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Machine Learning-Based Modeling of Metal Additive Manufacturing Processes Using Data
Augmentation and Ensemble Learning

Abstract Although metal additive manufacturing offers many advantages, it is restricted by the repeatability and quality
assurance of the produced parts. Accurate mathematical modeling of the process is essential to tackle these limitations. Traditional
mathematical modeling approaches are inefficient in describing this complicated system. Machine learning is a novel data-driven
modeling approach to discover hidden patterns in nonlinear systems. However, applying this scheme in the metal additive
manufacturing process is challenging due to the limited data samples. This paper uses machine learning and data augmentation to
tackle the mentioned issues and model two well-known metal additive manufacturing processes. Simulation results demonstrate
the effectiveness of the proposed method in modeling the metal additive manufacturing processes.

Key Words - Metal additive manufacturing, Machine learning, Data augmentation;, Ensemble learning, Modeling.
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N Process Parameters Measured Parameters
° Lase | Scan Hatch | Overl | Densi | Tensile | Hardne
r Spee | Distan ap ty Streng | ss[HV]
Pow d ce Rate [g/cm th
er [mm/ | [um] 9 [MPa]
W] s]

1 320 600 102.4 0.25 2.610 | 455.00 119.0
2 320 600 95.5 0.3 2.526 450.00 123.2
3 320 600 88.7 0.35 2.227 443.33 130.8
4 320 750 93.1 0.25 2.6(3)19 448.33 124.4
5 320 750 86.9 0.3 2.209 443.33 123.2
6 320 750 80.7 0.35 2.:20 445.00 127.8
7 320 900 81.8 0.25 2.231 443.33 127.6
8 320 900 76.3 0.3 2.((5)22 446.67 127.8
9 320 900 70.9 0.35 2.&29 450.00 122.6
10 | 360 600 111.0 0.25 2.&?96 431.67 127.2
11 | 360 600 103.6 0.3 2.:23 436.67 135.2
12 | 360 600 96.2 0.35 2.;06 441.67 116.4
13 | 360 750 98.0 0.25 2.208 430.00 129.8
14 | 360 750 914 0.3 2.:30 441.67 123.2
15 | 360 750 84.9 0.35 2.(?08 445.00 128.8
16 | 360 900 88.9 0.25 2.6309 420.00 119.0
17 360 900 83.0 0.3 2.526 431.67 127.2
18 | 360 900 77.1 0.35 2.((3)25 446.67 122
19 | 400 600 116.4 0.25 2.5261 420.00 118.6
20 | 400 600 108.6 0.3 2.6?24 445.00 131.0
21 | 400 600 100.9 0.35 2.&29 438.33 139.2
22 | 400 750 104.7 0.25 2.205 430.00 124.8
23 | 400 750 97.7 03 2.(?16 431.67 127.4
24 | 400 750 90.7 0.35 2.:98 446.67 120.8
25 | 400 900 94.1 0.25 2.;25 416.67 125.4
26 | 400 900 87.8 0.3 2.5086 443.33 113.2
27 | 400 900 815 0.35 2.%15 438.33 118.4
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12 | 250 100 5 10.7 2.83 0.82
13 220 150 5 8.5 151 1.04
14 220 150 7 8.9 1.52 2.06
15 220 200 5 8.05 15 1.05
16 220 200 7 8.66 1.62 1.89
17 220 250 5 8.32 1.69 0.78
18 220 400 3 53 213 11
19 380 150 5 8.6 2.42 1.16
20 380 150 7 9.4 2.6 1.53
21 380 200 5 8.05 2.43 0.99
22 380 200 7 8.8 241 1.34
23 380 200 4 8.08 2.39 0.79
24 380 200 6 9.22 1.83 1.2
25 380 200 3 7.5 2.27 0.67
26 380 200 10 9.3 2.33 1.86
27 380 300 3 7.04 3.23 1.07
28 380 500 3 5.38 2.25 0.96
29 380 600 3 4.67 0.92 0.29
30 3§0 600 10 55 1.04 1.28
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N Process Conditions Measured Geometrical

