Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 15" International Scientific and Practical Conference. Volume III, 262-267

Optimizing 3D printing parameters to improve
dimensional accuracy

Sabi Sabev Konstantin Chukalov Valeri Bakardzhiev
Technical University of Sofia, Technical University of Sofia, Technical University of Sofia,
Branch Plovdiv Branch Plovdiv Branch Plovdiv
Plovdiv, Bulgaria Plovdiv, Bulgaria Plovdiv, Bulgaria
sabi_sabev@tu-plovdiv.bg chukalov@tu-plovdiv.bg bakardzhiev@tu-plovdiv.bg
Agop Izmirliyan
Technical University of Sofia,
Branch Plovdiv

Plovdiv, Bulgaria
izmirliyan@tu-plovdiv.bg

Abstract. The article examines the influence of 3D printing
speed and layer thickness on the accuracy of functional
dimensions of a part-eight wall prism with S holes-one in the
centre and 4 in the periphery. For printing the samples,
ABS material was used, which is one of the main materials
for the production of machines and parts. A portal
measuring machine with the highest accuracy was used to
effectively perform the task of measuring deviations from
the size of the sample. Due to the large volume of
experimental results, they were averaged to minimize error
and processed using statistical processing software. An
accurate regression model was obtained and the printing
parameters were optimized
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3D printing is increasingly used in many sectors -
mechanical engineering, architecture, design, dentistry
[11,[2]. 3D printing is used not only for prototyping, but
also for mass production [3]. The materials that are used
for this technology are very diverse, but mostly polymers
are Acrylonitrile Butadiene Styrene (ABS), Polystyrene
(HIPS) and Polylactic Acid (PLA) [4],[5]

INTRODUCTION

The main technological characteristics of the process
are the height of the layer and the printing speed, on
which the quality of the 3d printed details mainly
depends.3D printing is a developing scientific field[6]

Geometric deviations are defined as a deviation from
the ideal geometry of the part. Size deviation is a
deviation from the local size (the distance between two

points on the surface)[7].Different systems are used to
ensure accuracy[8].

The increasingly wide application of 3D printing leads
to increased requirements for the characteristics of the
details, as well as the analysis of technological
operations.[9].

II. MATERIALS AND METHODS
The material used is the polymer Acrylonitrile
butadiene styrene (ABS) chemical formula

(C8H8)x-(C4H6)y-(C3H3N)[10]. The choice of material
is determined by the wide use of this material in 3D
printing. [11]. The material is pre-extruded into a layer
(filament with a diameter of 1.75 mm). In the printing
process, the polymer is extruded at a temperature of
235°C. The selected part is eight wall prism with 5 holes.
This shape is selected to satisfy the goals of the
article.The 3D printer and the process in the Flashforge
Creator model are shown in Figure 1.

The planning of the experiment has been done in
previous articles and is according to the Taguchi method:
Taguchi Array L9 (3”2); Factors: 2; Runs: 9

The limits (maximum and minimum value) of the
factors affecting the quality and accuracy of printing are
determined a priori.[12] Factors investigated for impact
on accuracy are print speed and layer height[13] The 3D
printer parameters that are constant for all trials, ie. are
constant: nozzle diameter 0.4mm; flow 100%; retreat
Imm; bed temperature 110°C.
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e Checking dimension devastations according the 3D

model

{ FLASHFORGE

Fig. 1. Flashforge Creator 3

The measurement was carried out on a three-
coordinate measuring machine EROWA CMM QI, which
is designed for the control of finished parts. The machine
is placed in a temperature controlled environment of 20°C
+1°. It is equipped with a contact sensor TP20 and a ruby
sphere D=6mm. (fig. 2). The technical parameters are:

r =0.0001 @)
T =15um+ L/500 2)

(where: r — resolutions; T-tolerance field of the
measurement; L-length of the measured dimension in
mm)

— |
Fig. 2. TP20 sensor with D6 probe.

Software

The software used to check deviations from the 3D
model is ARCO CAD. The IGS format is used to extract
the geometric data of the specimen. A control program
was developed to touch each sample at the same point
relative to the set base, with the same speed of movement
of the sensor. This prevents the possibility of
accumulating additional measurement errors. (fig.3)
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Fig. 3. Arco CAD software overview

e Fastening

The specimen is fixed on the outer two walls and its
front surface in a precision self-centering vise (fig4). The
central opening O0 a for the Z coordinate — the front
surface P — is chosen as a base for the X and Y
coordinates.

