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Technical Report: Fundamental Investigation on Laser-EDM Based Micromachining
Technology (FA2386-18-1-4037)

1. Abstract

Micromachining is a promising technology for the production of miniaturized parts. Laser
micromachining is widely used for this purpose. Laser micromachining has advantages because
of its higher material removal rate (MRR). However, its main disadvantage is the poor
machining quality due to the heat affected zone (HAZ). On the other hand, micro-electro-
discharge machining (microEDM) can fabricate better quality micro features due to the absence
of the dominant HAZ zone. Though, this enhancement comes at the cost of very low MRR. To
overcome the problem associated with these two types of machining, a hybrid technique is
required to integrate the advantages of LASER micromachining and microEDM. In the hybrid
process a rough machining is carried out first by LASER followed by a fine operation using
microEDM. Thorough fundamental investigation of 3-D micromachining based on Laser and
microEDM has not been carried out yet. Therefore, this research targets to investigate LASER-
microEDM based combined micromachining technique. We will retrofit an existing microEDM
machine by integrating a modular fiber laser head. A mathematical model will be developed
from basic heat conduction model to predict how the proposed hybrid processing technique will
affect feature profile, MRR and HAZ. Further experimental validation and optimization of the
process parameters will be carried out to achieve best machining performance. The successful
completion of this project will provide comprehensive knowledge about LASER-micorEDM
based hybrid operation. This knowledge can be used for fabricating miniature parts for aerospace
industry (such as micro holes for turbine blade cooling), automotive industry (micro holes for
fuel nozzle), healthcare sector (micro-features for a cardiac stent), and electronic industry
(interconnectors for circuits), etc. In future, the expertise developed from this project can be
employed for developing new manufacturing machine. The future machine will be more
sustainable from an environmental perspective as it will combine two machining operations into
a single platform.

2. Introduction

2.1 Background study

The demand for microproducts and components are rapidly increasing in automotive,
aerospace, electronics, optics, medical devices and communications industries (Rajurkar,
Sundaram, & Malshe, 2013). Therefore, micromachining is drawing more and more attention by
the researchers around the world. There are various ways to carry out micromachining
operations. However, all the processes can be broadly categorized into two major classes namely
beam based micromachining and tool based micromachining (Rahman et al., 2010). Laser
micromachining and micro electro-discharge machining are examples of beam based and tool
based micromachining respectively. Laser micromachining techniques are being used by various
industries such as automobile, medical semiconductor and solar cell industries (Fernando A.
Lasagi, 2011). Laser machining is a fast manufacturing process but, the end products from
conventional Laser micromachining suffers from Heat Affected Zone (HAZ) (Jabbareh & Asadi,
2013). Moreover, for deep engraving Laser micromachining causes the structures to be tapered
(Ghosal, Manna, & Lall, 2014). The use of ultra-short pulse Laser machining may overcome the
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problem of HAZ however, ultra-short pulse laser system is very expensive and material removal
rate (MRR) is significantly slow (Meijer et al., 2002). On the other hand, microEDM can
produce parts with good quality if compared to conventional Laser machined products (A. Al-
Ahmari, Rasheed, Mohammed, & Saleh, 2015), it is also a cheaper solution than ultra-short pulse
Laser machining system. However, the machining rate is also considerably slower for
microEDM process. MicroEDM process is usually carried out in two ways. The first technique is
called die sinking EDM which is basically a 1D motion of the EDM tool/die to create the imprint
of the die on the workpiece. Example of die sinking microEDM is to create fine holes for
nozzles. The second technique uses a cylindrical tool to scan in 3D motion, like conventional
milling to create 3D micro patterns on the workpiece. So far researchers have tried to use Laser-
microEDM hybrid processing only for 1D operation i.e for die sinking case to create fine holes at
a faster rate (A. Al-Ahmari et al., 2015) (Li, Diver, Atkinson, Giedl-Wagner, & Helml, 2006).
Laser assisted other machining processes have been reported by various researchers. Some
examples of Laser assisted machining operations are Laser assisted turning, Laser assisted
milling, Laser assisted water jet machining etc (Lee, Woo, Kim, Oh, & Oh, 2016). Researchers
also reported Laser —microEDM based hybrid assembly system for miniature products (Zhu,
Dhokia, Nassehi, & Newman, 2013), although, hybridization of scanning 3D microEDM and
Laser micromachining has not been reported so far. Some researchers conducted research on the
improvement of microEDM technology by introducing workpiece vibration (Rajurkar et al.,
2013). Vibration of the workpiece improves the smooth removal of the debris from the workzone
thus enhances the material removal rate (MRR).