0. Parameters
P( vimm/m | m(g/mi | Width(m | Depth(m | Height(m
W) in) n) m) m) m)

1 120 400 4 3.09 0.25 0.98
0

2 150 400 4 3.71 0.46 1.08
0

3 150 400 6 3.61 0.37 1.46
0

4 150 400 8 3.49 0.11 1.98
0

5 150 400 10 4.3 0.21 2.14
0

6 200 200 3 5.24 0.70 0.85
0

7 200 200 10 5.28 0.74 211
0

8 200 300 3 5.32 1.81 1.38
0

9 200 400 8 4.07 0.59 1.75
0

10 | 200 500 8 3.94 0.65 1.49
0

11 | 200 500 3 431 1.22 111
0




Voo a lidlosls 3l bld g ol58 eols gy pgo  Slalllas

1 0/931
0/8 0/718
. 0/555 0/549 0/578 0/577
01458 0/42 0/426
0/4
0/23 0/258 01201
0/2 .
0
Poly Ensemble Ridge
mReal Data ®Augmented Data
e (A
0/452
0/ 0/416 01396
0/4
0/292 /321 0/303
073 0/ . 0/229
o2 184 0/165 0/167 /144 0/145
0
Poly Ensemble Ridge
mReal Data ®Augmented Data
Gos (@
0/3 0/262 01247
0/25
0/2 0/162 o187 0/165
0/133
o e 0/092
0/089
o 0/066 °’ 082 01062
0/05 .
0
Poly Ensemble Ridge

mReal Data ®Augmented Data
ez
eyl g Bos (P58 (29,5 dw I CV-RMSE polio dglic 1Y i
wiaT 5 50 (1330 0l (sl sl 51 s g S o (LS Y (5L yamno
S H s (5,105 gw
polas anslas 5l 50 Sldllass e Q—i‘\~>‘ds‘ Sllas 5550 L asline
Sl @lr oetle 6xFok lagse (255 5 lagilesl (2,5
5 ok e byl dw gl A USS s cnl sads colaiul o Sles
bog ool g polie 5 O L Glesl (25 polie el
0, 8ee ol samlive LB 4 4555 glod iloads mus, * b 0,65
ot 9 b ialeyl polie oYL cds by oog Joud LB Lo Jow
bt cozilez 2D plis o5 wlead Biate oo 0ud

RPN

105 99/99 99/79 2
98/62 97/78
100 15
%5 92/87
89/24 10
90
85 5
80 0/577 o
EGB RF RBF Poly Ensemble Ridge
mmmm— R?2 Score CV-RMSE
s (B (el
120 gg/99 95/75 98/8 94/8 2
100 84/64
80009 5
80
60 10
40
5
20
0 0/303 0
EGB RF RBF Poly Ensemble Ridge
mmmm— R?2 Score CV-RMSE
s Gos (&
120 20
99.99 95/15 95/85 94/39
100 81/45 15
80 71/48
60 10
40
5
20
0 g 0/165 0
EGB RF RBF Poly Ensemble Ridge
mmmm— R?2 Score CV-RMSE
o £5,1 (g

§ G0 (P )€ 2955 4w Sy CV-RMSE g R? yolite logei % JSis
S
po 6")3‘ ool ).:‘ “5'3‘9 6[@00‘0 &9y LQJ«AA ‘5’|)IS 2y )‘ o=
o g e 2ye Glaz S ln waio 0ls B (omyp 0 )90
&3lw ooly CTGAN g, b (2138l ool s glid Y slopeuss
Q)S.Lo.c ML&L@ 6‘).3 CV-RMSE d)LaT )L.:.i.o )‘ st Ll 00l
dnlio bl ool oolazwl o158l ools yeas > b Lapy oS
VS o oads (g3l ool slaJaw (sl oo ool &l )l sla logad
sl als o o138l ool a5 awy 4 cpl 4 GleT oo
03ld (2Sle Hobo & el 0l S92 ge sla oo (sled 3 (i
oalds Sl Y 5l yucs £la5 )l g Bos (B0 o 9,5 Sl 2l

