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Abstract: Improving energy efficiency in manufacturing processes is a critical global concern for
the industry. Manufacturers strive to enhance energy efficiency across all manufacturing operations
to remain competitive globally, aiming to reduce production times without compromising product
quality. While there has been significant research characterizing energy efficiency and surface
roughness in conventional processes like turning or milling, studies on unconventional manufacturing
techniques are limited. This study focuses on optimizing a wire electrical discharge machining
(WEDM) process to minimize energy consumption while maintaining surface roughness. Various
cutting parameters, such as pulse on-time, pulse off-time, servo voltage, wire tension, wire speed,
and wire voltage, were evaluated. Experiments were conducted using Taguchi’s methodology with a
L27 orthogonal array, employing AISI D2 steel plates of 19 mm and 25 mm thickness as the machining
material. The research identified that optimal parameters for reducing energy consumption and
improving surface roughness included a pulse on-time of 10 s, pulse off-time of 11 s, servo voltage
of 44 V, wire tension of 50 g-force, wire speed of 7 m per minute, and wire voltage of 9 volts.
This combination led to an 8% reduction in energy consumption and a 1% enhancement in surface
roughness compared to baseline values.

Keywords: WEDM; energy consumption; surface roughness; Taguchi analysis; smaller-the-better;
AISI D2 steel

1. Introduction

Nowadays, wire electrical discharge machining (WEDM) has become a dominating
non-conventional machining process in the field of manufacturing industries [1]. WEDM
is one of the most popular non-traditional machining processes capable of machining
difficult-to-machine materials of complex shapes [2]. It has been successfully applied
to thin-walled components in the manufacture of aerospace manufacturing and medical
devices. Its advantages include non-contact machining, non-macro cutting force, and the
ability to machine high-hardness materials and geometries with high precision [3]. WEDM
is considered a unique adaptation of the conventional EDM process, which uses an electrode
to initialize the sparking process. However, WEDM uses a wire which is consumed
continuously. This electrode can be thin copper, brass, or tungsten, with diameter sizes
from 0.05 to 0.3 mm. The use of a wire allows this machining process to achieve minimal
corner radii. The wire is kept in tension using a mechanical tensioning device, reducing the
possibility of producing faulty parts [4]. During the WEDM process, the material is eroded
ahead of the wire with no direct contact between the workpiece and the wire, eliminating
mechanical tensions and vibrations during machining. Moreover, the WEDM process can
handle machining materials of high strength and hardness [5].
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Electrical Discharge Machining (EDM) processes are considered to require at least
1000 times more energy than conventional machining processes. This is due to the low
material removal rates [6]. The rate of energy consumption in WEDM may vary depending
on the construction of the machine and the machining parameters used during cutting.
Supply power ranges from 5 to 8 kW for some machines when machining steel AISI P20 [7].
Very few works like [8–10] investigate the influence of process parameters in the energy
efficiency of EDM.

Despite being an energy-intensive process, almost no research has been carried out
regarding the total energy consumption of WEDM and how the different machining param-
eters affect it. The authors in [11,12] provide an extensive account of research conducted
on WEDM. However, they do not report any work related to the use of the total energy
consumption of the process as a response to being analyzed and optimized. This is surpris-
ing since electric discharge machining processes have been criticized for their high energy
consumption [8].

In this work, we analyze the total energy consumption in WEDM and the surface
roughness for two plate thicknesses, 19 mm and 25 mm, of AISI D2 steel. The experiments
were performed on a Sodick VZ300L machine. A Taguchi L27 orthogonal array was used
to evaluate the influence that cutting parameters, namely, pulse on-time, pulse off-time,
servo voltage, wire tension, wire speed, and voltage, have on the process. In addition to
the energy consumption, the average roughness of the machined surface was used as a
response to account for the quality of the machined part. A Taguchi “smaller-the-better”
analysis [13] was used to find the optimal cutting parameters to reduce energy consumption
and improve surface roughness.

2. Literature Review

Rubi et al. [12] provides a comprehensive review on wire electrical discharge ma-
chining. Their work examines the wide range of investigations that have been conducted,
from WEDM through the EDM process’ spin-offs. It describes a WEDM investigation that
requires variables’ optimization and an assessment of the many influences on machining
efficiency and accuracy.

Many researchers have employed designed experiments to analyze and optimize
process characteristics in wire electrical discharge machining (WEDM). Previous works
have utilized full factorial, fractional factorial, response surface methods, and Taguchi de-
signs to optimize responses like surface roughness or material removal rate. Some authors
have also utilized artificial neural networks or genetic algorithms for similar optimization
tasks. Table 1 presents a compilation of prior studies related to this topic, highlighting the
optimization methods used, the control factors examined, and the responses targeted in
each study.

The table clearly shows that Taguchi methods are widely used for identifying optimal
parameter sets to optimize a desired response. The primary control variables chosen by
researchers typically involve pulse on-time, pulse off-time, and wire speed. Surface rough-
ness and material removal rate are the main responses of interest in most studies; however,
the energy consumption aspect of the process is often overlooked or insufficiently explored.

In a recent work, Gupta et al. [14] used a fractional factorial 26−1 experiment with pulse
on-time, pulse off-time, spark voltage, peak current, wire speed, and workpiece thickness as
control factors to study WEDM. The authors selected as responses the cutting rate, surface
roughness, wire electrode temperature, and material removal rate to assess the best process
values to machine armor steel. The modified crow search algorithm (MCSA) was used
in that study for single- and multi-objective optimizations. Their research revealed that
the pulse on-time and workpiece thickness had the most significant contributions to the
cutting rate and surface roughness, and that pulse off-time and spark voltage were the
major contributors to the wire electrode temperature.
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Table 1. Summary of methods for optimization, control factors, and responses used by selected
authors to study WEDM processes.

