality of life and
meeting their needs. At the same time, manufacturing as a result of human activities is a process
that provides added value to the country's economy. The abundance, quality, variety and cheapness
of production contributes positively to the country's economy and improves people's quality of life
[1]. Due to the fact that existing resources have become insufficient, human beings have started to
seek new resources to meet their needs. This search for new sources has brought along many
different manufacturing technologies. In recent years, the additive manufacturing (AM) method,
which is performed by three-dimensional printers, has come to the forefront among manufacturing
methods, with the advantages of minimizing material waste and largely overcoming the geometric
production restrictions [2]. Since the advent of 3D printing technology, known as rapid prototyping
(RP) or AM, various 3D printing techniques have been developed [3-5]. Figure 1 shows the
classification of these techniques into groups.

AM has applications in fields such as engineering, medicine, dentistry, automobile, aviation,
architectonics, food and agriculture [4-8]. The expiration of old patents has made this technology
more accessible [9]. In recent years, FDM, which is expressed by material extruding, has increased
its popularity among AM technologies because of requires relatively less capital than other
production technologies, ease of use and it can machine thermoplastic polymers such as ABS,
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PLA, PC, PS, Nylon and PETG [10]. As a result of these developments, the costs of 3D printers
have decreased significantly, their supply has become easier, and it has become possible to use
them on a large scale in schools, homes, libraries and laboratories. During the coronavirus disease
pandemic, the extensive manufacturing of 3D printed protection equipments has been an instance of
this [11,12]. Since FDM technology was introduced by Scott Crump in 1988 this technology has
developed greatly, reaching a level where everyone has a desktop 3D printer and can print parts
with it [13,14]. Today, FDM has become the second most used 3D printing method after
Stereolithography [15]. The FDM approach is based on the principle of facilitating the reshaping of
the raw material (filament) by softening it with temperature. As it can be seen in Figure 2, the
filament wound on the reel is pushed to the temperature-controlled nozzle by a gear mechanism, it
melted there, and the intended model is obtained by pressing.

3D Printing
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Figure 1. 3D printing types [3]
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Figure 2. Schematic diagram of the FDM [9]

Fabrication platform

Fig. 3 shows the manufacturing workflow chart in FDM process. FDM starts with the design of the
virtual part created in ".stI" format using computer-aided design (CAD) software such as FreeCAD,
AutoDesk Inventor, Catia and SolidWorks etc. In the next step, this ".stl" file is converted into a file
with the extension ".gcode™, which the printer can process it, with another software (slicer). Printing
parameters such as print speed, size, temperature, infill pattern, infill density, layer height and etc.
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required to print the part are set in slicing programs such as Slic3r and Cura. In the last step, the file
with the extension ".gcode™ is uploaded to the printer, and the printing of the part is started [16,17].

Three-dimensional models created with computer-based design
programs

Converting the format of the models created with the design
programs to STL format

Assigning support elements to the model with the computer
program used by the device

[ Selecting the necessary parameters for the production of the ]

device

[ Separation of three-dimensional solid model into two- ]

dimensional layers and start of production

Figure 3. Process steps involved in 3D printing manufacturing [18]

As raw materials there are currently many filaments that can be used in FDM printing containing
Polylactic acid (PLA), Acrylonitrile Butadiene Styrene (ABS), Polyvinyl Alcohol (PVA),
Polyethylene Terephthalate Glycol (PETG), and each has different usage areas due to its different
advantages and disadvantages. Among them, PLA is a biodegradable filament with a printing
temperature of 160-230 °C and does not require a heated bed. In addition to these, its non-toxic
nature, low cost, hard and strong structure have brought PLA to the forefront especially for
biomedical applications. But at the same time, PLA is still a raw material open to development due
to its fragile structure [19-23].

The mechanical characteristics of the final printed object are influenced by numerous FDM process
parameters, as categorized in Table 1. Various process parameters such as nozzle temperature,
volumetric flow rate, bed temperature, printing speed, infill density, layer height and wall thickness
have been proven to be effective on the mechanical properties of the FDM-printed parts [24-26].
Therefore, a deeper understanding of the FDM process has a great importance in order to improve
the mechanical properties of the printed material by adjusting the reasonable parameters.

