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Abstract: To develop a cyber-physical system (CPS) utilized in the laser additive manufacturing (AM) machine
center, this study analyzes the machining parameters applied in the processes of directed energy deposition (DED)
and powder bed fusion (PBF), virtually simulates the results of laser cladding and melting manufacture, and
establishes the manufacturing databases. The developed CPS can improve the simulation results and the real-time
manufacturing processes by capturing the necessary machining signals from the installed sensors. Experiments
conducted in this study will demonstrate the feasibility of the proposed CPS embedded in the laser AM machine on
the cooperation between physical processes and feedback information in laser additive manufacturing techniques.
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1. Introduction

The cyber-physical system (CPS), initiated by the US
National Science Foundation (NSF), aims at merging
the gap between the cyber and physical spaces by
utilizing the technologies of computing, control, and
communication. Apparatus equipped with CPS could
quickly react to the overall demands and achieve the
functions of self-awareness, self-prediction, self-
comparison, self-configure, self-maintenance, and self-
organization [1]. The results obtained by the apparatus
with CPS would be the key factors to reach the goals of
intelligent manufacturing upheld in the era of industry
4.0.

Comparing to conventional approaches, processes of
additive manufacturing (AM), which are based on the
additive principle of fabricating production parts,
obviously have the main advantages of much less
limitation on complex geometries and more reduction
on the overall building time [2]. According to the
differences in manufacturing processes and material
shapes, the processes of AM can be classified as
stereolithography (SLA), powder bed fusion (PBF),
fused deposition modeling (FDM), directed energy
deposition (DED), sheet lamination, and binder jetting
[3-5]. With the advantage of complex shape
manufacturing ability, however, the processes of AM
still have challenges in forming the workpieces with
abrupt geometrical changes in their surface shapes.
Because it would eventually yield a resulting part with
unacceptable geometrical tolerances.

Considering the researches about the simulating
problems of phase changes on metals deduced by laser
effects, the most well-known numerical approach is
the volume of fraction method [6-8]. To discuss the
machining parameters affecting the processes of laser
cladding, several works of research can be provided for
references [9-13]. The early research on machining
data detection, such as temperature, images of
melting pool, laser power, etc., and methods of big-
data analysis, this study can refer to Ref. [14-17].

To develop a CPS utilized in the laser AM machine
center, this study analyzes the machining parameters
applied in the processes of DED and PBF, virtually
simulates the results of laser cladding and melting
manufacture, and establishes the manufacturing
databases. The developed CPS can improve the
simulation results and the real-time manufacturing
processes by capturing the necessary machining
signals from the installed sensors. Experiments
conducted in this study will demonstrate the feasibility
of the proposed CPS embedded in the laser AM
machine on the cooperation between physical
processes and feedback information in laser additive
manufacturing techniques. It is also expected that the
developed laser AM machine with CPS could optimize
the manufacturing process and add the value of
domestic advanced manufacturing machines.
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2. Analysis and Optimization of Manufacturing
Parameters for laser AM

Considering the two important methods of AM, i.e,,
directed energy deposition (DED) and powder bed
fusion (PBF) shown as Figs. 1-2 respectively, this study
has conducted the analysis and optimization of
machining parameters. Figures 3-4 demonstrate the
simulating model of metal powder flow in DED and an
experiment image with the density of metal powder
flow, respectively. The obtained simulating and
experimental fusion results for DED and PBF models
are respectively shown in Figs. 5-6.
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Fig.1. Model of directed energy deposition (DED)
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Fig.2. Model of powder bed fusion (PBF)
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Fig.5. Results of simulation and experiment for
DED model

Fig.6. Results of simulation and experiment for
PBF mode

3. Synchronous detected data processing and
integration of CPS for laser AM machines

In this study, the theories of big data are used to
construct the manufacturing cloud data center and
process the machining parameters synchronously.
Basing on the laser hybrid machining centers with
embedded sensors, this study also has developed their
human-machine interfaces to cooperate with these
machine tools and sensors, as well as to analyze the
machining big data capturing from all sensors. Figures
7-8 respectively demonstrate the developed monitor
interfaces that show the captured machining data in
the processes of laser cladding and PBF. The
integration system of the human-machine interfaces is
shown in Fig. 9, and a developed APP for the real-time
alert mechanisms is presented in Fig. 10.
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centers (AMP-160, AMP25), which all are made by the

N =
&= e e | et Tongtai Machine & Tool Co., Ltd., to conduct the
L s R experiments and verification of laser hybrid AM
Aire processes. Figure 11 shows a lobe-cam reducer used as
. viee o an example for implementing experiments and
o Y — exhibitions. Figures 12-13 demonstrate the DED

: machining processes and an experimental result of the
3 roller disc, a component in the lobe-cam reducer, after
il i DED machining processes, respectively. Figures 14-16
: = respectively reveal the PBF machining processes and
Fig.7. Monitor interface in laser cladding two experimental results: one is a compound of lobe-
processes cams, which is also a component in the lobe-cam
@ - « reducer, and the other is a shrouded centrifugal
impeller after PBF machining processes.
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Fig.8. Monitor interface in PBF processes
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Fig.10. APP for the real-time alert mechanisms

4. Experiments and verification of laser hybrid AM
processes

This study utilizes a laser AM hybrid DED machine Fig.13. A roller disc after DED machining
center (AMH-350) and two laser AM PBF machine processes
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Fig.15. A compound of lobe-cams after PBF
machining processes

AR :
Fig.16. A shrouded centrifugal impeller after
PBF machining processes

5. Conclusions

This study has successfully developed and constructed
the cyber-physical system that can be cooperated with
the laser AM machine centers. The CPS embedded in
the laser AM machines aims at DED and PBF machining
processes and can provide the numerical models for
engineering analysis and simulation before machining
processes. It can also provide real-time monitor and
alert functions by muti-machines internet. All the
machining data recorded in the manufacturing
processes will be uploaded to the set-up cloud data
center for further investigation and application.

