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Abstract: Additive Manufacturing (AM) plays a vital role in rapid prototyping. Polylactic acid (PLA), a biomass
thermoplastic monomer made from corn starch is the most used filament material in AM. Due to the strength
requirement of haptic device prototypes, there is a need to carefully explore all parameters that could enhance
the performance of printed parts. This study considered three printing parameters: printing speed, infill
density, and layer thickness on three levels each. A tensile test according to ASTM D638 was performed on
each. Statistical analysis was done to investigate the influence of each of the parameters on maximum tensile
stress, load at maximum tensile stress, and Modulus respectively for each sample. Subsequently, a regression
analysis was performed. The sample with an Infill density of 15%, printing speed of 70mm/s, and 0.1mm layer
thickness exhibited the highest tensile strength. However, it was discovered further that the infill density has
the highest influence on the mechanical properties of the 3D printed PLA material in tensile testing. The chart
of the mechanical properties and the parameter configurations were also presented to assist in selecting
printing parameters for desired mechanical properties.

Keywords: print speed; infill density; layer thickness; regression; chart

1. Introduction

Additive manufacturing (3D printing) is fast becoming the choice of manufacturing technique
due to its flexibility and adaptability [1,2] in prototyping. Several technological innovations which
are physical models are first tested with additively manufactured models as proof of concepts before
actual production. It is therefore important to painstakingly select the suitable method and
parameters that suit the desired performance of the prototype [3]. Additive Manufacturing (AM) is
important in optimizing composite materials for improved mechanical properties. Mechanical tests
are prerequisites to validate the suitability of a material for aerospace, medical, automobile, and
product development applications. Infill density, printing speed, and layer thickness are parameters
to interchange to influence the quantity of materials used and the cost of printing. However, these
three have not been keenly investigated to determine their influence on the mechanical properties of
materials, especially PLA. Many failures have been recorded while developing prototypes due to
inappropriate printing parameters as seen in Figure 1. The infill density, layer thickness, and printing
speed have been examined individually or combined with other parameters such as infill pattern,
build orientation, and rafter angle to investigate their influence on the mechanical properties of
selected additive manufacturing materials [4,5].

Layer thickness is a parameter that affects the print quality and properties of a 3D-printed
material. The effect of layer thickness has been studied on the water absorption characteristics of 3D
printed PLA based on four layers of 0.05 mm, 0.1 mm, 0.2mm, and 0.3 mm [6]. This parameter has
been considered for its influence on flexural strength [7], bond and tensile strength [8], hardness[9],
and the accuracy of a printed specimen [10]. Layer thickness and binder properties were varied to
determine their impact, and it was discovered that an increase in layer thickness reduces the tensile
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strength but increases the flexural strength [11]. This method was also performed for the ABS [12],
bone tissues [13].

Printing speed plays an important role in the outcome of printed materials as a measure of the
rate of building up the materials in layers. It is influential, especially for continuous fiber composite
printing based on its role in the morphology output [14]. In another study, the influence of printing
speed on the morphology and mechanical properties of wood polylactic acid composite was
evaluated [15]. The effect of printing speed and extrusion temperature on the tensile strength and
dimensional quality was investigated. It was observed that the printing speed increases the tensile
strength, but it is inversely proportional to the printing time [16]. High print speed produces high-
quality and high-performance thermosetting polymers [17]. The morphology and print quality can
be improved by optimizing the extrusion speed. Furthermore, the print speed can be improved by
optimizing the extrusion diameter thereby eliminating the inconsistencies in the extrusion process
[18].

Fernandes et al., 2018 [19] explored the effect of four printing parameters on the mechanical
properties of Polylactic acid material. The parameters considered were infill density, extrusion
temperature, raster angle, and layer thickness and it was discovered that the infill density had a
progressive influence on the mechanical properties. In another work, infill pattern and density, shell
thickness, and printing temperature were considered for ABS additive manufacturing to investigate
their contribution to the material properties. The result of this experiment was to assist in decision-
making for the type of printing element to be considered for parts and prototype development [20].
The print speed and raster layer up were accessed for their influence on PLA's tensile strength and
stiffness [21].

