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ON THE SURFACE ROUGHNESS OF 3D PRINTED PARTS
WITH FDM BY A LOW-BUDGET COMMERCIAL PRINTER

Abstract. As additive manufacturing machines price is decreasing, while, at the same time, the
expertise in the relevant field is rising, it is essential to test and evaluate the low-budget machines that
are available for commercial use. Whilst low-budget machines are widely utilized for rapid prototyping
and experimentation, they are not capable of producing parts with high surface quality and achieve
high levels of repeatability due to low quality hardware and not optimized software. Having said that,
the main aim of the current study is to experiment with a low budget Fused Deposition Modeling (FDM)
3D-Printer, and evaluate the surface roughness of the printed parts in respect to the angle from the
print plate. Polylactic Acid (PLA) was chosen as filament material, while the printed parts surface
roughness was measured according to the 1SO ASTM 52902-2021 standard. The surface roughness was
estimated in terms of the R, and R, values, while a statistical analysis was implemented in order some
interesting conclusions to be deduced regarding the correlation between part orientation and surface

quality.
Keywords: additive manufacturing machines; rapid prototyping; Fused Deposition Modeling; surface
roughness; 3D-Printer.

Introduction

Over the last decades, Additive Manufacturing (AM) processes have become
a hot topic for both the researching and the industrial world, as they can give
highly customized and geometrically complex products. In AM, a 3D-CAD model
is virtually broken down into 2D-cross sections and the final product is built by
consecutive layers [1]. Many AM techniques have been developed, such as vat
polymerization (SLA), powder bed fusion (SLS, SLM) and material extrusion
(FDM).

Specifically, in Fused Deposition Modeling (FDM), a thermoplastic filament
(such as PLA, ABS, PEEK, etc.), which is stored in a reservoir, is heated up to the
melting temperature and then it is extruded through a nozzle tip on the 3d-printing
bed [2]. Several parameters affect the characteristics and the quality of the building
part. Some of them are the build orientation, the layer height, the raster angle, the
air gap, the printing speed, the infill density, the infill pattern, the extrusion
temperature and the nozzle diameter [3].

Most of the published papers study the impact of these parameters on the
mechanical properties of the final products. Es-Said et al.[4] carried out
experiments with FDM-produced ABS samples with 0°, 45° and 90° raster angle.
The results showed that the highest ultimate, yield and bending strength are
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reached for 0°, whereas 45° and 90° are much weaker orientations and may lead to
delamination of the layers. Ashtankar et al. [5] tested FDM-processed ABS
samples in five different orientations (0°, 30°, 45°, 60°, 90°) and concluded that
both maximum tensile and compressive strength reduce as the build orientation
varies from 0°to 90°. Baich et al. [6] investigated the effect of infill density on the
tensile, compressive and bending strength of FDM-manufactured ABS specimens.
Specifically, three different infill densities were tested and compared with solid
ABS specimens: low density, high density and double density. In compression and
bending tests the results showed that double dense samples achieved higher
properties, as expected. On the other hand, the result of the tensile test was
counter-intuitive, as the high dense sample achieved higher strength compared to
the double dense sample. De Toro et al. [7] investigated the impact of layer height,
printing pattern, infill density and nozzle diameter on the tensile and bending
behavior of FDM-printed CRF-Nylon parts. The results showed that infill density
is the most crucial parameter in order to achieve good tensile and bending
behaviors. Moreover, lower layer heights result in better bending properties,
whereas the printing pattern influences more the tensile behavior of the component.
On the other hand, nozzle diameter had not a significant influence on the tensile
and bending properties. As follows from the analysis of this paragraph, a great
number of experiments have been done in order to study the impact of the different
FDM parameters on the mechanical properties of the final products. However, in
Mechanical Engineering, strength is not the only property that judges the quality of
a product. For this reason, tests should not only be limited on mechanical
properties, but they should also take into consideration the surface roughness of the
products, as well.

