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Complex forms may be easily created with additive manufacturing methods, but managing surface roughness remains a difficulty,
even for flat surfaces, because surface quality is dependent on numerous parameters. This research investigates the effect of some
printing factors on surface roughness in 3D printing methods. The purpose of this study is to quantify the most influential input
printing factors on surface roughness in 3D printing processes. Polyacrylic acid thermoplastic was used to print workpieces, and
mathematical models were generated using the regression method to analyze the relationship between process parameters and
surface roughness. The exponential model fits the experimental data slightly better than the linear model. Only Ra-90 met all
surface roughness classification requirements, while surface roughness measurements in the 0 and 45-degree directions did not
meet the requirements and cannot be used to describe the surface roughness. The study highlights the importance of
considering input printing parameters when optimizing surface roughness in 3D printing processes, providing valuable insights
into the impact of process parameters on surface roughness.

1. Introduction

Fused deposition modeling (FDM) is the most frequently used
three-dimensional (3D) printing technology, and it can be used
to produce workpieces by extruding thermoplastic filaments.
The workpieces first need to be designed using computer-
aided design (CAD) and then converted as STL (stereo-lithog-
raphy) files to G-code, which contains enough instructions to
print out the physical object as designed [1]. Figure 1 illustrates
the 3D manufacturing process with FDM technology.

Many sectors employ 3D printing technologies, like
aerospace [2], medicine [3], dental implants [4], education
[5], energy [6], and automotive [7]. Furthermore, as Kecha-
gias points out in his editorial [8], there are many more spe-
cific applications for materials and products based on
additive manufacturing that have excellent physical and
mechanical properties.

3D printing produces a physical workpiece with a com-
plex shape by heating the plastic and forming it into layers

that are placed one after the other [9]. Because of its low
cost, varied production, shorter process time, and ease of
use, this technology has now become increasingly applied.

Workpieces are determined by a multitude of parame-
ters, which must be chosen as the correct parameters to pre-
pare the models that will print [10]. The workpieces
constructed of polyacrylic acid (PLA) thermoplastic were
manufactured using FDM technology.

Surface texture is important since it has a direct influ-
ence on the quality of the parts. Unfiltered profiles are the
ones that are directly measured over workpiece material in
two dimensions (P-profile). Filtering is performed following
ISO 16610-21 [11], for the waviness (W-profile) and rough-
ness profiles (R-profile).

For this study, the surface roughness of arithmetic
means deviation parameters were measured and represented
by Ra, and it was measured in three different directions
related to printing directions, 0, 45, and 90 degrees. ISO
21920-2 [12] specifies the Ra parameter and its definitions.
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FIGURE 1: Basic steps of the FDM process for 3D printing.

The microscopic asperity of the surface of each workpiece
has a significant impact on surface roughness. Many stud-
ies have been published regarding the surface roughness
of thermoplastic workpieces and their relation with input
parameters [13, 14].

The printing input parameters impact the surface
roughness of workpieces, and the Taguchi [15] method
was used instead of the full factorial method for a system-
atic approach to optimize the process for performance,
quality, and cost [15]. The theoretical models were then
generated using the multi-regression approach.

The main theme of this work is the Ra modeling of flat
PLA-Fused Filament Fabrication parts variating three key
parameters in three different directions (0, 45, and 90
degrees from strands). The models were generated based
on layer height, printing speed, and infill percentage, to
enhance the quality of 3D-printed items. In addition, this
study thoroughly examined the advantages of utilizing both
linear and exponential modeling approaches.

2. Experimental Methodology

2.1. Design of Experiment. By utilizing the Taguchi method,
the number of runs and combinations of values were
designed for three chosen independent parameters, each with
three levels. This approach enabled us to gather sufficient
data with only partial experiments, streamlining the research
process while maintaining the quality of the results [16].

