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Abstract. The field of production engineering is constantly expanding, as novel manufacturing
procedures are being introduced and spread in the industrial environment. The creation of complex parts
by the application of some kind of printing process is a relatively new method compared to the other
traditional chip-removal processes. It can be applied in various fields, where the greatest advantage can
be utilized, which is the lower restrictions on the geometry of finished parts. In this paper, the surfaces
on 3D printed parts are being studied. The effect of the printing speed, layer height and nozzle
temperature are analysed on the surface roughness of the experimental workpieces. The experimental
setup plan is designed according to the full factorial design method. The results of this preliminary study
are the general determination of the affecting factors on the surface roughness.

Keywords: 3D printing; full factorial design; PLA; roughness height.

1. Introduction

Additive Manufacturing (AM), also known as 3D printing (rapid prototyping)
is mainly preferable technology in last decades because of it allowing the production
of complex geometries with easier ways. The technology build parts by using layer-
by-layer method that gets data from digital designs (stereolithography files), offering
flexibility, customization, and cost-effectiveness in comparation with traditional
methods [1-3]. In analysing materials used in 3D printing, Polylactic Acid (PLA)
has high demand especially in desktop and hobbyist settings, as well as in industrial
applications. PLA is a renewable, biodegradable thermoplastic made from natural
resources such as corn starch or sugarcane. Its environmentally friendly properties
combined with its low cost and ease of use, have made it a popular choice for AM.
Because of its strong mechanical properties, PLA can be used for many types of
purposes, such as tooling, end-use parts, and prototyping. On another side, PLA is a
popular choice based on its compatibility with different 3D printing technologies,
including Fused Deposition Modeling (FDM), Stereolithography (SLA), and
Selective Laser Sintering (SLS). Its relatively low melting temperature minimal
distortion during printing process, makes it an attractive option for both beginner

and expert users [4-7]. In this
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situation, understanding and controlling the surface quality of printed parts is an
important factor. Surface roughness plays an important role in determining the
practical and aesthetic properties of printed polymer materials. To achieve a better
surface finish is critical for applications where smoothness, precision, and visual
appeal are required. The optimized surface roughness in polymer printing is essential
factor to ensure the success of printed parts in different applications such as rapid
prototyping, product development, medical devices and consumer goods. By
optimizing printing parameters and applying different post-processing techniques,
manufacturers and designers can improve surface quality, and reduce defects, which
unlock new possibilities for additive manufacturing [8—11].

