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The advancement of AM technologies has resulted in producing parts of high quality and reduced
manufacturing time. The purpose of this study is to simultaneously optimize the values of two response
variables, build time and surface roughness. In order to achieve the best values for build orientation and other
process parameters including raster width, layer thickness, infill percentage, and raster angle, the effects of
process parameters and response variables were adopted by the Design of Experiments approach to develop
empirical models using Response Surface Methodology. The experimental parts of this research were
conducted using an inexpensive and locally assembled FDM machine. Fifty runs for two different geometries,
namely cylinder and 3DBenchy, were performed using the Rotatable Central Composite Design, and each
process parameters was investigated in two levels in order to develop empirical models. Also, a novel
optimization method, namely, the Posterior-Based method, was accomplished to find the best values for the
response variables. The results demonstrated that not only build orientation and layer thickness have notable
effects on both response variables but also build time is dependent on raster width and infill percentage. This
study shows that through adopting the developed model by considering the process parameters, parts of high
quality (improved surface finish) with reduced build time could be produced by FDM technology. Optimum
process parameters found to be build direction of 0°, raster width of 0.61 mm, layer thickness of 0.22 mm,
infill percentage of 20%, and raster angle of 0°.
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Fig. 3 a) Air gap, extrusion width, and raster angle, b) The difference
between layer thickness and extrusion width in FDM, c) An example of
build orientation of 60° toward the z-axis
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Table 2 The comparison of mathematical methods used to build orientation in FDM
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53/645
31/2975
58121
51/0375
46/045
37119
53/665
36/16

