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Abstract

A significant increase in 3D printing technology has been done primarily in the twenty-first century, where there are many
research works going on in different fields, such as aerospace, automotive, and medical sectors to improve the 3D printing
technology. This paper investigates the effect of printing with four different methods on the tensile strength of the Fused
Deposition Modeling printed Polylactic Acid parts. Experimental and statistical analysis found that there is no effect in

horizontal printing in both ways, but there is a significant difference in other printing methods.
© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
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1. Introduction

Additive  manufacturing (AM) has  evolved
tremendously since the patent filing of stereolithography
technology (SLA) in the mid-80s [1] into a diverse array
available in the market, and founded process categories for
polymer processing, which are classified by ISO/ASTM
52900 such as powder bed fusion (PBF), vat
photopolymerisation (VP), material extrusion (ME), and
material jetting (MJ) [2]. The principle of AM to create
final parts directly from CAD models now led to the
notion of rapid manufacturing (RM) [1]. According to
researchers, RM will significantly impact product
development and manufacturing and aid a range of
economic and societal effects, and it will be able to create
environmentally beneficial designs. [3], [4]. In the coming
decade, AM will significantly impact the economy and
society [5].In comparison to other techniques, AM has a
significant advantage in manufacturing complex-shaped
components with multi-material. Moreover, throughout the
printing process, a considerable amount of raw materials
could be saved. 3D printing products are now widely used
in a variety of sectors, such as food [6], aerospace [7],
civil engineering [8], automobileindustry [9], [10], AM
promotes the implementation of soft and hard tools to
assist and reduce the manufacturing process time and
enhance mass-replication operations, on the shop floor
[11] and produce robust and lightweight parts [7] and
spare parts supply chain [12]. The medical field also has a
good portionof AM technology [13], [14]. As the Food and
Drug Administration confirmed the first 3D printed drug in
2015, there has been an increasing interest in 3D printing
of drugs [15].Fused deposition modelling (FDM), as well
recognised as fused Filament Fabrication (FFF), is one of
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the most commonly used in Polymer additive
manufacturing (AM)with outstanding mechanical, thermal,
and chemical endurance [16], [17]. In comparison to other
AM technologies, the FDM approach is significantly
simple to set up and use. Several scientific researchers
concur that FDM three-dimensional (3D) components are
made through heating afibre thermoplastic polymer
filament to near the fusing temperature, then depositing it
in an almost molten condition to form the required shape
using a heated round spout. When the fibrethermoplastic
polymer becomes cold, the material's mechanical
properties, like tensile strength and strain, may change.
FDM process parameters, such as printing speed, raster
angle, layer height, and printing orientation have a
significant impact on pattern qualities, and accurate level
selection is also critical for component production. The
effects of different parameters on responses were
investigated in research to evaluate the characteristics of
components. Experiments were carried out using a design
of experiment (DOE) technique, and the results showed
that process parameters, such as air gap, layer height,
andraster angle have a significant impact on the responses
of FDM-based ABS patterns [18], [19]. An experimental
investigation studied the influence of build orientation on
strength properties using three distinct AM technologies
(3D printer, nano-composite deposition (NCDS), and FDM
to produce cylindrical pieces [20]. By conducting various
parameters of the FDM process, Anitha et al. used the
Taguchi approach to examine the quality attributes of the
prototypes [21]. Component orientation and support
creation are two important challenges in layer
manufacturing. The production of prototypes should be as
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rapidly as feasible. The most advantageous build
orientation of components can shorten lead times and save
overall prototype costs. Also, part orientation must be
continuously maintained to such a degree that the least
amount of support is required. Furthermore, the part must
be firmly supported in such a way that the entire
contact surface of the support is kept to a minimum during
the prototyping process. As a result, the support structure
has a limited impact on the prototype's surface properties
[22].The pause of printing is needed for some purposes,
for example, changing the filament colour, adding an
electronic device like sensor or transisitor, and adding a
support material with  different properties. This
replacement takes time before resuming the printing,
especially if there is just one extruder [23], [24]. This
paper aims to investigate the Ultimate Tensile Strength
(UTS) in different printing ways. The null hypothesis was
that different printing methods and different printing
orientations would have similar UTS. The rest of this
article is set out as follows. The used materials,
dimensions of the samples, testing machine, and statistical
analysis are illustrated in section 2.The resultsof the
experimental data and the discussion have also been
analysed in section 3. The statistical analysis for the results
and the suggested hypothesis is explained in details in
section 4. The findings of thisarticle have been
explained in the last section.