Modeling of Laser micromachining is important for predicting HAZ and taperness of the
machined product. Yang et. al (Yang, Brandt, & Sun, 2009) developed a fundamental model
based on basic heat conduction equation for Laser machining process. Mishra et. al (Mishra &
Yadava, 2013) also took a similar approach for modelling the HAZ zone, taperness and MRR for
Laser machining process. Ghosal et al (Ghosal et al., 2014) developed a statistical modeling
framework to detect the above. The input parameters that they considered are Laser power,
frequency, gas pressure etc. Some researchers also used Artificial Neural Network (ANN) based
method for modeling Laser micromachining process.(Patel, Sheth, & Patel, 2016) (Mehrabi,
Azdast, Benyounis, & Moradi, 2017). Teixidor et. al. modeled laser micromachining process
using machine learning approach (Teixidor, Grzenda, Bustillo, & Ciurana, 2015).

Many researchers have also contributed on modelling of EDM process. Many of them
(Somashekhar, Panda, Mathew, & Ramachandran, 2013), (Deshmukh, 2013),(Shao & Rajurkar,
2015) developed the model from basic heat conduction equation. Several researchers modeled
microEDM process using the ANN method(Porwal & Yadava, 2012) (Mathew, Calicut, Dean, &
Calicut, 2014)(M.S.Vijayanand & M.llangkumaran, 2016). Other approach like response surface
methodology based modeling for EDM process was carried out by different researchers
(Assarzadeh & Ghoreishi, 2013).

2.2 Motivation of research

Laser micromachining and Micro electro- discharge machining (microEDM) are two widely
used methods in the field of non-conventional micromachining. Laser machining has a problem
of poor machining quality. However, the processing time for Laser machining is very fast. On
the other hand material removal rate (MRR) hence the processing time for microEDM is quite
slow, but the end product is of superior quality as compared to Laser machined products. A laser-
microEDM based hybrid technique can produce fine quality machined parts with lower
machining time. However, not much investigative research has been carried out on Laser-
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microEDM based hybrid process for 3-D micro machining. Further a fundamental
mathematical model is required to understand the insight of this proposed hybrid process.
The model will also help us to understand how different Laser and microEDM machining
parameters such as scanning speed, Laser power, microEDM will affect outcome of the hybrid
processing techniques such as MRR, HAZ and taperness.
2.3 Significance of the research

Successful completion of this project will create new knowledge about Laser-microEDM
based hybrid machining process, which will have significant impact on the micro manufacturing
sector of the world. Furthermore knowledge obtained from this project may lead subsequent
development of new machine that can carry out the above mentioned hybrid micromachining
process. Also this project may lead to developing new intelligent algorithm to predict product
quality and production time for different material when using Laser-MicroEDM based hybrid
process. This new hybrid technique has several potential applications in various industrial sectors
such as aerospace, automotive, biomedical, MEMS, and Si microfabrication etc.

3. Statement of Objectives

The main aim of this research is to investigate various aspect of Laser-microEDM based
hybrid micromachining process to find the answer of the research questions described above. To
achieve this we have identified core research objectives.

