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Abstract

3D printing is increasingly used in industrial practice as an important additive technology.
Both the choice of material and the printing parameters play a critical role in the mechanical
and physical characteristics of parts 3D printing parameters play a major role in the
strength of parts, the efficiency of the technology, and the production time. All this
requires solving optimization issues using mathematical models in order to find balanced
technological solutions. In this article, the main mechanical properties of PETG—hardness
and maximum tensile strength, produced with different printing parameters—will be
investigated. This study was conducted through a planned experiment with the aim of
reducing the experimental samples without compromising the experimental results. The
experimental results were statistically processed using MiniTab 13 experimental samples
were tested with the following printing parameters—speed in the range of 40–120 m/min
and a layer thickness between 0.1 to 0.4 mm. The aim of the article is to investigate
in which discrete zone of 3D printing parameters the parts have the highest strength
characteristicshardness and maximum tensile strength.

Keywords: mechanical properties; 3D printing; regression analysis

1. Introduction
3D printing is a promising additive technology related to manufacturing physical

objects. 3D printing technology involves joining material layer by layer. This technology
is a crucial part of modern manufacturing, especially in aerospace, medicine, mechanical
engineering, dentistry, etc., industries. The technology is used in the manufacture of
individual and customized parts. 3D printer filament is the primary material used to
create three-dimensional objects [1]. These filaments are polymers that are melted and
extruded through a printer nozzle to build a model layer by layer. Choosing the right
filament is critical to the success of any 3D-printed part, as different materials offer different
mechanical and physical properties.

The most common types of filaments in the field of 3D printing are PLA, ABS, and
PETG. Along with these materials, engineered filaments such as PEEK, PEI, and PC are
used in industrial applications due to their thermal stability, chemical resistance, and
exceptional strength [2].
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The application of 3D printing in modern mechanical engineering is related to the
optimization of 3D printing parameters in order to obtain desired mechanical and physical
properties. Mechanical properties describe how materials react to applied force. To a large
extent, mechanical properties determine the application of each material. Mechanical
properties are tensile strength, hardness, elasticity, plasticity, impact strength, etc 3D print-
ing parameters affect the anisotropy and mechanical properties. The optimization of 3D
printing parameters is a key factor in good processing technologies. 3D parameters include
nozzle diameter, layer thickness, printing temperature, printing speed, bed temperature,
infill density, etc.

2. Materials and Methods
PETG (Polyethylene terephthalate glycol) is one of the most popular and versatile

filaments for 3D printing [3]. PETG combines some of the best features of PLA and ABS,
offering good flexibility, strength, and chemical resistance. It is used to create functional
parts that need to withstand higher loads than PLA. PETG is the preferred material for
applications requiring stiffness and resistance to external loads [4].

Unlike ABS, PETG is easier to print, as it has better adhesion to the 3D printing bed
and is less prone to warping. In addition, PETG is resistant to chemicals and UV rays,
making it an excellent choice for outdoor applications. PETG is resistant to most chemicals,
including oils, acids, and alkalis, making it suitable for technical applications. PETG has
good adhesion between layers and minimum deformation during printing.

The experiment was planned using a central composite design [5]. When using such
a design, the resulting mathematical regression model provides equal accuracy for all
points equally distant from the center of the factor space. The design of experiment was
carried out using Minitab, and the printing speed values are in the range of 40–120 mm/min
and the heights of the layers are in the range of 0.1–0.4 mm. The value of α in this two-factor
design is 1.41 across a total of 13 trials, with 5 trials in the center of the square. Figure 1a
shows a drawing of a test specimen [6].

  
(a) (b) 

Figure 1. (a) Test specimen dimensions. (b) 3D printing a specimen.

The main parameters under which the samples were printed are as follows:

• Material: PetG;
• Printing speed range: 40–120 mm/s;
• Extruder temperature range: 235 ◦C;
• Bed temperature: 65 ◦C;
• Layer height range: 0.1–0.4 mm;
• Infill: 100%;
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• Flow: 103%;
• Printing time range: 25–28 min.

Thirteen samples were printed using a Flashforge Creator 3 3D printer, as shown
in Figure 1b. The samples were printed vertically to investigate the connection between
the layers.

Hardness tests were performed on a calibrated Shore D durometer according to
ASTMD2240. The tested material was within the working range of the instrument [7]. The
requirements for distances between test runs were met.