It is important to consider the contribution of infill density to the mechanical properties, quality,
and properties of additively manufactured parts [22]. Infill density and infill patterns are very
influential to the energy absorption characteristics of the material [23]. It was discovered that an
increase in infill density, wall perimeter, and layer height has a positive impact on the tensile strength
of printed material [24]. In ASTM standard testing, variations were noticed in the tensile strength and
modulus by varying the infill density and orientation angle while also affecting the position and angle
of the fracture [25]. In an impact test to determine the influence of infill density on the tensile strength
and impact strength of printed materials, an increase in infill density increases the tensile strength
but a reduction in the impact strength [26]. Printing time is also impacted by varying the infill
properties such as infill pattern and, infill density [27].

Analysis of variance is a tool used to investigate the impact and degree of influence and
behaviour of individual variables on a set of objectives. In addition, it is often used to evaluate the
influence of printing parameters on mechanical properties such as ultimate tensile strength, yield
strength, modulus of elasticity, load at maximum strength, and the load at break [19,28,29]. It is
important to determine the parameters suitable to 3D print models with the required mechanical
toughness in human and machine interfaces for haptic manipulation.

Having drawn inferences from the studies above, it became evident that the three major
parameters that affect print quality should be closely evaluated. The evaluation of the mechanical
properties of additively manufactured parts with varying parameters is necessary to ascertain the
printing conditions to produce suitable parts for required applications [8,20,30]. Judging from
experience and previous investigations, the infill density, layer thickness, and printing speed
significantly affect the durability of printed parts. In this work, 3D printed tensile test samples are
based on varying infill properties, print speed, and layer thickness to select a suitable combination of
parameters that will not fail under operation. Similar works that investigated the effect of printing
speed, layer thickness, and infill density on the mechanical properties of 3D printed parts, chose a
wide range of values up to 100% for the infill density and layer thickness [28,31-35] as summarized
in Table 1. These combinations only present a wide range of mechanical properties but do not serve
as a specific guide for parameter selection. Some of these combinations result in significant
differences in the printing time. The negative impact reflects time loss and increased power
consumption. Selecting close-range parameters has less effect on the printing time but can give the
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desired mechanical properties. This work was set out to create a guide for easy access to parameter
combinations that ensures the appropriate parameters are easily accessible for intended results.

Q \ o
A O \

D

Figure 1. Damaged prototype parts due to failed prints (breaking at A, C, and D; shearing at B).

2. Materials and Methods

In determining the materials to be used for the ongoing research in robotics and haptic feedback
mechanisms, an investigation was launched into determining the printing parameters for the
additively manufactured parts. Three printing parameters were varied: layer thickness, infill density,
and printing speed. These three parameters directly influence the print quality, because an alteration
in any of these results in a change in the printing time and quantity of materials to print. The layer
thickness range depends on the manufacturing specifications for each FDM printer. However, the
Creator Pro 2 used for this experiment has a layer thickness range between 0.1 mm and 0.33 mm.
Three levels of thickness were used: 0.1 mm, 0.2 mm, and 0.3 mm.

Printing speed is the rate at which the nozzle moves along the X and Y axes while depositing
molten filament onto the platform, which also dictates the movement of the z-axis. The printing speed
also affects surface finish, accuracy, and strength. Like the layer thickness, the range of values for the
printing speed depends on the manufacturer's specifications. The default printing speed for the
Creator Pro used is 70 mm/s, but the three levels of printing speed used for this experiment are 60
mm/s, 70 mm/s, and 80 mm/s.