2. Experiment details and methodology
2.1. printing machine and printing material

In this work, a FDM 3D printing machine was the
Original Prusa i3 MK3S+ 3D, the USA was used (see
Table 1 for basic technical details [25]). Parts are created
with a Prusament polylactic acid (PLA) filament which is
one of the environmentally-safe polymers and can be
degradable [26] [27], which is green in colour, 1.75 mm in
diameter, and has a tolerance of 0.05 mm, and the
properties are shown in Table 2 [28], [29]. A total of
twenty specimens were printed in four different ways, with
five samples in each mode. The printing ways were
continuous horizontal orientation, continuous vertical

orientation, horizontal orientation with a pause, and
vertical orientation with a pause. The pause was after 1
mm of printing (after printing the half of specimen), and
the printing resumed after the specimen temperature
reached room temperature. All samples were produced
along the x-axis with a raster angle of +45°/-45° as shown
in Figure 1 and the printed parameters were illustrated in
Table 3. The experiment began with a 3D modelling
design created with solid edge 3D modelling software.
Solid Edge 3D is a widely used software in various
sectors, such as architecture, electronic parts,
manufacturing, and aviation. Solid Edge 3D software has
very impressive characteristics, like the range of platforms
in its mechanical engineering industry, which allows for
creating one-of-a-kind design elements. A three-
dimensional design (STL format file) was created
according to the standard 1SO 527 with 130 mm long, 20
mm in depth, and 2 mm in thickness, shown in Figure 2.

Figure 2. Printed Specimen

Table 1. Basic technical details for Prusa i3 [25].

Technical Parameters Value Unit
Build volume 25x21x21 mm
Layer height 0.05-0.35 mm

Maximum travel speed 200 mm/s

Maximum hotend/heatbed 300/ 120 e
temperature
Filament diameter 1.75 mm
Nozzle diameter 04 mm (default)

Figure 1.Raster angle+45°/-45°.
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Table 2 .Property ranges for PLA materials produced using the
FDM technique [28], [29].

Properties PLA Reference
Tensile strength (MPa) 155-72.2 [29]
Tensile modulus (GPa) 2.020-3.550 [29]
Elongation at break (%) 0.5-9.2 [29]
Flexural strength (MPa) 52-115.1 [29]
Flexural modulus (GPa) 2.392-4.930 [29]
Printing Temperature ('C) 190-220 [28]
Printing Speed (mm/s) 40-90 [28]
Chemical composition (CsH402)n [30]
Table 3. Printing parameters for all samples.
Printing parameter Value Unit
Nozzle temperature 215 °C
Bed temperature 30 °C
Printing speed 60 mm/s
Wall speed 50 mm/s
Wall thickness 0.4 mm
Layer height 0.2 mm
Infill density 100 %

The STL file model istransformed into a series of
commands for printing layers in the FDM 3D printer,
Ultimaker Cura. This software generates a G-Code (G-
Programming Language) template providing the whole set
of commands and directives to the desired 3D printer, such
as printing orientation, speed, nozzle temperature,
supports, wall thickness, infill density, and material. This
file drives the circular nozzle of the FDM 3D printer and
determines the particular routes and paths of printing. The
FDM 3D printer uses the G-Code file commands to create
the required solid part by extruding the heated PLA
filament from the nozzle head and forming a sequence of
thin slices upon each other on the bedplate. The circular
nozzle moves horizontally along a linear route for each
layer. After finishing printing, as shown in Figure , tensile
tests are used in this paper to evaluate the mechanical
characteristics of PLA materials produced using 3D
printing technology. Figure shows how ZwickiLine was
used for small test loads up to 5 kN. The tensile test speed
is 5 mm/min, and the laboratory room temperature remains
constant at 24 °C during the tensile process. As a result, it
can be verified that the test conditions are ambient
temperature and semi-equilibrium loading [31].

Figure 3.Printed specimens.

Figure 4. Tensile testing machine.

2.2. Statistical analysis

Many statistical tests are used to perform hypothesis
testing for mean comparison like Tueky, Bonferroni,
Dunn-Sidak, Scheffé, Fisher's Lsd, Holm-Sidak. This
paper analysed the data using the Bonferroni method
(ANOVA) to analyse the UTS results using OriginLab
2018 software.Before starting the hypothesis testing. Two
parameters must be determined, the confidence level and
the significant level (o). The confidence level denotes the
chance that the estimation of a statistical parameter's
location in a sample test is also true for the
population.Before performing a test, confidence levels
should be determined in advance since the error margin,
and the test's required scope depends on the confidence
level. From 90%-99%, confidence levels are commonly
used in testing, and the confidence level =1 - o. The
significance level () is the probability of rejecting the null
hypothesis when it is true. Theconfidence level and the
significant level for the statistical analysis in this paper are
95% and 0.05, respectively.

