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ARTICLE INFO ABSTRACT
Keywords: Micro-electrical discharge machining (WEDM) is severely affected by tool wear and its process
EDM variants, which can lead to compromised precision and dimensional disruptions in micro-part

Tool wear compensation
Offline compensation
Micro EDM

Online compensation

production. Several attempts have been made to address this problem by suggesting offline and
online (real-time) tool wear compensation strategies. Research efforts in this area have intensified
over the last 20 years. However, most methods proposed were applicable only for a few work-tool
combinations and in limited input process parametric settings. Instead of tool wear compensation,
several research articles have focused on strategies to reduce the negative impact of tool wear on
the quality of fabricated parts. The present study systematically reviews various investigations
conducted in this area and aims to add cutting-edge compensation for tool wear to future in-
quiries. The articles reviewed here are explored in detail. Critical findings/innovations are clas-
sified into four categories: tool wear in pEDM, tool wear compensation techniques, and offline
and online compensation methods.

1. Introduction

In the current highly competitive manufacturing industry, achieving dimensional precision of micro-parts and reducing machining
time are two crucial requirements for successful micro-manufacturing [1]. Therefore, precision machining is an essential technology
for producing microscopic parts and features. Micromachining is a well-known machining category with the capability to manufacture
different sizes of components ranging from 1 4 m to 999 y m, or the amount of material being removed is measured in microns [2]. The
desire for products fabricated from robust engineering materials has forced researchers to consider new manufacturing routes. Due to
their superior material and mechanical properties, the requirement for micro components with advanced materials like ceramics, super
alloys, and composites has recently increased. Researchers have identified various applications for these materials in engineering,
automobiles, aerospace, and biomedical industries. The hardness, high toughness, and fatigue of sophisticated and exceptional
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Nomenclature

C Combination of a fraction of energy and a fraction of molten region area
CNC Computer numerical control

CCD Charge-coupled device

E Complete elliptic integrals of the second kind

EWC Electrode wear compensation

EWR Electrode wear rate

erfc Complementary error function

HAR High aspect ratio

I[EG Inter electrode gap

I, Average current (A)

K; Average thermal conductivity (Wm'k™

K Complete elliptic integrals of the first kind

LIGA Lithographie, Galvanik and Abformung (German word)
LCM Linear compensation method

MRR Material removal rate

PSD Power spectral density

q Heat flux (Wm™2)

r Radial distance of material (4 m)

R Heat flux radius (u m)

SR Surface roughness

SEM Scanning electron microscopy

T Temperature (K)

Ton Pulse on time (ns)

TWC Tool wear compensation

UWM Uniform wear method

Va Average voltage (V)

w Vertical distance towards cathode and heat flux radius
MEDM  Micro-electrical discharge machining

uLBM Micro laser beam machining

pEBM Micro electron-beam machining

u Radial distance of material to heat flux radius in the vertical axis
Greek Letters

a Average thermal diffusivity (m%™)

T Different instants of time

materials make them challenging to machine. Therefore, non-conventional micromachining methods are an essential family of
technologies that can facilitate the production of micro parts.

The term non-conventional micromachining methods refers to manufacturing techniques that deviate from conventional methods
in micromachining. These methods often involve innovative or unconventional approaches to achieve precision machining at a
microscale. Non-conventional methods include laser ablation, electrochemical machining, pEDM, and focused ion beam machining.
These techniques differ from traditional machining processes like milling or turning and are particularly suited for intricate micro-scale
fabrication where high precision and intricate geometries are required. Non-conventional machining methods utilize different energy
forms like chemical, optical, mechanical, electrical, and thermal to remove materials, diverging from the conventional machining
approach that relies on sharp-edged cutting tools. Table 1 outlines several key features, capabilities, and applications of micro-
machining techniques. pPEDM is a commonly used non-conventional micromachining method to manufacture micro-components on
advanced materials because of its capability to deal with electrically conductive, tough, and brittle materials independent of their
mechanical qualities.

During pEDM, the electrode and workpiece are kept apart, which results in minimum mechanical stresses, debris, and vibration
issues in the manufacturing process. With its numerous benefits, tfEDM can produce holes with a diameter as small as 10 pm and blind
holes with an aspect ratio of up to 20 pm [9]. Micro-EDM produces minute sparks lasting around 50 ns and a small electric current of
0.25A, resulting in minimal input energy per discharge and a low material removal rate per unit [12,13]. Furthermore, pEDM offers
lower setup costs, ample design freedom, a large aspect ratio, and improved accuracy compared to other competing methods like
Lithographie, Galvanik, and Abformung (LIGA), micro laser beam machining (nLBM), and micro electron-beam machining (PEBM).
While electrode size and shape may vary, the material removal mechanism in micro-EDM exhibits comparable behavior to conven-
tional EDM, with the primary distinction in the quantity of input energy delivered. Both the specimen and electrode are attached to a
suitable DC power supply. Based on open-circuit voltage, an inter-electrode gap (IEG) is maintained among the specimen and electrode
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Table 1
Micromachining variants with their capabilities and applications.
Variant Source of energy Capabilities of variant Applications
Electrochemical micromachining [4,5] Thermal and Chemical - 3D, voltage = 1-10 V - Deburring
- Inter electrode gap = 5-50 y m - Print bands finishing
- R, =0.05-0.4 - Nozzle plate for inkjet printer head
- Accuracy = + 0.01 mm
Electrochemical jet machining [6] Thermal and Chemical - 3D, voltage = 150-170 V - Drilling of holes

- Pressure = 0.3-1.0 MPa

- Electrolyte = 10-25%
Micro EBM [7,8] Electromagnetic - Widthyin =25 pm

- Density = 6500 GW/mm?