Layer height, print speed, and infill percentages were
selected as independent parameters. For each independent
parameter, three levels were chosen to optimize the surface
roughness: lowest, median, and maximal values. While soft-
ware constantly recommends the medium level. This level
range enables more accurate and effective optimization,
resulting in a higher-quality end product.

The layer height parameter determines the thickness of
each printed layer and has a significant effect on the final
surface quality. The lowest layer thickness for this experi-
ment was 0.1 mm and it increased by 0.05 mm, so the second
and third levels were 0.15 and 0.2 mm.

The print speed parameter affects the time between each
layer being deposited, which can influence the degree of
melting and cooling of the material and ultimately impact
surface roughness. The slowest level of print speed parame-
ter was 70 mm/s, the moderate print speed was 80 mm/s, and
the fastest print speed was 90 mm/s.

The infill percentage parameter determines the amount
of material deposited within the printed structure and can
have a significant effect on the overall strength and stability

of the print. The aim of optimizing these parameters is to
achieve the desired surface roughness for the specific appli-
cation. The lowest infill percentages were 30%, then the sec-
ond and third level of infill percentages were 40% and 50%.

To conduct accurate theoretical modeling of 3D printing
processes, it is important to consider the effect of layer thick-
ness on surface roughness. Previous studies have shown that
layer thickness can significantly impact the quality and reso-
lution of the printed part, even on the top face [17, 18].

For this case, nine runs with the specific combination
were prepared. The same parameter and run combinations
as listed in Table 1.

2.2. Multiple Regression Analysis. Multiple regression is a
technique for determining one dependent variable from
independent variables. The arithmetic means deviation
(Ra) was utilized as a dependent value in this research to cat-
egorize surface roughness on the top side of 3D-printed
workpieces, whereas the factors (thickness, print speed, and
infill percentage) were used as independent variables. As a
consequence, the dependent variable may theoretically be
expressed as a linear or exponential model, which is used
to identify the relationship between the dependent variable
and the independent variables.

Ra:ﬁo+ﬂ1Th+ﬁ2Ps+ﬁ3Id’ (1)

R, = BT} PRI, )

where: 8, 3, B, and 3, are regression coefficients, indepen-
dent variables: T; —thickness, P,—print speed, and I;—infill
percentage. The least squares approach was used to estimate
the exponential coeflicients of equation (2).

2.3. The Filament and Printer Calibration. The workpieces
were designed and printed in the same manner, with dimen-
sions of (40 x 40 x 20) mm. For PLA thermoplastic, the noz-
zle diameter was 0.4 mm, with nozzle and bed temperatures
200°C and 60°C, respectively. The shell number was 2, and
the slicer software “PrusaSlicer” can automatically update it
if needed.

This research was carried out by a commercial 3D
printer named “Original Prusa i3 MK3S+”. The printer was
calibrated following the printer manufacturer’s instructions.

2.4. Surface Roughness Parameters and Testing Equipment.
To quantify the surface roughness of workpieces, Ra was cho-
sen. The roughness average (Ra) is the arithmetic average of
the absolute values of the profile heights over the evaluation
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TaBLE 1: The independent variables and combinations of three levels utilized to print specific workpiece runs.
Runs Coded factors Independent/input parameters Deg:?aﬁrel:gl[e::r?]red

X, X, X, T}, (mm) P, (mm/s) I (%) Ra-0 Ra-45 Ra-90
1 1 1 1 0.1 70 30 2.99 8.52 12.04
2 1 2 2 0.1 80 40 2.13 8.81 13.02
3 1 3 3 0.1 90 50 2.92 8.97 14.08
4 2 1 2 0.15 70 40 4.28 9.21 15.01
5 2 2 3 0.15 80 50 3.26 9.25 15.35
6 2 3 1 0.15 90 30 1.52 9.77 16.22
7 3 1 3 0.2 70 50 1.64 9.68 15.31
8 3 2 1 0.2 80 30 1.50 9.53 17.24
9 3 3 2 0.2 90 40 1.57 9.61 18.14

FIGURE 2: Measuring process of the top layer of printed workpieces. (a) Ra-90 measuring process, (b) measuring orientation related to
printing lines of the top face, and (c) the surface of workpiece number one scanned by optical microscope.

length. The spectrometer Hadron SRT-6210 by Metorex Arc-
met 930 was used for measuring Ra as dependent values.

