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Abstract

Polymer components manufactured using additive manufacturing (AM) methods have
many applications in various industries. Different parameters affect the quality of
parts’ printing, and subsequently their mechanical and surface properties. In this
paper, the effect of 3D printing factors including layer height, printing speed, and
temperature on the fatigue life of PLA specimens printed by the Fused Deposition
Modeling is investigated. Layer heights of 0.2, 0.25, and 0.3 mm, printing speeds of
1000, 1400, and 1800 mm/min, and printing temperatures of 205, 215, and 225°C, all
with an infill density of 100%, are considered. For this purpose, 15 different
configurations were created in Minitab using the Box-Behnken method for laboratory
evaluation. The fatigue life of specimens was obtained using a SANTAM rotational
fatigue machine at a constant speed of 5 Hz. Then, using linear and nonlinear second-
order regression models and fitting the experimental data, the fatigue life estimation
function was extracted using the scikit-learn package in Python. Studies show that the
results obtained from nonlinear regression are reliable and do not suffer from
overfitting. The results also show that as the printing speed and layer height increase,
the fatigue life of specimens decreases due to the reduction in the mechanical and
surface quality of the samples. In addition, although the printing temperature does not
have a large effect on the fatigue life; its changes are nonlinear, and using nonlinear
regression estimation, the optimal temperature of 213 degrees in the printing
temperature range of 205 to 225 degrees Celsius has been obtained.
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1- Introduction

Recent  technological advancements  have
significantly transformed conventional

manufacturing methods. Through the development fundamental

A critical challenge in additively manufactured
components lies in their mechanical behavior. The
characteristic  of all

additive

of innovative fabrication techniques, designers can
now produce complex geometries that closely
resemble final part specifications. The invention of
multi-axis CNC machines and subsequent 3D
printers has revolutionized industry, enabling the
production of virtually any three-dimensional
component using various raw materials [1].

manufacturing (AM) techniques is their layer-by-
layer fabrication approach [2]. This inherent feature
results in anisotropic mechanical properties of
manufactured parts. Numerous factors influence
this phenomenon, most of which are determined by
the manufacturing process parameters [3]. While
3D printing has primarily been utilized for
prototyping applications, its adoption in full-scale
production remains limited. The development of
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diverse AM technologies has expanded their
applications across medical, aerospace, automotive,
and engineering sectors due to advantages such as
design feasibility and integrated manufacturing
capabilities [4]. The medical industry has begun
exploring 3D printing for tissue engineering, organ
development, and cellular structure fabrication [5].
The operational principle of 3D printers relies on
additive manufacturing methodology. Initially, a
virtual 3D model is created using computer-aided
design (CAD) software. Subsequently, secondary
software slices this model into multiple layers,
generating G-code instructions [2]. In fused
deposition modeling (FDM), the most common
feedstock consists of thermoplastic filaments fed
through a heated nozzle. This technique can achieve
layer thicknesses up to 50 um [2]. Compared to
other AM methods, FDM has attracted significant
research attention due to its cost-effectiveness and
other advantages [6].

Research by Ezeh et al. [7] demonstrated that PLA
specimens exhibit superior fatigue life compared to
ABS counterparts. Furthermore, horizontally
printed samples showed greater fatigue strength
than vertically oriented ones. Dadashi and Azadi [8]
found that reducing nozzle diameter improves
fatigue performance. Safai et al. [9] highlighted the
challenges in optimizing printing parameters for
fatigue resistance due to complex interactions
between process variables and material properties.
Salim et al. [10] reported that PLA outperforms
ABS in tensile strength, strain, and elastic modulus
characteristics.

This study investigates the bending fatigue behavior
of 3D-printed specimens fabricated via FDM.
Multiple parameters influence the surface and
internal quality of printed samples, consequently
affecting their fatigue life. Key variables include
layer height, melt temperature, thermoplastic
polymer type, printing orientation, infill percentage,
and printing speed. Notably, this research focuses
specifically on 3D printing parameters affecting
fatigue life, excluding applied bending load and

fatigue test machine rotational speed. It is important
to emphasize that for polymeric materials, excessive
rotational speeds during fatigue testing must be
avoided due to their temperature-sensitive
mechanical properties, as elevated speeds may
induce thermal degradation during testing.

2- Materials and Methods

This study investigates the influence of FDM
printing parameters on the fatigue life of 3D-printed
specimens, focusing on layer height (0.2-0.3 mm),
printing speed (1000-1800 mm/min), and melt
temperature  (205-225°C). A Box-Behnken
experimental design was implemented in Minitab
software, generating 15 test conditions (including 3
replicates) to evaluate 13 wunique parameter
combinations (Table 1 and Table 2). All specimens
were printed using white PLA filament (1.75 mm
diameter, Esun brand), selected for its superior
deformation resistance (1.25-1.5%) and specific
strength (1.1-1.3%) compared to ABS [11].