- Energy range = 10-1000 eV
HEDM die sinking [3] Thermal -R,=050pm

- 3D, Widthpin =20 pm

- Aspect ratio = 20

Drilling of various materials
Holes in wire drawing dies
Cooling holes in turbine blades
Replication molds

Coinage die making

Prototype production

pEDM milling [3] Thermal - 3D, Width,;, = electrode diameter - Micro-injection molds
- R,=050pm - Embossing or coining tools
Abrasive slurry jet micromachining [9,10] Mechanical - 3D, dhole, min = 5-9 pm - Coating and metal forming
- Depthpin = 37 pm - Chemical processing
MEDM drilling [3] Thermal -R,=030pm - Injection nozzles

- 2D, dhole, min = 40 p m
- Aspect ratio = 25-50
Ultrasonic micromachining [9,11] Mechanical - 3D, dhole, min = 20 pm
- Frequency = 20-40 kHz
- Amplitude = 2-100 p m

Press tool dies
Machining of watch bearings and jewels

WWEDM [3] Thermal — 2D, dwire, min = 30 pm - Opto-electronic components,
- hpax =5 - Stamping tools
- Smin =40 pm
-Ry=0.07pm
uLBM [9] Thermal - 1D, spot size = 0.015-0.075 mm - Small holes>0.25 mm in diameter

- Beam output = 10-1000 W
- Peak power = 100-400 kW

Holes up to 1.5 mm

Diameter

Large holes (trepanned)
Drilling (punching/percussion)

throughout the machining. During pEDM, the specimen and electrode are submerged in a dielectric fluid. The presence of a fixed
potential difference and IEG is necessary to establish an electric field between the electrode and specimen during pEDM. In EDM, a
straight polarity is defined by attaching the negative end to the tool and the positive end to the workpiece. The free electrons within the
tool experience electrostatic force due to the electric field between the workpiece and the electrode.

Electrons emitted from the tool electrode accelerate towards the anode in the IEG after an appropriate electric field has been
developed. As dielectric molecules fill the gap between the electrode and specimen, collision between electrons and dielectric mol-
ecules occurs, causing the molecules to split into electrons and ions. Once the concentration of ions, i.e., positive ions and electrons,
exceeds a threshold in the IEG, the workpiece and electrode create a plasma channel due to the avalanche motion of the electrons. This

—
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Fig. 1. Schematic diagram of dimensional inaccuracy caused by tool wear.
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process is termed the formation of an ionization channel. Since the ionization channel produced is conductive, dielectric breakdown
occurs, and thus a discharge is generated. The heat energy is generated by converting the kinetic energy of ions and electrons at the
anode and cathode. Localized melting and evaporation of the electrodes occur due to the heat produced by discharge canals, which can
generate up to 1017 W/m?>.

Consequently, the tool erodes as the machining progresses, making it necessary to estimate the volumetric wear ratio, which
commonly leads to inaccuracies in the size and shape of the components [14]. Multiple pulse generators facilitate ongoing sparking
and enable the machining process to proceed. These encompass servo feed controllers, transistor-based systems, and pulse generators
utilizing RC discharge circuits. Moreover, combinations of different generators to increase the machining efficiency of pEDM were
reported in the literature. A conventional RC-type pulse generator has a material removal rate that is 24 times slower than a com-
bination of a transistor-type pulse generator and a servo feed controller [15]. pEDM drilling has shown the capability to produce
three-dimensional micro holes [16], micro rods with a diameter of 60 4 m [17], and micro-holes less than 5 y m in diameter [18],
among the various micromachining techniques. These features are generated by various micro-EDM alternatives, classified according
to electrode traversal or the polarity of the specimen and electrode. Material removal in pEDM is subject to contributing and
non-contributing types of discharge pulses, which are dissimilar in frequencies, dimensions, profiles, and discharge durations. These
discharge pulses are influenced by capacitance, material properties, voltage, and dielectric properties [19]. During flushing, there is
considerable unpredictability in the size and shape of the pulses, electrode, specimen orientation, tool polarity, and workpiece. This
uncertainty in pulses leads to irregular discharge energy and undesirable short circuits. This ultimately results in relatively high tool
wear, which is undesirable during machining; thereby, the dimensional accuracy of the fabricated components is critically affected. A
schematic diagram illustrating how tool wear affects the accuracy of manufactured parts and electrodes is shown in Fig. 1. Dimensional
inaccuracies caused by tool wear in pEDM-manufactured micro-holes with dimensions greater than 5 pm cannot be ignored [20]. Tool
wear damages the accuracy of various features and affects the machining performance; hence, tool replacement becomes essential. The
tool wear issue becomes more significant in the pEDM process as the minor defects in the electrode contribute significant errors to
micron-scale features. Therefore, it is essential to have a mechanism capable of monitoring and compensating for such electrode wear
during the pEDM machining process.

The discussion shows that tool wear significantly influences the precision of the products fabricated by pEDM [21,22]. The
following section highlights the different types of tool wear and their progress. Various researchers have made numerous attempts to
address this tool wear problem. Some of the proposed efforts have highlighted the benefits and drawbacks of pEDM. However, sub-
stantial challenges persist, including effectively monitoring electrode wear and ensuring the applicability and validity of proposed
compensation methods across a range of input parameters and materials. This systematic review aims to link with a proposed future
research plan for more effective electrode wear compensation in real-time.

2. Tool wear in pEDM variants
2.1. uEDM drilling

Tool wear is intrinsically related to the pEDM procedure and is usually produced by unsteady discharges during machining. With
increased drilling depth, the flushing pressure required to remove debris becomes insufficient and causes secondary discharge. Sec-

ondary discharges result in tool wear at the edges and tips of the electrode, leading to depth inaccuracies and taper growth in micro-
hole sidewalls. The cross-section of a microscopic hole produced by pEDM, aimed at a depth of 600 x m, is depicted in Fig. 2 (a) along

Before erosion

After 5 pm erosion

After 100 pm erosion

600 pm depth setting

Machined depth| depth error

542.5um 9.58%

(@) (b)

Fig. 2. (a) depicts the discrepancy in the intended depth of micro-holes due to electrode wear [23], while (b) shows the tool wear after machining
specific depths [21].
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with tool wear at different depths, as shown in Fig. 2 (b). However, it was revealed that the machining depth was only 542.5 y m (i.e.,
9.58% error) [23]. The required depth set on the CNC control panel of the machine was 600 ¢ m. Even after machining, the CNC
controller indicated that the depth in the Z-axis had been achieved (i.e., 600 pym). Kurafuji and Masuzawa [24] introduced the first
scaled-down version of EDM in 1968 and noticed a dimensional precision error of 10% in the holes due to electrode wear. Since then,
several researchers have explored various materials’ electrode wear rates (EWR) across different parameter settings. Yu et al. [25]
investigated tool wear during the pEDM process for three-dimensional cavities, noting substantial wear when removing a 30 pm thin
layer. Mobhri et al. [26] analyzed tool wear in EDM and proposed that a carbon film settled on the cathode and anode significantly
influences MRR and minimizes the EWR. Jeong and Min [27] proposed a statistical simulation design of pEDM drilling with a spherical
tool to determine the shapes of the electrode and a drilled cavity. The proposed model can precisely determine the variation in the
electrode and specimen shapes during the machining process because of corner wear, as depicted in Fig. 3. The predicted error
amounts to 13% when compared to the experimental outcome.