Although, surface roughness is a crucial factor when studying FDM processes,
yet the experimental work that has been carried out is limited. Lin et al. [8]
processed with FDM methods the following three materials: 1% alginate/7%
gelatin hydrogel, 3% alginate/7% gelatin hydrogel and poloxamer paste. The
results showed that conical nozzles, high pressures and large nozzle-to-platform
gap generally reduce the surface roughness. However, there is a need for
calibration of these three parameters for each material. Moreover, a slight
limitation of this study is the fact that extrusion stress caused by these parameters
is not taken into consideration. Sandhu et al. [9] carried out experiments with
FDM-processed PLA samples. Specifically, they tested the impact of layer
thickness (0.16mm, 0.2mm, 0.28mm), raster angle (30°, 45°, 60°) and infill pattern
(octet, quarter-cubic, cubic) on the surface roughness of the samples, along X and Y
axis. They concluded that the surface roughness in both X and Y axis lies in,
approximately, the same range and the best result is given for the combination of
0.16mm layer thickness, 60° raster angle and cubic infill pattern.
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Several researchers have studied the impact of build orientation on the surface

roughness. Kozior et al. [10] pointed out the significant impact of build orientation
on the surface roughness of SLM-processed 316L Stainless Steel parts. However,
these observations should be ratified and for other material, such as thermoplastics
in order to achieve a more general view of the build orientation-surface roughness
correlation. Buj-Corral et al. [11] and Alsoufi et al. [12] carried out some very
interesting experiments in order to find out the build orientation-surface roughness
correlation in FDM-printed PLA parts. However, both their studies are based on
case-sensitive (cylindrical FDM-processed samples) and the measurements are not
according to a standard regulation, so their results cannot be generalized. For this
reason, there is a need to carry out experiments, with the strict specifications that
the 1SO standards recommend. By following these regulations, the experiments
will be much more consistent, which will be very valuable when it comes to
understanding and simulating these phenomena.
The target of this paper is to calculate the build orientation-surface roughness
correlation of FDM-printed PLA samples, according to ISO ASTM 52902-2021.
The novelty of this paper is the use of a low-cost FDM-printer in order to ascertain
whether low-budget 3D-printers can give parts with acceptable (according to 1SO
ASTM 52902-2021) surface roughness.

Materials and Methods

The material used in this paper is PLA with its properties listed in the Table 1,
while the utilized

Table 1 — PLA properties and technical specifications

PLA Properties — specifications
Manufacturer Real Filament

Manufacturer’s preferred hot-end
temperature

Manufacturers preferred heating
bed temperature

Specific gravity 1.24 glcc

16 kpsi (machine direction, MD) / 21 kpsi (traverse
direction, TD)

205°C

40°C

Tensile strength

Elongation at break 160% (MD) 100% (TD)
Tensile modulus 480 MPa (MD) 560 MPa (TD)
Impact strength 2510

Melt temperature 210°C +/-8°C

Melting point 145-160 °C
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Figure 1 — PLA Filament that was utilized

The low-budget 3D-Printer used in this case is the Ender 3 with direct drive
extruder set up, whilst the Cura 4.12 was chosen as the slicer software. The basic
settings that been utilized are presented in the Table 2, while the full detailed list of
Cura Software Settings can be provided and will be in CSV format.

Table 2 — 3D printing main parameters

3D Printing main parameters
Layer Height 0.16 mm
Wall Line Count 4
Infill Density 45.0%
Printing Temperature 205
Build Plate Temperature 67
Print Speed 50 mm/s
Retraction Enabled
Fan Speed 75%
Build Plate Adhesion Type Brim

In Figures 2 and 3 the Cura GUI environment is depicted, as well as the
respective roughness test prints.

The measurements were taken on both sides of the test prints, with these sides
were named “UP” and “DOWN” respectively. For the surface roughness
measurements, a Taylor Hobson Surtronic 3+ profilometer was employed (see
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Figure 4). Based on the ISO ASTM 52902-2021, on each specimen side three
roughness measurements were taken at different locations, in a direction
perpendicular to the lay pf the texture (i.e., along the samples’ length). The
evaluation length was set 12.5 mm and the sampling length (Ac) at 2.5 mm.

The suggested number of samples for this test is five according to the AS ISO
ASTM 52902-2021. The measured values are the arithmetical mean deviation of
the assessed profile known as Ra and the average distance between the highest
peak and lowest valley in each sampling length known as Rz, which are calculated
by the equations shown below [13,14]:

Ry =1 J;712(0)ldx (1)

where Ir is the length where measurements are taken, X is the length axis, and Z is
the height from valleys to peaks.