The third parameter is the infill density which relates to the amount of material between the
surface layers of the printed part. It is very critical to the strength of the part, and it determines the
weight, the strength, and the durability of the part. Like the other two parameters, its range of values
depends on the printer type. The three levels used for the experiment are 15%, 17.5%, and 20%. The
choice of this range was based on previous prints which shows there is little variation in printing
time and material usage when this parameter is changed. However, in some literature, a wide range
of this parameter is used, it does not reflect the exact influence of this parameter because the wide
range values are bogus to track the effect of the infill density.

The Taguchi L9 orthogonal array was adopted to create 27 experimental samples by varying the
parameters on 3 levels as in equation (1): infill density (15%, 17.5%, and 20%), printing speed (60
mm/s, 70 mm/s, and 80 mm/s), and layer thickness (0.1 mm, 0.2 mm, and 0.3 mm). Plastic Tensile
tests according to the ASTM D638 were conducted using the Inspiron Series 3369 Tensile testing
machine (Figure 2) because it is known for its precision and reliability in conducting tension tests
according to various international standards, ensuring consistent and repeatable results. The data
recorded were analyzed using Taguchi and ANOVA to determine the significance of each parameter
on the Maximum tensile strength equation (2), Modulus of elasticity of the material equation (3), and
Load at maximum tensile strength measured directly from the machine. The test samples before the
experiment and the samples after the experiments are shown in Figure 3a,b.

Table 1. Related works on ANOVA and Printing Parameters.

Author Methodology  Properties Material ANOVA  Parameters
[31] Numerical Warpage deformation PEI 81 samples PT, PS, BT,
ABS ID, LT, IP

PA 6
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[32] Experimental Flexural strength ABS 25 samples 1D 15-100
RA 0-90
NT 20-60
LT 0.1-0.3
BT 90-110
[33] Experimental Tensile strength Wood-PLA  9samples LT 0.1-0.3
Maximum load ID 50-100
Elongation PS 10-20
Elastic modulus NT 180-190
[34] Numerical Residual stress ABS 27 samples PO H,S,V
RA 0-90
IP 0,Z,90
[35] Experimental Compressive strength TPU 9 samples  PS 40-60
PLA LT 0.1-0.3
ID 50 75 100
Current  Experimental Toughness PLA 27 samples  PS 60-80
work Max. Tensile Strength LT0.1-0.3
Elastic Modulus ID 1517.5 20
Load @ Max Tensile
Strength.

PEI- Polyetherimide, ABS-Acrylonitrile butadiene styrene, PA 6- Polyamide 6, TPU -Thermoplastic
polyurethane, PLA- Polylactic acid, PS- printing speed, LT- layer thickness, ID- Infill density, RA-Raster angle,
NT- Nozzle temperature, BT- Bed temperature, PO- Printing orientation, PI-Infill pattern.

L9 = 343 1)
P
O-max = max/AO (2)
E = Stress /Strain = (0, — 01)/(&5 — &) (3)

Prax is the force to break the sample
A, is the original cross — sectional area
Omax 1S the Ultimate tensile strength
E is the Modulus of elasticity

Figure 2. Inspiron Series 3369 Tensile testing machine.
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@) (b)
Figure 3. (a) Sample before testing. (b) Test samples after breaking.

3. Results

In this section, the mechanical properties evaluated were presented, and the effect of the infill
density and layer thickness on the mechanical properties was also presented. Subsequently, the
experimental analysis and the evaluations were reported and discussed.

3.1. Experimental and Analysis of the Mechanical Properties

The experimental results of the testing were recorded as force and extension. These results were
used to calculate the Maximum tensile strength, Load at maximum tensile strength, and the Modulus
of elasticity as presented in Table 2.