Pham et al. [28] conducted a study on the application of EDM for drilling micro-tubes and micro-rods. They delved into the effects
of different variables on micro-tool wear in this process. The author employed a straightforward approach to calculate the volumetric
wear ratio by utilizing the acquired geometric data. Fig. 4 depicts the size and shape of the hole created during the steel drilling with a
WC (tungsten carbide) tool under specific sparking conditions.

Kurnia et al. [29] implemented an improved theoretical design and presented an analytical study of tEDM performance measures
through crater volume prediction. They discovered that analytically derived responses, such as Material Removal Rate (MRR) and
EWR, exhibited a 30-40% disparity compared to their corresponding experimental data. Fig. 5 depicts the development of wear on the
tool at various depth settings.

Jahan et al. [30] proposed different electrode wear and tool dressing strategies while machining a 300 4 m diameter hole with the
WC electrode. A uniform wear ratio for pPEDM of WC was found to remove material from 70 to 80% at high current and voltage
configurations. The various stages involved in maintaining the geometric accuracy of the tool for micro-hole machining are illustrated
in Fig. 6 (a - c).

Fu et al. [31] conducted a study to investigate how the side gap width, EWR, and dielectric fluid influence the quality of rough,
semi-finished, and finished surfaces. It has been found that the width of the surface edge gap increases as the machining power and feed
rate increase. However, the EWR increased with the machining feed rate, and it has been reported that the EWR of WC was always
higher than that of the tungsten tool. Fig. 7 (a, b) depicts the detailed outline of the tool before and after machining in water whereas
Fig. 7 (c, d) represent the same for oil.

Hourmand et al. [32] introduced a novel approach for manufacturing and measuring microelectrodes characterized by a high
aspect ratio. This method incorporates an innovative problem-solving technique. The tapered and nonspherical micro-tool, manu-
factured by employing the standard electrode (circular type), can be seen in Fig. 8(a) and (b). Following their investigation, they
successfully fabricated a micro-hole with an impressive aspect ratio of 60.25. This micro-hole, which measured 4.70 mm in length and
78.19 pm in diameter, was achieved by initially creating a through-hole (134.5 pm in diameter) on WC-Co.

Kumar and Singh [33] conducted a study to examine the impact of characterized micro-holes at two distinct angles of inclination,
specifically between 60° and 70° from the horizontal. The author explored variations in hole width and electrode speed to amplify the
output characteristics. By utilizing a specialized tool intended for cutting 0.8 pm-wide holes, a noteworthy enhancement in aspect ratio
by 300% has been proposed in contrast to a solid spherical tool. Fig. 9 (a, b) presents the schematic of the tool electrode with multiple
slots. Fig. 9 (c) visually compares the electrodes before and after the machining procedure.
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Fig. 3. Scanning electron microscopy (SEM) image of electrode and workpiece when the drilling depth is 580 pm: (a) tool and (b) workpiece [27].
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Fig. 4. Constant tool shape into the workpiece after a 180 4 m erosion depth [28].

(b) (€) (d)

Before machining 250 pm depth 500 pm depth 750 pm depth 1000 pm depth
setting setting setting setting

Fig. 5. Electrode wears for depth settings of (a) before machining, (b) 250 pm, (c¢) 500 pm, (d) 750 pm and (e) 1000 pm [29].
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Fig. 6. Electrode dressing for the micro-EDM of micro-holes: (a) drilling of micro-hole by micro-EDM, (b) dressing the taper length horizontally, and
(c) approaching the next hole [30].
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Fig. 7. Alteration in the appearance of tungsten electrodes (a) before machining in water, (b) after machining 140 holes in water, (c) before
machining in oil and (d) after machining 10 holes in oil [31].

100pum

Fig. 8. Taper and non-cylindrical microelectrode with (a) front and (b) side views [32].
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Fig. 9. Schematic of the tool electrode with multiple slots (a, b), (c) actual electrode [33].

2.2. uEDM milling

As micro-EDM drilling operates in a two-dimensional manner, several researchers have explored three-dimensional milling
techniques to overcome the limitations inherent in this machining method. The EDM method is subdivided into two alternative
processes for making micro-molds. The standard type in EDM is die-sinking; however, it has several drawbacks. One of the drawbacks
is the requirement to fabricate a multi-shape tool before the removal process, which is expected to be expensive and complex. A
contemporary manufacturing machining method that also depends upon the spark for material removal is the pEDM milling process.
This machining method uses a circular tool to create a defined shape by retrieving the computer numerical control (CNC) code. These
codes encompass the electrode path for layer-by-layer micro-EDM milling processes with a depth limit typically around 0.1 pm per
layer. This machining method must use a stipulated wear compensation approach to remove electrode wear, which is crucial for the
manufacturing accuracy of three-dimensional geometries.

In the nineties, pEDM milling was developed in Charmilles for spherical tools with diameters ranging from 0.8 to 12 mm. Mehfuz
and Ali [34] formulated a numerical model that employed comprehensive three-phase factorial experimental designs to investigate
how capacitance, feed rate, and voltage influence the outcomes of the machining process. They achieved an optimization level of 88%
desirability by determining the optimal surface roughness (SR) values at 0.04 pm, EWR at 0.044, and MRR at 0.08 mg.min-1. Heo et al.
[35] suggested a 3D geometric analysis technique for fEDM milling. A *Z’ map algorithm was also developed by Mehfuz and Ali [34] to
obtain precise information about variations in the tool’s geometry and the workpiece due to electrode wear during machining and also
investigated the influence of machining parameters on the outcomes. Bissacco et al. [36] employed a laser scan micrometer within a
manufacturing setup to investigate tool wear in pEDM milling. They determined the coordinates of a tooltip before and after the
machining process. Karthikeyan et al. [37] conducted a comparison of various pEDM milling techniques, considering channel ge-
ometry and SR of the machined workpieces. Their findings propose that the tool’s surface remains unaltered by centrifugal force during