-1/77555
-0/0361571
-1/26349
-0/11372
0/462201
0/374516
0/374616
0/462201

60
30
60
45
30
45
45
60

0134
02
034
027
02
027
027
02

05 30
05 30
05 30
0/42 80/68
05 60
0/42 45
0/42 45
05 60

43
44
45
46
47
48
49
50

Table 4 Experimental results of cylindrical samples
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Table 5 Experimental results of 3DBenchy samples
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52/3 0/00425293 30 45 0/34 035 60 1
63/93 -0/55262 60 70 034 05 60 2
51/42 01374923 45 57 027 042 45 3
47/02 -0/958928 60 45 0/34 035 30 4
26174 01374923 45 57 027 042 45 5
33/17 1/40618 30 45 02 035 60 6
34/95 0/374923 45 57 027 0142 45 7
36/7 -0/137121 45 57 027 0/42 80/68 8
29121 0/935629 30 70 02 05 60 9
44/37 -0/973639 30 45 0/34 0/35 30 10
45/87 -1/7829 30 45 034 05 30 11
22/51 -0/0359119 30 45 02 05 30 12
48/88 0/886169 45 87 0127 0/42 45 13
46/92 -0/297942 30 70 0/34 035 30 14
30/12 01374923 45 57 0127 0/42 45 15
18/29 1/24858 60 70 02 035 30 16
18/57 0/569521 30 45 02 035 30 17
44121 1/73866 45 57 0127 024 45 18
42/94 0/469785 30 70 034 035 60 19
32/11 0/37688 81 57 0127 042 45 20
47/84 -0/545188 30 70 0/34 05 60 21
56/31 -0/973639 45 57 0/4365 0/42 45 22
37124 1/39824 60 45 02 0/35 60 23
23124 1/25395 30 70 02 035 30 24
34/85 -0/37895 45 57 027 06 45 25
33/11 0/46222 30 45 02 05 60 26
38/57 -177547 60 45 034 05 30 27
29/07 -0/856113 45 57 027 0/42 9/32 28
45/52  -0/0006399 60 45 0/34 035 60 29
53/87 -0/993383 60 45 0/34 05 60 30
16/77 0/359539 30 70 02 05 30 31
41/86 -1/26339 60 70 0/34 05 30 32
35/27 01374923 45 57 0127 0/42 45 33
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48/46  -0/379181 45 57 027 06 45 1
23132 0/359365 30 70 02 05 30 2
25/435 124839 60 70 02 0B5 30 3
51/795 1/39806 60 45 02 035 60 4
29/38 0/37135%6 9 57 027 042 45 5
88/9 -0/552866 60 70 034 05 60 6
40/425  -0/856172 45 57 027 042 932 7
32132 1/25383 30 70 02 0B5 30 8
67/975  0/886046 45 87 027 042 45 9
61/485 173857 45 57 027 024 45 10
35/15 0/35061 60 70 02 05 30 11
61/7 -0/973488 30 45 034 085 30 12
74/92  -0/993562 60 45 034 05 60 13
251825  0/569228 30 45 02 035 30 14
65/255 -0/297882 30 70 0/34 035 30 15
71/505  0/374616 45 57 027 042 45 16
31/955 -0/0399721 60 45 02 05 30 17
53/365  0/374616 45 57 027 042 45 18
72/7333 0/00419409 30 45 0/34 0/35 60 19
78/305 -0/973488 45 57 (/4365 0/42 45 20
63/3  -0/0008159 60 45 0/34 035 60 21
41/885  0/374616 45 57 027 042 45 22
60/79 0/46115 60 70 0/34 0/35 60 23
46/13 1/40613 30 45 02 035 60 24
37164 0/928581 60 70 02 05 60 25
64/615  -0/285273 60 70 0/34 035 30 26
59/71 0/469544 30 70 0/34 035 60 27
49/045  0/374616 45 57 027 042 45 28
53/935  0/374616 45 57 027 042 45 29
44166 0/376788 81 57 027 042 45 30
28124 2/87995 45 57 0/1035 042 45 31
63/7967 -1/78297 30 45 0B4 05 30 32
40/62 0/935604 30 70 02 05 60 33
65/385 -0/958985 60 45 0/34 035 30 34
48/6 0/374616 45 57 027 042 45 35
62/335 -0/212228 45 28 027 042 45 36
27/48 0/563171 60 45 02 0B85 30 37
66/535 -0/545137 30 70 034 05 60 38
68/535 -0/984419 30 45 034 05 60 39
54/22 -1/26755 30 70 0/34 05 30 40
29/835 1/90235 30 70 02 0B85 60 41
51/145 1/89567 60 70 02 035 60 42
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36/78 1/89587 60 70 02 035 60 34
38/59 0/374923 45 57 0R7 042 45 35
19/76 0/563455 60 45 02 035 30 36
20131 2/87999 45 57 0/1035 0/42 45 37
38137 0/374923 45 57 0R7 042 45 38
2113 0/371657 9 57 027 042 45 39
43/71 0/461273 60 70 0/34 035 60 40
22/98  -0/0397331 60 45 02 05 30 41
25127 0/35066 60 70 02 05 30 42
46/46  -0/285311 60 70 0/34 035 30 43
38/78 0/374923 45 57 0R7 042 45 44
21/45 1/90243 30 70 02 0B85 60 45
4928  -0/984589 30 45 034 05 60 46
38/99 -1/26766 30 70 034 05 30 47

26 0/46222 60 45 02 05 60 48
44/82  -0212005 45 28 027 042 45 49
27107 0/928771 60 70 02 05 60 50
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! posterior-Based method
2 Least-Square assumptions
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Fig. 9Predicted vs. residuals plot for surface roughness of two shapes
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Fig. 10 Residuals vs. runs plot for build time
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Fig. 11 Residuals vs. runs plot for surface roughness
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Table 7 ANOVA result of build time for 3DBenchy specimens
TR $36 5 Gdiges slp cole ploj il ly LT Jgaz T Jgu

(ANOVA) _uils ylg 567 -2-3

Joaz @bt jlanl abarus glaJos ol (o) sl
s S5l 5 5l anlllas (nl 55 457 gai eslitul (il ly 5JUT
I 6 sl oz 10 ol gl a5 ol sadoslitul & S
Sl )onlg.bl ol 0 S @ dxei bl comlie b
sloJas S8, ant olyie Jgo ol 2 005 51 Jo
a8 Heboles a Bl oo oolitul LB (psay ablarwys
Jleixl Jlade sl (5 lade gp walosls ylid 7 6 Jglo=
Olej eie 5 (535 o Bl g 3,) 529 “(LOF) (il pue
a6 Fly pestie gl Ll sl SLSS polde colu
sl Joe as coul el sl 4o ole SLOF Jlaas! laie
QB o idigy 395 yo |y Slaslice 5l gol polie aidlasugs
el IS5 90 52 6l Jow YL 8o govimolis oS