Table 2. Experimental results of 0,4y, Ppax,and E

. . Print Speed Layer Thickness Ma?(imum Lo.'?d at Mo.dfllus Of
Infill Density (mm/s) (mm) Tensile Stress Max1mum Elasticity (Mpa)
(Mpa) Tensile Stress (kN)
A 15 60 0.1 24.143 844.99 907.05
B 15 60 0.2 24.39 853.64 869.85
C 15 60 0.3 24.271 849.5 755.16
D 15 70 0.1 34.276 1199.6 400.28
E 15 70 0.2 23.886 836 889.46
F 15 70 0.3 23.799 832.95 840.2
G 15 80 0.1 22.126 774.4 864.57
H 15 80 0.2 22.964 803.73 736.16
1 15 80 0.3 23.371 818 783.03
J 17.5 60 0.1 25.737 900.78 930.27
K 17.5 60 0.2 23.924 837.33 856.84
L 17.5 60 0.3 22.888 801.08 912.13
M 17.5 70 0.1 23.765 831.78 824.83
N 17.5 70 0.2 18.044 631.53 667.78
O 17.5 70 0.3 21.465 751.28 824.81
P 17.5 80 0.1 24.391 853.7 887.36
Q 17.5 80 0.2 22.344 782.06 840.45
R 17.5 80 0.3 22.244 778.55 884.38
S 20 60 0.1 20.822 728.78 846.7
T 20 60 0.2 22.803 798.1 865.79
U 20 60 0.3 23.181 811.33 774.8
v 20 70 0.1 21.382 748.36 777.83
\W 20 70 0.2 23.13 809.54 796.75
X 20 70 0.3 22.951 803.3 852.02
Y 20 80 0.1 22.573 790.04 812.27
z 20 80 0.2 22.908 801.79 849.08
Al 20 80 0.3

3.2. Influence of Infill Density on the Material Properties

In Figure 4a—c; Specimen D has the highest maximum load with a low tensile strength but the
lowest modulus of elasticity since the tensile strength is proportional to Young’s modulus. Modulus
of elasticity is the measure of the stiffness of a material, hence specimen D with the configuration 15
infill density, 70 mm/s speed, and 0.1 mm layer thickness is tougher than other configurations. All
the values loads are above 800 kN. All the moduli are above 800 MPa, but more peak loads here are
below 800 MPa. This group seems more ductile. The modulus variations here tend to be like the first
group, but the load is lower (all below 800 kN).
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Figure 4. Plots of the impact of infill density; (a) 17.5 mm (b) 17.5 mm (c) 20 mm.

1000

3.3. Influence of Layer Thickness on the Properties of the Printed Samples

From Figure 5a, it was observed that at 70 printing speed, sample 4 has the lowest modulus of
elasticity at 17.5mm infill density when the layer thickness was 0.1 mm. The modulus of elasticity
had the best performance at the 0.2 mm layer thickness as seen in Figure 5b. The modulus of elasticity
is closest. However, there is a peculiarity with the 0.3 mm layer thickness plot (Figure 5c), the
modulus of elasticity has very close Figures, which means they exhibit the same behaviour. It is thus
safe to say that the layer thickness becomes less significant at this thickness irrespective of the other

parameters.
2000 , LAYERTHICKNESS OF 0.1 MM LAYER THICKNESS OF 0.2 MM
1000
L
e ¢
0 PS : ® 0 0O
0 20 40 60 80 100
0 20 40 60 80 100 SPEED
SPEED

© MAXIMUM TENSILE @ MAXIMUM TENSILE STRESS
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(a) (b)

LAYER THICKNESS OF 0.3 MM

1000
$ o o
0 e O o
0 20 40 60 80 100

® MAXIMUM TENSILE STRSEPSEED

(©)


https://doi.org/10.20944/preprints202409.1871.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

Figure 5. Plots of the influence of layer thickness: (a) 0.1 mm (b) 0.2 mm (c) 0.3 mm.

Table 3 shows that the infill density significantly impacts the properties of the samples. There is
a large deviation for all the samples with 15 mm infill density but moderate for those with 17.5 mm
infill density. However, little disparity exists when the infill density increases. This shows that the
infill density is a major influence on the properties of these samples.

Table 3. Table of the descriptive analysis of the influence of the infill density on the properties.