1. To experimentally investigate the Laser-microEDM based hybrid process.

2. To derive a mathematical model for describing the Laser-microEDM based hybrid

micromachining technique using ANN based approach.

3. To validate the model output and the experimental findings.

4. Results and Discussions

In the first stage of our research we have conducted thorough experiments to observe the
laser parameters’ effects on the overall performance of the laser-microEDM (LBMM-uEDM)
based hybrid micromachining process. Our study suggests that if an increased scanning speed at
a lower laser power is used for the pilot hole drilling by the LBMM process, it could result in
significantly slower hEDM machining time. On the contrary, if the higher laser power is used
with even the highest scanning speed for the pilot hole drilling, then HEDM processing time was
faster than the previous case. Similarly, HEDM time was also quicker for LBMMed pilot holes
machined at low laser power and slow scanning speed. Our study confirms that LBMM-UEDM
based sequential machining technique reduces the machining time, tool wear and instability (in
terms of short circuit count) by a margin of 2.5 x, 9 x and 40 x respectively in contrast to the
pure LEDM process without compromising the quality of the holes.
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Fig.1: Schematic illustration of the sequential micromachining process LBMM-uEDM.

Fig. 1 shows the illustration of the process of conducting the propose LBMM-uEDM process.
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Fig. 2 The effect of the incident laser power, scanning speed and pulse frequency (used for the
pilot hole machining) on the uEDM processing time for the final finishing of the pilot holes. The
error bar represents the machining uncertainty.

Fig.2 demonstrates how the uEDM machining time is varied for the pilot holes drilled with
various laser power, scanning time and pulse frequency. Our study confirms that pulse frequency
has no significant effect on the uEDM machining time. We observed that pilot holes machined
with higher laser power and slower scanning speed requires lesser time to be fine finished by
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uEDM. However, for the LBMMed holes machined with fast scanning speed, the effect is the
opposite.

In the next stage of our research we have conducted the mathematical modeling of the laser-
microEDM (LBMM-uEDM) based hybrid micromachining process. Our experimental study
observed that the uEDM finishing operation's various output parameters are influenced by the
morphological condition of the LBMMed holes. Hence, an artificial neural network(ANN) based
dual-stage modeling method was developed to predict the sequential process's outputs. The first
stage of the dual-stage model was utilized to predict various LBMM process outputs from
different laser input parameters. Furthermore, in the second stage, LBMM predicted outputs
(such as pilot hole entry area, exit area, recast layer, and heat affected zone) were used for the
final prediction of the sequential process outputs (i.e., machining time by puEDM, machining
stability during phEDM in terms of short circuit/arcing count and tool wear during tEDM). The
model was evaluated based on the average RMSE (Root Mean Square Errors) values for the
individual output parameters' complete set data, i.e., tEDM time, short circuit/arcing count, and
tool wear. The values of Average RMSE for the parameters as mentioned earlier were found to
be 0.1272(87.28% accuracy), 0.1085(89.15% accuracy), 0.097 (90.3% accuracy), respectively.
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Fig. 3 Flow and architecture of the proposed dual-stage ANN model for the LBMM-uEDM
process