There are numerous studies in the literature that explored the factors
influencing surface roughness in 3D-printed polymers [12]. The performed research
works help to shed light on the limitations and complexities of this critical aspect of
AM. For instance, the research work [13] investigated that how different layer
thickness values in 3D printing affect the surface qualities of wood flour/PLA
filament. This research work investigated that how different layer thickness values
in 3D printing affect the surface qualities of wood flour/PLA filament. Reducing
layer thickness value improved surface roughness, while increasing it improves
wettability. The results suggested that a layer thickness — 0.2mm is ideal for
balancing surface quality and production time in 3D printed wood/PLA examples.
In the next article [14], the impact of layer thickness parameter on the surface
properties of 3D printed materials was analysed specifically for wood flour/PLA
filament composites. In realized investigations, three circular textures were printed
and tested under dry and lubricated conditions. The findings showed that texture size
has a substantial impact on the coefficient of friction which texture T2 (texture
diameter 1.5 mm) had the lowest friction under dry conditions, while T3 (texture
diameter 2 mm) performed best under lubricated conditions at low speeds. Similar
to the previous one, the paper [15] explored the influence of layer thickness on the
surface properties of printed materials which were produced from wood flour/PLA
filament. It highlighted the importance of surface coatings in improving mechanical
properties and also discussed the applications of coated 3D printed parts in several
industries. The study also shows the importance of understanding surface
characterization, especially in the case of printed polymeric parts. The next work
[11] analysed how the layer thickness parameter affects the surface qualities of
printed parts. The study seeks to optimize printing conditions by modifying process
parameters such as layer thickness, nozzle temperature, and infill density in order to
improve surface quality, tensile strength, and hardness of printed specimens. The
final results demonstrated the need for parameter adjustment to get the necessary
mechanical and surface properties in mass production. With the similar purpose —
the article [16] investigated the impact of layer thickness parameter on the surface
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quality of polymer materials. In this research study, samples were printed with
different layer height values (from 0.05 to 0.25) by using the "Creality Ender 3"
printer. The obtained results showed that optimal parameters found at 0.15 mm and
0.20 mm for surface roughness and printing time. In addition, the paper [17]
analysed the influence of different printing parameters on the surface properties of
3D printed denture base resins. And the study found that although printing
orientation and post-curing time have little effect on the surface roughness, they have
considerable effect on the hardness. 3D-printed denture base resins have reduced
hardness than conventional heat-polymerized resins, however post-curing increases
their hardness values. The placement of the parts to be printed also has an important
factor in the result [18]. The geometry of the product significantly affects the
resulting efficiency of the joint solution of the considered problems of technological
process planning for additive manufacturing [19]. The following study [20] focused
into the surface treatment of printed polymers using different coatings, focusing on
visual aesthetics as well as environmental protection. Results showed that the
characteristics of the substrate and the properties of the coatings have highly effect
on the surface properties such as hydrophobicity, colour, gloss, and adhesion. In
addition, understanding the relationship between substrate chemistry and coating
composition is critical to achieve good surface finishes in additive manufacturing.
The article [21] researched the influence of different fused filament fabrication 3D
printing parameters on the printed surface of PLA polymers. The investigations were
specifically focused on curved surfaces resembling hip prosthesis components.
Performed ANFIS modelling demonstrated that layer height and nozzle diameter had
a major impact on roughness, where smaller layer heights resulted in smoother
surfaces. This study offered knowledge on optimizing 3D printing parameters to
reduce surface roughness in complex, curved structures. The following study [22]
compared the surface qualities of interim indirect resin restorations produced using
CAD-CAM, 3D printing, and traditional methods. The observed results showed that
3D-printed resin restorations had similar flexural strength and micro-hardness to
CAD-CAM-fabricated specimens, but much higher surface roughness. Studies
suggested that 3D rapid prototyping technology is an appropriate option for the
clinical production of provisional resin restorations. Additionally, the surface
properties of ABS material printed by using fused deposition modelling were
analysed in research work [23]. According to the gathered results, increased infill
density and lower layer height parameters led to better surface roughness while
increasing layer height results in rougher surface. Furthermore, a 0.06mm layer
height and 100% infill density result in an optimum surface finish.

The main purpose of this study is to investigate the effect of different printing
parameters, on the topography of FDM printed PLA parts. With analysing the results
on the roughness, this research aims to provide a better understanding to optimize
printing parameters to realize better surface quality for PLA parts.
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2. Experimental conditions and methods

For the current research, all experiments were printed by using the "Qidi Tech
X-CF Pro" 3D printer which is known for its high temperature and precise printing
capabilities. The Qidi Tech X-CF Pro has a build volume of 300x250x300mm,
which provides wide space for printing several complex geometries. With a heated
build plate and a dual extrusion mechanism, this printer has the capability to print a
wide range of filament types while providing optimal layer adhesion.

The printing material used in the production of all samples was PLA
(biodegradable thermoplastic) which is known for its environmental friendliness and
ease of use. This included nozzle temperature, printing speed, layer height, infill
density, and etc which were set to get uniform printing results. Furthermore, the
slicing software of the printer was used carefully to ensure that digital designs (in
stereolithography file format) were accurately converted into physical items.

The experimental setup for this research work involved systematically
changing printing parameters to investigate their impact on the surface roughness of
printed PLA parts. Additionally, it should be also noted that the same PLA filament
was used for all prints to eliminate material-related factors.