Syg0 40 0dd LSS o Jus shal ley wae el ouls solpainy



oals asloauds QL by Sl ax jo ol colal lo Jus ax o
lrosls .l oads ools plxil CTGAN ooy axsliss g, b o581
Omile (6,50l sla by, (higel Gl ol38 eols a5l ol
obod Wloads anlie Lol sleosls b mls 5 oal oeolatul
5 5 ol Scikit Learn abuls o b Jow obj)) 5 bgjlwans
bl sl lxs 51 Jow o gl loas |,>] Google Colab Lo
2l ol ons oolinul o ,Slee b, c4> CV-RMSE 4 R?
Goanlp 4 bgye gloJae o Slas 054 0aind Lt (55lwarnd
b 45 G (600, FA 4 OF o5lil 43 o 5 4 DLMD 4 SLM
laJae szl obisS Gloj e 4y 4z g b il o (381 00l (o0
@z ol 385 (3D lp olein 2o7ilex Sl Ul
A Cad jsSde By )8 osliinl Caio 3 idmley &0
e B 5]y andle (508 )l sl Glej dgazma Gl o,
ol 3 Ol omimed Syl ey S S o Slesloe
2,5 oolitul dgazme Glal slag, o, Shes et $ln Ce2 ks
sl oLl Syt 6l Wlgi oo 505 omas 45 L CTGAN Sy
oolaiwl aloz 5l (69,190 05 oolaiwl olge ple yo 0uls &Sl)1 slo Joe
cale gloanT osls 5 iee JyuiS gl oids @) o oo
sl pean colayl S diaden dlely wile o3l Lyl
S50k slagby) dmalie ((Su5)9lle Sz g & plo & olening
2 e sl leaie 5 ras A0S L aslinulige (ile
P03l ilwainte w8l aile Sanls jloddiacs 5 aledl sla b,
&l Joo bl piaige 6551 Bpae 5 GulS bla guil ol p ol,d

RECLIWE. o..\.;.ﬂ s, ol olpian Slegbae cus ools

4ol 03lq

(sl Cugds
SVl Ssliys

Adaptive Boost (AdaBoost)
Computational Fluid Dynamics
(CFD)

Conditional Tabular Generative

DWEESIRY) el
Adversarial Networks (CTGAN) 7SI

b Jgu=
Flie muw, el
fraouad S50
S5l IS g,

IRWAN KT

Cross Validation
Decision Tree

Directed Energy Deposition
(DED)

VY

-
S

T
° Experiment
+ Predicted Values| |

Width [mm]
® = 0
-

£
T

I I
15 20 25
Experiment Number

e (Al

10 30

»
& in
T

° Experiment
+ Predicted Values|

b
in

§ h e
o= N WL
T T

Depth [mm]

-

)

<

15 20 25 30
Experiment Number

G (<

S B T

10

o Experiment
+ Predicted Values

Height [mm]
i: ~
T T

-

e
n
T

15 2 2 20
Experiment Number
Wl (z
e g 0ol (S 9 ool (5 S ojlail polie A lio tA S
Y G o gLl g Gos (P58 (2955 A lp (dlo 6 TOL Ju

G H eiliaans (5,105 gy wial 53 0 eud LS

|
10

S5 Azt -0

EGB DT dox I uile 5 50L Céla, paiz dlas ol o
Sl RF g Glalaz di> 9,5, ¢ 29,5 (5 5oL ¢Adaboost .RBF
90 51 ileas (gilwesly 38 il cole anlp g gjldoe
Oy sy Glr JEe glaools 5 byl b oslite anyl)
9 SLM sla g, Jolis anT)d g0 ol el ooy solitwl (golpiion
olawd .aiuwd diged Yo g TV ol o i 4y 6laS ;2 5 0350 DLMD
Owiole 650l wlide jo anT B 9o pl glp ool ol (sladiges
Shomile G 3l enSolr 9 Sl &) Gl s 3g00e

Sl 00l oolaul u_.l)_elo..\,lo 9 L';Qj)f (_g)j&la 6[&609) u..S).'



Least Absolute Shrinkage and slhe oLl Slee Ensemble Gradient Boosting SUCS SN K JCON-S

Selection Operator (LASSO) ] (EGB)
Sl 5 ases Ensemble Learning PSP

Over Training obizel e Finite Element Method (FEM) sgazma ledl b,

Radial Basis Function (RBF) = b &b Generative Adversarial Network g e 45t

Random Forest ol IS (GAN) ’

. . ’ Kernel .
Selective Laser Melting (SLM) 55l 65 osd A
L ’ c Laser Direct Metal Deposition 15 e &

Variational Auto Encoder (VAE) e JiF5e, 255 (LDMD) P s (518 g,
S5
&=y

0]

(Y]

(V]
[£]

[°]

(V]

[*]

I. Gibson, D. Rosen, B. Stucker, and M. Khorasani, "Introduction and Basic Principles;*-in Additive Manufacturing
Technologies, 1. Gibson, D. Rosen, B. Stucker, and M. Khorasani Eds. Cham: Springer International Publishing, 2021,
pp. 1-21.