Table 6 ANOVA result of build time for cylindrical specimens
I slilginl sladiges slp el loy (il g 50UT Jgo 6 Jgue

Source Sum of Mean F p-value Remarks at
Squares Square  Value 95% CL

Model 44105 7 6/29 188/30 <0/0001  significant
ABUll 408 1 4008 12213 <0/0001 significant
rientation
BEXuSn 72 1 872 26096 <0/0001 significant
cLer 2602 1 26/02 77872 <0001  significant
brmtage 2741 274 8186 <0/000L  Significant
A2 197 1 197 59/03 <0/0001 significant
C2 029 1 029 860 0/0054 significant
D2 0/083 1 0/083 2/49 0/1218 Sigrwfc;t:ant
Residual 1/40 42 0/033
Lackof Fit ~ 1/40 35 0/040
pureError ~ 0/000 7 0/000
Cor Total 45/45 49
Std. Dev. 0/18 R-Squared 0/9691
Mean 0/19 Adj R-Squared 019640
CV % 95/11 Pred R-Squared  0/9105
PRESS 4/07 Adeq Precision  57/150
209, -3676 BIC -5/46

AlCc -17/24

Source Sum of d Mean F p-value Remarks at

Squares Square Value 95% CL
Model 44105 7 6/29 188/32 <0/0001 Significant
pBulld . 408 1 408 12215 <0/0001 Significant
SErsion g7 1 872 26101 <0/0001  Significant
CLAE 26002 1 26002 778/79 <0/0001 Significant
Pomtage 2741 274 81188 <0/0001  Sigrificant
A? 197 1 1/97 59/02 <0/0001 significant
c? 029 1 0229 861 0/0054  significant
D? 0/083 1 0/083 2/49 0/1220 Sigr':ilgtcant
Residual 140 42 0/033
Lack of Fit ~ 1/40 35 0/040
PureError ~ 0/000 7 0/000
Cor Total 45/45 49
Std. Dev. 0/1828 R-Squared 0/9691
Mean 01921 Adj R-Squared  0/9640
CV % 95/1667 Pred R-Squared  0/9105
PRESS 4/0686 Adeq Precision  57/157
a9, -36767 B -5/47

AlCc -17/25

4 Adjusted R?
® Predicted R?
® Adequate precision

45

a5 aes e i (RP) panse s cupd b font oy

M@-‘“") TV PRIVEL DA JUUE I IRV SR VE S A OWO I SUEL 9
o0 YL saimolis wll i Jlake pldz g s

! Analysis of Variance
2p-value
® Lack-of-fit
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Build time of cylinderical specimen (Johnson transformation) = +2.35820 + 0.094650 « A — 5.98279 « B —
18.88009 * C + 0.048151 « D — 8.24289 x 10™* x A% + 14.45847 « C? — 2.43871 x 10~*  D?

Build time of 3DBenchy specimen (Johnson transformation) = +2.35695 + 0.094666 = A — 5.98285 * B —
18.87393 « C + 0.048166 * D — 8.24466 x 10™* x A% + 14.44580 = C? — 2.44008 x 10~* * D?

Surface roughness of cylinderical specimen = —16.31606 + 0.30851 x A —7.21772 % B+ 194.31770 x C —
0.025093 x D + 0.11541 +E

Surface roughness of 3DBenchy specimen = —11.72911 + 0.22182 * A —5.19372 * B + 139.72908 * C —
0.018015 = D + 0.082968 = E

Build time of cylinderical specimen in terms of coded factors (Johnson transformation) = +0.32 + 0.31 =
A—045%B —0.78 «C+ 0.25 D — 0.19 * A2 + 0.071 « C*> — 0.038 * D?