Table 1. Settings for the 3D printing method [26]
Categories Process parameters
Print speed, Nozzle radius, Layer thickness, Feed rate,
Raster angle.

Layer Formation

Filling Infill density, Air gap, Infill pattern.
Structure Orientation Horizontal, Vertical, Transversal.
Temperature Extrusion temperature, Ambient temperature.

In the literature, there are many studies on the effects of FDM process parameters on the
mechanical properties of the produced material [27,28]. Popescu et al. [29] showed that process
parameters such as raster-raster air gap, raster angle, layer thickness, infill density and structure
orientation affect different mechanical properties such as tensile, compression and bending
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strengths of the material. Gordilier et al. [30], emphasized that tensile strength can be maximized by
combination of various process parameters. Ansari and Kamil [26] investigated the effects of
printing speed and extrusion temperature on the dimensional quality and tensile strength of PLA.
They observed that the dimensional deviation was lower at higher extrusion temperature and lower
printing speed. However they obtained maximum tensile strength at high print speed. Giinay et al.
[31] investigated the effects of print speed, infill density and print direction parameters on the
tensile strength of PLA+ sample and showed that infill density was the most effective parameter as
a result of Taguchi analysis. Gonabadi et al. [32] evaluated the structure direction and infill density
of PLA samples on their mechanical properties and emphasized that there was no effect on the
tensile strength with the change of infill patterns. In addition to these, in the literature, there are
studies focused on infill density and infill pattern parameters. Arjun et al. [33] reported that at 90%
infill density the gyroid infill pattern showed the highest tensile strength in 20% carbon reinforced
PLA test specimens. Also, Moradi et al. [34] using 6 different infill patterns in their study and
obtained the highest tensile strength in the triangular pattern and the lowest tensile strength in the
grid pattern. On the other hand, Akhoundi and Behravesh [35] investigated the effects of
honeycomb, hilbert curve, concentric infill patterns on the tensile strength of PLA specimen and
showed that the concentric infill pattern exhibited the highest tensile strength.

As it is seen from the relevant studies, effects different process parameters via FDM method on the
mechanical properties of PLA materials are investigated in different studies. The main target of this
study, the effects of infill density, infill pattern and print speed different parameters on the tensile
strength of PLA+ specimens have been investigated. For this purpose, prepared PLA+ samples in
ASTM D638 IV standard have been printed using the 3D printing device and then they have been
subjected to tensile testing in the tensile device. The obtained results have been analyzed with the
Taguchi approach and the most effective parameter has been tried to be determined.

2. Materials and Methods
2.1. 3D Device Design and Manufacturing

The samples produced for this study have been obtained with a 3D printer produced by us with a
dual extrusion mechanisms, dual nozzles and 20x20x20 mm printing area. Arduino Mega 2560
physical programming platform and Ramps 1.6 3D printer control card have been used in the
printer. A double-stepper motors have been used for z-axis in order to increase the z-axis precision.
Since both nozzles reach high temperatures and cause blockages due to overheating of the heatsink
in the dual nozzle structure, a second snail fan has been used to provide air flow under the heatsink.
The design of the printer is given in Figure 4 and other technical details are given in Table 2.

L — - -~ - St
e — — R
Figure 4. Manufactured 3D printer
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Table 2. Details of the manufactured 3D printer [36]

Properties
Print Area 20x20x20 mm
Material PLA, TPU and PETG etc.
Table Max. 140 °C heated
Print Speed Max. 150 mm/s
Calibration Automatic z-axis reset from 9 different points
Motion System Linear shaft and screw shaft
Software Open source
Working system Cartesian
Structure Aluminum sigma profile rigid structure

2.2. Material and Filament Properties

In this study, PLA+ filament has been used due to its increasing use in FDM printing processes and
its environmentally friendly nature. The colour of the chosen filament is blue, and it has the
diameter of 1.75 mm. Table 3 shows the properties of PLA+ materials according to ASTM D638 IV
standard.