Workpiece

Fig. 10. Schematic diagram of flat milling using a cylindrical tool [40].
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the machining process. Since tool wear influences the precision of the machined surface, various methods have been adapted to judge
and compensate for electrode wear. Wei et al. [38] introduced an innovative assessment approach to improve pEDM milling per-
formance, particularly for challenging-to-machine materials. Their method demonstrated a remarkable 30% improvement in
manufacturing hard-to-machine material. Nguyen et al. [39] presented a geometric model to simulate the effects of three-dimensional
pREDM milling on the machining mechanism. The corner radius of the plain electrode, electrode wear, and IEG influenced the precision
of machining. Pie et al. [40] offered a flat milling procedure based on the constant length compensation approach. This investigation
addresses the constraints of the previously studied constant tool length compensation strategy. Fig. 10 depicts a conceptual diagram of
the flat milling procedure using a cylindrical tool. Fig. 11 (a - e) presents the shapes of tool with different milling distances. It illustrates
that the flat base at the end of the reduced conical tool, as opposed to the conical tooltip, permits plane milling without extra
precautions.

2.3. Reverse uEDM

Reverse pEDM (RpEDM) is identified as the most advanced method in the pEDM field. This technique has been employed to produce
high aspect ratio micro-features with diverse applications in micro-EDM, encompassing the drilling of cavities in fuel injection nozzles,
turbine blades, and spinners. Productivity can be enhanced with the help of such selected micro features. The RUEDM procedure is
carried out in two steps. During the initial phase, appropriately sized holes are machined on the tool plate using the micromachining
process. In the next phase, RUEDM is used to replicate similar holes. Yamazaki et al. [41] proposed the fabrication of micro rods using a
technique wherein a pre-drilled micro hole plate served as the tool plate, and the polarity of micro-EDM drilling was inverted. Fig. 12
(a—c) depicts a detailed view of micro rods after the machining at different discharge powers. Under conditions of equivalent electrical
capacitance, the smallest difference between the voltage and IEG likely caused the tool’s diameter to grow while the voltage decreased.

Kim et al. [42] forwarded the investigation and named it RUEDM. This technique successfully manufactured micro rods smaller
than 30 pm in diameter on tungsten carbide (WC) material. The tool wear in RUEDM is shown in Fig. 13 (a, b) and fabricated micro rods
are depicted in Fig. 13 (c).

Since the development of RUEDM, researchers have individually explored diverse combinations of workpieces and electrode
materials to ascertain their viability for producing specific microrods [43-45]. Hwang et al. [43] utilized vibration-supported me-
chanical peck drilling and RUEDM techniques to produce a micro pin array measuring 40 x 40 y m on WC material. Yi et al. [44]
achieved the successful fabrication of an array of copper tools measuring 3 x 3 pm and 4 x 4 pm by utilizing a tool plate composed of
100 pm thick AISI 304 stainless steel. The electrode plate perforations were made by pEDM drilling with a single 80 x 80 pm tool
having a rectangular region, as shown in Fig. 14 (a, b). Such selected micro tools were then employed to manufacture the pattern of 3x
3 pm and 4x 4 pm holes on metal foils through batch model pEDM drilling, as depicted in Fig. 14 (c, d). They also concluded that by
employing batch type pEDM drilling, the production was enhanced up to four times compared to a single tool.

Zeng et al. [45] used ultrasonic vibrations in the tool plate to improve the machining efficiency of RUEDM. A reduction in
machining time of up to 2.5 times was observed by authors when using ultrasonic vibration. Hwang et al. [43] also established new
dielectric flushing methods to improve machining performance in ultrasonic vibration. Several researchers have attempted to un-
derstand the process of the RUEDM method and conducted parametric studies on the quality of manufactured micro-rods [44-46].
Mastud et al. [46] compared pEDM drilling and the RUEDM based on current and voltage signals, reporting that the overall stability of
RpEDM technology was more outstanding compared to pEDM drilling due to a longer standard discharge time. They also proposed that
the RUEDM method can be operated at the maximum capacitance and voltage range without significantly increasing arcing. Debris
deposition on the face of micro rods tends to result in insignificantly higher SR than the hole machined by pEDM drilling. Majumdar
et al. [47] determined the impact of threshold, voltage, SR, capacitance, and dimensional accuracy of RUEDM on brass material,
revealing that the dimensional imprecision involves differences in the diameter and length of the micro-tools. The presence of sec-
ondary discharges reduces diameter inaccuracies at the tip of the micro pin while increasing inaccuracies at the base. Mastud et al. [48]
studied the effect of dimensional accuracy and electrode plate thickness on the volumetric EWR. They suggested that optimal heat
transfer led to a reduction in electrode wear for the thick tool plate. Such elevated electrode wear fractions can introduce a large
dimensional error in the manufactured parts. Therefore, tool wear compensation is provided to remove these errors and reduce EWR. A
brief summary of tool wear in different pEDM operations is presented in Table 2.

200pum 200um 200um 200um 200pum
e — e — -

@ (b) © (d) ©

Fig. 11. Shapes of the tool with different milling distances at (a) 200 pm, (b) 600 pm, (c) 900 pm, (d) 1200 pm and (e) 1500 pm [40].
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Fig. 12. A photographic view of electrodes obtained by altering discharge energy through (a) 110V, (b) 90V and (c) 70V [41].

20KV X250 100pum 2 S 20KV X250 100pm

Expected
height

X100 100pm 27

Fig. 13. Tool plate consisting of the micro-holes (a) prior to machining, (b) post-machining, and (c) a combination of micro-rods that have been
manufactured [42].

3. Tool wear compensation (TWC) techniques

Tool wear during machining is inevitable, and the deterioration of electrode shape can directly impact the depth and profile of
microstructures. The electrode shape changes quickly when milling or drilling tEDM with a micro-spherical tool. These changes in the
electrode increase the wear on either end of the electrode or the side face (circumference), signified as corner and front wear,
consistently. Front wear of the tool during pEDM causes an error in the tool length, which is mainly responsible for the inadequate
micro-hole drilling depth. Corner wear of the pEDM milling tool leads to rounded electrode edges and impairs the microstructure’s
geometric precision. There is significant potential to address these electrode wear issues and develop techniques to enhance the

10
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X150 100

20KV X100 100pm 27 25 SE1 20KV X50 500pum 24 20 SE 1

Fig. 14. A 3 x 3 negative-type electrode arrays fabricated by micro-EDM using a single electrode: (a) before use, (b) after use, and an array of Cu
electrodes fabricated by REDM with 80 x 80 pm square cross-section: (c) a 3 x 3 array after use, (d) a 4 x 4 array before use [44].