Author Method Factors Responses

Taguchi RSM AI Other
Pulse
On-

Time

Pulse
Off-

Time

Wire
Speed Voltage

Peak
Cur-
rent

Wire
Ten-
sion

Servo
Volt-
age

Other
Surface
Rough-
ness

Material Removal Rate Energy Other

This work L27 " " " " " " " "
Gupta (2024) [14] " " " " " " " " "
Selvam (2023) [15] L16 " " " " "
Sadhana (2022) [16] L9 " " " " "
Chary (2022) [17] L27 " " " " "
Paturi (2021) [18] L27 " " " " " " "
Saif (2021) [19] L9 " " " " "
Naik (2021) [20] L18 " " " " " "
Kumar, A. (2021) [21] L16 " " " " "
Kumar, U. (2021) [22] L27 " " " " " "
Manikandan (2020) [23] L27 " " " " "
Ramaswamy (2020) [24] " " " " " " " " "
Muniappan (2019) [25] L27 " " " " " " "
Babu (2019) [26] L9 " " " " " " "
Dayakar (2019) [27] L27 " " " " "

Selvam et al. [15] investigated the impact of machining parameters on material re-
moval rate in wire electrical discharge machining of MONEL 400 K. They identified wire
feed, pulse on-time, and pulse off-time as key influential factors affecting MRR. The study
revealed that increasing pulse off-time enhanced material removal rate while simultane-
ously reducing surface roughness, indicating effective material flushing and achieving
high-quality machining outcomes. Additionally, the research emphasized the novelty of
the parametric evaluation in the WEDM of MONEL 400 K and highlighted the effectiveness
of the response surface methodology for optimizing material removal rate.

In the study conducted by Sadhana et al. [16], the focus was on optimizing wire
electrical discharge machining (WEDM) parameters for machining AISI H13 tool steel.
The study examined gap voltage, pulse on-time, pulse off-time, and wire feed as key factors,
aiming to maximize material removal rate and minimize surface roughness. The research
identified the gap voltage as the most influential factor impacting both material removal
rate and surface roughness in the WEDM of AISI H13 tool steel.

In their investigation [17], Chary et al. explored optimization techniques for the wire
electrical discharge machining (WEDM) of dual-phase steel (DP980) using a brass wire.
The study focused on improving machining performance by varying process parameters
such as pulse on-time, pulse off-time, and voltage. The authors identified that the inter-
action between voltage and pulse off-time significantly affected surface roughness, while
pulse on-time emerges as the most influential factor impacting material removal rate in the
WEDM of DP980 steel.

In their study [18], Paturi et al. used an L27 orthogonal array to train an artificial
neural network (ANN) for modeling and predicting surface roughness in the wire electrical
discharge machining (WEDM) of Inconel 718. They demonstrated the effectiveness of the
ANN in predicting output values. The ANN model utilized a multilayer perceptron with
back-propagation (BPNN), and the dataset was divided into distinct groups for training,
testing, and validation purposes.

Saif et al. [19] investigated the impact of wire electrical discharge machining param-
eters on surface roughness and material removal rate for aluminum alloys AA 6061 and
AA 5083 using a single-objective optimization approach. The primary variables studied
were pulse on-time, pulse off-time, and peak current. The results showed that for AA 6061,
surface roughness was mainly affected by pulse on-time and pulse off-time, while for AA
5083, pulse off-time and peak current were significant factors influencing surface quality.

In the research conducted by Naik et al. [20], the study explored the effects of different
machining parameters on surface roughness in the Wire Electrical Discharge Texturing
(WEDT) of INCONEL 718 super alloy. The investigated parameters included rotational
speed, pulse on-time, pulse off-time, servo voltage, wire feed rate, and flushing pressure.
It was found that pulse on-time had a significant impact on the surface roughness of
INCONEL 718 alloy during WEDT, where higher pulse on-times were associated with
increased surface roughness.
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Kumar et al. [21] focused on optimizing process parameters for D2 steel machining
using WEDM. Wire speed, gap voltage, flushing pressure, and current were analyzed for
their impact on surface roughness and material removal rate. Results indicated that MRR
was predominantly influenced by current, with flushing pressure having the least impact,
while surface roughness was most affected by wire speed and least affected by gap voltage
during the WEDM process on D2 steel workpieces.

In the study by Kumar et al. [22], the focus was on a multi-objective optimization of
the wire electrical discharge machining of Stellite to enhance surface roughness, material
removal rate, and overcut. The Taguchi–Grey approach and single-objective optimization
techniques were employed to analyze the effects of pulse on-time, pulse off-time, and wire
tension at different levels. The authors highlighted that pulse on-time was the key vari-
able influencing changes in all three responses (surface roughness, material removal rate,
and overcut) in the WEDM of Stellite.

In the study by Manikandan et al. [23], the wire electrical discharge machining of
Inconel 625 was investigated with a focus on optimizing process parameters including pulse
on-time, pulse off-time, and peak current. The desired performance measures considered
were material removal rate and overcut. The analysis showed that increasing all three
parameters (pulse on-time, pulse off-time, and peak current) led to improved material
removal rate. For minimizing the overcut, the optimal combination involved a high value
for pulse on-time and low values for pulse off-time and peak current.