Fig.3 illustrates the complete flow and the architecture of the proposed dual-stage sequential
model for the LBMM-[1EDM process. The model was implemented using MATLAB software.
It can be seen from Figure 5 that the first stage of the model (for LBMM) has two layers with 3
and 10 neurons, respectively, in the first and second layer. For the second stage (for utEDM), the
number of layers was two, with 2 and 5 neurons in the layers. The activation function used in the
hidden layers and the output layer was the sigmoid function and linear function. The option for
two layers was selected as we observed from our preliminary training that a network deeper than
two layers did not improve the network performance much in terms of prediction accuracy for
training and test data set. Next, the hidden layers' size was optimized by iterating the model from
1-1 topology to 20-20 topology. For every combination of hidden layer size, the root mean
square error (RMSE) value of each predicted variable was computed, and the average RMSE of
all variables was calculated for both the training and test datasets. The average RMSE for the
training data was decreased with a more complicated (with a high number of neurons) topology.
However, the average RMSE for the test dataset was found to have the lowest value for a certain
number of neurons in each hidden layer selected for deciding the network's topology, as stated
above. Using the optimized hidden layer size, the MIMO model was iteratively trained 100
times. The average RMSE of all the output variables (both for training and the test dataset) was
computed and stored in an array during the training. The model was then chosen with a low and
similar average RMSE for the train and the test dataset. Both the stages of ANN modeling
applied the strategy mentioned above for selecting the best-fitted model.
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Fig 4: Holistic performance of the dual-stage ANN model for hEDM machining time, short
circuit/arcing count, and toot wear.
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The corresponding holistic prediction accuracy of the dual stage model is shown in Fig 4, which
is in a range of (~87% to ~90%).

5. Conclusions
Thanks to Allah SWT, we managed to achieve all the objectives of the project. This project has
resulted two Q2 WoS publications and few more are in the pipe line.

References

A. Al-Ahmari, Rasheed, M. S., Mohammed, M. K., & Saleh, T. (2015). A Hybrid Machining
Process Combining Micro-EDM and Laser Beam Machining of Nickel-Titanium Based
Shape Memory Alloy. Materials and Manufacturing Processes.
https://doi.org/10.1080/10426914.2015.1019102

Assarzadeh, S., & Ghoreishi, M. (2013). A dual response surface-desirability approach to
process modeling and optimization of AI203 powder-mixed electrical discharge machining
(PMEDM) parameters. International Journal of Advanced Manufacturing Technology,
64(9-12), 1459-1477. https://doi.org/10.1007/s00170-012-4115-2

Belforte, D. (2015). Industrial fiber lasers and their growing role in manufacturing Fiber lasers
continue growth streak in 2014 laser market. Industrial Laser Solutions for Manufacturing.

Cheng, C. F., Tsui, Y. C., & Clyne, T. W. (1998). Application Of A Three-Dimensional Heat
Flow Model To Treat Laser Drilling of Carbon Fibre Composites. Acta Metallurgica,
46(12), 4273-4285.

Deshmukh, A. (2013). Modelling of Anode Crater Formation in Micro-Electrical, 4.

Fernando A. Lasagi, A. F. L. (2011). Fabrication and Characterization in the Micro-Nano Range.
Springer, 10, 29-119. https://doi.org/10.1007/978-3-642-17782-8

Ghosal, A., Manna, A., & Lall, A. K. (2014). Modelling of Ytterbium Fiber Laser parameters
during micro machining of Al-15 wt%Al<inf>2</inf>0<inf>3</inf>-MMC. Procedia
Engineering, 90, 704-709. https://doi.org/10.1016/j.proeng.2014.11.799

Jabbareh, M. A., & Asadi, H. (2013). Numerical Simulation of Heat Affected Zone
Microstructure During Laser Surface Melting. Journal of Advanced Materials and
Processing, 1(3), 27-34.

Lee, C. M., Woo, W. S., Kim, D. H., Oh, W. J.,, & Oh, N. S. (2016). Laser-assisted hybrid
processes: A review. International Journal of Precision Engineering and Manufacturing,
17(2), 257-267. https://doi.org/10.1007/s12541-016-0034-8

Li, L., Diver, C., Atkinson, J., Giedl-Wagner, R., & Helml, H. J. (2006). Sequential laser and
EDM micro-drilling for next generation fuel injection nozzle manufacture. CIRP Annals -
Manufacturing Technology, 55(1), 179-182. https://doi.org/10.1016/S0007-8506(07)60393-
X

M.S.Vijayanand, & M.llangkumaran. (2016). ANN MODELLING OF SMALL HOLE
DRILLING ON MONEL METAL BY USING ELECTRICAL DISCHARGE
MACHINING. JOURNaLOFADvaNCcCESINCHEMISTRY, 12(24), 5629
5634.