Table 1 illustrates the eight different experimental setups, where each of them
is characterized by unique combinations of layer height (h;), nozzle temperature (Ty),
and printing speed (vp).

The parameter combinations were selected based on their common use in 3D
printing applications and their ability to affect surface roughness. By systematically
changing the mentioned parameters and keeping other printing conditions constant,
the main purpose was to analyse their individual effects on surface quality. The
printed workpiece was designed to have a 6 mm x 6 mm flat surface. Each
experimental setup was carried out two times, where the orientation of this flat
surface changed: the to be studied surface was parallel to the base plate of the
machine in the first case (hence this will be called “Horizontal” position) and it was
perpendicular to the base plate in the second case (thus this will be called “Vertical”
position). This resulted in 16 experimental setups overall.

After completing all the printing processes, all the samples were tested using a
profilometry surface roughness test to evaluate their surface roughness. The
necessary measurements were carried out after the experiments with an AltiSurf 520
three-dimensional topography measuring instrument using a triangulated laser probe.

Table 1 — Experimental setups
Setup 1 2 3 4 5 6 7 8

[rr?rln] 0.2 0.3 0.2 0.3 0.2 0.3 0.2 0.3
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[;I'(g] 210 210 230 230 210 210 230 230
[m\r/T‘; /s] 60 60 60 60 90 90 90 90

In this study, the following roughness parameters are measured and studied
(1S025178-2:2012):

* Sio; — Ten-point height [um], the average value of the heights of the five
peaks with the largest global peak height added to the average value of the heights
of the five pits with the largest global pit height.

» Sy — Five-point peak height [um], the average value of the heights of the
five peaks with the largest global peak height.

» Ssy — Five-point pit height [um], the average value of the heights of the five
pits with the largest global pit height.

Equations were worked out for the analysis using the form in Equation 1
according to the 28 full factorial design method. The y is the dependent value and k;
are the coefficients describing the effect of the different factors on the dependent
value. O represents the orientation of the specimen. The independent variables are
the layer height (hy), nozzle temperature (T,) and printing speed (vp).

y(hi, Tn, Vp)© = ko + Kihy + KoTn + KaVp + Ki2hiTn + kashivp + KasTovp + KizshiTovp (1)

3. Experimental results

The workpieces were printed out and the surface topography are measured for
each setup. The resulted profiles were evaluated, and the studied parameters were
recorded. These values are shown in Table 2 and 3.

Table 2 — Measurement results of horizontally printed specimens
Setup 1 2 3 4 5 6 7 8

S0 | 395 | 956 | 558 | 165.9 | 625 | 1331 | 450 | 159.9
[m]

Ssp 24.2 37.9 30.8 54.6 24.2 52.6 22.9 374
[um]
Ssu 15.3 57.8 25.1 | 111.3 | 38.3 80.4 22.1 | 1225
[um]
Table 3 — Measurement results of vertically printed specimens
Setup 1 2 3 4 5 6 7 8

[ilr:i] 102.5 | 225.6 | 107.6 | 400.0 | 53.7 | 160.1 | 70.9 | 240.3
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So | 428 | 825 | 502 | 1636 | 275 | 795 | 289 | 1266
[um]
Sv | 597 | 1430 | 574 | 2364 | 262 | 806 | 419 | 1137
[um]

The formulas in the form of Equation 1 are determined for the calculation of
the ten-point height of the roughness. Equation 2 shows the result for horizontally
printed specimens and Equation 3 presents the formula, which determines the
vertically printed parts.

During the study of the surface roughness, the peak height and pit height
parameters are analysed by the application of their ratios with the total height of the
roughness profile. In this way the structure of the produced surface can be
characterized in 3D printing as well.

