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ABSTRACT

Additive Manufacturing (AM), widely known as three-dimensional (3D) printing, is the process that a product is
fabricated layer by layer in Cartesian coordinate system. Fused Deposition Modelling (FDM) is the most used AM
process for functional rapid prototyping and products reduces the time and material involved in manufacturing. The
purpose of this study is to investigate the effects of 3D printer system vibrations on the surface roughness of
fabricated products. Polyethyletherphthalate Glycol (PET-G) is used as material for fabrication. Six different filling
structures - Rectilinear, Grid, Triangular, Wiggle, Fast Honeycomb, and Full Honeycomb - were used and for each
structure two different top - two and three - layers implemented. A total of 12 samples specimens were fabricated.
The results showed that using Full Honeycomb filling structure with three top layers is more suitable for surface
roughness compare to the others filling structure used. It can be concluded that the vibration of 3D printer system
considering type of filling structure and number of top layers have a significant effect on surface quality of product.
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3b Yazici Sistemi Titresimlerinin Uriinlerin Yiizey Piiriizliiliigiine
Etkisinin incelenmesi

OzeT

Yaygin olarak ii¢ boyutlu (3D) baski olarak bilinen Eklemeli Uretim (Additive Manufacturing - AM), bir {iriiniin
Kartezyen koordinat sisteminde katmanla {iretildigi siirectir. Erisim Birikim Modelleme (Fused Deposition
Modeling - FDM), fonksiyonel hizli prototipleme ve tiriin i¢in en ¢ok kullanilan AM siirecidir, tretimle ilgili
zamani ve malzemeyi azaltir. Bu ¢calismanin amaci, 3D yazic sistem titresimlerinin, imal edilen {iriinlerin ytiizey
piiriizliiliigii iizerindeki etkilerini arastirmaktir. Uretim igin malzeme olarak Polietileterftalat Glikol (PET-G)
kullanilmistir. Alti farkhi dolgu sekli - Rectilinear, Grid, Triangular, Wiggle, Fast Honeycomb ve Full
Honeycomb - kullanilmis ve her yapr igin iki farkli {ist katman - iki ve ii¢ katman- uygulanarak toplam 12 test
numunesi basilmistir. Basilan diriinlerin yiizey piiriizliligi 6lgiimleri yapilarak elde edilen veriler lizerinden
karsilagtirma yapilmis ve sonuglar analiz edilmistir. Sonuglar, ii¢ tist katmanli 1zgara (Grid) doldurma yapisinin
kullanilmasi, yiizey piiriizliiliigii i¢in diger doldurma yapilarina kiyasla daha uygun oldugunu gostermistir. Dolgu
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sekli tiirline ve iist katmanlarin sayisina bagh olarak 3D yazici sisteminin titresiminin {riiniin yiizey kalitesi
lizerinde 6nemli bir etkisi oldugu goriilmiistiir.

Anahtar Kelimeler: 3B Yazici, Titresim, Yiizey Piiriizliiltigii, PET-G.

|. INTRODUCTION

I t is very important to use a proper process to achieve a better surface from a manufactured product.
However, increasing demand for better surfaces makes the process a little bit complicated which
many variables can deleterious the desired results. Additive Manufacturing (AM), widely known as
three-dimensional (3D) printing, is the process that a product is fabricated layer by layer [1] in
Cartesian coordinate system. One of the most used AM process is Fused Deposition Modelling
(FDM). FDM is widely used for fabricating from medical equipment to industrial products. This
process has gained significant interest due to its ability to fabricate complex geometries with optimal
material. FDM is used in many areas such as household goods, toys, architecture, medical devices,
aviation, automotive, and space crafts [2]. FDM fabricate products layer-by-layer by heating
thermoplastic material to a semi solid state and extruding it according to information from computer
aided design and control data. FDM will play a significant role in the future product design and
manufacturing process. FDM is a widespread in various industries to fabricate complicated
geometrical products without any shape constraints in short time [3-5]. A study [6] received a
literature survey on the state of art of AM. Additional information on AM process can be found in
overviews studies [7-10]. Considering the quality of fabricated products surface, most of the studies
focus on mechanical properties of product and neglect the effects of vibration characteristics of the
printer system. In general, the quality of a fabricated product’s surface is mainly determined by the
thickness of each fabricated layer [11]. Vibration from printer system also play a major role on surface
quality of product because of vibration is inherent to the movement of printer system itself. The state
of vibration is affected by the dynamic characteristics of the 3D printer system assemblies — table,
extruder, etc. Studies relating to vibrations in printer system have been relatively few and that there is
no study focusing on the effects of vibration on product surface roughness. Several studies [12-14]
carried out on vibration analysis for quantifying the printing parameter effects on the structural
characteristics of fabricated products. Also, a study [15] presents vibration data obtained from printer
table in terms of impact of mechanical behaviors on fabrication quality. The objective of this study is
to experimentally investigate the effects of system vibrations on the surface roughness of fabricated
products.