The surface roughness device was set up to measure the
evaluation length at 4 mm, with steps measuring 0.5 ym and
0.5mm/s for speed. So, for each measurement of the Ra pro-
file, 8000 data points were collected and exported for further
calculations.

3. Results and Discussion

No post-processing techniques were applied on the work-
pieces’ top surfaces, which is the latest printed layer of the
workpiece. The printing direction was set at 45 degrees by
default to the workpiece orientation, and the layers for
each slice alternately changed to 90 degrees. Figure 2(a)
shows the measurement process of the top layer for
printed workpieces at 90 degrees; Figure 2(b) shows the
three-direction measurement: Ra-0, Ra-45, and Ra-90,
which are related to the printing directions of workpieces;
and Figure 2(c) shows the surface of workpieces scanned
by optical microscope.

To verify the measuring device’s quality control, the stan-
dard was first measured, known as a “precision reference spec-
imen” with 130620 as the code and identification number. The
standard’s Ra profile must give Ra=3.10 ym, and the mea-
surement direction must be at 90 degrees to the direction of
its printed line. The sub-graph (a) of Figure 3 shows the profiles
of nine workpieces measured at 0 degrees to the printing direc-
tion. The oscillation of Ra profiles was between —20 and 20 ym.

The sub-graph (b) of Figure 3 shows the profiles of nine
workpieces measured at 45 degrees to the printing direction.
The oscillation of Ra profiles is between —30 and 30 ym.
Graph (c) of Figure 3 shows the profiles of nine workpieces
measured at 90 degrees to the printing direction. The range
of oscillation is the same as the graph in (b). The sub-graph
(d) of Figure 3 shows the profile of the standard. The graph’s
periodicities indicate the measurement device’s quality.

Ten measurements of Ra were done in the top face of
workpieces, then the average of the batch was determined
for comparison purposes: 0, 45, and 90 degrees; the average
was indicated in red in Figure 3. The average of Ra for 0 and
45-degree observations revealed no periodicity; 0-degree
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F1GURE 3: The measured Ra profiles (a) for nine runs of PLS at 0 degrees, (b) for nine runs of PLS at 45 degrees, (c) for nine runs of PLS at 90

degrees, and (d) for the standard precision reference specimen.

graphs showed no periodicity at all, while 45-degree graphs
showed periodicity only in the second half of the graph.
The best periodicity was achieved from observations at 90
degrees; this was continuous across all of the graph lengths.

Equations (1) and (2) were utilized to obtain the optimum
mathematical models. As a result, the Ra surface roughness of
PLA thermoplastic is theoretically computed for linear and
exponential models. Table 2 lists theoretical model equations
and statistical data. Theoretical models were created based on

measurements of the top surface of workpieces and cannot be
applied to vertical or sloping surfaces of workpieces.

For linear and exponential models of Ra-0 degrees, the
ANOVA p-value was 0.306 and 0.232, and they should be
less than 0.05. As a result, the models containing indepen-
dent variables fail to explain the dependent variable. The
findings from those models are not statistically significant.

For Ra-45 and Ra-90 degrees, theoretical models reveal a
substantial link between independent and dependent variables.
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TaBLE 2: The linear and exponential models, as well as the statistical data for 0, 45, and 90 degrees of observed orientation concerning PLA

thermoplastic printing lines.