Figure 2 — Cura GUI Environment, Settings, and the part arrangement on the build plate
of the 3D-Printer are visible

Figure 3 — Printing lines orientations are perpendicular to the long side of the parallelogram
with 0° angle from the bed
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Figure 4 — Taylor Hobson Surtronic 3+

1
Ry = = 1R, )

where s is the number of sampling lengths and Ry is R; of the ith sample. The
assessment of the surface roughness is done based on the mean values of R, and R,
for each angle, and the respective coefficient of variation as well. The coefficient
of variation considers the mean value and the standard deviation, and is calculated
by eq. 3 [14]:

Cy = P 3)

where o is the standard deviation and p the average of the sample.

Results and Discussion

The parts geometry and the obtained prints based on the AS ISO ASTM
52902-2021 is presented in Figure 5.

Figure 5 — 3D-Printed parts
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In Tables 3 — 6 the surface measurements of Ra and R, are listed along with
the respective mean values, standard deviations, and the coefficients of variation.

Table 3 — Ra measurements for the Up surface

Ra — Up Surface

#ofspec. | #ofmeas. | Q° 15° 30° 450 60° 75° 90°

0.00 | 15.00 | 30.00 | 45.00 | 60.00 | 75.00 | 90.00

1 13.80 | 32.20 | 26.00 | 26.80 | 24.80 | 20.80 | 14.20

11.60 | 31.60 | 25.80 | 26.20 | 22.60 | 16.40 | 15.40

12.20 | 33.20 | 28.40 | 26.20 | 25.60 | 18.00 | 15.00

18.60 | 33.40 | 27.60 | 25.80 | 27.40 | 19.60 | 19.80

19.00 | 35.20 | 27.80 | 25.80 | 26.20 | 20.80 | 19.60

19.80 | 35.20 | 27.40 | 24.80 | 30.80 | 22.00 | 19.00

14.00 | 37.80 | 30.60 | 23.60 | 31.60 | x 15.20

15.80 | 36.60 | 29.00 | 23.60 | 23.20 | x 15.00

14.60 | 43.20 | 33.00 | 23.80 | 21.60 | x 14.00

17.00 | 9.20 | 25.60 | 22.80 | 21.60 | 20.00 | 18.40

16.60 | 9.20 | 25.80 | 23.40 | 19.00 | 18.40 | 18.60

17.20 | 9.00 | 25.40 | 22.60 | 20.20 | 23.00 | 17.20

7.80 | 38.80 | 27.40 | 25.00 | 22.40 | 22.60 | 18.60

w
WINFRP|IWINRP(WINRFRP|WINFRP[WN| -

7.80 | 36.80 | 26.40 | 24.80 | 21.20 | 21.00 | 19.40

Mean value in um 8.80 | 38.40 | 26.00 | 25.40 | 21.40 | 20.40

Standard deviation in pm 1431 | 30.65 | 27.48 | 24.71 | 23.97 | 20.25

Coefficients of variation 3.97 1151 | 2.11 1.33 3.73 1.93

Table 4 — R; measurements for the Up surface

R. — Up Surface

#ooof ) # ot g 15° 300 450 60° 750 90°
Spec. meas.
1 85.00 | 168.00 | 139.00 | 156.00 | 144.00 | 132.00 | 81.00
1 2 80.00 | 169.00 | 137.00 | 160.00 | 133.00 | 97.00 | 91.00
3 86.00 | 168.00 | 161.00 | 160.00 | 156.00 | 110.00 | 85.00
1 105.00 | 164.00 | 156.00 | 146.00 | 153.00 | 122.00 | 129.00
2 2 112.00 | 175.00 | 168.00 | 144.00 | 151.00 | 124.00 | 123.00