Il. MATERIAL AND METHOD

FDM based printer was used to fabricate the sample by varying its filling structures - Rectilinear, Grid,
Triangular, Wiggle, Fast Honeycomb, and Full Honeycomb - and number of top layers. For each
filling structure two different top (two and three) layers were implemented. So, a total of twelve
samples were fabricated. Test samples were designed as 3D model using designing software and
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transferred to 3D slicing interface program to printer. A schematic drawing of 3D printer is shown in
Figure 1.
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Figure 1. A schematic drawing of 3D printer
Polyethyletherphthalate Glycol (PET-G) is used as material for fabricating test sample because it is the
most commonly used material in additive manufacturing. The properties of PET-G material are given

in Table 1.

Table 1. The properties of PET-G material [16]

Material Properties

Material PET-G
Filament color Orange
Filament diameter (mm) 1.75
Density (g / cm?®) 1.27
Tensile strength at yield (MPa) 50
Tensile modulus (MPa) 2140
Elongation (%) 120
Melting point (°C) 135
Heat deflection temp. (°C) 70

The fabricating parameters such as occupancy rate, filling structure, layer thickness are defined as
input in the program. Table 2 gives printing parameters [17].
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Table 2. Printing parameters

Printing Parameters

Filament diameter (mm) 1.75
Nozzle diameter (mm) 0.40
Extruder temperature (°C) 230
Table temperature (°C) Built-in
Occupancy rate (%) 30
Extrude width (mm) 0.35
Layer thickness (mm) 0.20
Printing speed (mm/min) 4200
Speed for non-print moves (mm/min) 4800
Top Layer Number 2-3
Bottom Layer Number 3
Vertical Shell Number 2
Room Temperature (°C) 24+ 1
1-Rectilinear
2-Grid
- 3-Triangular
Filling structure 4-Wiggle

5-Fast Honeycomb
6-Full Honeycomb

Sample for testing according ISO 527-2 standard was fabricated for surface roughness measurements.
Picture of test sample with dimensions is given in Figure 2.

=4

Figure 2. Test sample dimensions (ISO 527 — 2 type 1A)

An extruder nozzle E3D type with a 0.40 mm diameter was used for fabricating all test samples. The
table has 200 mm width and 200 mm length.

The table moves in y-direction and the nozzle head moves in x and z direction which helps in
fabricating the test sample in different filling structures with occupancy rate as 30 % as shown in
Figure 3. The drive of each axis is performed by a stepper motor (NEMA 17 bipolar stepper). The
stepper motor specifications include 200 steps per revolution (1.8° for each step), 4 voltages on phase,
1200 mA operational current (of one phase), 3.3-ohm phase resistance, 3.2 kg-cm holding torque.
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Figure 3. Filling structures: 1-Rectilinear, 2-Grid, 3-Triangular, 4-Wiggle, 5-Fast Honeycomb, 6-Full
Honeycomb

Data Acquisition Unit (DAQ) from SpectraQuest were used to record vibration signals from
accelerometer (608A11) sensor during experiments. Three accelerometers were set as Channel 1,
Channel 2, and Channel 3 for x, y, and z axis respectively. The captured vibration signals have been
analyzed in time domain.