Degree Theoretical model* Multiple R R Square Standard Error ANOVA p-value
Ry, =6.748 = 11.1T), — 0.048P, + 0.031I, 0.70 0.48 0.89 0306

0 R,, =47.031T, 6% p 14681 0555 0.74 0.54 0.34 0.232
R,45 =6.694 +8.4T} +0.015P; +0.0021 4 0.90 0.82 0.23 0.025

* R,,5 = 6.489T, 013> p 0135 0007 0.92 0.86 0.02 0.014
Rygp = 1.781 + 38.5T}, + 0.101P, — 0.0131, 0.98 0.95 0.52 0.001

%0 R,g, = 3.078T, 0376 p 0-535 ;~0-008 0.98 0.97 0.03 <0.001

"Those parameters were defined in Section 2.2, specifically on equations (1) and (2).
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FIGURE 4: Distributions of the ratio between experimental/theoretical results for linear and exponential models of studied directions.
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F1GURE 5: The repeatability of surface roughness Ra-0, Ra-45, and Ra-90 degrees, n = 10.

The significance F was less than the alpha value for both models.
As a result, there was substantial evidence that the linear and
exponential regression models were statistically significant.

The majority of statistical coefficients were nearly identical
for linear and exponential models between the same batches of

measurement degree to printed orientation, with both models
demonstrating a significant correlation. The exponential model
had a little advantage for Ra-45 and Ra-90 degrees. In addition,
both theoretical models demonstrated similarities in estimated
points on the regression line, as assessed by R square in Table 2.
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PLA, Ra-0, Linear Model PLA, Ra-0, Exponential Model
(Minimal, constant: infill = 30%) (Minimal, constant: infill = 30%)
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Surface roughness Ra-0 [pm]
Surface roughness Ra-45 [um]

80

75
Print speed [mm/s] 70 02 Thickness [mm] Print speed [mm/s] 70 02 Thickness [mm]
PLA, Ra-45, Linear Model PLA, Ra-45, Exponential Model
(Minimal, constant: infill = 30%) (Minimal, constant: infill = 30%)

Surface roughness Ra-45 [ym]
Surface roughness Ra-45 [ym]

i 9 0.1 i
Print speed [mm/s] 90 0.1 Thickness [mm] Print speed [mm/s] Thickness [mm]
PLA, Ra-90, Linear Model PLA, Ra-90, Exponential Model
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Surface roughness Ra-90 [ym]
Surface roughness Ra-90 [um]

Print speed [mm/s] 90 0.1 Thickness [mm] Print speed [mm/s] 9 01 Thickness [mm]

F1GURE 6: Calculated minimal values of surface roughness (Ra-0, Ra-45, and Ra-90) for linear and exponential modeling for workpieces of
the top face made by PLA.
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The signs of the independent parameters were exactly
identically for the same batches under study, demonstrating
the similarity of parameters significance between the linear
and exponential models. Because their p-values were less
than alpha, all independent variables in both models for 45
degrees showed a significant correlation with surface rough-
ness. The theoretical model’s most significant parameter was
layer thickness.

The thickness received p-values smaller than 0.05 for
theoretical models at 90 degrees. The remainders of the
independent variables pass the p-value test.

The surface roughness ratio R was calculated to compare
measured and theoretical model data, and the findings are
displayed in Figure 4. The red circle indicates the mean
value, the box indicates the 50% range, the vertical red line
indicates the 90% range, the horizontal red line within the
box indicates the median, and the extreme black lines out-
side the box indicate the minimum and maximum values.

The practical-to-theoretical distribution ratio for Ra-0 is
several orders of magnitude higher than the ratio results for
Ra-45 and Ra-90. Furthermore, both models’ Ra-45 and Ra-
90 distributions are very close to the ideal line.

The surface roughness’s Ra-0, Ra-45, and Ra-90 of the
same workpiece were measured 10 times to establish consis-
tency of the results; the same experiment, with the same
equipment, must provide the same results. The ratio coeffi-
cient of surface roughness was calculated by dividing the
average measured result for specific surface roughness by
the measured result. Figure 3 shows the statistical distribu-
tions of surface roughness.