Standard deviation

Infill density Modulus Max load Max tensile Comment
20 33.67709 28.71557 0.820477 Lowest
17.5 72.60368 72.16459 2.061845 Medium
15 146.6796 119.5735 3.416865 Large

From Figure 6a,b, the load at the highest tensile stress increases with the maximum tensile
strength. There is no significant influence on the content variation. The modulus of elasticity varies
between 650 MPa to 900 MPa for most of the specimen. The variation is observed when the maximum
tensile strength is highest, and the modulus of elasticity is lowest.

1500 1000
) 2
= ° s 800 ‘
S 1000 a ()
iz P §_o
§ 3 ° % & 400 °
o =
© = 500 2 < 200
5 3
8 3 0
- 0 s 0 20 40
0 20 40 _ )
Maximum Tensile Strength (MPa) Maximum Tensile Stress (MPa)

(@) (b)

Figure 6. Plots of (a) load at maximum tensile (b) modulus of elasticity and maximum tensile

strength.

From Figure 7, the highest tensile strength was observed when the infill density and printing
speed were lowest corresponding to 15 and 60 mmy/s. It can also be observed that the combination of
infill density of 20 and 0.3 mm layer thickness is not desirable. The printing speed was insignificant
when the infill density was 17.5 and the layer thickness was 0.2 mm. Despite these variations in the
impact of the parameters, the three parameters impact the tensile strength. However, the infill density
is more influential.
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Figure 7. Taguchi Analysis: Maximum Tensile stress, Load at Maximum Tensile stress (N), and
Modulus showing the (a) Response table for Signal-to-noise ratios and the (b) Response table for

Means.

Figure 8a highlights the significance of the infill density. It can be seen that the infill density of
17.5 mm is most significant when the speed is 60 mm/s and the layer thickness is 0.1 compared to
other values. At 20 infill density, the speed is significant for all the values of infill density and layer
thickness. When the layer thickness is 0.2 mm, the infill density shows significance at 17.5 succeeded
by layer thickness at 0.1 for a printing speed of 60 mm/s.
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Figure 8. (a) Taguchi Analysis: Maximum Tensile strength, showing the (i) Main Effects Plot for
Means and the (ii) Main Effects Plot for SN ratios. (b): Results of the Taguchi Analysis: Maximum
Tensile stress, Load at Maximum Tensile stress (N), and Modulus showing the Interaction Plot for SN

ratios.

According to Figure 8b, the speed and layer thickness significantly influenced the maximum
load at higher infill densities. This means that higher infill densities can assist the printed materials
to withstand more load applications, hence it is a critical factor to consider when selecting printing
parameters for these applications. It was also discovered in Figure 14 that low and high printing
speeds influence the modulus of the material such that lower printing speeds result in high modulus


https://doi.org/10.20944/preprints202409.1871.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

of elasticity while faster printing speeds reduce the material toughness. However, the case of the layer
thickness is like that of the infill density in that higher layer thickness has a significant influence on
the modulus increasing the porosity of the material [6].

3.4. ANOVA Results and Discussions

The results obtained from the testing were first analyzed using the Taguchi approach since the
experiment was designed based on the Taguchi DOE (Design of Experiment). This result showed the
most desirable level of each factor as it gave the Main Effect plots of each factor. The results of the
Taguchi analysis are seen in Figure 9a—c.

Main Effects Plot for Means Main Effects Plot for SN ratios
Data Means Data Means
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Figure 9. Main Effects plot for (a) Load at Maximum Tensile Stress and (b) Signal-Noise ratio (c)
Modulus.

In Figure 9a, the highest tensile strength occurred when the infill density and printing speed
were lowest at 15 and 60 mm/s respectively. When the infill density was 20 and the layer thickness
0.3 mm, the material properties were poor regardless of the printing speed. This can be interpreted
as reducing the elastic property of the material, hence introducing hardness instead of toughness to
the material. Meanwhile in Figure 9b, when the infill density was 17.5 and the layer thickness was 0.2
mm, the printing speed had no significant effect. This can mean that the medium parameters of infill
density and layer thickness will produce a tough material irrespective of the printing speed.