All the surfaces of test samples were measured for surfaces roughness by a Taylor Hobson brand
device. Surface roughness average (Ra) of the samples were measured for all test samples. Three
measurement values were taken from each sample and averaged for both horizontal and vertical
direction. Surface roughness was measured along 5 mm blue line from shaded area given in Figure 4.

85

Figure 4. Area of surface roughness taken

I1l. REsuLTs AND DISCUSSION

Table 3 gives the surface texture of fabricated test samples and Table 4 gives test samples surface
roughness measured by a Taylor Hobson brand device. Also, we called the samples for clearance as
SC means sample code, first number shows filling structures an in the Figure 3 and second number
shows number of top layers.
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Table 3. Surface texture of fabricated test samples

Sample
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Table 4. Surface roughness averaged results

Sample Code

Horizontal Measurement Plot

Vertical Measurement Plot
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SC52 SC43 SC42 SC33 SC32

SC53

SC62

Table 4.(continue). Surface roughness averaged results

Sample Code  Horizontal Measurement Plot Vertical Measurement Plot

SC63

Table 5 and Figure 5 give Ra values for both horizontal and vertical direction for all test samples.
Three measurement values were taken and averaged for each sample. A code is given for each sample.
The first number in Sample Code (SC) indicates filling structure type and the second number indicates
number of top layers. From the results obtained in surface roughness analysis shown in Figure 5, it is
observed that filling structure has direct influence on surface roughness. In Table 5, the highest Ra
value measured in horizontal direction is 5.79 pm (micrometer) for Grid filling structure with two top
layers (SC 22) while the lowest Ra value measured in vertical direction is 3.5 um for Full Honeycomb
filling structure with three top layers (SC 63) and the highest Ra value measured is 12.50 um for Fast
honeycomb with two top layers (SC 52) while the lowest Ra value measured is 10.57 um for Full

153



Honeycomb filling structure with two top layers (SC 62). It can be concluded that number of top
layers can have a dramatic effect on the quality of surface roughness of fabricated products. In Figure
6, time domain data are presented with amplitude as the vertical axis and elapsed time as the
horizontal axis for all test samples while fabricated. It can be seen that also vibration amplitude value
for Full Honeycomb filling structure with three top layers is much lower compared to the others filling
structures used. This is because of surface roughness measurement was taken from a narrow area.
From the time waveform plots, it seems that vibration from the table (y-direction) has lower amplitude
for Grid and Fat Honeycomb filling structures.

Table 5. Measurements of surface roughness averaged results in horizontal and vertical direction.

Sample Code Horizontal Direction Vertical Direction
Ra (um) Ra (um)
SC12 4.1914 11.5985
SC13 3.7361 11.6880
SC 22 5.7946 11.8054
SC 23 3.6023 11.5875
SC 32 4.1466 11.7985
SC 33 3.9456 11.8376
SC 42 5.4288 11.3638
SC 43 3.7060 11.5165
SC52 4.5909 12.5045
SC53 41135 11.8857
SC 62 5.5201 10.5763
SC 63 3.5300 11.4328

M Vertical Ra (um)

\

B Horizontal Ra (um)\

%

Figure 5. Measurements of surface roughness averaged results in horizontal and vertical direction.
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Figure 6. Vibration amplitude values

Figure 6. (Continue). Vibration amplitude values
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IVV. CONCLUSION

3D printer system vibrations have a significant influence on the surface roughness of fabricated
products. Vibration in 3D printer system exist throughout the fabricating process while influenced by
many sources such as 3D printer structure, nozzle type, filling structure type etc., the composition of
the fabricating process is complicated. So, 3D printer system must be designed to operate without
excessive vibration. The purpose of this study is to investigate the effects of 3D printer system
vibrations on the surface roughness of fabricated products. Polyethyletherphthalate Glycol (PET-G) is
used as material for fabrication. Six different filling structures - Rectilinear, Grid, Triangular, Wiggle,
Fast Honeycomb, and Full Honeycomb - were used and for each structure two different top - two and
three- layers implemented. It can be concluded that the surface roughness of Full Honeycomb filling
structure with three top layers have been found to be superior to the others filling structures used and
excessive levels of vibrations can have an imposing effect on the quality of surface roughness of
fabricated products.
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