S102(h1, Tn, V)™ = 595.5 - 7422h, - 3.132T,, + 4.879v, + 36.64h T, + 38.57hyv, -

-0.02417Tnvp - 0.1608N Thvp )
S10z(hi, Tn, Vp)¥ = 8102 - 38530h - 39.13T, - 79.11v, + 190.9h T, + 366.2hv, + 3)
+0.3742Twvp - L.770 TaVp
Table 4 — Calculated ratios of the roughness parameters (horizontally printed specimens)
Setup 1 2 3 4 5 6 7 8
SSp
1S10, 0.61 | 040 | 055 | 0.33 | 0.39 | 0.40 | 051 | 0.23
[-]
S5V
1S10, 039 | 060 | 045 | 067 | 0.61 | 0.60 | 0.49 | 0.77
[-]
Table 5 — Calculated ratios of the roughness parameters (vertically printed specimens)
Setup 1 2 3 4 5 6 7 8
SSp
/S10z 042 | 0.37 | 047 | 041 | 051 | 050 | 041 | 0.53
[-]
S5V
1S10, 058 | 0.63 | 053 | 059 | 049 | 050 | 0.59 | 047
[-]
Ssp / S10z (i, T, Vp)" = 18.54 - 64.82h; - 0.07686T, - 0.2821v, + 0.2768h T, + )
+ 1.051hyv, + 0.001236Thv, - 0.004647hThvp
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Ssy / S10z (hi, Tn, Vp) = - 17.54 + 64.82h, + 0.07686 T, + 0.2821v, - 0.276h T, - ©)
- 1.051hjvp - 0.001236TnVv, + 0.004647hTyv,

Ssp / S10z (i, T, Vp)¥ = - 9.212 + 28.65h; + 0.04614T, + 0.1518v, - 0.142h T, - ©)
- 0.4761hvp - 0.000719Tqv, + 0.002325hThvp

Ssv / S10z (hi, Th, Vp)¥ = 10.21 - 28.65h; - 0.04614T, - 0.1518v, + 0.1423h T, + )
+0.4761hyvp + 0.000719T,vp - 0.0023250 Tav,

The ratios of the peak and total heights and the ratios of the pit and total heights
are shown in Table 4 for horizontally printed specimens by the application of the
data in Table 2. Equation 4 and 5 show the worked-out formulas for the calculation
of these. Table 5 contain the beforementioned ratios for vertically printed parts based
on the values of Table 3. Equation 6-7 presents the deducted equations in form of
Equation 1, which will be further used in the analysis.

4. Discussion

The analysis of the effect of the setup parameters on the studied roughness
parameters started with the evaluation of the total height (S10;). Figure 1 shows the
results of the parts which were printed horizontally, while Figure 2 presents the
outcomes on vertically printed parts. The first observation, which can be confirmed,
is the high impact on the printing direction. The roughness values of the horizontally
printed parts are almost half of the result of vertically printed parts at 60 mm/s
printing speed, and also lower (but with a lesser extent) at 90 mm/s.

400
300
200
Sl() z [‘um]loo
230

T [°C]
n

h, [mm) 2102 h [mm]

vp = 60 mm/s vp = 90 mm/s
Figure 1 — Alteration of the Si, on horizontally printed surfaces
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192



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

h’ [mm]

vp = 60 mm/s vp = 90 mm/s
Figure 2 — Alteration of the Sy, on vertically printed surfaces

We identify based on the 16 setups, that increasing the layer height has a higher
effect in vertical printing, while its have a lower increasing effect in horizontal
printing. The previous statement can be easily seen, since the layer height means the
periodicity of the profile in vertical printing, thus it has an increasing effect on the
roughness. In horizontal printing, the layer hight should not have a direct effect on
the roughness height, however its increasing effect can be observed here as well.
Higher layer height alters the mechanism of the layering of the different material
levels, which leads to a rougher surface. The nozzle temperature has also an
increasing effect, because of the secondary plastic deformations, which occur in the
before layered materials. Increasing the printing speed has no clear effect in
horizontal printing, while it has a noticeable lowering effect in vertical printing. As
we saw earlier, the contact characteristics between the previously layered sections
and the recently printed material is important factor. If we increase the printing speed,
we lower the contact time, which changes the secondary plastic deformations.