5. Acknowledgement

The authors would like to sincerely appreciate the
supports from the projects MOST 105-2218-E-110-009,
106-2218-E-110-001, and 107-2218-E-110-001 granted
by the Ministry of Science and Technology, Taiwan.
Tongtai Machine & Tool Co., Ltd. deserves our special
thanks for their endorsements.

6. References

[1] J. Lee, B. Bagheri, and H. K. Kao, A Cyber-Physical
Systems Architecture for Industry 4.0-Based
Manufacturing Systems, Manufacturing Letters 3,
2015.

[2] D.R. Lymer, J. Cagan, and J. Beuth, Power—Velocity
Process Design Charts for Powder Bed Additive
Manufacturing, ASME. J. Mech. Des., 139(10) (2017)
100907.

[3]R. E. Laureijs, J. B. Roca, S. P. Narra, C. Montgomery,
J. L. Beuth, and E. R. Fuchs, Metal Additive
Manufacturing: Cost Competitive Beyond Low
Volumes, ASME J. Manuf. Sci. Eng., 139(8) (2017)
081010.

[4] L. M. Galantucci, F. Lavecchia, and G. Percoco,
Experimental Study Aiming to Enhance the Surface
Finish of Fused Deposition Modeled Parts, CIRP
Ann.-Manuf. Technol., 58(1) (2009) 189-192.

[5] T. H. C. Childs, C. Hauser, and M. Badrossamay,
Selective Laser Sintering (Melting) of Stainless and
Tool Steel Powders: Experiments and Modelling,
Proceedings of the Institution of Mechanical
Engineers, Part B: Journal of Engineering
Manufacture, 219(4) (2005) 339-357.

[6] C. W. Hirt and B. D. Nichols, Volume of Fluid (VOF)
Method for the Dynamics of FreeBoundaries, Los
Alamos Scientific Laboratory, 1979.

[7] C. W. Hirt, B. D. Nichols, and N. C. Romero, SOLA—
A Numerical Solution Algorithm for Transient Fluid
Flows”, Los Alamos Scientific Laboratory report LA-
5852, 1975.

[8] F. J. Gutler, M. Karg, K. H. Leitz, and M. Schmidt,
Simulation of Laser Beam Melting of Steel Powders
Using the Three-dimensional Volume of Fluid
Method, Phys. Proc., 41 (2013) 874-879.

[9] L. Lin, The Advances and Characteristics of High-
power Diode Laser Materials Processing, Optics and
Lasers in Engineering, 34 (2000) 231-253.

[10] A. Kusmoko and D. Dunne, Effect of Two Different

Energy Inputs for Laser Cladding of Stellite 6 on
P91 and P22 Steel Substrates, Procedia Materials
Science, (2014) 26-36.

[11] O. Nenadla, V. Ocelika, and A. Palavraa, The
Prediction of Coating Geometry from Main
Processing Parameters in Laser Cladding, Physics
Procedia, (2014) 220-227.



The 18th International Confernce on Automation Technology (Automation 2021),

November 12-14, 2021, Kimmen, Taiwan

[12] B. Carcela, A. Serranoa, and J. Zambranob, Laser
Cladding of TiAl Intermetallic Alloy on Ti6AI4V.
Process Optimization and Properties, Physics
Procedia, (2014) 284-293.

[13] P. Farahmand and R. Kovacevic, An Experimental—
Numerical Investigation of Heat Distribution and
Stress Field in Single- Track and Multi-Track Laser
Cladding by a High-power Direct Diode Laser,
Optics & Laser Technology, (2014) 154-168.

[14] G. B. Schiirmann, A. Gasser, K. Wissenbach, and R.
Poprawe, Development and Qualification of a
Novel Laser-Cladding Head with Integrated
Sensors, International Journal of Machine Tools
and Manufacture, 47 (2007) 555-561.

[15]J. T. Hofman, B. Pathiraj, J. V. Dijk, D. F. Lange, and
J. Meijer, A Camera Based Feedback Control
Strategy for the Laser Cladding Process, Journal of
Materials Processing Technology, 212 (2012)
2455-2462.

[16] T. Pfeiffer, J. Hellmers, E. M. Schon, and J.
Thomaschewski, Empowering User Interfaces for
Industrie 4.0, Proceedings of the IEEE, 104(5)
(2016) 986-996.

[17]1S. Mondal, B. Tudu, A. Bandyopadhyay, and P. K.
Pal, Process Optimization for Laser Cladding
Operation of Alloy Steel using Genetic Algorithm
and Artificial Neural Network, International
Journal of Computational Engineering Research,
2(1) (2012) 18-24.