Table 2

Tool wear in pEDM.
uEDM Description
Operations

Tool wear in MEDM drilling Data-driven regression models have been successfully used for measuring the tool wear rates in pEDM drilling. Tool wear in
pEDM WEDM drilling is significantly affected by open voltage.
MEDM milling In pEDM milling, tool wear refers to the gradual deterioration or erosion of the machining tool’s cutting surface due to
repeated electrical discharges, impacting machining accuracy and quality over time.

Reverse pEDM Using this technique, high aspect ratio micro-features have been produced using a variety of micro-EDM applications,

including the drilling of cavities in fuel injection nozzles, turbine blades, and spinners with minimum tool wear.

machining precision using electrode wear compensation for pfEDM. A tool wear compensation (TWC) technique in pfEDM was proposed
by Yan et al. [49] by employing visual measurement of the electrode. Under constant feed rate during machining, the extent of front
tool wear correlates with the depth of grooves and holes. When working with predetermined grooves and hole depths, increasing the
machining feed rate enhances the length of front wear. The increase in machining depth leads to the expansion of the discharge region
at the electrode’s edge, resulting in a sharper electrode known as corner wear, as illustrated in Fig. 15 (a, b).

However, in the past 7-8 years, several attempts have been made to solve the electrode wear problem only in pPEDM milling. In
HEDM, compensation methods are applied either offline or online to resolve the issue of tool wear, and thus, they are named offline and
online compensation techniques. The results of tool wear issues in yfEDM were mainly attempted through offline compensation, and
after that, some efforts were made by using the online compensation method as well. Both offline and online compensation methods

The original image

(@)

Length of
corner wear

(b)

Fig. 15. The geometry of (a) the actual image of the electrode and (b) the measurement of corner wear [49].
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are discussed in different sections. A brief summary of tool wear compensation techniques in tEDM operations is presented in Table 3.

3.1. Offline compensation techniques

The offline tool wear compensation procedure primarily involves assessing tool wear through EWR, often calculated during testing
at periodic intervals throughout the machining process or at the start. Since the 1980s, tool wear has been determined regularly with
the help of different tool wear sensing approaches such as laser sensors, machine revelation methods, etc. [50,51]. The actual
execution of the downward exertion is an effective compensation determined by the model of offline electrode wear before machining.
Despite applying analogous solutions in diverse manufacturing contexts, these solutions have not yet emerged as pioneering trends in
tool wear compensation. The offline compensation technique determines the required electrode length reduction for each tool path
segment. During this calibration process, the material removal from the workpiece is compared to the wear in volume that is pro-
portional to it.

3.1.1. Periodical enhancement of tool wear compensation

A comprehensive analysis of electrode length can be used to provide expected compensation and minimize tool wear during
machining. Accurate electrode length determination permits the precise verification of actual electrode wear. Following each layer,
calculations for electrode length and anticipated wear compensation are generally performed due to the iterative nature of machining
in consecutive layers. The tool wear compensation algorithm relies on the average of the sample depth and layer width error. Using
offline wear compensation based on relative volumetric wear and machining, an adequate number of layer depth inaccuracies was
minimized to 5 y m [52]. Significant compensation must be made for tool wear to obtain the required precision in produced com-
ponents. Machine vision, uniform wear methods (UWM), and linear compensation (LCM) are popular electrode wear monitoring and
compensation techniques. The arrival of the machine vision method made the tool and workpiece image analysis faster, more flexible,
cheaper, and easier for automation. This is a non-contact type measurement method and, therefore, appropriate to measure an area
from the surface of the work material compared to a single line. The UWM integrates a tool path algorithm with longitudinal tool wear
adjustment, resulting in a notable enhancement in the accuracy of EDM milling. The UWM technique utilizes counter-machining,
having the minimum possible feed per layer, and exclusively employs the bottom of the electrode for manufacturing. The TWC has
been implemented in LCM by feeding it into the specimen for a specific duration as it travels along the tool path. In the traversal space,
the tool feed depth must be kept fixed. Such a method only guarantees electrode end wear and is ineffective in machining the
three-dimensional composite profile [25].

3.1.2. Machine vision measurement method

In the machine vision measurement method, firstly, compressed air is used to blow off the dielectric liquid droplets from the
electrode. After that, the tool was dragged to where the machine vision process would be operated. The tool’s shadow reflection and
deformation are obtained using an equivalent light source. This technique may be more effective for determining drilling depth in
specimens since the tool’s surface color is darker than the algorithm for light processing detection lines. This algorithm determines the
drilling depth by using a drop of dielectric fluid to measure the tool length and rapidly and efficiently drill into the work material [50].
In 1989, Kaneko et al. [50] employed the layer-by-layer EDM method and suggested an electrode wear compensation method of a
rotating axisymmetric electrode. The compensation arrays were measured experimentally. Electrode wear was expected, and the
electrode path was automatically selected to compensate for the wear. Kaneko [53] adapted the tool wear compensation technique in
1992 by adding a charge-coupled device (CCD) camera to the EDM testing machine to capture the electrode’s profile. Fig. 16 (a)
depicts the experimental setup and Fig. 16 (b) represents the captured electrode image.

Kim et al. [54] subsequently created a machine vision system comprising a CCD camera and specialized jig to ascertain the extent of
electrode wear. Guo et al. [55] suggested a tool wear adjustment based on the machine vision method for manufacturing micro tools.
As discovered by the study, a comparison of the SEM findings with the tool diameter array yielded a 3% discrepancy. Dong et al. [56]
used a CCD camera during the investigation and proposed high performance for creating micro-holes with a high aspect ratio (HAR).
They found that the taper angle and tool wear diameter increased as the current rose. However, machining constancy decreased when
the current reached 3.5A. The study demonstrated that machining micro-holes with a high aspect ratio is not ideal when utilizing high
currents. The detailed view of the experimental setup with a visual optimization arrangement is depicted in Fig. 17.