Table 3. Properties of PLA+ filament

Properties Unit Value
Shear Module G 1287
Melting Temperature °C 160-230
Poisson Ratio Y 0.36
Elongation at Break % 7
Yield Strength MPa 70
Rockwell Hardness Hr 88

2.3. Experimental Design

The technical drawing of the samples have been made with SolidWorks 2020 software according to
ASTM D638 1V standards, and Ultimaker Cura software has been used as the slicer (Figure 5).

[ P
Figure 5. A sample inserted in Ultimaker Cura Software prior to slicing
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The print speed parameter has been selected two levels, 40 mm/s and 60 mm/s. Three different
geometric patterns octet, gyroid, and triangles have been used in the study (Figure 6). The layer
height of the samples has been set at 0.12 mm. The three parameters examined in this experiment
have been initialized with the L18 orthogonal array using the Taguchi Experimental Design method
and the parameter values are tabulated in Table 4.

Table 4. Process parameters

Experiment Infill patterns Infill density (%) Print speed (mm/sn)
number.
1 Octet 100 60
2 Octet 100 40
3 Octet 75 60
4 Octet 75 40
5 Octet 50 60
6 Octet 50 40
7 Gyroid 100 60
8 Gyroid 100 40
9 Gyroid 75 60
10 Gyroid 75 40
11 Gyroid 50 60
12 Gyroid 50 40
13 Triangles 100 60
14 Triangles 100 40
15 Triangles 75 60
16 Triangles 75 40
17 Triangles 50 60
18 Triangles 50 40

2.4. Mechanical Test

2.4.1. Tensile Strength Test

The tensile strength tests of the specimens have been performed in Kirsehir Ahi Evran University
Mechanical Engineering Department laboratory using a WDM-100E model tensile device (Figure
7). The maximum load capacity of the device is 100kN. The standards for producing tensile
specimens on the FDM device have been selected ASTM D638 IV. The specimens were carefully
clamped in the holders and tensile tests was performed. Deformation and load data are
automatically recorded in a computer system. The test speed was kept as 0.50 mm/min for all the
specimens as suggested by the test standard [38,39].
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Figure 7. Tensile testing device (KAEU-Mechanical Engineering Mechanics Lab.)

The dimensions of the specimens subjected to the tensile test are given in Figure 8. For the tests, 3
samples have been produced for each combination of the infill pattern, infill density and print speed
parameters given in Table 4, and the average of these 3 samples was taken as the test result. For this
study, 36 specimens have been produced and tested. Figure 9 shows the deformed specimens after
the tensile test.
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Figure 8. Design of tensile test specimen (according to ASTM D638 1V) [40]
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Figure 9. The 3D printed samples breaking off after tensile testing
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3. Results and Discussion

In this study, ANOVA analysis has been imported into Minitab-19 software to decide how every
entry factor contributed to the mechanical effects. The analysis of variance showing the percent
contribution of each input parameter to the tensile strength is given in Table 5. It has been observed
that the print speed and infill pattern have no direct effect on tensile strengths. In addition, it is
possible to talk about the indirect effect of infill pattern and print speed on the infill density. On the
other hand, the performed variance analysis for the production time is given in Table 6. The results
of this analysis show that the most influential parameter on the production time is the print speed
(46.4%), followed by the infill density (28.4%) and the infill pattern (8.7%). Production time and
tensile strength signal-to-noise (S/N) ratio have been calculated under all experimental conditions
(see Table 7). Considering the S/N ratio for tensile strength, “larger is better”, and for production
time, the S/N ratio “smaller is better” type features.