The aim of the study by Ramaswamy et al. [24] was to determine the optimal values of
current, pulse on-time, pulse off-time, wire tension, and wire feed to achieve specific goals:
minimizing surface roughness and wire consumption rate while maximizing material
removal rate in wire electrical discharge machining. The findings showed that wire tension,
current, and their interactions significantly influenced surface roughness, while pulse on-
time and current had notable effects on material removal rate. Additionally, wire feed and
the interaction between current and pulse off-time were found to significantly impact wire
consumption rate. Ultimately, a desirability function approach was employed to optimize
the process parameters and achieve the desired surface roughness along with a maximum
material removal rate and minimum wire consumption rate.

In the study conducted by Muniappan et al. [25], the influence and improvement of
machining parameters on cutting speed in wire electrical discharge machining (WEDM)
operations were investigated, specifically focusing on a metal matrix composite material.
Parameters such as pulse on-time, pulse off-time, gap voltage, wire tension, and wire feed
were analyzed. The examination of parameter variations revealed that pulse off-time, gap
voltage, pulse on-time, and discharge current significantly impacted WEDM and were
identified as the most influential control parameters affecting cutting speed in WEDM.

In their work [26], Babu et al. focused on optimizing material removal rate and surface
finish in the wire cut electric discharge machining of Inconel 750, considering four input
factors: pulse on-time, pulse off-time, voltage, and current. To achieve optimization, they
trained a feedforward artificial neural network model using a Taguchi orthogonal array
and then utilized particle swarm optimization to optimize the weighting factors of the
network within neural power software, aiming to enhance material removal rate and
surface roughness.

In the study by Dayakar et al. [27], a Taguchi optimization method was employed for
the wire electrical discharge machining (WEDM) of maraging steel 350, focusing on material
removal rate and surface roughness as key output responses. The cutting parameters
optimized included pulse on-time, pulse off-time, peak current, and spark gap voltage.
Results revealed that surface roughness tended to increase with higher pulse on-time and
peak current, while material removal rate was positively affected by increases in pulse
on-time, spark gap voltage, and peak current. Notably, peak current emerged as the
most influential factor impacting both material removal rate and surface roughness in the
WEDM process.
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3. Materials and Methods
3.1. Materials

The experimentation was carried out using AISI D2 steel in two different plate thick-
nesses, 19 mm and 25 mm. The geometry machined is shown in Figure 1. Figure 2 shows
one of the machined parts. D2 steel was selected for this study at it is known for its high
hardness, wear resistance, and ability to maintain a sharp edge, which are essential charac-
teristics for producing precision dies used in the manufacturing industry. Dies made from
D2 steel are fundamental for cutting, stamping, and molding processes, where extreme
durability and accuracy are required. WEDM allows for the cutting and shaping of D2 steel
with great precision without generating mechanical forces that could deform or damage
the piece, thereby ensuring the integrity and functionality of the dies.

Figure 1. Geometry machined in WEDM.

Figure 2. Example of machined part.

3.2. Taguchi Methodology

The Taguchi methodology [13] is a statistical approach used in engineering and manu-
facturing to improve product quality by minimizing variation and deviation from target
values. At its core, the methodology focuses on the design of experiments with the aim
of making products and processes more robust against variations without significantly
increasing costs. The Taguchi method introduces several key concepts to achieve this,
notably control factors, noise factors, and the signal-to-noise (S/N) ratio.

Control factors are the variables within a process that can be controlled or adjusted.
By adjusting these factors, it is possible to optimize a desired output or performance
measure. Noise factors, in contrast, represent environmental, material, and operating
conditions that are difficult or impossible to control but can affect the performance or quality
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of a product. These could include humidity, material quality variations, or differences
in how a product is used by customers. Taguchi’s approach designs experiments to vary
control and noise factors to observe their effects on the response to identify settings that
improve the desired response and minimize the impact of noise.

The signal-to-noise (S/N) ratio is a metric that quantifies how well a product or
process performs relative to the variability or “noise” it is exposed to. The S/N ratio helps
in identifying the level of control factors that maximize performance stability. Taguchi
introduced specific types of S/N ratios for different kinds of objectives, such as the “smaller-
the-better” type of response for processes where the goal is to minimize a characteristic,
like defects or deviations from a target:

S/N = −10 log10

(
1
n

n

∑
i=1

y2
i

)
(1)

where S/N represents the signal-to-noise ratio for a smaller-the-better type of response, n
is the number of observations or trials, and yi denotes the value of the ith observation.

3.3. Experimentation

Considering previous research reported in Section 2, six control factors were consid-
ered for the experiments: pulse on-time (Ton), pulse off-time (Toff), servo voltage (SV), wire
tension (WT), wire speed (WS), and voltage (V). The six factors were expected to be able to
model the machining process and explain most of the variation in the responses chosen:
total energy consumption and surface roughness.

The experiments were performed on a WEDM Zodick VZ 300L machine like the one
shown in Figure 3.

The electrical power was measured by employing a Fluke 43B power analyzer. To know
the power measurements during machining, the power analyzer was connected to the main
power lines, as shown in Figure 4. This ensured that the measurement contemplated the
necessary electrical energy to power the actuators, display, fans, cooling system, and other
machine components. Figure 5 shows the electrical connection diagram recommended
by Fluke. Surface roughness was calculated with the Mitutoyo SJ-210 roughness meter,
with a sampling length of 2.5 mm. The value considered for each sample was based on
average measurements taken from the central area of each of the three flat surfaces of the
machined pieces.

Figure 3. Zodick VZ 300L Wire EDM machine used for the experiments.
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Figure 4. Connection of the power analyzer (Fluke 43B) on the main lines of the Zodick VZ300L machine.

Figure 5. Connection diagram recommended by Fluke to measure the total energy consumption of
the machine.