Table 1: Investigated Printing Parameters

Values Variable

02 025 03 Layer Height (mm)
1000 1400 1800  Frinting Speed (mm/min)

205 215 225 Melt Temperature (°C)
PLA Filament Material

3- Discussion and Results

3.1 Fatigue life analysis

Rotational fatigue testing (5 Hz, 0.5 kg load) was
conducted on triplicate samples for each parameter
combination (Table 2).
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Table 2: Experimental Design and Effect of various factors on fatigue life
_ o o Cycles to Failure (Each
Sample Layeérrn:(;lght Prmtl(rlgé;l'emp. Prl(rr:;\?msiat)eed Sample) l\ﬁeiz?en
1 2 3

1 0.3 215 1000 35157 35781 36189 35709
2 0.2 225 1400 40479 40789 41012 40760
3 0.25 215 1400 36459 36795 37123 36792
4 0.25 215 1400 36459 36795 37123 36792
5 0.25 225 1000 38994 39564 39029 39195
6 0.25 215 1400 36459 36795 37123 36792
7 0.25 205 1000 39481 40465 39966 39971
8 0.2 215 1000 47062 47670 47149 47294
9 0.3 215 1800 26938 27842 27861 27547
10 0.3 225 1400 30895 31451 30021 30789
11 0.3 205 1400 47121 46159 47237 31126
12 0.25 205 1800 31049 30946 31482 31159
13 0.2 215 1800 35068 34875 35121 35021
14 0.2 205 1400 41542 42006 41894 41814
15 0.25 225 1800 30082 30746 30176 30335

3.2 Regression Modeling

Two predictive models were developed using SNponiin = 111533.33H% + 358.5 HT

Python's scikit-learn: + 5138 HV — 304070 H

— 9.49T2 — 0.00308 TV 2)

A) Linear Regression:

Sny, = +85605.21 — 99295 H — 37.38T

— 1191V

B) Nonlinear Regression:

D)

+ 3957.65T — 0.00424V?

— 12.22V - 317328.08

3.3 Validation Results
To evaluate the accuracy of the linear and nonlinear
regression results, two additional test samples were
examined. The outcomes of these two samples are
presented in Table 3. Table 4 compares the
experimental data with the predictions from both
linear and nonlinear regression models, along with
their respective percentage errors.
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Table 3: Test samples for regression validation
Printing Cycles to Failure (Each
Sample No.  Layer Height (mm)  Printing Temp. (°C) Speed Sample) Mean Life
(mm/min) 1 5 3
1 0.3 215 1400 31136 30224 31891 31084
2 0.25 205 1400 36767 36644 36521 36644

At first glance, it appears that the prediction error of
the nonlinear regression function is greater than that
of the linear regression. This observation stems
from the fact that the characteristics of the two test
samples happened to align more favorably with the
linear regression model. Therefore, relying solely
on these two test results would be insufficient to
conclude that linear regression outperforms
nonlinear regression in this study. However, this
study  provides two  key  pieces  of
evidence demonstrating the superior accuracy of the
second-order nonlinear regression (Eq. 2) over
linear regression (Eqg. 1):

A) Python's Model Evaluation Scores:

The Python-generated scores assessing the models'
ability to predict failure cycles were 0.97155 for
linear  regression and 0.9962  for  nonlinear
regression, indicating that the nonlinear regression
achieves a better fit.

B) Least Squares Sum Comparison:

The sum of squared residuals (LS) was calculated
for all samples (training and test). The results
showed linear regression LS is 11,160,347; while
the nonlinear regression LS equals to 2,726,721.
The significantly lower LS value for nonlinear
regression confirms its higher predictive precision.

Table 4: Accuracy assessment of linear and nonlinear regression models against experimental tests

Sample 1 Sample 2
. Linear Nonlinear . Linear Nonlinear
Experimental . . Experimental . .
(cycles) Regression Regression (cycles) Regression Regression
(cycles) (cycles) (cycles) (cycles)
31,084 31,108 32,106 36,644 36,447 36,217
Error (%) 0.078 3.28 Error (%) 0.54 1.16

4- References

[1] R. Jerez-Mesa, J. Travieso-Rodriguez, X.
Corbella, R. Busqué, and G. Gomez-Gras,
“Kinematic optimization of FDM additive
manufacturing process: defining a strategy for
quality improvement,” Mechatronics, vol. 36, pp.
119-126, 2016. [Online]. Awvailable: doi:
10.1016/j.mechatronics.2016.03.006

[2] M. Domingo-Espin, “Contributions to the
knowledge about additive manufacturing with

Fused Deposition Modeling technology,” Ph.D.
dissertation, Universitat Politécnica de Catalunya,
2012.

[3] P. K. Gurrala and S. P. Regalla, “Part strength
evolution with bonding between filaments in fused
deposition modeling,” Virtual and Physical
Prototyping, vol. 9, no. 3, pp. 141-149, 2014.
[Online]. Available: doi:
10.1080/17452759.2014.914957

[4] F. Calignano et al., “Overview on additive
manufacturing technologies,” Proceedings of the


https://doi.org/10.1016/j.mechatronics.2016.03.006
https://doi.org/10.1080/17452759.2014.914957

123 Experimental Study on Bending Fatigue of ...

Ali Hassani et al.