Fig. 4. Fixture set up on measuring machine.

For the purpose of the experiment, 4 measurements
were made on each hole of each specimen[14] The
circumference measurement was done with a 4 contact
point circumference measuring cycle. The first 2
measurements are at a depth of Z=-5mm and the second 2
at Z=-15mm. The difference between measurement 1 and
2, as well as 3 and 4 is the starting angle of measurement
(a=45°). Fig(5.a) In this way, we have also extracted
information about the average deviation from the shape of
the corresponding hole. In addition to diameter and shape
deviation, we have also measured the average deviation of
the interaxial distance of each hole relative to the central
hole, which serves as the base and origin of our coordinate
system. (table 1)

e Checking of external faces

The external shape of the experimental sample is
octahedral composed of 8 planes respectively. In fact, the
planes from which the geometric body is created after
printing deviate in shape and location from those in the
specified computer model [15].[16]. Through an option to
match a given point from the imported 3D model in the
Arco cad software and the actually touched point from the
sensor, the average deviation of 4 points for each wall of
the octagon was measured, each of them being at the
maximum distance from each other. (Fig.5 .b)
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In this way, the error of the positioning of the wall III. RESULTS AND DISCUSSION
itself relative to the mathematical model and also the
differences in the shape of the real surface of the specimen
are combined[17]. The results of the measured points are
averaged for eaCh wall Of the octagon Of eaCh specimen. TABLE 1 DIAMETERS OF THE MEASURED HOLES AND THE COORDINATES
(Table 2) OF THEIR INTERAXIAL DISTANCES.

Table 1. Diameters of the measured holes and the
coordinates of their interaxial distances.

e Measurement of the front surface

3 points from the front surface of each specimen were
measured. The base surface is the face of the first sample
(fig. 5.c) (Table 3)

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

DI[p| 2182 | 2175 | 2164 | 21,64 ] 21,61|21,57] 21,67 | 21,67 | 21,65
D|15,83]15,76] 15,65 15,65 15,66 15,55 15,76 | 15,74] 15,67
x|27,07|27,22]27,34] 27,30| 27,29 27,36 | 27,22 27,35 | 27,28
v|-0,03] 0,07 |-0,04]-0,03 | 0,04 | -0,07] 0,08 |-0,09]-0,14
D|15,89]15,82]15,68] 15,69 15,59]15,53] 15,72| 15,70] 15,67
X|-27,18-27,28] 27,26 |-27,31|-27,27|-27,24]-27,16|-27,09] 27,22
v|-0,08]-0,08]-0,07] 0,05 |-0,09]-0,07]-0,07]-0.23]-0,11
D
X
Y
D
X
Y

D2

D3

15,87| 15,78 15,71 115,71 ]15,61 | 15,52 15,87 [ 15,71 | 15,64
-0,03]-0,05] 0,05 |-0,01] 0,01 | 0,04 ]-0,02] 0,12 ] 0,03
27,50127,4627,43|27,41]27,39]27,28|27,53]27,33|27,32
15,87]15,80] 15,681 15,68 15,61 15,5715,73|15,73| 15,71
-0,06]-0,01] 0,02 | 0,01 | 0,02 0,07 ] 0,03] 0,15] 0,03
-27,61(-27,48)-27,34|-27,37|-27,45]-27,45]-27,49]-27,62|-27,55

D4

D5
Fig. 5. (a) 16 measuring points for each cylinder

TABLE 2. AVERAGE DEVIATION OF WALLS FROM 3D MODEL

]