S. Dharmadhikari, N. Menon, and A. Basak, "A reinforcement learning approach. for process parameter optimization in
additive  manufacturing,”  Additive  Manufacturing, wvol. 71, p. 103556, 2023/06/05/ 2023, doi:
https://doi.org/10.1016/j.addma.2023.103556.

J. Qin et al., "Research and application of machine learning for additive manufacturing,” Additive Manufacturing, vol.
52, p. 102691, 2022/04/01/ 2022, doi: https://doi.org/10.1016/j.addma.2022.102691.

S. Kumar et al., "Machine learning techniques in additive manufacturing: a state of the art review on design, processes
and production control,” Journal of Intelligent Manufacturing, «vol> 34, no. 1, pp. 21-55, 2023/01/01 2023, doi:
10.1007/s10845-022-02029-5.

A. M. Schweidtmann et al., "Machine Learning in Chemical Engineering: A Perspective,” Chemie Ingenieur Technik,
vol. 93, no. 12, pp. 2029-2039, 2021/12/01 2021, doi: https://doi.org/10.1002/cite.202100083.

F. Rahimi, S. Ziaei, and R. M. Esfanjani, "A Reinfarcement Learning-Based Control Approach for Tracking Problem of
a Class of Nonlinear Systems: Applied to a Single-Link Manipulator," in 2023 31st International Conference on Electrical
Engineering (ICEE), 9-11 May 2023 2023, pp. 58-63, doi: 10.1109/ICEE59167.2023.10334874 .

M. H. Sulaiman:;M. S. Jadin, Z. Mustaffa, M. N. M. Azlan, and H. Daniyal, "Short-Term Forecasting of Floating
Photovoltaic Power Generation Using Machine Learning Models,” Cleaner Energy Systems, p. 100137, 2024/08/16/
2024, doi: https://doi.org/10.1016/j.cles.2024.10013.V

H. Mahanna, N. El-Rashidy, M. R. Kaloop, S. El-Sapakh, A. Allugmani, and R. Hassan, "Prediction of wastewater
treatment plant performance through machine learning techniques,” Desalination and Water Treatment, vol. 319, p.
100524, 2024/07/01/ 2024, ,doi: https://doi.org/10.1016/j.dwt.2024.100524.

S. Hamal, B. K. Mishra, R. Baldock, W. Sayers, T. N. Adhikari, and R. M. Gibson, "A comparative analysis of machine
learning algorithms for detecting COVID-19 using lung X-ray images," Decision Analytics Journal, vol. 11, p. 100460,
2024/06/01/ 2024, doi: https://doi.org/10.1016/].dajour.2024.100460.

D. J. McGregor, M. V..Bimrose, C. Shao, S. Tawfick, and W. P. King, "Using machine learning to predict dimensions
and qualify diverse part designs across multiple additive machines and materials," Additive Manufacturing, vol. 55, p.
102848, 2022/07/01/ 2022, doi: https://doi.org/10.1016/j.addma.2022.102848.

Z. Gu et al., "A universal predictor-based machine learning model for optimal process maps in laser powder bed fusion
process,” Journal of Intelligent Manufacturing, vol. 34, no. 8, pp. 3341-3363, 2023/12/01 2023, doi: 10.1007/s10845-
022-02004-0.

Z.Zhang, Z. Liu, and D. Wu, "Prediction of melt pool temperature in directed energy deposition using machine learning,"
Additive Manufacturing, vol. 37, p. 101692, 2021/01/01/ 2021, doi: https://doi.org/10.1016/j.addma.2020.101692.

J. Akhavan, J. Lyu, and S. Manoochehri, "A deep learning solution for real-time quality assessment and control in additive
manufacturing using point cloud data," Journal of Intelligent Manufacturing, vol. 35, no. 3, pp. 1389-1406, 2024/03/01
2024, doi: 10.1007/s10845-023-02121-4.