IEEE, vol. 105, no. 4, pp. 593-612, 2017. [Online].
Available: doi: 10.1109/JPROC.2016.2625098

[5] F. P. W. Melchels et al., “Additive
manufacturing of tissues and organs,” Progress in
Polymer Science, vol. 37, no. 8, pp. 1079-1104,
2012. [Online]. Available: doi:
10.1016/j.progpolymsci.2011.11.007

[6] B. N. Turner, R. Strong, and S. A. Gold, “A
review of melt extrusion additive manufacturing
processes: 1. Process design and modeling,” Rapid
Prototyping Journal, vol. 20, no. 3, pp. 192-204,
2014. [Online]. Available: doi: 10.1108/RPJ-01-
2013-0012

[7] O. H. Ezeh and L. Susmel, “On the fatigue
strength of 3D-printed polylactide (PLA),”
Procedia Structural Integrity, vol. 9, pp. 29-36,
2018. [Online]. Available: doi:
10.1016/j.prostr.2018.06.006

[8] A. Dadashi and M. Azadi, “Experimental
bending fatigue data of additive manufactured PLA

biomaterial fabricated by different 3D printing
parameters,” Additive Manufacturing, vol. 36, p.
101553, 2020. [Online]. Available: doi:
10.1016/j.addma.2020.101553

[9] L. Safai, J. S. Cuellar, G. Smit, and A. A.
Zadpoor, “A review of the fatigue behavior of 3D
printed polymers,” Additive Manufacturing, vol.
28, pp. 87-97, 2019. [Online]. Available: doi:
10.1016/j.addma.2019.04.015

[10] M. A. Salim, Z. H. Termiti, and A. M. Saad,
“Mechanical Properties on ABS/PLA Materials for
Geospatial Imaging Printed Product using 3D
Printer ~ Technology,” Elsevier ~ Procedia
Manufacturing, vol. 30, pp. 65-72, 2019. [Online].
Available: doi: 10.1016/j.promfg.2019.02.011

[11] S. Singh and R. Singh, “Fused deposition
modelling based rapid patterns for investment
casting applications: a review,” Rapid Prototyping
Journal, vol. 22, no. 1, pp. 123-143, 2016. [Online].
Auvailable: doi: 10.1108/RPJ-08-2014-0092



https://doi.org/10.1109/JPROC.2016.2625098
https://doi.org/10.1016/j.progpolymsci.2011.11.007
https://doi.org/10.1108/RPJ-01-2013-0012
https://doi.org/10.1108/RPJ-01-2013-0012
https://doi.org/10.1016/j.prostr.2018.06.006
https://doi.org/10.1016/j.addma.2020.101553
https://doi.org/10.1016/j.addma.2019.04.015
https://doi.org/10.1016/j.promfg.2019.02.011
https://doi.org/10.1108/RPJ-08-2014-0092




Sl guigo 39 (59U g ple 4 i
VWPV axan ¥ O)Lo.»i: <Y 0)90 AREAE JL.»

https://stmechanics.bomtc.ac.ir :a; ;25 o0l

DOI: 10.22034/STME.2025.500784.1101

Sldwo o3y W9y b eadbaislu gumaw ol Ol Jiws Siws o0 axdlao

ré}&.ﬂ‘gé ‘_,uL».C Rl > ‘5.1& “,_,,.J,g'@.‘;’lg Hlos

lal ol el Sla s sinio iy (Sl pusiige 00Kl ) gl IS -
Ol bl bl Sl iy siaro olStsls (SilSe pwsige 00l b oliul Y
Ol el bl Sl iy siaro olStsly (SilKe st 00l ¢ Ltils -¥

oS lols’

Gomdw ol

190 (s o
b e 9 b g )

VXA allie cdl s
VPNVIYS callie 5,550
VR[N allio by dy

J oo 0 5"
s e
Joos|

Hassani@nit.ac.ir

oS

18 goarin 5las y1,l5 iliso @ilus 53 (393 Clu sl sbgy b oud atslu g pouly Olalad 639 ol
0l 33 28NS g0 3T T (a5 (SuilSo olss Lo g wlalad oly CondeS 2 Atk (sla phol
sooly Bdiges (i yoe 3 ol (5lod 3 &t puo &Y £l Jold (gamaw ol 51,5356 il llio
U sl ok (gm0 (FDM) oibsgd wogusy g3lodoro obe b oibly (PLA) sl SiiS¥ Sy
910 Yo Gl slod g Aius y yiono VAse 9 1Fes Novr Olo caspun oo slo /T 3 /YD /Y sy
G5 10 Hokito (o ol oul 438 )5 135 50 wuo yd Voo Sali p oo b (Ko o )5 il a0 YYO
S| Jolge ol 2B loT U35l 1 Box-Behnken ig, 3l solisw! b Minitab ,l381e 5 j5 caliseo
ol s J o O Coli ety b pliaw (1590 (Sis olwd 31 ooliiw! b Laiges Sowd o .o
2055 2l (AL T laools (3151 5 090 i yo (a5 yud 9 (b5 (ygms 15 5 B ko 3l 00Liinsl b (s
LG a0 0 L By . hu s F 2l pmiwl Python o scikit-learn acuws 3 eolaiw! b (Kws yos
(ol 08,5 05 i (OVEr Fitting) as 51 ey 0310 5la0 9 009 slesicl BB as sl (ygum 55 51 ool
GRS o & adiged (S poe oy Ghal3d Bay¥ W) 5 Gl Sy a5 45 485 g0 LS
S oz 1 535 53T ly Glos 4z 5Tl 2 ogde b g0 RIS adiges xlaw g (SilSe kS
39 4250 VIV dingy sbod s pul ygumw )5 ) (oo 1 ool b g 0099 st pé 3] ol s Lol €310
sl ool iy O ,F il 4z 43 YYO JI V0 Sl sbod (godguzo

doudo =)