To define an initial or baseline combination of values for the machining process,
the values for pulse on-time, pulse off-time, servo voltage, wire tension, wire speed,
and voltage shown in Table 2 were taken as a starting point. These values were selected
based on pilot experiments and considering the values recommended by the manufacturer
of the WEDM machine. This set of values represents a typical selection for machining AISI
D2 steel.

Table 2. Baseline values for the experiment.

Factor Units Value

Pulse on-time (Ton) µs 13
Pulse off-time (Toff) µs 14
Servo voltage (SV) volts 44
Wire tension (WT) gram-force 30
Wire speed (WS) m/min 7
Voltage (V) volts 7
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The manufacturer’s recommendations and the same experiments used to select the
baseline values were used to define the levels 1, 2, and 3 for each factor. The levels are
intended to explore the variation in the response around the baseline values without
moving too far from the manufacturer’s recommended values to cause excessive wear in
the wire or break it. This is especially true for the wire tension and wire speed, whose
values were kept well below the maximum allowed by the machine. Table 3 shows the
selected levels for each one of the factors.

Table 3. Factors selected and their levels for the experiment.

Factor Units L1 L2 L3

Ton µs 10 13 16
Toff µs 11 14 17
SV volts 40 44 48
WT gf 30 40 50
WS m/min 5 6 7
V volts 5 7 9

Following Taguchi’s methodology, an L27 orthogonal array was employed to analyze
the WEDM process. Each of the 27 experiments was conducted with five repetitions for
a total of 270 experimental runs: 135 for the 19 mm thick plate and 135 for the 25 mm
thick plate.

Other factors were also considered, which were kept constant during the experiments.
These factors were a 0.25 mm diameter brass electrode, vertical cutting angle, a peak
current of 2215 units, a servo feed of 60 units, 55 units of water pressure, and the use
of deionized water as a dielectric fluid. The MAO, the machine setting that controls the
sensitivity level and the amount of adjustment to the “On” and “Off” times, was set to 250.

4. Results
4.1. Results to Minimize Surface Roughness

The results shown in Table 4 were obtained from the measurements taken for each
of the 19 mm and 25 mm specimens to know their surface roughness. The two different
thicknesses were considered noise factors, implying that the process had to be as insensitive
as possible to the thickness of the plate being machined. Together with the mean, the table
shows the signal-to-noise ratio (S/N) using a smaller-the-better quality response. A high
S/N ratio represents an experiment where the combination of factors and levels provides a
more robust response, meaning that the surface roughness changes less from one replicate
to the next. A low mean represents a less coarse, better surface roughness.

Table 4. Experimental results for the surface roughness.

RUN Ton Toff SV WT WS V Surface Roughness (µm)
Plate with 19 mm Thickness

Surface Roughness (µm)
Plate with 25 mm Thickness S/N (dB) Mean (µm)

1 10 11 40 30 5 5 3.01 2.93 2.79 2.93 2.95 2.83 2.86 2.98 2.77 2.72 −9.187 2.878
2 10 11 44 40 6 7 3.05 3.05 2.89 2.86 2.74 2.84 2.91 2.83 2.84 2.79 −9.190 2.879
3 10 11 48 50 7 9 3.22 3.03 2.87 3.08 2.86 2.87 3.00 2.98 2.94 2.83 −9.461 2.970
4 10 14 40 40 6 9 2.84 2.92 3.02 3.04 2.83 2.99 3.12 3.08 2.94 3.07 −9.503 2.985
5 10 14 44 50 7 5 3.00 2.91 2.73 2.94 2.86 2.86 3.03 2.82 2.69 2.74 −9.124 2.857
6 10 14 48 30 5 7 3.02 2.83 2.70 3.05 2.81 2.86 2.94 2.87 2.82 2.87 −9.181 2.876
7 10 17 40 50 7 7 3.18 3.01 2.95 3.18 2.89 2.78 2.86 2.78 2.83 2.87 −9.357 2.933
8 10 17 44 30 5 9 3.14 2.88 2.87 2.95 3.05 3.13 3.07 3.15 2.94 3.12 −9.636 3.031
9 10 17 48 40 6 5 2.82 2.90 2.81 2.83 2.81 2.82 2.80 2.91 2.84 2.78 −9.039 2.831
10 13 11 40 40 7 7 2.96 3.20 2.94 2.98 2.96 3.09 3.08 3.01 3.01 2.98 −9.603 3.020
11 13 11 44 50 5 9 2.99 3.09 2.91 3.08 3.10 3.28 3.36 3.03 3.37 3.17 −9.941 3.137
12 13 11 48 30 6 5 3.24 2.92 3.05 3.10 2.98 2.89 2.86 2.99 3.15 2.89 −9.569 3.007
13 13 14 40 50 5 5 3.09 3.14 2.96 3.00 2.85 2.88 3.11 2.83 2.92 2.84 −9.436 2.961
14 13 14 44 30 6 7 3.05 2.99 2.94 3.05 2.91 2.98 3.11 3.12 3.09 3.10 −9.644 3.034
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Table 4. Cont.