L. Meng et al., "Machine Learning in Additive Manufacturing: A Review," JOM, vol ,YY .no. 6, pp. 2363-2377,
2020/06/01 2020, doi: 10.1007/s11837-020-04155-y.



https://doi.org/10.1016/j.addma.2023.103556
https://doi.org/10.1016/j.addma.2022.102691
https://doi.org/10.1002/cite.202100083
https://doi.org/10.1016/j.cles.2024.100137
https://doi.org/10.1016/j.cles.2024.100137
https://doi.org/10.1016/j.dwt.2024.100524
https://doi.org/10.1016/j.dajour.2024.100460
https://doi.org/10.1016/j.addma.2022.102848
https://doi.org/10.1016/j.addma.2020.101692

['A]

4]

(Y]

(Y]

[Y¢]

[¥e]

AN

(V]

[YA]

AN
"]
RN

K. Azizi, H. Taheri, and S. Khooyooz, "Using Structured Pruning to Find Winning Lottery Tickets," in 2023 28th
International Computer Conference, Computer Society of Iran) CSICC), 25-26 Jan. 2023 2023, pp. 1-5, doi:
10.1109/CSICC58665.2023.10105376 .

J. F. Rodrigues, L. Florea, M. C. F. de Oliveira, D. Diamond, and O. N. Oliveira, "Big data and machine learning for
materials science," Discover Materials, vol. 1, no. 1 ,p. 12, 2021/04/19 2021, doi: 10.1007/s43939-021-00012-0.

I. H. Sarker, "Machine Learning: Algorithms, Real-World Applications and Research Directions,” SN Computer Science,
vol. 2, no. 3, p. 160, 2021/03/22 2021, doi: 10.1007/s42979-021-00592-X.

A. Yafouz et al., "Comprehensive comparison of various machine learning algorithms for short-term ozone concentration
prediction,” Alexandria Engineering Journal, vol. 61, no. 6, pp. 4607-4622, 2022/06/01/ 2022, doi:
https://doi.org/10.1016/j.aej.2021.1.+,+ Y)

X. Su, J. An, Y. Zhang, P. Zhu, and B. Zhu, "Prediction of ozone hourly concentrations by support vector machine and
kernel extreme learning machine using wavelet transformation and partial least squares methods," Atmospheric Pollution
Research, vol. 11, no. 6, pp. 51-60, 2020/06/01/ 2020, doi: https://doi.org/10.1016/j.apr.2020.02.024.

I. D. Mienye and Y. Sun, "A Survey of Ensemble Learning: Concepts, Algorithms, Applications, and Prospects,” IEEE
Access, vol. 10, pp. 99129-99149, 2022 ,doi: 10.1109/ACCESS.2022.3207287.

P. Kokol, M. Kokol, and S. Zagoranski, "Machine learning on small size samples: A synthetic knowledge synthesis,"
Science Progress, vol. 105, no. 1, p. 00368504211029777, 2022/01/01 2022, doi: 10.1177/003685042110297.VY

K. Maharana, S. Mondal, and B. Nemade, "A review: Data pre-processing and data augmentation techniques,”" Global
Transitions Proceedings, vol. 3, no. 1, pp. 91-99, 2022/06/01/ 2022, doi: https://doi.org/10.1046/j.9ltp.2022.04.020.

H. Ohno, "Auto-encoder-based generative models for data augmentation.on regression problems," Soft Computing, vol.
24, no. 11, pp. 7999-8009, 2020/06/01 2020, doi: 10.1007/s00500-019-04094-0.

L.-M. Liu, X.-Y. Ren, F. Zhang, L. Gao, and B. Hao, "Dual-dimension Time-GGAN data augmentation method for
improving the performance of deep learning models for PV power forecasting,”" Energy Reports, vol. 9, pp. 6419-6433,
2023/12/01/ 2023, doi: https://doi.org/10.1016/j.egyr.2023.05.226:

K. Nawa, K. Hagiwara, and K .Nakamura, "Prediction-accuracy improvement of neural network to ferromagnetic
multilayers by Gaussian data augmentation and ensemble learning,” Computational Materials Science, vol. 219, p.
112032, 2023/02/25/ 2023, doi: https://doi.org/10.1016/j.commatsci.2023.112032.

E. Pérez and S. Ventura, "Progressive growing of Generative Adversarial Networks for improving data augmentation and
skin cancer diagnosis,” Artificial Intelligence in. Medicine, vol. 141, p. 102556, 2023/07/01/ 2023, doi:
https://doi.org/10.1016/j.artmed.2023.102556.