L oadady ok jo a5 gl il 51 (o D el sass Se
aibioe b ] (Slse jl3, sl ke otulidl i le sla o,
slass yo Slabd g5 ol (Sle plyS 05 patiie Sz
g axten Lo gy colo a0 a8 cal (6 uiie slo il )l
daseiie ol gyl 53 K00S0 b lagl Jelss 090 51 @3l pae
Seadly ol (AMY) g8l el sla g ann ) S o Lol
o IY] wen o asle anslil sloay hug olkd a5 el
Sl k3, wasarsle Slbd a5 s e el (Shy

L ods 5 cole iw @ml) slaghsy) «s59lssS iy 059l
sle-bgy bl g 05 b sl 00,5 (g3l J925 g S Hlzo
ar o 1) 09 Godemmn sk U il gl wole (ny
1551 395 dpots 5 bl gy bl il oSl i
(mte S ,Syle ol (g ) g 0jpme wiz s30s J S slapedle
N Teptle ) 5l oslizad b 5 0,8 ol Caio o o5y

adgl Slge glgil b oliad 5 soman saskd g5 jn clo Ly

! Additive manufacturing

©2025 the authors. Published by National University of Skills, Tehran, Iran. This
article is an open-access article distributed under the terms and conditions of the
Creative Commons Attribution-Noncommercial 4.0 International (CC BY-NC

YAA-YYYY 1 Sy iUl bl

License) (https://creativecommons.org/licenses/by-nc/4.0/)


https://stmechanics.bmtc.ac.ir/
https://doi.org/10.22034/stme.2025.500784.1101
mailto:Hassani@nit.ac.ir

\YF Y oleds o 0,58 VEAY L

SlSe (gwdigs )3 (59l g ple s

5 WS oo JAS Ty opd g Loy g Lod iy 50508 rioren
3 olyie b o 51 5ass ol 1o 10 5 adl o ood BB rile Lags
Orole 4 9 965 o0 0,53 Joalljgins 05 00 F o ob Jasdljgiws
@ g9 Rl w6055 oole iz Az by 00 S e Jiie
S oo ashd Y 4 Y Ol

Q) gamdw ol sla g, 5l loo S ad VA ans
L lagT lgs co g ol oo glal sodgs mlio VL slolss Js
el ol TS5l ()5 gz i TS gtdss sl lgiea;
FDMT) Gl b3y b9y 5 sz mefians 2bg3 CaY iz
a5 olie Slas ¥ b Olde iy, o]l oS sanaies
dw Jaw aY @ 4Y Gl ashd cole ol gilee,bw 144
ooliiuls g0 adgl sole g o 5T 05 > 4 JooS g axkad gom
s b gland ) S8 4y g axted beoSiidlyse 5 logas olKius oy
Slamao Cyz g0 ,0 S o ubild aS olBiws 6,5 5L o )ls e
oS > bl pg ealojly wila 1, (L Jolaie sbeolliws o)
Cald gl 5 $990s H97e S5 o0 T Pl S 53 6399
&quulaé)éi)oboyzsnqul.?qyfa}lwvwaéquéq
ol g3 gy s3le e AV 8,5 soliul oles oo Sio anka
Sl o JSb 4 Stdlge 5 4t had lp o5 S S
OY 4 aY Cgwy bl sl cole gl a5 WS e eolatul
oS ol 5LAM Gla iy, plo b awslio 10 090 0 99 ,5S]
was oo Bl anse mals ezl g b bl FDM g,
[a]

Plor g ol cuz 8l e adlllas o [Ve] S 5 0l
Silwdae g, boasaisle ey Glahd a5 > i Sis
@S ols HI8 )y 390 Goman Gl o Ty saliogd g,
W o Sy (S yoe Jgb PLAR cladiges a5 ols jLis
Aol a5 0 ool lis oyl p ogdle aiisls ABS? sladiges

sleaisas 5l oy 88l Cyz 0 saman oly slbdige Sus

stz F I Oolss 3 gl aims LS 995 5l (68,5 Gluneals
)18 352y Y Gleas 3 o g LY (e Jlal lag s o
2l 035 b gl iy 5 05,38 o el oy el 2 g0l Jolse
il slo ol b 5l con g a3 Wsd o e lakad
sl lakad 5 93 Pl i on bap] S8 g e b oS o
I¥] s )57 cansay