The repeatability test quality was categorized depending
on the orientation of the workpiece measurement. Ran-
domly chosen workpiece number one was measured 10
times for R-0, R-45, and R-90. The distribution of the results
was as follows.

On repetition of measurements, the surface roughness
Ra-0 distribution was up to 24% less and 60% more than
the average of the batch. Because of the high sensitivity of
the measurement device during setup, Ra-0 has a high level
of uncertainty. The surface roughness Ra-45 distribution
was up to 9.3% less and 8.9% greater than the batch average.
Also, this range is thought to be too broad to be utilized for
assessing surface roughness. The distribution of surface
roughness Ra-90 was up to 3% less and up to 2% higher than
the average, 95% of results were within 2-3% away of the
target. Therefore, surface roughness Ra-90 can be used to
quantify the quality of the surface. The probability of mea-
surement for Ra-90 indicates a 95% coverage level.
Figure 5 shows graphically the results.

Based on repeatability tests, only Ra-90 was consistent in
measuring the surface roughness. Similar results were
reported by Banjanin et al. [19]. The Ra-0 and Ra-45 were
useless due to the high uncertainty of the measuring device.

Also, the purpose of this research is to find the extreme
value of surface roughness for a given set of independent
variables. So, 3D graphs for linear and exponential models
of Ra-90 were generated and presented in Figure 6.

The range of surface roughness Ra-90 for three inde-
pendent variables and three levels of values for linear and

exponential models were from 12.09 up to 14.37 ym and
12.21 up to 14.03 um, respectively.

Based on the experimental and theoretical data of this
study, can conclude that there was a significant correlation
between surface roughness and the input parameters investi-
gated in this study for Ra-90. The parameter that has the
highest impact on surface roughness is layer height, followed
by print speed, and lastly, infill percentage has the smallest
impact.

The surface roughness increases significantly with the
increase in layer thickness. This is because thicker layers
can create more visible layer lines, which can contribute to
the roughness of the surface. In general, a thinner layer
height will result in a smoother surface finish, but it will also
increase the print time.

A similar mechanism in surface roughness was also
observed with the print speed parameter. If the print speed
is too high, the extruded material may not have enough time
to properly bond to the previous layer, resulting in a rougher
surface finish. An optimized print speed for the specific
printer and filament being used can help achieve a smoother
surface finish.

Unlike the previous two factors, the infill percentage had
a significantly lesser effect. Surface roughness reduces when
the infill percentage value is increased. This is due to a larger
infill percentage providing more support for the 3D-printed
part’s outer layers, resulting in a smoother surface finish.

4. Conclusions

Based on the measurement results and the implemented
modeling, the independent parameters can be ranked in
order of significance for surface roughness, from highest to
lowest: layer height, print speed, and infill percentage. It
has been demonstrated that the surface roughness increases
with the increase of layer height and print speed values.
Conversely, it decreases with the increase in infill percentage.

However, due to significant uncertainty in repeatability,
surface roughness Ra-0 and Ra-45 were deemed unreliable
for estimating surface roughness. Nevertheless, both mathe-
matical models effectively predicted surface roughness for
Ra-90.

The linear model of Ra-90 generated a surface roughness
range of 14.37-18.22 ym, while the exponential model gen-
erated a range of 14.03-18.21 ym. In comparison to the lin-
ear model for Ra-90, the exponential mathematical model
proved to be a better fit for the experimental data.

So, adjusting the input parameters such as infill percent-
age, print speed mm/s, and layer height can impact the sur-
face roughness of PLA parts printed from a 3D printer. By
optimizing these parameters, it is possible to achieve a
smoother surface finish, but it is important to balance this
with other factors such as print time and part strength.

Data Availability

Data supporting this research article are available from the
corresponding author or first author on reasonable request.
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