Table 5. Variance table for tensile strength

Source DF Adj SS Adj MS F- P- Contribution
Values  Values (%)
Infill pattern 2 0,1651 0,0826 0,22 0,809 0,295953
Infill density
(%) 2 50,6143 25,3071 66,04 0,000 90,72956
Print speed
(mm/s.) 1 0,408 0,408 1,06 0,322 0,731368
Error 12 4,5985 0,3832 - - 8,243122
Total 17 55,7859 - - - 100

S =0,619036 R-Sq. =91,76 % R-Sq. (adj) =88,32%

Table 6. Variance table for production time

Source DF Adj SS Adj MS F- Values P- Contribution
Values (%0)
Infill pattern 2 2594800 1297400 3,17 0,078 8,704053
Infill density
(%) 2 8477200 4238600 10,37 0,002 28,4361
Print speed
(mm/s.) 1 13833800 13833800 33,84 0 46,4044
Error 12 4905600 408800 - - 16,45545
Total 17 29811400 - - 100

S =639,375 R-Sq. =83,54 % R-Sq. (adj) =76,69%

Here, symbol A represents the infill density, and symbol B represents the print speed. These
equations represent regression models for production time and tensile strength, respectively. When
the equations are examined, it is understand that the infill density significantly affects both the
production times and the tensile strengths. In Table 5 and Table 6, SS- represents sum of squares,
DF- represents degrees of freedom, MS- represents the mean of squares, F- represents Fisers value,
and P- represents probability. To accept the initial hypothesis that all means of the P-value are
equal, we either assume it is equal to 0.05 or accepts it as less than 0.05. As a result, a P value of
0.809 confirms that the infill pattern signal factor has no significant effect on tensile strength.
However, the F value, which represents a ratio between the variance of the whole group and the
respective category groups, suggests that the infill density signal factor has a major effect on the
tensile strength of 3D printed PLA+ test specimens. A Pareto chart with predictors of parameters is
given in Figure 10.
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Table 7. S/N ratios table

Experiment no.  Production Tensile S/N ratios S/N ratios for
time (sn) strength for tensile strength
(MPa) prod_uction
time
1 4560 12.175 -73,1793 21,7094
2 7200 12.2 -77,1466 21,7272
3 4020 8.1 -72,0845 18,1697
4 5340 8.125 -74,5508 18,1965
5 3600 7.67 -71,1261 17,6959
6 4560 8.7 -73,1793 18,7904
7 5400 11.4 -74,6479 21,1381
8 7320 11.675 -77,2902 21,3451
9 6000 8.65 -75,5630 18,7403
10 7140 9.2 77,0740 19,2758
11 3600 8.42 -71,1261 18,5062
12 5400 8.075 -74,6479 18,1429
13 5400 11.425 -74,6479 21,1571
14 7320 12.55 -77,2902 21,9729
15 4020 9.775 -72,0845 19,8023
16 5340 9.65 -74,5508 19,6905
17 3600 7.4 -71,1261 17,3846
18 6360 7.55 -76,0691 17,5589

The developed regression models are given as

Tensile Strength (MPa) = 4,42 + 0,07870 * A — 0,0151 * B @

Production Time (s) = 767310 + 33,60 * A — 87,7 * B 2

All the terms that crossed the reference line at 2.16 are significant at an alpha value of 0.05. Figure
10a illustrates that tensile strength; infill density is the most influential factor, followed by print
speed. Accordingly, for production time, as shown in Figure 10b, the most influential factors are
infill density followed print speed. Therefore, as shown from figure while the printing speed affects
the production times, the infill pattern has a little effect on the production times and tensile
strengths. The most important parameter affecting the tensile strength is the infill density. The main
effect graph shows the S/N ratio, which affects the tensile strength and production time (Fig. 11 a-
b).
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Pareto Chart of the Standardized Effects
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Figure 10. Pareto plot for PLA+ samples with predictors (a) tensile strength and (b) production

time
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Figure 11. The main effect plot for the S/N ratio (a) tensile strength and (b) production time