s o Base suman oy & cul ssalie B oo
Gsbd ol g el oot ool by Jlo ol plad o asl aiges
eyl el Loyl J13 s ioml gl o jee (HSly oy o
ozl Glsl3 blze Jeds 4 (bg) cnl AM (slacsglé caliss
(Silwgyogs Ladlgn ( S polie 4 dagetzne slg (Sl
ol b el Bl S pwsige g e gleo
sloslitwl Congome Sl by, (nal (60185 5 obsS Loy cannsa
Aol anwg b Gislesl @ g9,8 (Sivpy oo [F] conl sas o
ol 83,8 st ole 5l ool b Jsko sla izl 5 Laplas]
Sl s 3590 Olej 19,995 Cao y3 samaw Ol Gipdy L (0]
L8] caly als adsl slodipes cle e imman 5 s 5ko)l5
Ol 9 Vb e sl 0 B4 pamie lalad slom| (Sl (gaman Ol
Sl g mleo I (S a Lablen Coo Sl 035 wal 8,
Lo ole b Jyome slaojlo 15 el oads hos (soman
B 3,5 usSale ailosy 5 miycbllan] S i glo sl
sloosls wlul p V] sls 2alS 1, slge luls § cdguw b yas
aVlo (oS5 Ay 5 4 b Swiie A Jle o gkl
5 Ladlen «(gilug s ((Son mbio ) sumaw Slx (CAGR)
NASTEA AV YL SRSUCRIPVER DX 200 P RCH B U KR
g dalys LYY/ LYVNY

DBlge el CEle ) 4 gaman o Kyl IS el
askd 5l gilme saman Jae SG sl aloye 10 a5 050 cal 4
5 dydise witle ) Gaaals S8 a4 b 5le 5 e s 9
ot ©)pot|) Gandw Jos ol 450 133l 5 Sy wan al> 5
—o Sl |, TS o wa LlaaY ()l ggeme g 03,5150 cilisee

9 55> Sloygme S8 0920 45 Wbl os (g30e-(Bg > (Sbj oS

6.Direct ink writing

" Fused deposition modelling (FDM)

8 Polylactic acid (PLA)

% Acrylonitrile butadiene styrene (ABS)

! Computer aided design (cad)

2 G-Code

3 Stereolithography

4 Selective laser sintering

5> Laminated object manufacturing



O § g (e

e (s 2,55 aslllas VYV

JAFFF g ooty Slabad (o (Saimz a1 5loaty
e Saiws slog s 0 sz BB Gl asdllas ol asols
olge (glacods Janl sloo 3 YL soS s gloo ;o Slakad Ol
cge a5 Lol GlapasilSe V] )5 5 Jols lis | ol
e Luls s VeF K55 oo soVed Dlahad | Siws cSl
aS ol ol mls WS w1 edd Jiee 5 6,8 miile
@S Grizen ) (S 75 Sl 5 gl 65 & Coles
anfllas ,o .cails dlgs (15,8 5 e (Siwd slayge;] 45 o
Slacy jalS ol asls (Sins jee Job Y] ) Kan 5 sol5]
Orizmed Cammil Lot 125 .08 () (S llcn S 4 iz
ot Jsb 2 GRS lS 3 5 ol asdls Sl el sy
olo s 0y b o plonil oy j5ralS 50 (rly S (S
ol S Fis ae Jsb alale anls 3 L oS
&S oip opl poodle b o 2alS 28, o laml a5 ek les
2 ksl Kiws jae Jsb il olj8l I35, Luils 8
il als oS S
sobay (Sl sl ey loslaiul b ¥ game (gamaw Gl
bsﬂ.\‘sn oolazul @"LAS 6)5L"5 )99 44_9;)‘)5 u.;ﬁlf Oy94 Lg‘aéjlm.f
L AJJ""?)‘)E oolazul S)90 Sl )‘)_9 Jé..:.w)'{.: 6&]&4—1—’ ul;cu‘
5 ek 21 (S Lol oly 5 o)l gaman Slr SiSS
S osse 99 (Sl Pl 390 0 P ek [vy] Ol
45 2lad oo 35L8 50 G Slr renhy Slse (sl
Oyl (psobigs s yiishy ST5 (PLA) ol S5V L 51wl )Le
ol lp oyl oy oaenS o Sl al Yl Jgoe g yi3,S
Gyt O, las bVl Joae g plSouiul il PLA (s
Ok 1S (6 iy (65 i ,)S Ll ABS Ll s e lis
Py e (S (5 paaky olge o 28,5 am ol o ol
9 AL (omyp 5l Bus e e LS 893 5l nlete (Sl
Se) NITi slaaiges Ko [ld, 25 Jubos [YY] o 1Sen
Ty o))95)5 d‘s.o L; CJL.J MLM 9 @09).9‘ LJ IR W (Nltln0|
eslatu) L Sis Glhaiges casls mhu 15513
wile (6,5 lugy ) w508 3929 SEM) (pag) (59,80l g8y Sa
shezpd pae b odd (wgusme 15 5 Lol as ols lis | beo e
0 b35S Lol o 5 0308 Jae 55 5,5 e lyies 5 33