Sortino [57] provided an electrode condition monitoring system that can be used to identify the worn-out region of the electrode.
Various systems, such as infiltration and high pass, were employed to determine the surface shape and remove the material. The author
observed that even little changes in the amount of material removed from the workpiece were associated with large shifts in the
measured inaccuracy. To ascertain and control the size of a thin tool during pEDM, Lim et al. [58] developed a visual sensor. The

Table 3
Tool wear compensation techniques.
Types Description
Tool wear compensation Offline The offline compensation approach is used when an anticipated tool wear compensation is added at the start
techniques. compensation of the machining or at regular intervals to reduce the machining error.
Online Online compensation is generally utilized for combining anticipated compensation with real-time
compensation compensation. It increases the scope for machining blanks for which the accurate shape is not determined.
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Fig. 16. Representation of the optical measurement method with (a) Schematic set-up and (b) Captured image [53].

Fig. 17. A photographic view of the experimental setup [56].

measured depth of cut is inversely proportional to the turning tool’s aspect ratio and feed rate, as discovered by the authors. Jurkovic
et al. [59] employed a laser diode approach during the machining to detect the size and depth of the crater in the workpiece. They
performed a significant surface analysis with the help of a three-dimensional image of relief during the machining. Huang [60]
investigated developing the original measurement system by applying the machine vision method. The investigation result shows
optimal precision and efficiency for measuring electrode length and drilling deepness under different conditions. Based on the crater

e Attachment

Back light

Fig. 18. Experimental configuration used to measure tool wear with a machine vision system directly [49].
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calculation, Kurnia et al. [29] suggested an analytical study of the pjEDM method. The analyzed responses of MRR and TWR were
obtained with a difference of 30% and 24%, respectively, from the selected experimental values. A TWC for the EDM procedure was
introduced by Yan et al. [49], utilizing the machine vision system. The electrode’s front and corner wear were assessed and compared
using machine vision image processing. The front wear span at a constant feed rate was observed to be linearly influenced by hole and
groove depths. At a particular hole and groove depth, higher feed rates lead to a longer front wear length for the tool. A machine vision
system for compensating tool wear is shown in Fig. 18, and it is important to note that production times may be extended by up to 40%
when using UWM.

Yan et al. [61] introduced a novel 3D EDM multi-cut machining process and TWC technique using a machine vision approach. The
inquiry’s findings showed that the multi-cut development process and TWC approach could drastically improve the machining pre-
cision for the EDM process with reduced machining time. Moreover, with the micron system, X-Y dimensional inaccuracies can be
limited to 10 4 m. One of the significant challenges in EDM-related work is predicting tool wear, as it can greatly affect the components’
precision and the machining process’s stability. Various attempts have been made to incorporate tool wear-induced volumetric errors
using assessment or monitoring methods for achieving high-precision machining.

3.1.3. Linear compensation method (LCM)

The LCM is an existing method for assuring advanced machining electrode wear compensation in three-dimensional pfEDM milling
[25,62]. The conventional LCM approach relies on experimental models that must be adjusted and updated through offline tool wear
compensation to account for a specific electrode wear behaviour. The LCM approach relies on a compensation parameter for electrode
wear to ensure machining accuracy and compensate for wear along the electrode’s length. LCM is a process that compensates for
electrode wear with a continuous or slight increase in the electrode path. The authors in Refs. [60,62] reported that the electrode
traversed downward in this method. After covering a certain distance, it was used to machine a 9 x 9 mm? hole by placing a 1 mm
diameter electrode. The final smoothing below the hole was within 2 ym of the Ra value. However, the compensation measure in LCM
is generally an experimental value that depends on extensive testing. This method only produces three-dimensional microscopic parts
with straight sidewalls [63,64]. It is theoretically verified that the LCM is not suitable for making complex three-dimensional profiles
using pPEDM. A capable and efficient process for compensating electrode wear during high-accuracy EDM of complex 3D micro holes
was proposed by Wang et al. [65], which involves in-situ pulse monitoring. The combined process’s behaviour was influenced by a
crucial parameter, namely the change in the tool path pattern.

Moreover, an 80% reduction was obtained from the original offline compensation method. Wang et al. [66] developed an in-situ
method for measuring process dynamics and pulse performance under different electrode wear compensation conditions after
investigating the LCM principles. Their findings indicated that a time-saving of 18% during the machining process was achieved by
preserving the necessary dimensional and shape accuracy. Fig. 19(a—c) indicates that the hole depth may be shallower than the target
depth due to average electrode wear compensation, but overcompensation can lead to a deeper hole cavity.

3.1.4. Uniform wear method (UWM)

To overcome the restrictions mentioned above of LCM, UWM was introduced. In the UWM, the entire machining process involves
milling multiple thin layers simultaneously. Before generating a uniform layer, the electrode is consistently adjusted for each layer to
maintain the desired machining depth. Yu et al. [25] developed a straightforward machining technique to address longitudinal tool
wear in EDM milling. The to-and-fro scanning tool paths continually machine the border and internal section of the hole. After
machining a layer, this technique can potentially restore the electrode profile to its initial dimensions. In addition, UWM already
produces random three-dimensional micro holes with CAD/CAM [67]. Kruth et al. [68] used an offline compensation method to
analyze the tool wear for each section in their proposed standard EWC method. This compensation depends on the offline measurement
of actual volumetric wear and provides little inspiration for online wear compensation. Although EWR was extensively used in many
offline TWC methods, many things could be improved in measuring EWR. Initially, the measurement of EWR was impacted by material
and methodologies, but enhancements can be achieved by employing suitable geometries and increasing geometric time. In other
words, the tool size was relatively small, resulting in a lower erosion rate from the tool compared to the working material. Therefore,
the determination of EWR was influenced by high inaccuracy [64]. Nguyen et al. [40] also performed TWC using UWM, which gives a
higher wear estimation than the theoretical model.