RUN Ton Toff SV WT WS V Surface Roughness (µm)
Plate with 19 mm Thickness

Surface Roughness (µm)
Plate with 25 mm Thickness S/N (dB) Mean (µm)

15 13 14 48 40 7 9 3.16 3.16 3.33 2.99 3.30 3.19 3.12 3.10 3.10 3.09 −9.978 3.153
16 13 17 40 30 6 9 3.09 3.03 2.90 3.01 3.26 2.98 3.20 3.10 3.10 3.06 −9.753 3.072
17 13 17 44 40 7 5 3.18 2.98 2.93 2.87 3.16 3.08 3.05 3.03 2.72 2.89 −9.515 2.988
18 13 17 48 50 5 7 3.21 3.06 3.06 3.07 3.07 2.99 3.06 3.14 2.97 3.05 −9.736 3.067
19 16 11 40 50 6 9 3.25 3.27 3.29 3.31 3.14 3.44 3.31 3.23 3.42 3.30 −10.362 3.296
20 16 11 44 30 7 5 3.18 3.08 2.85 3.00 3.00 3.06 3.01 2.90 2.99 2.95 −9.551 3.002
21 16 11 48 40 5 7 3.22 3.23 3.16 3.08 3.12 3.16 3.07 3.10 3.01 3.21 −9.931 3.137
22 16 14 40 30 7 7 3.19 3.01 2.97 3.19 3.35 2.87 3.23 3.11 3.13 3.16 −9.897 3.122
23 16 14 44 40 5 9 3.26 3.26 3.08 3.21 3.14 3.31 3.26 3.02 3.41 3.20 −10.146 3.214
24 16 14 48 50 6 5 3.05 3.06 2.89 3.30 3.34 3.18 3.12 3.26 3.06 3.15 −9.948 3.141
25 16 17 40 40 5 5 3.07 3.11 3.33 3.09 3.28 3.13 2.99 3.20 3.13 3.05 −9.938 3.138
26 16 17 44 50 6 7 3.34 3.09 3.04 3.08 3.12 3.33 3.31 3.15 3.05 3.13 −10.010 3.164
27 16 17 48 30 7 9 3.22 3.29 3.17 3.11 3.33 3.30 3.10 3.08 3.14 3.38 −10.137 3.211

The average response plots of the S/N ratio and the mean for the surface roughness
are shown in Figures 6 and 7, respectively. These graphs show the effect of each cutting
parameter on the response. To determine the optimal values for each cutting parameter, it
is necessary to consider both graphs, remembering that higher values of the signal-to-noise
ratio and lower mean values are better.

−10.0

−9.8

−9.6

−9.4

−9.2

M
ea

n 
of

 S
/N

 R
at

io
s 

(d
B)

321

TON

321

TOFF

321
SV

321
WT

321
WS

321
V

Figure 6. Average response plot of the S/N ratio of the surface roughness.
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Figure 7. Average response plot of the mean of the surface roughness.

From both average response plots, two things stand out. First, the values for each
factor that maximized the S/N ratio and minimized the mean were the same. These values
are summarized in Table 5. Second, the pulse on-time and the voltage factors caused the
most variation in the surface roughness.
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Table 5. Optimal levels that improved surface roughness.

Factor Levels That Maximize S/N Levels That Minimize Mean Optimal Levels Optimal Value

Ton 1 1 1 10 µ
Toff 1 1 1 11 µ
SV 2 2 2 44 volts
WT 1 1 1 30 gf
WS 3 3 3 7 m/min
V 1 1 1 5 volts

The statistical significance of the factors and their contribution on the response can
be verified by an analysis of variance. Tables 6 and 7 show the analysis of variance
(ANOVA) for the model considering the S/N ratio and the mean, respectively, for the
surface roughness. From the results, both S/N ratio and the mean had a similar behavior.
The pulse on-time (Ton) and the voltage were the only significant factors, with a p-value of
less than 0.001. They were also the only factors that were relevant for the analysis, as both
factors accounted for more than 90% of the contribution to the response and all the other
factors had a contribution of less than 1.2%.

Table 6. Analysis of variance when considering the S/N ratio for the surface roughness.

Source DF Seq SS Contribution Adj. SS Adj. MS F-Value p-Value

Regression 6 2.94637 93.18% 2.94637 0.49106 45.51 0.000
Ton 1 2.16508 68.47% 2.16508 2.16508 200.64 0.000
Toff 1 0.00595 0.19% 0.00595 0.00595 0.55 0.467
SV 1 0.00017 0.01% 0.00017 0.00017 0.02 0.901
WT 1 0.03731 1.18% 0.03731 0.03731 3.46 0.078
WS 1 0.01438 0.45% 0.01438 0.01438 1.33 0.262
V 1 0.72348 22.88% 0.72348 0.72348 67.05 0.000
Error 20 0.21581 6.82% 0.21581 0.01079
Total 26 3.16218 100.00%

Table 7. Analysis of variance when considering the mean for the surface roughness.

Source DF Seq SS Contribution Adj. SS Adj. MS F-Value p-Value

Regression 6 0.361464 93.21% 0.361464 0.060244 45.79 0.000
Ton 1 0.265154 68.38% 0.265154 0.265154 201.54 0.000
Toff 1 0.000664 0.17% 0.000664 0.000664 0.50 0.486
SV 1 0.000012 0.00% 0.000012 0.000012 0.01 0.925
WT 1 0.004759 1.23% 0.004759 0.004759 3.62 0.072
WS 1 0.001881 0.49% 0.001881 0.001881 1.43 0.246
V 1 0.088995 22.95% 0.088995 0.088995 67.64 0.000
Error 20 0.026313 6.79% 0.026313 0.001316
Total 26 0.387777 100.00%

Considering pulse on-time and the voltage as the more important factors, Figures 8
and 9 are contour plots showing the behavior of the S/N ratio and the mean for the surface
roughness within the limits studied. The contour plots exhibit how both the S/N ratio and
the mean improve as the pulse on-time and the voltage decrease.
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Figure 8. Contour plot of the S/N ratio for the surface roughness as a function of pulse on-time (Ton)
and voltage (V) within the limits studied. As the values of the S/N ratio are negative, values closer to
zero are better.
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Figure 9. Contour plot of the mean for the surface roughness as a function of pulse on-time (Ton) and
voltage (V) within the limits studied. Smaller values are better.