] oiSen 5 )l sibige sog0e Caz o Gomtnm Clx
b eadoly oS (a3 Sloe § Cald (59, 2 slanlllas
0 S5 Sy o5 5 (CT) oo,md aiS slaaiges ;I ool
pll e cos A1 T 5 (407 5 7) g S sl (SENB)
Slalie Paisl CT sladises 59, » Siwd slaiolos] il
el Sy lanl g S5 s il lp al; GpSiwz )
FFF Lwgs ondodsi sliz! yoe Job (et lp Wlsicen a5 355
S5 Sl e Sye sl Y] s 5 olio 00 oolizul
Sl dlge (s B8, » oy laell 5 ol ol olr
ozl 9290 wlool ;5 gzge slaosls » (gy95e s
) 09z ge (Fons 5l (oS Jelodits ;25 5 (K Cen sla SS9
Jds a0 a5 ols ol raoga Slosl cwyp @bt oS )
O e @ly Slee elet g Sl Glaell e 2lles
ol 5250 Gl (K 3 Canglie sl L it Sl S 5
et Snd b Shy oy 4 VY] ol ol
Sy ganan oSl b osasasls PLA oL sl
Sgup diges (K L8, (56 k8 als b aS wsls las lagy]
Fomb slales ;0 Ol oS wasw; 4 (nl 4 nl pogdle b o0
55 VL STl 5 lolyen 058 oo diges (Kiwd e ial8l canns
5 @ Sogen ) eud gamaw olr PLA Sl (Sos )13,
gy 5 ey 3B ohg ek lagT didged gz 399z Lol
ol plaal Gl o) 2 @S Wioged aslllas |) Laaiges L3, » Gl
ladiges pla (Kt yoe p e 58l Qly St 331 45 0l
Ol 5 skt Slaow, @S 5l Dolite 590 (nl a5 )l
ol sladiges oy b s NENV] Koo e ol [10]
ozl (2lo)siSl oS Wapw, 4t (nl & PLA oud goman
(S o 2 fo Glod g (Fadp 203 (U sloo daa)Y gl
S wese ol byl Glaw,y mls W8S bages
sl 5655 Al bty 51 S 3 00 50 S (6 S Az
obe g G)I,L gg8 a4 atn bull 51 K Koo led
Dyp] ansl axsls diges 13, 5 diie b cote 51wl o
(FFF) sosgd codld el lawg saibodgs Slakad gl p
ol oo jlmns Dl s 5 00l Ol Y gl o Sates
S (Faiz a5 (o0 w2l 2 1) sam slaa Gulul 5 4l 1y
B3 few gobe w05 b oml ol CokS 4 e Sl
5 5,0 1y 095 adlae 5l Bua NNA] ) 5en § 5 gl 5o



VYA Y oleds o 0,58 VEAY L

SlSe (gwdigs )3 (59l g ple s

nrge Pl gl elil ) Jgu

Iy AN A Y ela
A VF \ =
(mm/min)

YYO Y0 CC) Slie sleo
PLA Caodld i

55530 lygiSe a0 1B L ialesl (b pslatess (rimen

Gl oS Sl by, by <> 10 Minitab e o

ol o el oanlive b5 oS oblen il oad adgs ¥ Jgaz

@B VW 5 aidl oo )15 Jguzr 7 9 F 7 slaciss o )b

Lol JiB] e (Sad Ced g baiged Sla sl S
Sligles oo 1b oY Juz

<l <l laayy o
1000 215 0.3 1
1400 225 0.2 2
1400 215 0.25 3
1400 215 0.25 4
1000 225 0.25 5
1400 215 0.25 6
1000 205 0.25 7
1000 215 0.2 8
1800 215 0.3 9
1400 225 0.3 10
1400 205 0.3 11
1800 205 0.25 12
1800 215 0.2 13
1400 205 0.2 14
1800 225 0.25 15

oz 3l ek osle b g FDM (g, b lalad « imgsy ol 5o

3,90 dlge (p Fogme si> Ciadld £g5 cpl Wloads adgs PLA
duglio ;o PLA Cudld gl o g FDM g, 50 oolasl
US55 s 5 oyl VO VYO Conglin ABS cisdl b
oins Aol il VT B VY PLA (prizman 5 ools 5lis 955 5|
5o oaisazd 8IS PLA caodld [VF] 5)ls ABS a4 s 6 5YL
@ PLA codld ool bl oo ESUN ¢S 05 wip 5l o ipghs o)
il e o slos VYO st alaie sl lab 5 059 ies S,
Gt Sl olfiws (S ced sladiges Ol ol

solazul il o oyl pl clis a5 TWIN Jow TpguilsS o8 i colu

Loyl (goman Joo oy b Hlais g0 Slakad Ol anl )8 .l oo

35 s 5 @ 4z LYY L Sen 5 el 0y (St jae
Oy a eadaisle Dbkl ol yes o GlaY Gn (S
o ee 5 GRS o3l sl labad aigad (paiz wsamdn iy
3 50 olie Gy (g, 5l eolatwl b g PLA sole L1, oS cpoly
3 lailinl laiole] Cos g 355,5 Csp (0508 g (B8l slivl,
Sgamme sl (g loand b, b lap, T sl |8 s g nas
g 50 sl Oladad cy py sbly a5 wols lis 9 wis )5 anglie
Wil e e Olehd s

—digel shos (S okl aslllae (o cnl 5l Soa
slayelly adboe Clde (S5, gy b eddganan Ol sl
oL P 40 g 0adoly dges (JSI0 g (rdaw CuhS (Al
Ossn Byt ly ool aboz) sitn 38k g sk Sk
oz SeieMise i oy g5 i olie slod (lr laaY elis)l «
e b e Geizmen g Oy Sy S Saby ey g Oy
2,5 0Ll 0,8 g (Ss s oS Jlg0 e s cous Jlos!
Pl sl (o) n Bas (Gaiod (pl o a5 Sl S5 4 e
2l el b 10 il o iyl 3l anlad Ko jee paS omdn
o oS lysd ety g o Jloel e L e asile
& ol axgcdle ST cpl 58 0l ailts ) S
Sl 51 oy T (SlSe plSioinl aas (6 o 3b o 4 Lo oy
RSP RN I PR COWESILIN I L IR S YR LIV JOWINN e g R PR
los (Rl crgo (slangly S o a5l (l3l 5 00 SV
O 50 Sedlyge s peeky oleS SOl axye g endoly oole
20,8 oo (S s