Ly 8Ly = Lyool — Ltoo1<0 A 8Ly = Ltool = Ligo) >0
N

Ltool L

tool

A I

(a) correct compensation (b) under compensation (6Lm < 0) (c) over compensation (6L > 0)

Fig. 19. Machining deepness error after a single machining layer owing to incorrect electrode wear compensating parameters with (a) correct
compensation, (b) under compensation and (c) over compensation [66].
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3.1.5. A combined linear uniform (CLU) method

Subsequently, the LCM and UWM were integrated to address the challenges posed by existing offline wear compensation methods.
Upon amalgamating these processes, Yu et al. [22] referred to the combined approach as CLU. With this strategy, they improved
machining and SR performance. The experiment illustrates that the proposed technique has enhanced machining response efficiency,
with measurements such as MRR at 350 pm>/s, EWR at 4-5%, and SR at 158 nm, as opposed to the performance of UWM. For the tool
path design, CLU relies on UWM to ensure the varying size of the electrode tip after each machining layer. During the machining of
each layer, the entire compensation length of the tool wear was distributed over several sections, and the whole tool path was covered.
When a square hole was made on slanted planes, the maximum MRR with minimum TWR and SR was obtained compared to UWM
[22]. In Fig. 20, the SEM image of the tool produced by the CLU process showed a flat tooltip, similar to the result of UWM. A
theoretical framework was developed by Yeo et al. [20] to consider the influence of tool wear during the manufacturing of surface
profiles. They found that experimental results closely matched the simulation. Machining using this model should have a precise
surface profile, i.e., 0.14 mm for macro EDM and 1 pm for pEDM [63]. However, the model had the drawback of maintaining a constant
cutting width. This limitation was addressed by reducing the tool path and specifying a single space between paths.

3.1.6. A fixed-length compensation method

Enhancing the performance of UWM and LCM requires increasing the thickness of the EDM milling layer. Pie et al. [69] proposed a
fixed-length compensatory approach, which increases the probability of achieving a thicker layer thickness. They developed a very
accurate theoretical model of electrode wear for the fixed-length compensation procedure. Precise theoretical models and substantial
layer thickness correction achieved high accuracy and machining performance. Zhang et al. [70] employed a fixed-length compen-
sation milling method to achieve a conic electrode end within a predetermined phase. As a result, additional steps must be taken to
eliminate this variation, leading to a significant increase in the complexity of the machining process. The fixed-length compensation
process necessitated electrode and work material sizes suitable for achieving a layer thickness below 85.5 pm. Using a spherical tool,
Pie et al. [40] introduced an enhanced fix-length compensation approach for pEDM milling. The fixed-length compensation process
was improved by replacing the cylindrical electrode with a tubular electrode. An analytical model was developed to account for the
small conical profile of the fixed-length compensation factor. The study concluded that the manufacturing error was under 2%, and
surface variation remained below 4 y m for most conditions. Fig. 21(a—c) shows a schematic of a flat surface machined with a tubular
and fluctuating surface machined with a cylindrical tool using fixed-length compensating pEDM.

By adapting conventional fixed-length compensation models, Zhang et al. [71] devised a multiple monolayer thickness milling
process. They obtained advanced machining quality, accuracy, and performance of pEDM milling compared to the layer-by-layer
conventional and UWM. The offline electrode wear compensation method involves temporary disturbance of machine functioning
to measure tool wear directly. The tool was moved to a specific position where the compensation system could function appropriately.
The periodic measurements of electrode wear and machining proved to be a very time-consuming process. The drawbacks of such
compensation methods were removed by providing an online electrode wear compensation method. A brief summary of offline
compensation methods in pPEDM operations is presented in Table 4.

4. Online tool wear compensation

The compensation methods discussed in the preceding sections might not be optimal for addressing electrode wear compensation
due to their disruptive nature, leading to prolonged machining periods. To surpass the constraints of the offline TWC technique an
innovative real-time EWC technique has been introduced to eliminate dimensional inaccuracies. This particular compensation method
is implemented in real-time throughout the machining to estimate electrode wear by recording data. The movement of an electrode
and its compensation with the required path also depends upon the data received. This real-time compensation method can eliminate
errors produced during the re-instalment of work material and electrodes [72]. The process is mainly driven by volume removed per

Fig. 20. Tool after machining with CLU [25].
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Fig. 21. (a) EDM fix length compensation schematic, (b) fluctuating surface machined with cylindrical tool, (c) flat surface machined by tubular
tube [40].

Table 4
Offline compensation methods.
Methods Description
Offline compensation Periodical enhancement of tool
methods wear compensation
Machine vision measurement Since the tool’s surface color is darker than the algorithm for light-processing detection lines,

machine vision techniques are useful for determining drilling depth in specimens. This technique
quickly and effectively measures the tool length while drilling into the work material while
measuring the drilling depth using a drop of dielectric fluid.

Linear compensation method The linear compensation method uses a compensation parameter for electrode wear to ensure
machining accuracy and account for wear along the electrode’s length. The compensation for
electrode wear is carried out through a continuous or slight increase in the electrode path.

Uniform wear method In the uniform wear method, the entire machining procedure entails milling several thin layers at
once. The electrode is continually adjusted before forming a homogeneous layer to maintain the
appropriate machining depth between layers.

A combined linear uniform This method combines linear compensation and uniform wear methods to deal with the

method challenges of offline wear compensation methods. Experimental evidence shows that this
combined approach enhances machining response efficiency by 4-5%.

Fixed-length compensation This method helps increase the milling layer’s thickness, ultimately improving machining

method performance. This method replaces the cylindrical electrode with a tubular electrode.

discharge (VRD) from tool or work material. Real-time electrode wear compensation is a method that predicts and compensates for the
real-time volume of material (Vzr) removed from the tool or workpiece during the machining process. Earlier, tool wear compensation
relied on counting discharge pulses and applying a constant VRD value for determining the real-time amount of removed material from
the tool and workpiece. It is crucial to accurately estimate the VRD because the VRD approach primarily depends on the tool or the
workpiece. This can be accomplished through either the counting of discharge pulses or through the statistical pulse discrimination
method. For electrode wear correction, the initial method entails multiplying the measured VRD by the count of discharge pulses
registered from the tool or workpiece. The latter first discriminates discharge pulses into contributing and non-contributing ones and
then considers only those pulses for such multiplication, contributing to material removal. Both types of online tool wear compensation
methods are further explained separately.

4.1. Pulse counting based method

The online wear compensation method was devised to reduce the offline time required for determining TWC. This method indi-
rectly counts the number of pulses (without interrupting the machine) while machining. This method compensates for the loss of
fluorescence volume from the electrode or workpiece by measuring discharges with a pulse counter. The compensation can be per-
formed using the pre-set electrode wear value per discharge and on the VRD. In 2002, Bleys et al. [73] first proposed a real-time TWC
method for conventional EDM milling. They demonstrated a connection between electrode wear and normal discharges, assuming the
pulses were isoenergetic. However, this approach cannot be used for pEDM because the pulses in pPEDM are non-isoenergetic.
Therefore, in 2004, Bleys et al. [74] presented a compensation technique that utilizes real-time electrode wear sensing and can
address undesired profiles. The downward motion was predetermined according to the prescribed EWR, and the error caused by
longitudinal electrode wear was removed.