3 124.00 | 174.00 | 164.00 | 139.00 | 181.00 | 133.00 | 106.00
1 91.00 | 181.00 | 166.00 | 139.00 | 195.00 | x 93.00
3 2 99.00 | 178.00 | 153.00 | 136.00 | 133.00 | x 94.00
3 96.00 | 220.00 | 174.00 | 135.00 | 133.00 | x 82.00
4 1 117.00 | 51.00 | 132.00 | 129.00 | 122.00 | 116.00 | 109.00
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2 119.00 | 54.00 | 130.00 136.00 | 113.00 | 108.00 | 110.00
3 117.00 | 45.00 | 131.00 128.00 | 116.00 | 145.00 | 96.00
1 55.00 | 211.00 | 142.00 142.00 | 132.00 | 132.00 | 111.00
5 2 62.00 197.00 | 140.00 134.00 | 125.00 | 119.00 | 126.00
3 60.00 | 205.00 | 140.00 143.00 | 135.00 | 118.00 | 106.00
Mean value in um 93.87 | 157.33 148.87 | 141.80 | 141.47 | 121.33
_Standard deviation 22.53 58.09 14.97 10.12 2288 13.05
in um
Col(;ff!cients of 0.24 0.37 0.10 0.07 0.16 0.11
variation
Table 5 — Ra measurements for the Down surface
Ra — Down Surface
# of spec. #ofmeas. | 0° | 15° | 30° | 45° 60° 75° 90°
1 X | x X 15.60 | 18.20 | 18.20 | 14.60
1 2 X | x X 15.40 | 14.80 | 17.80 | 17.20
3 X | x X 15.60 | 16.00 | 19.40 | 13.60
1 X | x X 15.60 | 16.80 | 19.40 | 16.40
2 2 X | X X 16.40 | 19.00 | 17.80 | 15.40
3 X | x X 17.80 | 17.80 | 18.40 | 14.20
1 X | x X 16.20 | 16.00 | 13.40 | 14.00
3 2 X | x X 18.40 | 15.80 | 14.00 | 14.40
3 X | x X 20.80 | 20.20 | 14.20 | 13.60
1 X | x X 14.60 | 3.60 | 18.80 | 16.80
4 2 X | x X 14.60 | 7.40 | 17.40 | 15.00
3 X | x X 15.40 | 5.60 | 19.80 | 14.20
1 X | x X 20.40 | x 18.00 | 16.00
5 2 X | x X 20.20 | x 21.80 | 17.40
3 X | x X 21.00 | x 18.40 | 16.20
Mean value in um - - - 17.20 | 14.27 | 17.79
Standard deviation in pm - - - 236 | 553 | 230
Coefficients of variation - - - 0.14 | 039 |0.13
Table 6 — R; measurements for the Down surface
R; — Down Surface
#ofspec. | #ofmeas. | 0° | 15° | 30° 45° 60° 75° 90°
1 X X X 90.00 106.00 114.00 84.00
1 2 X X X 89.00 94.00 115.00 94.00
3 X X X 92.00 101.00 124.00 99.00
2 1 X X X 86.00 97.00 113.00 97.00
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2 X X X 97.00 | 108.00 104.00 91.00

3 X X X | 105.00 | 101.00 100.00 87.00

1 X X X 99.00 88.00 75.00 85.00

3 2 X X x | 107.00 | 96.00 75.00 94.00

3 X X X | 118.00 | 124.00 85.00 84.00

1 X X X 82.00 25.00 114.00 106.00

4 2 X X X 80.00 40.00 100.00 86.00

3 X X X 89.00 23.00 120.00 83.00

1 X X X | 120.00 X 103.00 103.00

5 2 X X X | 114.00 X 132.00 111.00

3 X X X | 126.00 X 100.00 108.00

Mean value in pm - - - 99.60 83.58 104.93
Standard deviation in pn - - - 14.65 34.12 16.74
Coefficients of variation - - - 0.15 0.41 0.16

Based on the experimental data of Tables 3 — 6, the charts for R, and R,
depending on the angle to the build plate can be drawn, which are presented in
Figures 6 and 7.