Mathew, K. B. J., Calicut, N. I. T., Dean, R., & Calicut, N. I. T. (2014). Modeling and Multi-
Response Prediction of Micro Edm Drilling on Inconel 718, (Aimtdr), 1-6.

Mehrabi, O., Azdast, T., Benyounis, K. Y., & Moradi, M. (2017). The effect of low power co2
laser cutting process parameters on polycarbonate cut quality produced by injection
molding. Modares Mechanical Engineering, 17(2), 93-100.

DISTRIBUTION A: Distribution approved for public release. Distribution unlimited



Meijer, J., Du, K., Gillner, a., Hoffmann, D., Kovalenko, V. S., Masuzawa, T., ... Schulz, W.
(2002). Laser Machining by short and ultrashort pulses, state of the art and new
opportunities in the age of the photons. CIRP Annals - Manufacturing Technology, 51(2),
531-550. https://doi.org/10.1016/S0007-8506(07)61699-0

Mishra, S., & Yadava, V. (2013). Modeling and optimization of laser beam percussion drilling of
nickel-based superalloy sheet using Nd: YAG laser. Optics and Lasers in Engineering,
51(6), 681-695. https://doi.org/10.1016/j.optlaseng.2013.01.006

Patel, P., Sheth, S., & Patel, T. (2016). Experimental Analysis and ANN Modelling of HAZ in
Laser Cutting of Glass Fibre Reinforced Plastic Composites. Procedia Technology, 23,
406-413. https://doi.org/10.1016/j.protcy.2016.03.044

Porwal, R. K., & Yadava, V. (2012). Ann Modelling for the Prediction of Material Removal Rate
and Machined Hole Overcut in Hole Drilling Electro Discharge Micro Machining.
International Journal of Mechanical Engineering and Robotic Research, 1(2), 174-189.

Rahman, M., Asad, A. B. M. A., Masaki, T., Saleh, T., Wong, Y. S., & Senthil Kumar, A.
(2010). A multiprocess machine tool for compound micromachining. International Journal
of Machine Tools and Manufacture, 50(4), 344-356.

Rajurkar, K. P., Sundaram, M. M., & Malshe, A. P. (2013). Review of electrochemical and
electrodischarge machining. Procedia CIRP, 6, 13-26.
https://doi.org/10.1016/j.procir.2013.03.002

Shao, B., & Rajurkar, K. P. (2015). Modelling of the crater formation in micro-EDM. Procedia
CIRP, 33, 376-381. https://doi.org/10.1016/j.procir.2015.06.085

Somashekhar, K. P., Panda, S., Mathew, J., & Ramachandran, N. (2013). Numerical simulation
of micro-EDM model with multi-spark. International Journal of Advanced Manufacturing
Technology, 76(1-4), 83-90. https://doi.org/10.1007/s00170-013-5319-9

Teixidor, D., Grzenda, M., Bustillo, A., & Ciurana, J. (2015). Modeling pulsed laser
micromachining of micro geometries using machine-learning techniques. Journal of
Intelligent Manufacturing, 26(4), 801-814. https://doi.org/10.1007/s10845-013-0835-x

Yang, N., Brandt, M., & Sun, S. J. (2009). Numerical and Experimental Investigation of the
Heat-Affected Zone in a Laser-Assisted Machining of Ti-6Al-4V Alloy Process. Materials
Science Forum, 618-619, 143-146. https://doi.org/10.4028/www.scientific.net/ MSF.618-
619.143

Zhu, Z., Dhokia, V. G., Nassehi, a., & Newman, S. T. (2013). A review of hybrid manufactured
processes - state of the art and future perspectives. International Journal of Computer
Integrated Manufacturing, 26(7), 596—615. https://doi.org/10.1080/0951192X.2012.749530

DISTRIBUTION A: Distribution approved for public release. Distribution unlimited