%€
" 21002

hI [mm]

vp = 60 mm/s vp = 90 mm/s
Figure 3 — Change of the peak to total height ratio on horizontally printed surfaces
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21002 h [mm)] 210700 h, [mm]

vp = 60 mm/s vp = 90 mm/s
Figure 4 — Change of the peak to total height ratio on vertically printed surfaces

The study continued with the analysis of the beforementioned ratio parameters.
Figure 3 and 4 shows the results of the ratios of the peak height and the total height
in horizontally and vertically printed parts, while Figure 5 and 6 presents the pit
height to total height ratios. Here we can also state that the printing direction has a
significant effect on the composition of the total roughness height. The horizontally
printed parts has higher pit heights while they have lower peak heights. This
observation corresponds with the previously stated fact, that the horizontal printing
has a lowering effect on the surface roughness. The characteristic of the surface
profile changes as we alter the printing direction, which change leads to lower
surface roughness. Among the analysed setup parameters, the layer height had the
highest impact, which is followed by the printing speed in the point of view of the
studied ratio parameters. It can be determined for a given application, which
parameter setting would benefit more, if the task is to modify the surface topography
characteristics. Higher peaks or higher pits can be achieved with the choice of the
proper parameters.

21072

h,(mm] 21002 h, [mm]

vp = 60 mm/s vp = 90 mm/s
Figure 5 — Change of the pit to total height ratio on horizontally printed surfaces

194



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 100

; 0.75
0.75 5V [ um]
g 0.50 10 z 0.50
< [um]o.25 0.25
10 z
230 230
0.3 ™~ 0.3
il ik o
2100.2 h’[mm] 21002 h [mm]
1
vp = 60 mm/s Vp =90 mm/s

Figure 6 — Change of the pit to total height ratio on vertically printed surfaces
5. Conclusions

In this paper, 3D printing experiments were carried out to study the surface
roughness of differently orientated parts, which values play an important role in the
quality of the products. The nozzle temperature, the printing speed and the layer
height is changed to analyse their effect. In the study of the results the following
observations can be highlighted:
¢ The roughness values of the horizontally printed parts are almost half of the result
of vertically printed parts.

e Increasing the layer height has a higher effect in vertical printing, while its have a
lower increasing effect in horizontal printing.

e Increasing the printing speed has no clear effect in horizontal printing, while it has
a noticeable lowering effect in vertical printing.
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ImrrBan CrarkoBud, 3ist MexaieB, MimkombIl, YropmuHa