Tensile strength tests were performed on a calibrated tensile testing machine operating
with a maximum possible force of 10 kN. The selected strain rate was 40 mm/min in order
to obtain more precise results [8].

The optimization was performed through a regression equation, which aims to analyze
the influence of the variables, both individually and interactionally. Based on the experi-
mental results, a mathematical model was created and the statistical sample was analyzed
and summarized. The model was checked for statistical significance and the coefficients
of the variables in the regression equation were calculated. They were analyzed to see
how well the data corresponded to the equation. The resulting mathematical model was
interpreted in accordance with the physicochemical technological features of the process.

3. Results and Discussion
The experimental data from Table 1 were processed mathematically and statistically

with the MINITAB software product to obtain a math model [9].

Table 1. Obtained results.

Speed Layer F max (kN) H Shore D

80 0.1 1.44 73.20
52 0.35 1.05 68.93
52 0.14 2.14 74.83
80 0.25 1.61 71.38
108 0.14 1.11 73.63
80 0.25 1.65 73.00
80 0.25 1.60 70.50
80 0.25 1.64 70.60
40 0.25 1.92 72.97
80 0.25 1.64 71.40
108 0.35 1.06 68.55
120 0.25 1.35 71.90
80 0.4 0.47 67.03

For the mathematical description of the objective function (maximum force—F max),
the following regression model was obtained [10]:

YF = b0 + b1X1 + b2X2 + b3X2
2 + b4X1X2 (1)

Table 2 presents the coefficient value. T-value is used to determine whether the
coefficients are significant. However, the p-value is more commonly used because the
threshold for rejecting the null hypothesis does not depend on the degrees of freedom.
In our case, the p-value for each coefficient is lower than 0.05, so we can reject the null
hypothesis. In other words, the coefficients have a lower p-value and are significant for
this model [11].
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Table 2. Coefficients of the statistical equation for F max.

Term Coef SE Coef T-Value p-Value VIF

Constant 3.1071 0.0835 37.20 0.000
Speed −0.03182 0.00093 −33.98 0.000 13.88
Layer 3.980 0.435 9.15 0.000 42.57

Layer × Layer −30.167 0.635 −47.49 0.000 22.72
Speed × Layer 0.09789 0.00394 24.83 0.000 44.43

The calculated coefficient of determination R-sq = 99.88%, the adjusted coefficient
of determination R-sq(adj) = 99.82%, and the predicted coefficient of determination has
the value R-sq(pred) = 99.58% (Table 3) [12]. R-squared and adjusted R-squared are both
around 99%, which means about 99% of variability in the outcome. The model fits very the
model well.

Table 3. Summary of the statistical model for Fmax.

S R-sq R-sq(adj) R-sq(pred)

0.0186151 99.88% 99.82% 99.58%

The p-value for the F-test of the overall significance test is lower than 0.05, which gives
us grounds to reject the null hypothesis and conclude that the resulting model provides
a good and adequate description of the studied variable (Table 4) [13].

Table 4. Statistical analysis of variance for F max.

Source DF Seq SS Seq MS F-Value p-Value

Regression 4 2.09498 0.523746 1511.43 0.000
Speed 1 0.72606 0.726059 2095.27 0.000
Layer 1 0.45369 0.453686 1309.25 0.000

Layer × Layer 1 0.70163 0.701633 2024.78 0.000
Speed × Layer 1 0.21360 0.213604 616.42 0.000

Error 7 0.00243 0.000347
Lack-of-Fit 3 0.00055 0.000182 0.39 0.769
Pure Error 4 0.00188 0.000470

Total 11 2.09741

The Pareto diagram, Figure 2a, arranges the coefficients according to their effect on
the desired function from largest to smallest. The diagram also draws a reference line to
show where the limit of statistical significance is. It can be seen that the components pass
the significance line; therefore, they are significant [14].