Ra vs Angle
35
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Angle from build plate [in degrees]

Figure 6 — Ra to Angle Degrees from build plate

Based on the charts of Figure 5, it can be deduced that mean R, values on the
up side are low for the Oo angle, then they increased up to 30.65 pum for the 15°,
and finally they descend to 17.09 for the 90°. The mean R, for the Down surface
has a more vague behavior, since it has only a small variation depending on the
angle, while, this deviation is not monotonous. Another interesting observation
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regarding the correlation between the surface roughness of the Up and Down side
of the printed part can be also deduced. The values are getting more similar as the
printed part orientation changes to be perpendicular to the build surface, where the
roughness of each side should be equal. Unfortunately, due to measurement errors,
3D-printer accuracy and other parameters, the measurements cannot be exactly
similar for the 90°. Moreover, it is visible that the Up side of the parts are rougher
than the other Down side for all the angles.

Rz vs Angle
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o ——
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40 /
20
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0 15 30 45 60 75 Q0 105
Angle from build plate [in degrees]

Figure 7 — R; to Angle Degrees from build plate

Regarding the R; values, and based on the diagrams of Figure 6, it is visible
that the mean R, values follow the same trend as the Ra. For the up side, at first,
mean R; is as low as 93.86 um, then it peaks to 157.33 um at 15 degrees and it is
gradually descending to 102.8 um for the 90°. For the down side, again the samples
for 0, 15 and 30 degrees could not be measured due to overrange values at 15 and
30 degrees, or because (for the 0°) the surface was in touch with the building plate.
Other than that, the downside has smaller values for the 45, 60 and 75 degrees and
at 90 degrees the values of R, are very close, almost similar. It can be said that non
measurable values for 15 and 30 degrees at the Down side has been created due to
lack of sufficient cooling and inaccuracy of the printer. The same conclusion can
be reasonably deduced for the high R, values at 15° on the up side of the parts.

Finally, by the plots for the coefficient of variation of Figure 8, it is possible
to get to some interesting conclusions regarding the repeatability. The 45 degrees
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have significantly low coefficient of variation, meaning that the surface finish was
very similar in all the samples and in both surfaces (i.e., Up and Down). A big
difference between the coefficient is visible on the Up side of the part and the
Down side of the part for the 60°. This is due to reasons such as lack of structural
supports and not sufficient and proper cooling. In all the samples the worst
scenario is the samples that were printed in 15 degrees from the build plate, which
also have a very high coefficient of variation. This is expected reasonable since, for
the 15° the unsupported surface is even bigger, and the not fully cooled material is
pulled by the gravity, creating a rough and nonuniform surface.

Coefficient of variation vs Angle

0.45
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0.25
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0.15
0.1
0.05

Coefficient of variation

0 15 30 45 60 75 a0 105
Angle from build plate [in degrees]

Figure 8 — Coefficient of variation vs Angle degrees from build plate for the Ra and R; for
the Up and Down surfaces

Last but not least, it is visible that even though 30 and 45 degrees have the
smallest coefficient of variation, meaning that in these angles the produced parts
will have similar surface roughness, they do not have the smallest R, or R; values.
This is a trade-off the user of such a machine must accept as he can choose to
reliably create parts of bigger surface roughness or create parts with smaller
surface roughness unreliably.

Conclusions

In the current study, an experimental investigation of surface roughness in 3D
printed parts manufactured by a low budget 3D-print machine was studied. The
creation of the 3D-printed parts was performed according to ISO AS ISO ASTM
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52902-2021, as well all the measurements. For each angle, 5 specimens were built
and the surface roughness was measured on the Up and Down surface. The
assessment of the surface roughness was made based on the R, and R, mean values,
as well the respective coefficient of variation. The main deduced conclusions are:

¢ A low budget machine cannot produce parts with low R, and R, values
reliably.

e A trade-off should be conducted between reliably producing parts with big
Ra and R, values or unreliably and unrepeatably producing parts with small R, and
R; values.

e This machine due to lack of cooling, lack of second extruder for water
soluble support and not so high quality of the hardware, as well as not optimized
software and firmware, cannot produce reliably parts with good surface roughness
on both sides, i.e., Up and Down.
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PO LIOPCTKICTh OBEPXHI JIETAJIEM IPYKOBAHUX
3A TEXHOJIOT'TEIO FDM 3 BUKOPUCTAHHAM
MAJIOBIO/IKETHOT'O KOMEPIIMHOT O 3D IPUHTEPA