HONEPEJHE NOCILIXKEHHA MIAPAMETPIB HIOPCTKOCTI
HOBEPXHI ITPH 3D-IPYKY 3AT'OTOBOK 3 MATEPIAJIY PLA

Awnotauisa. Coepa eupobnuuoi ingcenepii nocmitino po3uUUPIOEMbCs, OCKIIbKU HOGI  6UPOOHUYI
npoyeoypu 6NPoBaAONCYIOMbCs | NOWUPIOIONbCA 6 NPOMUCTOBOMY cepedoguiyi. CmBopeHHs CKIAOHUX
Ooemaneti WIIAXOM 3ACMOCYB8AHHS NE6HO20 npoyecy OPyKY € GiIOHOCHO HOBUM MemOOOM ) NOPIGHAHHI 3
IHWUMY MPAouYIliHUMU NpOYecami 6U2OMOBIIeHHSA, NO8 A3AHUMU 3 BUOANEHHAM CMPYJCKUL. Bin mooice
3aCMOCO8Y8AMUCS 8 PISHUX 2ALY3AX, Oe HAUDIILUIOI0 NEPeBazolo € MeHUi 0OMENCeHH HA 2e0Mempiio
eomosux Odemanei. Y yiii pobomi Oocnioxcyromecs nosepxwi Ha 3D-Opykosanux Oemainsx.
Ilpoananizosano enaug weuoxkocmi OpyKy, GUCOmMU wapy i memnepamypu conia HA WOPCMKICMb
noGepxHi  eKkcnepumenmanbHux 3a2omosok. Ilan excnepumenmanvioi ycmanoeku pospoénenuil
8ION0GIOHO 00 Memody NOBHO20 (YAKMOPHO2O NIAHY8aHHA. Pezynemamom yvoeo nonepednvbozo
00CiOJHCeHHA € 3a2anbHe GU3HAYEHHA (haKkmopie, wo GNIUBAIONMb HA WOPCMKICMb nogepxHi. Y yill
cmammi  npogedeno  excnepumenmu 3 3D-Opyky O0as  00CHOJNCEHHSI WOPCIMKOCMI  NOGEPXHI
PI3HOOpIEHMOBaHUX Oemaiell, 3HAYeHHs AKOI 8idicpaiomyv axciusy poav y axkocmi npodykyii. Tym
MOJICHO KOHCIAMYBAMU, WO HANPAMOK OpPYKY MAE 3HAYHUL 6NIUE HA CKIAO 3a2aibHOi eucomu
wopcmxocmi. I opusonmanbHo Hadpykosami Oemarni Maomy oOinouty 2nubuHy AMOK, Mmool K BOHU MAIONb
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Menuty eucomy nixie. Lle cnocmepediceHHs Y320001CYEmMbCa 3 paHiule 6CTMAHOBNIEHUM (QAKMOM, WO
20pU3OHMANLHUL OPYK MAE 3HUIICYBATLHULL BNIUS HA UWOPCIMKICTb NOGepXHi. Xapakmepucmuka npoghinio
NOBEPXHI 3MIHIOEMbCS NPU SMIHI HANPAMKY OPYKY, WO NPU3600UNb 00 3HUMHCEHHS WIOPCIMKOCE NOBEPXHI.
Cepeo npoananizosanux napamempie HAAAWMYBAHH HAUOLIbWULL 6NIUG MAE BUCOMA WAPY, 3d AKOIO 3
MOYKU 30pY 00CAIONCYBAHUX NAPAMEMPIE CRIBBIOHOWIEHHS CIOYE WBUOKICMb OPYKY. [l KOHKpemHo20
3aCMOCYSAHHS MOJICHA BUIHAYUMU, SIKE HANAUIMYSAHHS NAPAMEmpIe npunece Giibule KOPUCH, IKUWO
3A60aHHAM € 3MIHA XAPAKMEPUCTUK peNbePY noepxHi. [{na ananizy ix eniugy smin0eanu memMnepamypy
conna, weuokicmo Opyky ma eucomy wapy. IIpu eusuenHi pe3yibmamis MONCHA GUOLIUMU HACHIYNHI
CROCMEPedICeH s 3HAYEHHS WOPCIMKOCMI 20PU30HMANbHO HAOPYKOBAHUX 0emdeti MAtidice 806IHi MEHUL,
HIDIC Y 6EPMUKATILHO HAOPYKOBAHUX Oemanell; 30iIbuleHHs 8UComu wapy mae Oibuuti egekm npu
B8EPMUKATLHOMY OPYYL, MOOL SIK NPU 20PU3OHMATLHOMY — MEHWULL, 30LTbUEHHS WUBUOKOCMI OPYKY He MA€E
YimKo2o egpexmy 015 20pU30HMANLHO2O OPYKY, MOOI SIK OJiA 6ePMUKATLHO20 OPYKY MAE NOMIMHULL eghexm
SHUICEHHS.

Kawuosi cinoBa: 3D-0pyk,; nosnuii pakmopruii nian; PLA; eucoma wiopcmrocmi.
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