% SIDE

Gl 1 2 3 4 5 6 7 8

1 |-033|-0,08]|-008]-0,17|-0,38|-0,15 | -0,05 | -0,17

2 |-0,34]-0,17 | -0,04 | -0,16 | -0,24 | -0,09 | -0,06 | -0,20

3 1-0,19-0,23|-0,15-0,03 | -0,08 | -0,10 | -0,12 | -0,14

4 |-0,14 | -0,14 | -0,08 | -0,03 | -0,10 | -0,18 | -0,18 | -0,14

5 1-0,17| 0,11 | 0,19 | -0,01 | -0,26 | -0,31 | -0,31 | -0,32

6 |-0,16 | -0,16 | -0,20 | -0,14 | -0,16 | -0,16 | -0,08 | -0,08

7 1-0,30]-0,07|-0,01-0,21|-0,37 | -0,14 | 0,02 | -0,14

8 |-0,32|-0,06 | 0,07 | -0,09 | -0,28 | -0,21 | -0,17 | -0,30

9 1-0,191]-0,21|-0,21 | -0,24 | -0,28 | -0,17 | -0,01 | -0,02

TABLE 3. AVERAGE DEVIATION OF FOREHEAD FROM 3D MODEL
Fig.5 (b) 4 points on each side of the octagon
Sample | 1 2 3 4 5 6 7 8 9

< o ~ — =N 0 o~ o o

TABLE 4 EXPERIMENTAL RESULTS FOR DEVIATION OF THE SIZE

Ne | Layer Speed Def dD
1 0,1 10 0,14
2 0,1 45 0,22
3 0,1 80 0,43
4 0,25 10 0,33
5 0,25 45 0,38
6 0,25 80 0,45
7 0,4 10 0,28
Fig.5 (c) 3 points taken from the face surface 8 0,4 45 0,29
9 0,4 80 0,33
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The obtained experimental results for the size
deviation are presented in Table. 1-4. Table 4 presents the
arithmetic mean deviation of the size.

Mathematical-statistical processing was performed
with  MINITAB 19 software. For the mathematical
description of the objective function, a reduced model of
the second incomplete degree was used.

The data from Table 4 were processed and the
following regression model was obtained [15]:

Def dD = —0.034 + 2.457 layer +
0.002231 Speed — 4.68 layer * layer 3)

The coefficient of determination R-sq = 77.10% was
calculated, and the adjusted coefficient of determination
has the value R-sq(adj) = 63.36%, which is too low.

TABLE 5 MODEL SUMMARY

R- R-sq
S R-s .. | PRESS AICc | BIC
9 | sq(adj) (pred)
0.060 | 77.10% | 63.36% | 0.068 | 13.47% | -0.39 | 19.41
TABLE 6 ANALYSIS OF VARIANCE
@ 172 o— n wn D D
E x| 2| 22| 2 2| 3| 3
2 _ =
e g| SE| 3| E| 2| 2
Regre | 316 061 | 77.10% | 0.061 | 0.020 | 5.61 | 0.047
Ss10n
layer | 1 |0.001| 227% |0.023]0.001] 0.50 | 0.513
Speed | 1 | 0.036 | 46.55% | 0.036 ] 0.036 | 10.16 | 0.024
K
layer® | 110 022 | 28.28% | 0.022]0.022| 6.17 | 0.056
layer
Error | 5 | 0.017 | 22.90% |0.017 ] 0.003
Total | 8 |0.078 | 100.00%

The Pareto chart, Fig.6 shows the absolute values of
the standardized effects from largest to smallest
effect.[16] The chart also draws a reference line to show
which effects are statistically significant.[17] It can be
seen that component B has crossed the significance line,
therefore only this coefficient is insignificant and the rest
are insignificant.

Pareto Chart of the Standardized Effects
(response is Def dD; a = 0.05)

Term 25m

AA

0,0 05 1.0 15 20 25 3,0 35
Standardized Effect

Fig. 6. Pareto Chart
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Versus Order
(response is Def dD)
25

20

05

00

Standardized Residual

05

. = .
1 2 @ 4 5 6 7 8 9

Observation Order

Fig. 7. Versus order residual

Fig. 7 clearly shows the presence of 1 error: -
observation No. 3, the value of the standardized residual
should be within the limits of -2;+2. This gives us reason
to remove the observation and process the data again.

After reprocessing the results we get the following
Regression Equation:

Def dD = —0.1290 + 3.324 layer +
0.001374 Speed — 6.017 layer * layer @)

The coefficient of determination R-sq = 97.16% was
calculated, and the adjusted coefficient of determination
has the value R-sq(adj) = 95.03%, which satisfies the
requirement of being above 95%. The P-value must be
below 0.05, this condition is also met.

Suppose we want to know if this F statistic is
significant at level alpha = 0.05. Using the F-distribution
table for alpha = 0.05, with numerator of degrees of
freedom 3 (Regression) and denominator degrees of
freedom 4 (Error), we find that the F critical value is
6.5914. [18]. From the analysis of the variables in table
10, it can be seen that all the F-values are several times
above the critical value.