Build time of 3DBenchy specimen in terms of coded factors (Johnson transformation) = +0.32 + 0.31 =
A—-045%xB —078C+025%D —0.19 * A2 +0.071 » C* — 0.038 = D?

Surface roughness of cylinderical specimen in terms of coded factors =50.72 +4.63*A—054+B +
1360+C—-031«D+173+E

Surface roughness of 3DBenchy specimen in terms of coded factors = 36.47 +3.33+*A—039%B + 9.78
C—023«D+124*E
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Table 8 ANOVA result of surface roughness for cylindrical specimens
IS8 halsial slotiges sl s (6525 b s 56T Jgor 8 Jgur

Sour Sum of P Mean F vl Remarks at
ource Squares Square  Value p-value 95% CL
Model 9088/25 5 1817/65 24/20 <0/0001 Ssignificant
ABuld 927/55 1 927/55 12135 00010 significant
rientation
B-Extrusion Not
Width 12/69 1 12/69 0/17 0/6830 Significant
C-Layer 8013/94 1 8013/94 106/69 < 0/0001 significant
thickness
D-nfill 426 1 426 0057 08128 Not
Percentage Significant
E-Raster  1209/80 1 12980 173 04955 Not
Angle Significant
Residual 3305/13 4475112
Lack of Fit 2580/33 3769/74  0/67 0/7971 Q.Ot..
ignificant

Pure Error  724/80 7 103/54
CorTotal  12393/38 49
Std. Dev.  8/67 R-Squared 0/7333
Mean 50172 Adj R-Squared 07030
CV % 17109 Pred R-Squared  0/6561
PRESS 4262/62 Adeq Precision  21/551
-2 Log
Likelihood 351/45 BIC 374193

AlCc 365/41

Table 9 ANOVA result of surface roughness for 3DBenchy specimens
TR 365 Sdiges sl e 625 by LT Sy 9 Jguer

. R .= . Sum of Mean F Remarks at 95%
O A5 0gd oo axhad Sl gly g IS GY slo s i, Source Squares 9" Square  Value Pvalue o °
ol 38l s clw log (0,5 wo o il8l b cawl e Model 4699/14 5 939/83 24/19 <0/0001 significant
A-Build N
S ool Orientation 479/52 1 479/52 12/34 0/0010 Ssignificant
B-
Extrusion 6/57 1 6/57 017 0/6828 Not Significant
34 width
| tCr:]-_Layer 4143/76 1 4143/76 106/67 < 0/0001 Significant
2 ickness
c__ c DAnfill 20 1 220  0/057 0/8132  Not Significant
8 g " E SN ::_:\ _ " Percentage
- =, |1 | ERWSEr 67109 1 6709 173 01956  Not Significant
Residual ~ 1709/29 44 38/85
Lack of Fit 1334/37 3736/06 0/67 0/7972  Not Significant
T \ r ; o 1 : . . ; ; Pure Error 374/92 7 53/56
Cor Total 6408/43 49
Dewviation from Ra[erenne Pmr_\_l (Coded Units) Deviation fron? Rerelence.Pmm {Coded Units)
s gisrle dilya (i Std. Dev. 6123 R-Squared 07333
Fig. 12 Perturbation plots of surface roughness for two shapes )
el ey il Jogai 12 S Mean 36/47 Adj R-Squared 0/7030
CV % 17109 Pred R-Squared 0/6560
Ao - Co. . . @ PRESS  2204/44  Adeq Precision 21/549
aS olelsl Sl ot 13 5o j0 4 aeS Len 2 Log
Wbl oo b O ygods maw (605 Sl aslaxwgy sla Jae  Likelihood 3148 BIC 341796
AlCc 332/44

! Perturbation plot
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B Extrsion Width = 0425

D: Infill Percentage = 57.5
E: Infill Angle =45

all)

Build Time (Cylinder)

Actual Factors
A: Build Orientation = 45
D: Infill Percentage = 57 5
E: Infill Angle = 45
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