G5 g 9 Slgo -

Glel 21k -1-¥

5 dwdid i 90 4 bdiged S yes p )l_\fﬁb sl sl
e ) S 35 peT 4 Wisdipe el Dlabd Gl sla
Pz sles 5 s oY Culis Jolt Glar sl el )y 4 Sglans
cinlos] sl pxio g 009 PLA Lo olejl den (gl slge (i ool
Minitab 58l 5 15 cyge5] oolob ki 555 0o wlo slo szl b
oSb ey b ol sled 5 Sy dad el )l (slay xS Jloel L

20 Gt (pl 0 s 328,90 Sl sl el )l el ool plosil (S

] 0 00)91 \ de.}

2 Quantum

L Infill percentage



O § g (e

e (s 2,25 Al VYA

am L
A

g 120 -
4 === 41.68mm ——={ R254mm ——

1

6.35mm ’ .

r |
¥ | l ‘ | |

19.05 mm

(&)

i lassive 5 SOlIAWOrks Ju 9,5 (1 ¥ JSCi

PLA saiols slodiges
ASTM E606 -92 - Reapproval 1998 s jlailuw! (whaw! y slel)
Hgnd (9 ¢ Swd Cowd (5 oripla PLA digos (o o(ilouiipmsi
R CIWES | P HIIW S

e g gl -7

(S yos gy iz U535 6 55U qusy =) -Y

pliws olfiws b Jlhyge (Knd cud Cov sndiols sladiges
Sl g yoein b el 8,5 )18 550 0 Il 90 e s L SFT-850
Sl E25 g 00Oy iged dn V' Joox Gl o 5l00 S aiged
WSty (Kid ol asein jgo olasy o b as F 18 Ss
0l (b sla e Lawgie jlade dnlos b aiged 1o (sl g
JURUICEUN TIPS 2 0 PO [PV KSR CONESOeS
el 0 00l i S yae

& Joe JESI L g g9,5 SolidWorks! aie >1,b l8ls 5 5o
aS= > BB JEDI L ol Jlel Ol Loyl s Simplify3D - l5éls 5
ol ol sl i Ul B 50 el Sl 4 o235
o el )l polie uores s Ol (glos g Y Culies ws
60 °C sy loo Jolis gy ol jo Sladad Qb gl <ol
100% Soispy a0 9 0.4 mm J56 ks 28 °C alasss sloo
@5 b el oan Yo 4 5l 5l s sogee 8 Slr Cua il oo
Dol Sy dxdad ol jed 4y Gl oo (B8l Sy j0 aS Ladlors olge
92 o )l
G« SFT-850 Jowo plw Jlys (Siws Zaus olfiws jo
S 0yS e 518 e S5kS 0.5 )L L iz cod eadoly gaised
a8, YU aiged slod Sjg0 (nl 5o 50 1 0l S HZ 5l piiey wuls
053] il e 53 905 o0 dised (S Pl Sl czse
SLzd 0 fygesl ol oyls 18 E laEe (i G diges plas
Mo aalol Gloj b (gasl 05 oo D90 192 (220 )3 5 sl
00yl w3l g4,z Jlade A b g 09l g B diged aS
[QL:.,.M: ‘511)50 (;:M} S oo ]:9@ S ()50 1072154.\.0)

] 00l 00l QLM...: A J&w B QT » od.M:)b_uJ :L:j.o.: Ll

M ) & " \‘

oudiual Aigod b plicew Sly90 (Siwwsd Cand oliws 1) JCo

il diges V-
Sl oo ool slas Q@Y S o LmQ—l s Olasie
S S e e T R R

I PR WAPRS UL“"’

1 CATIA (computer-aided three-dimensional
interactive application)



AN Vooyled ¥ ojgo N F-Y Lo S (swdige 53 (55l g ple 0
S yoe gy ilizo Jolge 536 ¥ Jgu
1l Wyed jp CenSL galad b JSows oloas ol ey ol sles 4y elis)|
e s mm/min) °C) mm) Ssed el
3 2 1
520 35709 36189 35781 35157 1000 215 0.3 1
268 40760 41012 40789 40479 1400 225 0.2 2
332 36792 37123 36795 36459 1400 215 0.25 3
332 36792 37123 36795 36459 1400 215 0.25 4
319 39195 39029 39564 38994 1000 225 0.25 5
332 36792 37123 36795 36459 1400 215 0.25 6
492 39971 39966 40465 39481 1000 205 0.25 7
329 47294 47149 47670 47062 1000 215 0.2 8
527 27547 27861 27842 26938 1800 215 0.3 9
721 30789 30021 31451 30895 1400 225 0.3 10
444 31126 47237 46159 47121 1400 205 0.3 11
284 31159 31482 30946 31049 1800 205 0.25 12
129 35021 35121 34875 35068 1800 215 0.2 13
242 41814 41894 42006 41542 1400 205 0.2 14
359 30335 30176 30746 30082 1800 225 0.25 15