TABLE 7 MODEL SUMMARY
R- R-
S | Res .. | PRESS AICe | BIC
9 | sq(adj) sq(pred)
0.021 | 97.16% | 95.03% | 0.000 | 86.20% | -4.47 | -34.08
TABLE 8 ANALYSIS OF VARIANCE
o 7)) @ N

E x| B EE| 2| 2| 2| 2

2 |/l & S s g g = =

17} @n O = < P = o
Regre | 31 6061 | 97.16% | 0.062 | 0.021 | 45.6 | 0.001
Ss10n

layer | 1 | 0.011 | 17.62% | 0.037 | 0.011 | 24.8 | 0.008
Speed | 1 [ 0.017 | 27.60% | 0.010 | 0.017 | 38.8] 0.003

K
layer® | 110033 | 51.95% | 0.033 | 0.033 | 73.1 | 0.001
layer
Error | 4 | 0.002 | 2.84% | 0.002 | 0.001

100.00

Total | 7 | 0.063 ,
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Pareto Chart of the Standardized Effects
(response is Def dD; a = 0.05)

2,776

Predictor  Name.
A layer
B Speed

3 4 s 6 71 8 9
Standardized Effect

Fig. 8. Pareto Chart

The Pareto diagram, Fig. 8 shows that the components
have crossed the significance line, therefore all the
coefficients are significant.

Normal Probability Plot
(response is Def dD)

Main Effects Plot for Def dD
Data Means

layer_1 ] Speed_1
e yer_ P

Mean
\

0.10 025 0.40 10 a5 80

Fig. 11. Main effect

It was also analyzed how the influence of layer and
speed on the size deviation, fig. 11-12

Contour Plot of Def dD vs Speed; layer

DefdD
< 0180
M o180 - 0205

W o205 -
0230 -
0255 -
0280 -

W o305 -

W o330 -

M oass -

W ozs0 -

0230
0258
0280
0308
0330
0355
0380
0.408

Percent
8

-1 0 1 2 3
Standardized Residual

Fig. 9. Normal probability plot

The analysis of standardized residuals Fig. 9 - 10,
shows that there are no gross errors. This necessitates the
conclusion that the coefficients are significant.

20

0,5

0,0

Standardized Residual

0,5

Versus Order
(response is Def dD)

e

Observation Order

Fig. 10. Versus Order

W o405 - 0430
- > 0430

layer

Fig. 12. Contur plot

The interactive table, Fig.13 shows the effect of layer
and print speed on the printing time.

A one-parameter optimization was made, with the
optimization criteria being the printing time of 4 hours
and the size deviation being equal to 0.25mm. The
obtained results are presented in Fig. 14 with a deviation
of 0.25 mm, i.e. tolerance field £0.125mm, layer thickness
0.35mm, the time for printing the part is 4 hours. The
following regression model was used in this optimization:

Time[h] = 11.26 — 12.39DefdD[mm] —

11.91 layer 4)
Interaction Plot for Time [h]
Data Means
10 5 a
0
layer
—— om0
3 |-m oz
-4 - 040
5
layer LN
T ~ 1
L -
. - -m
ool * 2
10
Speed
—— 10
3 —B- s
-4- 80
&
Speed
4
2

Fig. 13. Intereractive plot



Sabi Sabev et al. Optimizing 3D printing parameters to improve dimensional accuracy

Optimal DefdD [ layer

, ig 04512 .40
D:1.000 5 [0.250] [03402]
Low 01432 210
Time [h]
Targ: 40
y =40 = = e = = e = = = = = = = b Nl
d = 1,0000
~

Fig. 14. Optimization plot

IV. CONCLUSIONS

The research is executed on base of statistical process
according Taguchi method - 9 samples are manufactured
for this goal. The printing modes are selected according
to the importance of technology. The following
conclusions are drawn from the statistical processing:

1. The greatest influence of layer height is observed
on dimension deviation

2. The printing speed has a minor influence on the
dimension deviation

3. The study can be used as a basis for another
discrete area of the studied parameters.

4. All regression models are notable and well describe
the relationship between printing speed and layer height.

The studied polymer material ABS, one of the current
polymers, is used for the production of technical details.
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