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Abstract

Wire Electrical Discharge Machining (WEDM) is widely employed for the production of complex geometries in
die and mold manufacturing, aerospace components, and precision engineering applications. Despite its
capability to machine hard materials and intricate shapes, WEDM suffers from relatively low machining speed
compared with conventional machining processes. Consequently, optimization of machining time has become a
crucial research topic in modern manufacturing engineering. This paper presents a comprehensive review of
recent research on machining time optimization methods in WEDM for complex contour profiles. Key research
directions including process parameter optimization, intelligent algorithms, tool path planning strategies, multi-
pass cutting strategies, and digital manufacturing integration are discussed. Comparative analysis of
optimization techniques such as Taguchi design of experiments, Response Surface Methodology (RSM),
Artificial Neural Networks (ANN), Genetic Algorithms (GA), and Particle Swarm Optimization (PSO) is
provided. Experimental studies reported in recent literature indicate that intelligent optimization methods can
reduce machining time by 15-40% while maintaining surface quality and dimensional accuracy. Finally, future
research directions including Al-driven process planning and digital twin-based manufacturing optimization are
discussed.

Keywords: Wire EDM, machining time optimization, contour machining, process parameter optimization,
intelligent manufacturing.

. Introduction

Wire Electrical Discharge Machining (WEDM) is a non-traditional machining process widely used for
manufacturing high-precision components made from hard and conductive materials such as tool steels, titanium
alloys, and superalloys. The process removes material through a sequence of electrical sparks generated between
a moving wire electrode and the workpiece submerged in dielectric fluid. Because no mechanical cutting forces
are involved, WEDM is particularly suitable for machining complex shapes with high dimensional accuracy and
minimal deformation.

WEDM has become a critical technology in industries such as die and mold manufacturing, aerospace
engineering, and medical device fabrication. However, compared with conventional machining processes such
as milling or turning, WEDM exhibits relatively low material removal rates. This limitation leads to longer
machining time, especially when machining thick workpieces or complex contour geometries.

Machining time in WEDM depends on several factors including cutting speed, discharge energy, tool
path length, and process parameters. Among these factors, discharge parameters such as pulse-on time, pulse-off
time, and peak current strongly influence material removal rate and surface integrity. Experimental studies show
that increasing pulse-on time and peak current generally increases material removal rate but may deteriorate
surface quality and increase wire breakage probability.

Therefore, optimizing machining parameters and tool path strategies is essential to achieve high
machining efficiency while maintaining dimensional accuracy and surface quality.

This paper reviews recent developments in machining time optimization for WEDM processes. The
objectives of this review are:

To summarize fundamental factors influencing machining time in WEDM.

To analyze optimization methods used in WEDM process planning.

To compare intelligent optimization algorithms applied to machining parameter selection.
To discuss recent research on tool path planning strategies for complex contour machining.
To identify future research directions for intelligent WEDM systems.
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Il.  Fundamentals of WEDM Machining Time
Machining time in WEDM can be expressed as
L
Tn = v.
Where
Tm — machining time
L — cutting path length
V¢ — cutting speed

Cutting speed depends strongly on discharge energy and process parameters.
Discharge energy can be estimated as
V=ELT,,
Where
V — discharge voltage
| — peak current
Ton — pulse-on time

Increasing discharge energy increases the amount of material removed during each spark, thereby
improving material removal rate. However, excessive discharge energy can cause surface damage, wire
breakage, and unstable machining conditions.

Studies have shown that pulse-on time is one of the most influential parameters affecting material
removal rate in WEDM processes.

I11.  Process Parameter Optimization
3.1 Major WEDM process parameters
Table 1 summarizes the main parameters affecting WEDM performance.

Table 1 Main WEDM process parameters

Parameter Influence

Pulse-on time (Ton) Determines discharge energy
Pulse-off time (Toff) Controls spark frequency

Peak current Influences material removal rate
Wire tension Affects dimensional accuracy
Wire speed Influences debris removal
Flushing pressure Improves dielectric circulation

Experimental studies indicate that pulse-on time and peak current are the dominant factors affecting
material removal rate and machining speed.

3.2 Taguchi method

The Taguchi method is one of the most widely used techniques for WEDM parameter optimization.
This method uses orthogonal arrays to reduce the number of experiments required for parameter optimization.
Typical Taguchi optimization studies report machining time reductions between 10% and 20%.