4.2. Results to Minimize Energy Consumption

The results shown in Table 8 were obtained from the measurements taken to know the
energy consumption for each of the 19 mm and 25 mm specimens. Together with the mean,
the table shows the signal-to-noise ratio (S/N) using a smaller-the-better quality response,
as it was desired to minimize energy consumption. As with the surface roughness, a high
S/N ratio represents an experiment where the combination of factors and levels provides
a more robust response, meaning that the energy consumption changes less from one
replicate to the next. A low mean represents lower energy consumption.
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Table 8. Experimental results for the energy consumption.

RUN TON TOFF SV WT WS V Energy Consumption (KWh)
Plate with 19 mm Thickness

Energy Consumption (KWh)
Plate with 25 mm Thickness S/N (dB) MEAN (KWh)

1 10 11 40 30 50 5 1.85 1.82 1.94 2.03 1.98 2.84 2.94 3.04 3.07 2.94 −7.962 2.445
2 10 11 44 40 60 7 1.32 1.32 1.42 1.50 1.40 2.06 2.16 2.11 2.16 2.05 −5.044 1.750
3 10 11 48 50 70 9 1.01 1.00 1.25 1.26 1.21 1.72 1.75 1.63 1.71 1.72 −3.269 1.428
4 10 14 40 40 60 9 1.10 1.17 1.35 1.23 1.22 2.27 1.65 1.77 1.79 1.63 −3.844 1.517
5 10 14 44 50 70 5 1.56 1.68 1.83 1.67 1.86 2.49 2.27 2.49 2.61 2.28 −6.479 2.075
6 10 14 48 30 50 7 1.33 1.57 1.72 1.51 1.61 2.90 2.04 2.39 2.40 2.16 −6.106 1.964
7 10 17 40 50 70 7 1.30 1.16 1.43 1.46 1.33 1.99 1.99 2.05 2.14 1.93 −4.687 1.678
8 10 17 44 30 50 9 1.12 1.18 1.16 1.41 1.23 1.84 1.97 1.93 1.98 1.90 −4.156 1.573
9 10 17 48 40 60 5 1.68 1.88 1.88 1.92 2.02 2.76 2.72 2.68 2.79 2.67 −7.383 2.299
10 13 11 40 40 70 7 1.04 1.24 1.31 1.19 1.33 1.82 1.74 1.77 1.85 1.71 −3.671 1.498
11 13 11 44 50 50 9 0.95 1.02 1.03 1.00 0.92 1.49 1.45 1.64 1.38 1.36 −1.939 1.225
12 13 11 48 30 60 5 1.40 1.41 2.09 1.58 1.42 2.18 2.22 2.29 2.32 2.24 −5.820 1.916
13 13 14 40 50 50 5 1.21 1.23 1.36 1.41 1.42 1.99 2.12 2.15 2.16 2.12 −4.923 1.717
14 13 14 44 30 60 7 1.14 1.21 1.30 1.31 1.28 2.30 1.86 2.00 1.82 1.88 −4.376 1.610
15 13 14 48 40 70 9 0.92 0.97 1.08 1.17 1.08 1.54 1.56 1.61 1.63 1.60 −2.577 1.316
16 13 17 40 30 60 9 1.21 1.12 1.25 1.13 1.11 1.97 1.57 1.54 1.51 1.38 −2.944 1.379
17 13 17 44 40 70 5 1.38 1.42 1.62 1.48 1.03 3.07 1.76 2.17 2.25 2.21 −5.675 1.838
18 13 17 48 50 50 7 1.14 1.26 1.31 1.28 1.38 1.90 1.83 2.08 1.91 1.77 −4.191 1.587
19 16 11 40 50 60 9 0.59 0.75 0.87 0.83 0.77 1.23 1.09 1.54 1.23 1.19 −0.395 1.009
20 16 11 44 30 70 5 1.19 1.42 1.39 1.28 1.41 2.03 1.77 2.00 1.99 1.69 −4.325 1.617
21 16 11 48 40 50 7 0.96 1.01 1.10 1.10 1.11 1.48 1.53 1.44 1.49 1.57 −2.268 1.278
22 16 14 40 30 70 7 1.03 1.08 1.17 1.08 1.12 2.51 1.48 1.68 1.68 1.54 −3.536 1.438
23 16 14 44 40 50 9 0.75 0.88 0.91 0.83 0.97 1.29 1.31 1.55 1.28 1.24 −1.059 1.102
24 16 14 48 50 60 5 1.13 1.24 1.45 1.23 1.28 1.72 1.61 1.80 1.84 1.35 −3.432 1.464
25 16 17 40 40 50 5 1.17 1.28 1.13 1.15 1.25 1.94 1.88 1.89 1.62 1.70 −3.725 1.501
26 16 17 44 50 60 7 0.94 0.95 1.06 1.00 1.02 1.90 1.45 1.54 1.44 1.80 −2.632 1.310
27 16 17 48 30 70 9 0.90 1.04 1.18 0.97 1.02 0.98 1.37 1.50 1.44 1.30 −1.494 1.169

The average response plots of the S/N ratio and the mean values for the energy
consumption are shown in Figures 10 and 11, respectively. These graphs show the effect
of each cutting parameter on the energy consumption. As with the surface roughness,
to determine the optimal values for each cutting parameter, it is necessary to consider both
graphs. The optimal levels that improved the energy consumption are shown in Table 9.