In Figure 9c showing the main effects plot for the modulus, the infill density of 15 had the
greatest influence on the modulus of elasticity. Like earlier observations, the lower values for infill
density and the layer thickness have greater significance than the highest values. For the printing
speed, the influence is on the average significant, hence it is a major factor to consider regarding the
modulus. Specifically, the combination of infill density of 15, printing speed of 60 mm/s, and layer
thickness of 0.1 mm had the greatest effect on the modulus in the main effects plot for the modulus.

3.5. Regression Analysis and Look-Up Chart
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It is important to establish a relationship between the mechanical properties discussed in this
work and create a chart of printing parameters and possible mechanical properties. Regression was
performed on the experimental data in Microsoft Excel. The Excel regression generated the equations
to develop the values within the range of the commonly used printing parameters. Equations iv — vi
represent the regression equations for the maximum tensile stress, load at maximum tensile stress,
and the modulus of elasticity. These equations can be used to optimize the parameters for customized
slicer and printing software. Some developers and researchers have developed Al software for
customized printing which does not follow the conventional vertical layer-by-layer printing.

37.00 — 0.505 Infill Density — 0.0471 Speed — 7.94 Layer Thickness (4)
1295 — 17.67 Infill Density — 1.65 Speed — 278 Layer Thickness (5)
738 + 8.2 Infill Density — 1.24 Speed + 118 Layer Thickness (6)

The chart of the mechanical properties calculated from equations iv to vi is presented in Figure
10 with the plot of the properties to the left and the configurations on the right-hand side. After this,
the properties were sorted according to the degree of toughness (Figure 11) with the highest first.
This look-up table is a quick reference for selecting printing parameters based on toughness
requirements.

MAXIMUM TENSILE STRESS (MPa)
v ' v

0
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o . - DENSITY 3 SPEED THICKNESS
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z 20 80 0.2

AR 80 03

Figure 10. Chart of the calculated mechanical properties for each specimen.
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Figure 11. Chart for mechanical properties and printing parameters.

This chart serves as a lookup chart where the properties desired are matched with the
corresponding printing materials. For example, if 680 MPa modulus is required, the point is drawn
from the left-hand side to touch the curves and the point on the curve is traced to the x-axis to choose
the closest sample. To get the other properties, the trace is extended to the chart of the required
property. After which this sample is checked on the right-hand side for the corresponding
configuration. This method can be replicated for any other known property and the printing
parameters can be determined. The look-up chart is vital as it assists the designer in estimating the
cost and time for the printing desired, corresponding to the mechanical properties suitable for the
parts.

4. Conclusions

The experimental design presented twenty-seven samples with three variables for each printing
parameter considered. The experimental procedure was carried out according to the ASTM 2450
standard. The Tensile strength, load at maximum tensile strength, and Modulus of elasticity were
determined through the relationship between the force, stress, and strain. The effects of infill density
and layer thickness were assessed to see how they influenced the mechanical properties. An analysis
of the distinction of each parameter was carried out to investigate how each parameter influences the
mechanical properties of each sample. Regression analysis as models for customized printing was
also presented. Lastly, charts of the mechanical properties were plotted, and the lookup chart for
mechanical properties where the printing parameters suitable for a desired mechanical property was
presented.

The data presented here is suitable for use in research laboratories where products are
developed. The chart of printing parameters will assist in selecting appropriate parameters to achieve
the printing of durable parts and prototypes. The goal is for the prototypes to withstand the testing
and for the proof-of-concept and prototype to attain performance close to real application. In many
research endeavours, records of broken parts have been reported because little or no consideration
was given to the properties of the materials used for the experiments. This study presents a
methodology to be adopted by researchers who make prototypes for their proofs-of-concept, to
reduce wastage while presenting durable and test-worthy prototypes. In addition, the regression
analysis is a model that can be adopted to integrate artificial intelligence in 3D printing.
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