In statistical analysis, the Bonferroni test is a form of
multiple  comparison  test named after Italian
mathematician Carlo Emilio Bonferroni (1892-1960)
[32]. When doing a hypothesis test with many
comparisons, a result indicating statistical significance in
the dependent variable may ultimately arise, even though
there is none [33]. According to the Bonferroni test, each
test's P-value must be equal to its alpha (o) divided by the
number of tests executed. The significance level refers to
the likelihood that the Bonferroni test would wrongly
detect a variation in the sample that does not exist in the
population (false positive) means. A 0.05 significance
level is a widely used significance level. This study tested
6 comparisons (continuous horizontal vs horizontal with a
pause, continuous horizontal vs continuous vertical,
horizontal with a pause vs continuous vertical, continuous
horizontal vs vertical with a pause, horizontal with a pause
vs vertical with a pause, and continuous vertical vs vertical
with a pause), there might be up to a 30% likelihood (0.05
+0.05 + 0.05 + 0.05 + 0.05 + 0.05) that any one of them
would demonstrate significant change by chance. By
dividing the significance level by the number of tests, the
Bonferroni adjustment corrects this. The significance level
for a given comparison in this study would be 0.0083, with
a chance of incorrectly detecting a difference of no more
than 0.05.
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3. Results and discussion
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Table 2. UTS for all printed specimens.
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Figure 5.Average curves: continuous horizontal orientation (A), horizontal orientation with a pause (B), continuous vertical orientation
(C), and vertical orientation with a pause (D).
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The two-way horizontal printing showed a significant
difference in the tensile strength than the two-way vertical
printing. The UTS for continuous horizontal and horizontal
witha pause printing was 46.52+0.27MPa
and47.55+0.95MPa, respectively, while in the continuous
vertical printing,the UTS was almost half of the
continuous horizontal printing with UTS 24.97+3.7,and
the vertical with a pauseUTS was the lowest with
11.49+4.5. The difference in the UTS between horizontal
and vertical orientation is due to the direction of the test
being perpendicular to the filament path.This means that in
the horizontal orientation, the fracture happened in all
layers while in the vertical orientation, the fracture
happened just between two layers. Figure shows the box
plot of the UTS of the four different ways of printing.

A material's Young's(Elastic) modulus is an essential,
fundamental characteristic that defines how the material
deforms when stressed [35]. It calculates the strain based
on the size of the applied compressive or tensile stress.
The greater Young's modulus, the less a material deforms
in response to a given stress, making it stiffer. Figure
illustratesYoung's modulus for the four printing ways.

3.2. Statistical analysis

T-value measures the size of the difference relative to
the variation of the sample data. As the t-value increases,
the evidence against the null hypothesis increases. The p-
value describes how likely is the data randomly occurred
by chance.The statistical analyses were done using the
Bonferroni method, andTable 3 shows the results.

For horizontal with a pause — continuous horizontal, the
t-value is 0.55, and the p-value is 1.0, and according to the
Bonferroni test, we failed to reject the null hypothesis. For
the rest of the printing methods, we rejected the null
hypothesis. Significant equal one denotes that the variation
of the means is significant at the 0.05 level and Significant
equal zero denotes that the variation of the means is not
significant at the 0.05 level.

4. Conclusion

The ultimate tensile strength of 3D printed PLA
usingthe FDM method has been investigated.The

experimental measurements were done, and the statistical
analysis was applied to the results.The null hypothesis was
thatdifferent printing methods and orientations might have
similar UTS. We found that this hypothesis is true only in
continuous horizontal printing and horizontal printing
witha pause. The null hypothesis was rejected in
continuous vertical printing and vertical printing witha
pause. As a result, the pause in horizontal printing will not
affect the UTS of the material while there is a significant
difference in the UTS in the case of vertical printing.

Box plot of tensile stress
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Table 3.Hypothesis test results.

Printing comparison Mean difference t-value P-value a Significant
Horizontal with a pause — Continuous horizontal 1.04 0.55 1 0.05 0
Continuous vertical — Continuous horizontal -21.55 -11.54 2.16x10-8 0.05 1
Continuous vertical - Horizontal with a pause -22.58 -12.10 1.10x10-8 0.05 1
Vertical with a pause — Continuous horizontal -35.02 -18.76 1.54x10-11 0.05 1
Vertical with a pause — Horizontal with a pause -36.06 -19.32 9.81x10-12 0.05 1
Continuous vertical — Vertical with a pause -13.47 -7.22 1.23x10-5 0.05 1
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