Table 2 Taguchi optimization results in WEDM

Study Material Improvement

Kumar et al. Tool steel 12% time reduction
Ahmed et al. Ti-6Al-4V 15% time reduction
Gowthaman et al. AISI steel 18% MRR improvement

3.3 Response Surface Methodology

Response Surface Methodology (RSM) is another widely used statistical method for process
optimization.

RSM models the relationship between machining parameters and output responses using polynomial
regression equations. The method can predict optimal parameter combinations with high accuracy.
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IV.  Intelligent Optimization Algorithms
Traditional statistical methods are increasingly complemented by intelligent optimization techniques
capable of solving nonlinear multi-objective optimization problems.

4.1 Artificial Neural Networks

Artificial Neural Networks (ANN) have been widely applied to predict WEDM performance characteristics.
Advantages:

e Ability to model nonlinear relationships

e High prediction accuracy

e Adaptive learning capability

ANN models can predict machining responses such as surface roughness and material removal rate.

4.2 Genetic Algorithms

Genetic Algorithms (GA) are evolutionary optimization techniques inspired by biological evolution.
The GA optimization process includes:

1 Selection

2 Crossover

3 Mutation

GA is widely used to optimize multiple machining objectives simultaneously.

4.3 Particle Swarm Optimization
Particle Swarm Optimization (PSO) is a population-based optimization algorithm inspired by bird flocking
behavior.

PSO has several advantages:

e  Fast convergence

e Simple implementation

. Effective multi-objective optimization

Table 3 Comparison of optimization algorithms

Method Advantages Machining time reduction
Taguchi Simple experimental design 10-20%
RSM Accurate modeling 15-25%
ANN Predictive capability 20-30%
GA Multi-objective optimization 25-35%
PSO Fast convergence 30-40%

V.  Tool Path Planning Optimization

For complex contour machining, tool path planning plays a crucial role in machining time
optimization.
Several tool path strategies have been proposed:
e  Shortest path algorithms
e  Spiral path strategies
. Adaptive feed rate planning
Advanced tool path optimization algorithms can reduce non-productive movements and minimize idle machine
time.

Table 4 Tool path strategies

Strategy Characteristics

Shortest path Minimizes cutting distance
Spiral path Continuous tool motion
Adaptive path Adjusts feed rate dynamically

VI.  Multi-Pass Cutting Strategies
WEDM machining typically involves multiple cutting passes.
1 Rough cutting
2 Semi-finish cutting
3 Finish cutting
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Optimizing the number of passes and cutting parameters can significantly reduce machining time.

Table 5 Multi-pass cutting strategies

Strategy Purpose

Rough cutting High material removal

Semi finishing Improve dimensional accuracy
Finish cutting Improve surface quality

VII. Intelligent Manufacturing Integration
Recent developments in Industry 4.0 technologies have enabled the integration of WEDM with
intelligent manufacturing systems.
Key technologies include:
o Digital twin machining systems
e  Al-based process optimization
e Smart CNC control systems

Table 6 Al-based optimization approaches

Method Application

Machine learning Parameter prediction

Deep learning Process modeling
Adaptive machining

Reinforcement learning control

VIIl.  Future Research Directions
Future research in WEDM machining optimization will likely focus on several emerging technologies:

Al-driven machining optimization
Machine learning models can automatically determine optimal machining parameters.

Digital twin manufacturing
Digital twin systems simulate the machining process and predict performance.

Hybrid optimization algorithms
Combining machine learning with evolutionary algorithms may provide better optimization performance.

IX.  Conclusions
This review summarized recent research on machining time optimization methods for WEDM when
machining complex contour profiles.

Major conclusions include:

1 -Process parameter optimization remains the most fundamental approach for improving WEDM efficiency.

2- Intelligent optimization algorithms such as GA and PSO outperform traditional statistical methods.

3 -Tool path optimization significantly reduces non-productive machining time.

4 -Integration with Al and digital manufacturing technologies will further improve machining efficiency.
Overall, advanced optimization strategies can reduce WEDM machining time by 15-40% while maintaining
high surface quality and dimensional accuracy.

*Acknowledgments: | sincerely thank Thai Nguyen University of Technology (TNUT) for their invaluable
support in the publication of this research article.
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