As seen in the figures, the maximum tensile strength can be obtained with the triangle infill pattern,
100% infill density and 40 mm/sec printing speed parameters. When it comes to production time,
ideal production time is achieved with gyroid infill pattern, 100% infill density and 40 mm/sec print
speed parameters. The main effect graph on the infill density tensile strength, it is observed that the
deviation increases with the increase of the filling density from 50% to 100%, while the deviation
decreases with the increase of the printing speed from 40 mm/sec to 60 mm/sec. The interaction
graphs are the graphical representation of the correlation between the infill density and infill pattern
in terms of tensile strength and print time parameters (Fig. 12 a-b).
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Figure 12. Interaction graph between infill density and geometric pattern (a) tensile strength and (b)
production time
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The averages of the datas for the PLA+ 3D-printed test specimens reveal a correlation with the
ANOVA results, and a similarity is observed between the graphs for the infill density parameter. As
can be seen from figures, the infill density has a bigger influence on the averages of the tensile
strengths. It shows that at an infill density of 50% and infill pattern of triangles, the minimum mean
IS 7.5%; the octet and gyroid patterns it is approximately 8.2%. Figure 13 a-b indicate the influences
of the infill density and print speed parameters on the production time and tensile strength. In terms
of production time, the slower production time is obtained at low print speed and high infill density.
Therefore, the production time can be reduced by increasing the printing speed. On the other hand,
paying attention to Table 7, it is seen that higher tensile strength is obtained for the octet infill
pattern at a 50% infill density than at a 75% infill density of the same pattern. It can be said that, the
underlying reason of this situation is the octet infill pattern creates an inhomogeneous filling
structure through the tensile direction.

(ﬂ) Contour Plot of Tensile strenght vs ( Print speed (mm/s.); Infill density (%) ) (b) Contour Plot of Production time vs ( Print speed (mm/s.); Infill density (%) )
60
Tensile Production
strenght time (5.)
(MPa) [ | < 4000
5 B < s 5 W 000 - 4500
¥ [ | s- ] “ 4300 - 5000
- 0| B 5000 - 5500
- 10 -1 = W 5500 - 6000
i l n-n| §%° B 000 - 6500
= 12 g W 6300 - 7000
. i B0
45 45
40 40
50 60 70 80 90 100
Infill density (%) Infill density (%)

Figure 13. Contour plot (a) tensile strength and (b) production time
(a“ > I I

Figure 14. Cross-sectional views of infill patterns (a) octet 75%, (b) octet 50%, (c) triangles 75%
and (d) gyroid 75%

As seen in Figure 14, at infill density of 50% the octet infill pattern left the middle of the sample,
forming the pattern more homogeneously in the wall regions. However, at infill density of 75%, the
octet geometric pattern created density in a certain region and left the other region empty. As a
result of this, in the tensile strength tests, since the sample has been suffered premature rupture from
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the weak region of the walls, lower tensile strengths has been obtained despite the high infill
density. When it comes to the other infill designs, a homogeneous distribution was obtained in all
filling ratios in the tensile direction, result of this no such unexpected results have been
encountered.

4. Conclusion

In this study, the influence of infill density, infill pattern and print speed parameters on the tensile
strength and production time of 3D printed PLA+ samples, and the following results have been
obtained as a result of the analysis:

e The production time has been affected by the printing speed of 46.4% and the filling density
of 28.4%, respectively. The infill pattern has an effect of 8.7%. In this respect, although it
has been determined in the analysis that the infill pattern does not affect the tensile strength,
it can be mentioned that the effect of the infill pattern on the ratio of the infill density. Faster
production time has been obtained in the gyroid infill pattern, 40 mm/sec print speed and
100% infill density.

e It has been determined that the most effective input parameter on the tensile strength is the
infill density, with a rate of 90.7%, while the effect of other input parameters are smaller.

e |t has been observed that the infill density significantly affects the tensile strength of 3D
printed PLA+ specimens. The dense filled structure provides more strength. The best tensile
strength have been obtained with triangles infill pattern, 100% infill density and 40 mm/sec
print speed. In other words, as the infill density decreases, the tensile strength decreases.

It is recommended to examine the process parameters further to provide better control over the
printed PLA+ parts by obtaining superior mechanical properties with good print quality.
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