From the average response plots, again, two things stand out. First, the values for
each factor that maximized the S/N ratio and minimized the mean were the same. These
values are summarized in Table 9. Second, the pulse on-time, wire tension, and voltage
factors caused the most variation in the energy. It is important to notice that wire tension
was neither a significant nor important factor for surface roughness, but it appeared to be a
relevant factor to control energy consumption.
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Figure 10. Average response plot of the S/N ratio for the energy consumption.
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Figure 11. Average response plot of the mean for the energy consumption.

Table 9. Levels that minimized energy consumption.

Factor Levels That Maximize S/N Levels That Minimize Mean Optimal Levels Optimal Value

Ton 3 3 3 16 µs
Toff 1 1 1 11 µs
SV 2 2 2 44 volts
WT 3 3 3 50 gf
WS 2 2 2 7 m/min
V 3 3 3 6 volts

Once more, this can be verified with an analysis of variance. Tables 10 and 11 show the
analysis of variance of the model for the S/N ratio and mean, respectively. From the results,
three factors were significant for both responses with a p-value of less than 0.001: Ton, WT,
and V. Considering the contribution from these three factors, Ton and V were again the
most important ones as together they contributed to the response with a more than 90%
similarity to what happens with the surface roughness. Wire tension accounted for roughly
5% of the change in the response. As the error in the model was 5.2% for the mean and
2.25% for the S/N ratio, the relevance of the wire tension to control energy consumption
may be open to discussion.

Table 10. Analysis of variance when considering the S/N ratio for the energy consumption.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

Regression 6 86.0479 97.75% 86.0479 14.3413 144.77 0.000
Ton 1 37.7431 42.88% 37.7431 37.7431 381.00 0.000
Toff 1 0.2673 0.30% 0.2673 0.2673 2.70 0.116
SV 1 0.0405 0.05% 0.0405 0.0405 0.41 0.530
WT 1 4.2734 4.85% 4.2734 4.2734 43.14 0.000
WS 1 0.0211 0.02% 0.0211 0.0211 0.21 0.649
V 1 43.7026 49.65% 43.7026 43.7026 441.16 0.000
Error 20 1.9813 2.25% 1.9813 0.0991
Total 26 88.0292 100.00%

Table 11. Analysis of variance when considering the mean for the energy consumption.

Source DF Seq SS Contribution Adj SS Adj MS F-Value p-Value

Regression 6 2.93505 94.84% 2.93505 0.48917 61.28 0.000
Ton 1 1.30130 42.05% 1.30130 1.30130 163.03 0.000
Toff 1 0.00161 0.05% 0.00161 0.00161 0.20 0.659
SV 1 0.00316 0.10% 0.00316 0.00316 0.40 0.536
WT 1 0.14555 4.70% 0.14555 0.14555 18.24 0.000
WS 1 0.00617 0.20% 0.00617 0.00617 0.77 0.390
V 1 1.47725 47.74% 1.47725 1.47725 185.07 0.000
Error 20 0.15964 5.16% 0.15964 0.00798
Total 26 3.09469 100.00%
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Againg, considering pulse on-time and the voltage as the more important factors,
Figures 12 and 13 are contour plots showing the behavior of the S/N ratio and the mean
for the energy consumed within the limits studied. The contour plots exhibit how both the
S/N ratio and the mean improve as the pulse on-time and the voltage increase.
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Figure 12. Contour plot of the S/N ratio for the energy consumption as a function of pulse on-time
(Ton) and voltage (V) within the limits studied. As the values of S/N ratio are negative, values closer
to zero are better.
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Figure 13. Contour plot of the mean for the energy consumption as a function of pulse on-time (Ton)
and voltage (V) within the limits studied. Smaller values are better.

4.3. Factors That Reduce Energy Consumption and Improve Surface Roughness

Consider the two most important factors in the analysis: pulse on-time and voltage.
The values of these two factors that improve surface roughness worsen energy consumption
and vice versa. To obtain the values of the factors that lower energy consumption without
worsening surface roughness, it is necessary to consider the contribution of each factor to
each response.
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Table 12 summarizes the levels that minimize the surface roughness and the energy
consumption, together with the contribution percentages that the factors have for each
of the responses. Ideally, suppose one factor has a strong contribution to one response
and a weak one to the other. In that case, it is possible to say that it is more convenient to
select as a better value than the one that improves the result on the response where the
factor has a strong influence. However, if such a decision cannot be simply made because
the percentage contribution to both responses is similar, other methods or performance
characteristics must be considered.

Table 12. Combination of factors and levels that improve both responses.

Factor
Surface Roughness Energy Consumption

Optimal Level Optimal ValueS/N Mean S/N Mean
Level % Level % Level % Level %

Ton 1 68.47% 1 68.38% 3 42.88% 3 42.05% 1 10 µs
Toff 1 0.19% 1 0.17% 1 0.30% 1 0.05% 1 11 µs
SV 2 0.01% 2 0.00% 2 0.05% 2 0.10% 2 44 volts
WT 1 1.18% 1 1.23% 3 4.85% 3 4.70% 3 50 gf
WS 3 0.45% 3 0.49% 2 0.02% 2 0.20% 3 7 m/min
V 1 22.88% 1 22.95% 3 49.65% 3 47.74% 3 9 volts

Fortunately, the simple approach described above worked here. The pulse on-time
(Ton) had a contribution of around 42% for the energy consumption and around 68% for
the surface roughness. Hence, it was possible to select the level for Ton based on the result
that minimized the surface roughness, which was level 1.

For the voltage (V), its contribution to the energy consumption was around 50%
whereas for the surface roughness, it was around 23%. Therefore, the best level for the
voltage could be selected based on the results of the energy consumption, that is, level 3.