G. Celik, "CovidCoughNet: A.new method based on convolutional neural networks and deep feature extraction using
pitch-shifting data augmentation for covid-19 detection from cough, breath, and voice signals,” Computers in Biology and
Medicine, vol. 163, p. 107153, 2023/09/01/ 2023, doi: https://doi.org/10.1016/j.compbiomed.2023.107153.

L. Xu, M. Skoularidou, A. Cuesta-Infante, and K. Veeramachaneni, "Modeling Tabular data using Conditional GAN,"
20109. [Online]: Available:
https://proceedings.neurips.cc/paper_files/paper/2019/file/254ed7d2de3b23ab10936522dd547b78-Paper.pdf.

E. Choi, S. Biswal, B. Malin, J. Duke, W« F. Stewart, and J. Sun, "Generating multi-label discrete patient records using
generative adversarial networks," in Machine learning for healthcare conference, 2017: PMLR, pp. 286-305 .

A. Srivastava, L. Valkov, C."Russell, M."U. Gutmann, and C. Sutton, "Veegan: Reducing mode collapse in gans using
implicit variational learning,” Advanees in neural information processing systems, vol. 30, 2017.

N. Park, M. Mohammadi, K. Gorde, S. Jajodia, H. Park, and Y. Kim, "Data synthesis based on generative adversarial
networks," arXiv.preprint arXiv:1806.03384, 2018.

G. a. W. James, Daniela and Hastie, Trevor and Tibshirani, Robert, An Introduction to Statistical Learning: With
Applications in R, 2nd ed. Springer, 2021.

T. Peng, J. Lv, A. Majeed, and X. Liang, "An experimental investigation on energy-effective additive manufacturing of
aluminum parts via process parameter selection," Journal of Cleaner Production, vol. 279, p. 123609, 2021/01/10/ 2021,
doi: https://doi.org/10.1016/j.jclepro.2020.123609.

F. Caiazzo and A. Caggiano, "Laser Direct Metal Deposition of 2024 Al Alloy: Trace Geometry Prediction via Machine
Learning," Materials, vol. 11, no. 3, p. 444, 2018. [Online]. Available: https://www.mdpi.com/1996-1944/11/3/444.

G. Tapia, S. Khairallah, M. Matthews, W. E. King, and A. Elwany, "Gaussian process-based surrogate modeling
framework for process planning in laser powder-bed fusion additive manufacturing of 316L stainless steel,” The
International Journal of Advanced Manufacturing Technology, vol. 94, no. 9, pp. 3591-3603, 2018/02/01 2018, doi:
10.1007/s00170-017-1045-z.

Y. Li, Y. Sun, Q. Han, G. Zhang, and I. Horvath, "Enhanced beads overlapping model for wire and arc additive
manufacturing of multi-layer multi-bead metallic parts," Journal of Materials Processing Technology, vol. 252, pp. 838-
848, 2018/02/01/ 2018 ,doi: https://doi.org/10.1016/j.jmatprotec.2017.10.017.



https://doi.org/10.1016/j.aej.2021.10.021
https://doi.org/10.1016/j.aej.2021.10.021
https://doi.org/10.1016/j.apr.2020.02.024
https://doi.org/10.1016/j.gltp.2022.04.020
https://doi.org/10.1016/j.egyr.2023.05.226
https://doi.org/10.1016/j.commatsci.2023.112032
https://doi.org/10.1016/j.artmed.2023.102556
https://doi.org/10.1016/j.compbiomed.2023.107153
https://proceedings.neurips.cc/paper_files/paper/2019/file/254ed7d2de3b23ab10936522dd547b78-Paper.pdf
https://doi.org/10.1016/j.jclepro.2020.123609
https://www.mdpi.com/1996-1944/11/3/444
https://doi.org/10.1016/j.jmatprotec.2017.10.017

[YV] A. Kalilayeva, D. Zhumashev, D. Wei, A. Perveen, and D. Talamona, "Investigation of Stereolithography Additively

Manufactured Components for Deviations in Dimensional and Geometrical Features,” Polymers, vol. 16, no. 23, doi:
10.3390/polym16233311.
A. Karadag and O. Ulkir, "Prediction of Dimensional Accuracy and Surface Quality in Additively Manufactured

Biomedical Implants Using ANN," International Journal of Precision Engineering and Manufacturing, vol. 26, no. 5,
pp. 1187-1213, 2025/05/01 2025, doi: 10.1007/s12541-025-01229-2.

[TA]

\§