Auotanist: OcKinbKu yiHu Ha MawuHu Ol AOUMUEHO20 GUPOOGHUYMEA 3HUJICYIOMbCS, d 00CEi0 Y
GIONOGIOHII 2any3l 3pOCMAE, BANCIUBO MECMYSanu ma OYIHIOeamu Manobi00cemui  Mauunu,
docmynui 0N KOMepYilIHO20 — BUKOpUCMAHHA.  Xoua — Manoblooxicemui — 8epcmamu  wWUpoKo
BUKOPUCIOBYIOMbCA 0151 WBUOKO20 NPOMOMUNYBAHHS MA eKCNePUMEHMIB, 60HU He 30amHi upoOsmu
demani 3 BUCOKOK SKICMIO NOBEPXHI ma 00cs2amu  BUCOKO20 PIBHA NOBMOPIOGAHOCMI  [3-3a
HU3LKOSKICHO20 0OAOHANHS MA HEONMUMI308AH020 NPO2PAMHO20 3abe3neyents. IIpu ybomy ocHo8HO0O
MemoIo NOMOUHO20 OOCTIONCEHHS € NPOBEOEHHST eKCnepUMenmie 3 manooooxcemuum 3D-npunmepom
ons Mooentoeants memooom Hanaasnenna (FDM) ma oyinka wopcmrkocmi nogepxHi HAOPYKOBAHUX
demaneil 8 3aNeHCHOCI 8I0 Kyma GiOHOCHO OpYKO6aHoi (hopmu. B sxocmi ¢inamenmnozo mamepiany
6yna obpana noaimonouna kucioma (PLA), a wopcmkicmb noeepxHi OpyKosanux Oemanetl
sumipioganacs 6ionosiono 00 cmanoapmy ISO ASTM 52902-2021. [lopcmkicms noeepxHi
oyinosanaca 3 02na0y sHaueHv R, i R, a makooc 0Oy8 npogedeHuti cmamucmudHuil amanis, woo
3pobumu 0esKi yikasi 8UCHOBKU WOO0 KOpersayii Midxc opienmayicio demani ma aKicmio nogepxi. /{ns
KOJICHO20 KYMa 6U2OMOGIAML N0 5 3pA3KI6 Mda GUMIPIOGANU WOPCIKICMb NOBEPXHI HA GePXHIll mda
HUdICHIU nosepxusx. OYIHKY wWopcmKkocmi NOGEPXHI NPOBOOUNU 34 CepeOHiMU 3HaYeHHamMU Ra i R, a
maxooic 8i0noeionumM Koeiyicumom eapiayii. OCHOBHUMU BUCHOBKAMU € MAKL: MAL0OONCEMHUL
sepcmam He Modice HAOIUHO 8UPOOIAMU Oemaii 3 HUSLKUMU 3HAYeHHIMU Ry ma R, HeobxioHo 3naiimu
KOMNPOMIC Midc HAOTIIHUM BUPOOHUYMEOM Oemanell 3 8eIUKUMU 3HaAYeHHAMU Ry ma R, abo HeHaoditiHum
ma HenogmopHUM GUPOOHUYMEOM Oemaiell 3 Manumu 3Hauenusmu Ry ma R, dana mawuna uepes
BIOCYMHICMb 0XO0N00XHCEHHS, IOCYMHICMb Opy2020 excmpyoepa O0asi 8000PO3YUHHOI NIOKAAOKU | He
HACMINLKYU  GUCOKOI AKOCMI anapammoi 4acmuHu, da MaxKodic He ONMUMI308AHO20 NPOSPAMHOZO
3abe3neuents ma NPOWUSKU, He MOJice HAOIUHO GUPOOISMU OemAi 3 2aAPHOI0 WOPCIKICTIIO NOBEPXHI 3
060X OOKi8, MOOMO 36epXy ma 3HU3Y.

KurouoBi cioBa: mawwunu 0na adumusHo2o 6UpOOHUYMSEA; WEUOKe CMEOPEHHS NPOMOMUNIe;
MOOeNI0BAHHS NIABIEHO20 OCAOICEHHSL; WOPCMKICIb no6epxHi, 3D-npunmep.

64