The wire tension (WT) level could be selected based on the energy consumption alone,
since it was only relevant for that response. In consequence, the best level for the wire
tension was level 3.

Wire speed was a weak contributor to both responses, so any of the levels chosen for
this factor could work. Higher wire speeds could lead to increased machining efficiency
and a higher material removal rate, so a wire speed of 7 m/min, corresponding to its level
3, was chosen.

Using the above arguments, the levels that optimized both responses were a pulse
on-time of 10 µs, a pulse off-time of 11 µs, a servo voltage of 44 volts, a wire tension of
50 g-force, a wire speed of 7 m/min, and a voltage of 9 volts.

4.4. Verification Experiment

Using the results shown in Table 12 where the levels that optimized both responses
were a pulse on-time of 10 µs, a pulse off-time of 11 µs, a servo voltage of 44 V, a wire
tension of 50 g, a wire-speed of 7 m/min, and a voltage of 9 V, experiments were run to
verify this finding.

The results for the verification experiments are reported in Table 13 for the surface
roughness response and in Table 14 for the energy consumption. In both cases, the responses
found using the optimal levels previously mentioned were compared with the baseline
values defined in Table 2. To ensure comparable results, the verification experiment was
run five times for the 19 mm plate and five times for the 25 mm plate.

Table 15 summarizes the comparison between the responses obtained with the optimal
levels defined in this work and the baseline values. From the values, it is easy to see that
the surface roughness improvement was marginal, with a 1.3% decrease in variability and
a 1.2% decrease in the mean surface roughness. Considering the energy consumption,
the improvement was more important, with a decrease in variability of 8% and a decrease
in energy consumption of 8.4%. It is important to note that both responses improved
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with the selected levels for each of the variables, even when considering plates with
different thicknesses.

Table 13. Verification run for the surface roughness.

Ve TON TOFF SV WT WS V E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 S/N Mean

Baseline 13 14 44 30 70 7 2.98 2.99 2.92 3.01 2.98 2.93 3.03 2.92 3.00 3.07 −9.494 2.983
Optimal 10 11 44 50 70 9 2.88 2.98 2.96 2.97 2.95 2.98 2.93 2.93 2.96 2.92 −9.385 2.946

Table 14. Verification run for the energy consumption.

Run TON TOFF SV WT WS V E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 S/N Mean

Baseline 13 14 44 30 70 7 1.17 1.17 1.15 1.14 1.17 1.61 1.68 1.75 1.71 1.80 −3.298 1.435
Optimal 10 11 44 50 70 9 1.05 1.02 1.04 1.04 1.02 1.49 1.67 1.64 1.59 1.59 −2.577 1.315

Table 15. Improvement on surface roughness and energy consumption compared to baseline values.

Surface Roughness Energy Consumption
S/N (dB) Mean (µm) S/N (dB) Mean (KWh)

Baseline −9.494 2.983 −3.298 1.435
Optimal −9.385 2.946 −2.577 1.315
Gain 0.109 −0.037 0.721 −0.12
Improvement 1.3% 1.2% 8.0% 8.4%

5. Conclusions

This work aimed to optimize cutting parameters in wire electric discharge machining
(WEDM) to minimize energy consumption when machining AISI D2 steel. To ensure
that the quality of the machining process was not sacrificed, surface roughness was also
considered as a performance response.

The analysis was performed based on Taguchi’s method, using a smaller-the-better
type of response. Six process variables were considered factors for the analysis: pulse on-
time, pulse off-time, servo voltage, wire tension, wire speed, and voltage. The design of the
experiments was carried out using an L27 orthogonal array. Two plate thicknesses, 19 and
25 mm, were considered to simulate that the optimization process should be insensitive to
the thickness of the plate being machined.

Six control factors were considered in the experiment: pulse on-time (Ton), pulse
off-time (Toff), servo voltage (SV), wire tension (WT), wire-speed (WS), and the voltage in
the wire (V). From the experiments, two control factors contributed 90% of the variations
in the responses: pulse on-time and voltage in the wire. Pulse off-time, servo voltage,
and wire speed had no effect on any of the responses.

Considering pulse on-time and the voltage were the more important factors in the
experiment, it was found that for surface roughness, both the S/N ratio and the mean
improved as the pulse on-time and the voltage decreased. On the other hand, for the energy
consumption, both the S/N ratio and the mean improved as the pulse on-time and the
voltage increased.

The result that increasing pulse on-time and voltage may reduce the overall energy
consumption of the WEDM process requires an explanation, as it may be counterintuitive.
This is due to an increased material removal rate as a longer pulse on-time allows each
discharge to remove more material, thus achieving the desired cut faster. The effect of an
increasing voltage is similar. A higher voltage increases the energy density of each spark,
resulting in more effective material removal per discharge.

To reduce energy consumption without sacrificing the surface roughness, a pulse
on-time of 10 µs, a pulse off-time of 11 µs, a servo voltage of 44 V, a wire tension of 50 g,
a wire speed of 7 m/min, and a voltage available on the wire of 9 V should be used. This
combination of values reduced the energy consumption by 8%, whereas surface roughness
was improved by 1% when compared with the baseline values.
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Considering the work conducted, the use of signal-to-noise ratios and means as part
of Taguchi’s methodology is a sound choice to analyze the problem and find the best values
for the control factors. Additional information from an analysis of variance, specifically
the contribution of each factor to the variation in the response, can help to select the best
levels when more than one response is of interest. As in this work, this simple approach
can be sufficient to decide the overall best levels for multi-response problems when the
contribution of each factor is different for each response.
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