The standard residual is equal to the value of the residual divided by an estimate of
its standard deviation. These residuals are useful because raw residuals may not be good
indicators of a deviation in the regression model. It is clear from Figures 2b and 3a that
there are no gross errors in this regression model. The analysis of the residuals does not
indicate a violation of the assumptions of the regression analysis. From Figure 3a, it can be
seen that all residuals have an interval of ±2

The Anderson–Darling (AD) statistical test was used, which measures how well the
data follow the chosen distribution [15]. The test was also used to determine the adequacy
of the model. The AD test confirmed the normal distribution of the standardized residuals.
The calculated AD value of 0.374 is less than the critical value of 0.683 for the sample of
12 observations and the associated p-value of 0.356 of the AD statistics is significantly above
the 0.05 level. The lower value of AD compared to the critical value and the p-value ≥ α
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confirm a normal probability distribution of the residuals [16]. Therefore, it may be con-
cluded that the regression model is adequate. The main effects plots, Figure 3b, show mean
values for each predictor variable while keeping the other variables in the model constant.
Since the lines are not horizontal, the main effects are present for speed and layers.

  
(a) (b) 

Figure 2. Results: (a) Pareto diagram; (b) Standard residuals.

  
(a) (b) 

Figure 3. Results: (a) Standardized residuals; (b) Main effects plot for F max.

The results of the regression analysis confirm that all main effects are statistically
significant [17]. However, because the interaction effects are statistically significant, the
main effects plot can be misleading. Therefore, it cannot interpret the main effects without
considering interaction effects.

The interaction plot, Figure 4a, shows an obvious interaction effect, as the lines are
not horizontal, suggesting that the maximum tensile force depends on the speed and
layer height.

For technological reasons, a maximum is sought for the maximum force—F max.
Based on a preliminary analysis of the experimental results, 2.4 kN was selected as a logical
maximum value. A single-parameter optimization was performed and the maximum
values for the objective function were found. Table 5 contains the desired response (F max),
according to a defined target of 2.4 kN.
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(a) (b) 

Figure 4. Results: (a) Interaction plot for F max; (b) Optimal solution.

Table 5. Parameters of the statistical model for F max.

Response Goal Lower Target Upper Weight Importance

F max Max 0.466667 2.4 1 1

Table 6 contains the possible solutions, according to the defined goal. Table 7 presents
the best optimization fit of the variables, according to the desired response. The graphical
optimization consists of plotting graphs with lines of constant values for the objective
function. The results for a speed of 40 mm/s and a layer thickness of 0.13 mm were
obtained, with a maximum force of 2.35 kN; they are presented in Figure 4b.

Table 6. Solutions of the statistical model for F max.

Solution Speed Layer F max
Fit

Composite
Desirability

1 40.000 0.130303 2.35094 0.743792
2 40.000 0.100000 2.32220 0.732449
3 40.000 0.100000 2.32220 0.732449
4 119.999 0.258465 1.33824 0.344043

Table 7. Multiple response prediction for F max.

Variable Setting

Speed 40 Speed 40 Speed
Layer 0.1303 Layer 0.1303 Layer

Response Fit Response Fit Response
F max 2.3509 F max 2.3509 F max

The experimental data from Table 1 for hardness (H Shore D) were also processed
mathematically and statistically with the MINITAB software product, and the following
regression model was obtained:

YD = b0 + b1X1 + b2X2 + b3X2
1 + b4X2

2 (2)

In this case, the p-value for almost every coefficient is lower than 0.05, except for Layer
and Layer × Layer, so these coefficients are insignificant for this model (Table 8).
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Table 8. Coefficients of the statistical equation for hardness.

Term Coef SE Coef T-Value p-Value VIF

Constant 81.89 1.97 41.56 0.000
Speed −0.1660 0.0395 −4.20 0.004 41.07
Layer −6.50 8.71 −0.75 0.479 28.12

Speed × Speed 0.000951 0.000244 3.90 0.006 41.12
Layer × Layer −34.0 17.3 −1.96 0.090 28.19

The calculated coefficient of determination R-sq = 97.06%, the adjusted coefficient
of determination R-sq(adj) = 95.37%, and the predicted coefficient of determination has
a value of R-sq(pred) = 90.25%, as shown in Table 9. The obtained determination fits the
model very well, according to the experimental data.

Table 9. Summary of the statistical model for hardness.

S R-sq R-sq(adj) R-sq(pred)

0.490259 97.06% 95.37% 90.25%

The p-value for the F-test, the overall significance test of the regression model, is
lower than 0.05, which gives us grounds to reject the null hypothesis and conclude that
the resulting model is adequate. There are two coefficients with slightly elevated values
above 0.05, i.e., speed and Layer × Layer shown in Table 10, which do not affect the
overall regression.