—aY ol il b sgd e disde ¥ USE L5 a5 jsbilos

(b b oo Rl oSl 1 B L Sew 99 sl ol sla
03,8 il sasly dalad Sl copiS daay culies als L
SHe uiS 2al5 05800 kS g5 CenSd 4y jxie oS
ldiges ;o 'oyam sbul o 4 daay¥ Culs ioljdl b lediged
b S shass il (Rl Olr Cop az o (iren a8l o
Sl oS 2alS 5l AU el ulasl oo SRl sl ) LS
@l poodle el oadoly dged mhaw Jiier 6p) Geies
S o (59, p iz 5l Los Dlpis 4 5000 Al
loo 553e (slos a5l aigy sled Sz genl b (Jg 0 ,lai ndiges
loo el [asin 50 (gow il se o5 sl 4z 0 YVO
oole L8, pass (el 1 0l S Sl b o o alaf, Ul
O9e S 5 eSS b il g 090 o0 ooliinl a8 (50 )T
Sluye S ggame glie Gl lp 005 o0 anlie o>

Lugle Sius jee Minitab j1s0e 5 o ¥ Jgam 5l eolazul b

ol ool Cawsas ¥ IS 50 sadosls yLis &y gods

42000
3 40000
-
38000
% 36000 '/\
o
;} 34000
3 32000
30000
000 1400 1800 205 215 225 020 025 030
Pl Sy Les ¥ gla)l
(mm/min) (C) (mm)

2090 Gyl )l cams g Ldiged bwgio (Kiwws yos ¥ IS

1 Void



O § g (e

SRR COWESI TR V1| PR kg

Sty =¢cotcitH+c; T+ 3V m

Sfponiin = Co + ¢1H + ¢, T+ ¢35V + ¢, T?
+ CsV? + cgH? + ccHT
+ ¢, VT + cgHV

)

5 oasaslyl ¥ o 8L gl ,o pandas aiws 5l eslizul b il o
O3S 5 9 b G S ) i S A e Gl 0 Jeuz 9 ) Jgu

JOW PRV K+ J

- 5 ot T, Aol 25 e kS

Wged 90 mizmed 05 o dwbre  aBilel slasols

30 d93ge ledasine I z )5 o] ‘slhaasie a5 oKkl

Dg ool Jae C85 swyp (6l el Tpitle (b3gel al> ye

795 &b 3l ooliiul b (Ko pos (pesi - T-F
OS5 )

Ol (M) 5 (V) Ll )0 i (a5 (s (90 5, 4l

sl 00 00l

b3 9w sS) gl Pandas js oud JaSis v 800 :F Jou

Samples  V (Printing speed) (mm / min) T (Temperature) (°C)  H (Layer height) (mm)  Cycles to failure
1 1000.0 215.0 0.30 35709
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3 1400.0 215.0 0.25 36459
4 1400.0 215.0 0.25 36795
5 1000.0 225.0 0.25 39196
6 1400.0 215.0 0.25 37123
7 1000.0 205.0 0.25 39971
8 1000.0 215.0 0.20 47294
9 1800.0 215.0 0.30 27547
10 1400.0 225.0 0.30 30789
11 1400.0 205.0 0.30 31126
12 1800.0 205.0 0.25 31159
13 1800.0 215.0 0.20 35021
14 1400.0 205.0 0.20 41814
15 1800.0 225.0 0.25 30335
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Samples vV T H HXH HXT TXT HxV VXV VT Cycles to failure
1 1000.0 215.0 0.30 0.0900 6450 46225.0 300.0 1000000.0 215000.0 35709
2 1400.0 225.0 0.20 0.0400 45.00 50625.0 280.0 1960000.0 315000.0 40760
3 1400.0 215.0 0.25 0.0625 53.75 46225.0 350.0 1960000.0 301000.0 36459
4 1400.0 2150 0.25 0.0625 53.75 46225.0 350.0 1960000.0 301000.0 36795
5 1000.0 225.0 0.25 0.0625 56.25 50625.0 250.0 1000000.0 225000.0 39196
6 1400.0 2150 0.25 0.0625 53.75 46225.0 350.0 1960000.0 301000.0 37123
7 1000.0 205.0 0.25 0.0625 51.25 42025.0 250.0 1000000.0 205000.0 39971
8 1000.0 215.0 0.20 0.0400 43.00 46225.0 200.0 1000000.0 215000.0 47294
9 1800.0 215.0 0.30 0.0900 6450 46225.0 540.0 3240000.0 387000.0 27547
10 1400.0 225.0 0.30 0.0900 6750 50625.0 420.0 1960000.0 315000.0 30789
11 1400.0 205.0 0.30 0.0900 6150 42025.0 420.0 1960000.0 287000.0 31126
12 1800.0 205.0 0.25 0.0625 51.25 42025.0 450.0 3240000.0 369000.0 31159
13 1800.0 215.0 0.20 0.0400 43.00 46225.0 360.0 3240000.0 387000.0 35021
14 1400.0 205.0 0.20 0.0400 41.00 42025.0 280.0 1960000.0 287000.0 41814
15 1800.0 225.0 0.25 0.0625 56.25 50625.0 450.0 3240000.0 405000.0 30335
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