Table 10. Statistical analysis of variance for hardness.

Source DF Seq SS Seq MS F-Value p-Value

Regression 4 55.4699 13.8675 57.70 0.000
Speed 1 1.1946 1.1946 4.97 0.061
Layer 1 48.6663 48.6663 202.48 0.000

Speed × Speed 1 4.6813 4.6813 19.48 0.003
Layer × Layer 1 0.9278 0.9278 3.86 0.090

Error 7 1.6825 0.2404
Lack-of-Fit 4 0.9758 0.2439 1.04 0.509
Pure Error 3 0.7067 0.2356

Total 11 57.1524

The Pareto diagram, Figure 5a, arranges the coefficients according to their effect on the
objective function from the largest to the smallest [18]. The diagram also draws a reference
line to show where the statistical significance limit is. It can be seen that components B and
AA pass the significance line; therefore, they are significant, and the remaining A and BB
are very close to it [19].

From Figure 5b, it can be seen that all standardized residuals are within an interval
of ±2. The lower value of AD compared to the critical value and p-value ≥ α confirm
a normal probability distribution of the residuals [20]. Therefore, it can be concluded that
the regression model is adequate and the null hypothesis can be rejected.

From the diagram of the main effects, Figure 6a, it can be seen that the greatest
influence on the hardness is the printing layer [21].
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(a) (b) 

Figure 5. Results: (a) Pareto chart; (b) Standardized residuals.

  
(a) (b) 

Figure 6. Results: (a) Main effects plot for hardness Shore D; (b) Graphical presentation of
the optimization.

For technological reasons, a maximum hardness—H Shore D—is sought, as shown in
Table 11. A single-parameter optimization was performed, and the maximum values for
the objective function were found [22]. The printing modes for four values obtained from
the hardness optimization are presented in Tables 12–14.

Table 11. Parameters of the statistical model for hardness.

Response Goal Lower Target Upper Weight Importance

H Shore D Max 67.03 74.83 1 1

Table 12. Solutions of the statistical model for hardness.

Solution Speed Layer H Shore D
Fit

Composite
Desirability

1 40.000 0.1000 75.7870 1.00000
2 40.000 0.1618 74.8333 1.00000
3 54.029 0.1000 74.7138 0.98467
4 120.000 0.1000 74.6885 0.98143
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Table 13. Settings of variables.

Variable Setting

Speed 40
Layer 0.1

Table 14. Multiple response prediction. for hardness.

Response Fit SE Fit 95% CI 95% PI

H Shore D 75.787 0.543 (74.504; 77.070) (74.058; 77.516)

The results obtained for the graphical optimization with a speed of 40 mm/s and
a layer thickness of 0.1 mm, obtaining a maximum hardness of 75.79 Shore D, are presented
in Table 12.

Figure 7 presents a graph of the relationship between tensile strength and hardness.

 

Figure 7. Main effects plot for Hardness Shore D.

From the analysis of the experimental results, it may be concluded that the tensile
strength and hardness decrease when the layer thickness increases. This is due to the higher
density of defects [23]. Compared to experimental results of PLA, the decrease in strength
characteristics is weaker [24]. Increasing the printing speed reduces the tensile strength
because more defects are obtained due to impaired polymerization [25].

4. Conclusions
The following conclusions may be indicated:

• From the research it may be concluded that the greatest influence on tensile strength is
exerted by printing speed.

• The tensile strength is highest at low speeds and small height between the layers of
3D printing.

• For the optimization with 95% probability, the printing speed is 40 mm/s, the layer
height is 0.13 mm, and the tensile strength ranges from 2.30 to 2.40 kN.

• The study of the hardness shows that only the layer height factor is relevant to the
hardness. The printing speed factor can be ignored as a factor.

• The hardness of the sample is highest at printed layers with small heights.
• From the optimization with 95% probability, it can be observed that at a printing speed

of 40 mm/s and a 0.1 mm layer height, the hardness ranges from 74.50 to 77.07 Shore.
• It may be concluded that the 3D printing of the PetG material should be performed

at the lowest possible printing speeds and the minimum possible height between the
layers for maximum tensile strength and maximum hardness.
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