Bhattacharyya et al. [75] proposed a method for monitoring electrode wear in complex and unpredictable surface milling
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operations using continuous online monitoring. Liao et al. [76] categorized the RC power source pulses into different types, i.e., normal
pulses, effective pulses, arcing pulses, temporary short, and complex pulses. They revealed that 60% of contributing pulses were
obtained as a normal type with a small amount of effective and complex pulses during the low feed rate machining. In high feed rate
machining, there is a low occurrence of normal pulses and a high occurrence of complex pulses. The pulse counting approach gives a
significant dimensional precision of traditional display indicators of the pfEDM machine system [77]. The accuracy of the method is
based on analyzing small volumes and pulse counting, which are very stimulating. Yeo et al. [78] and Aligiri et al. [23] studied the
real-time measurement of the MRR volume during single spark pEDM drilling. They revealed that the VRD undergoes significant
changes when determining the different machining depths. This phenomenon was attributed to the formation of a substantial localized
debris area and the enhanced control of debris overlapping as the machining depth increased. The author managed to drill a 900 pm
hole with a minimal error of only 4%. Fig. 22 (a — d) shows pEDM waveform with different discharge conditions. It shows that arcing
discharge occurs in a continuous set of pulses with a short duration and a smaller current value.

Complete discharge discrimination is difficult by specifying TWR and MRR values for every spark. Bissacco et al. [79] conducted
micro-EDM milling experiments while considering electrode wear to address this issue. The smaller quantity of material removed from
the electrode compared to the workpiece significantly affected the electrode wear assessment per discharge. This improves the
effectiveness of tool wear compensation, which depends on the real-time determination of Vxr compared to the electrode. However, an
approximation of tool wear error at each discharge will result in an error in the axial depth of the electrode [80]. In addition to
counting the complete discharge, the error related to this approximation can be controlled by regularly monitoring the electrode length
during machining. During machining, the VRD decreases with increasing depth until it stabilizes at a certain point for a given energy
level. Jung et al. [81] presented an indirect real-time pEDM milling TWC technique. Instead of determining electrode wear, the VRD
was compensated using an approximation of the work material. The TWC was applied by counting the discharge and compensating
according to the VRD of the specimen.

Similarly, Bissaco et al. [82] also implemented compensation for tool wear during micro-EDM milling. VRD presented a reducing
path with advancing the machining process and achieving stabilization after a particular depth based on the power range. Jung et al.
[83] applied this approach for the first time in pEDM drilling but encountered an error of over 11%. All studies considered pulses to be
isoenergetic, and VRD was assumed to remain constant throughout the machining process. However, Bissacco et al. [82] and Nirala
et al. [84] had already demonstrated substantial pulse variations during machining with varying depths of micro-EDM, particularly
with advanced discharge power. The difference between predicted samples and goal volume compensates the electrode along the
Z-axis. However, a steady VRD was used during machining since the pulses were considered isoenergetic. Hoang and Yang [85]
replicate a real-time assessment of MRR and sample height. They unveiled that this process elevates the efficiency and productivity of
the micro-WEDM (pWWEDM) method by augmenting the working capacity of RC circuits. Wang et al. [86] used real-time pulse counting
to examine the impact of non-uniform current distributions on EDM material removal and electrode degradation. Their findings
revealed that the reverse current could aid in directing debris and shaping the material removal. The number of compensations needed
for UWM was determined by Nguyen et al. [40] using real-time monitoring, which provided a more accurate wear assessment than
theoretical models.
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Fig. 22. yEDM waveform with its classification viz., (a) normal discharge, (b) delayed discharge, (c) arcing, and (d) short circuit [23].
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4.2. Pulse discrimination-based method

The fraction of normal discharge reduces with increasing machining depth. However, arcing in this situation increases the per-
centage of delay and short circuits. Eliminating debris from a high aspect ratio hole during machining is a complex task, leading to
undesirable debris adhesion to the hole’s interior walls. This eventually causes secondary discharge, which prevents the capacitor from
fully charging. In this situation, the lower percentage of normal discharge causes a minimum MRR from the workpiece. As previously
mentioned, the wear compensation method based on pulse counting did not consider this situation. The drawbacks of the pulse
counting method were addressed by introducing a pulse discrimination (PD)-based compensatory system. Many authors have assumed
that all \EDM pulses were contributing pulses to remove the material, i.e., isoenergetic. Bissacco et al. [82] found the pulses not to be
isoenergetic and claimed that it is crucial to consider non-contributing discharge pulses in the pulse counting method. Nirala et al. [87]
and Raza et al. [88] corroborated this claim by conducting a detailed analysis of the discharge pulses, as illustrated in Fig. 23(a-c).

As shown in Fig. 23, it is clear that the nature of discharged and charge pulses varies with the machining depth and hence cannot be
considered isoenergetic. This also happens for similar input process parameter settings. Therefore, it is essential to consider the non-
contributing character of the pulses when calculating the VRD. To do that, it is crucial to identify various contributing and non-
contributing pulse types. This method of determining the pulses tends to develop complete discrimination based on the electrode
wear compensation process. To get an accurate Vgr in order to fabricate micro rods with the required height, Nirala et al. [89] suc-
cessfully adapted the real Vgr technique to the RUEDM methodology. They employed a similar approach to manufacturing a
stainless-steel shadow mask, incorporating batch micro-EDM to produce accurate micro-holes in addition to micro-EDM drilling. They
studied various contributing and non-contributing pulses responsible for removing the material. Fig. 24 (a, b) illustrates the voltage
discharge pulses recorded throughout the machining operation. In addition, it shows how a threshold value can be used to divide a
stream of discharge pulses into a set of contributing and non-contributing pulses. The threshold value used to detect the discharge was
55% of the U, before it gets discriminated; the rest of the threshold values were decided based on a trial run. Similarly, to discriminate
the effective pulses, a limit was fixed at 65%-72%; it was also based on repeated observations that the range delivered adequate energy
to remove material. These limitations depend highly on the machining position, making it challenging to be considered normalized.

Nirala and Saha [90] introduced an enhanced VRD method that leverages real-time data to compensate for tool wear. This method
approximates Vg from the specimen to conduct TWC instead of directly determining electrode wear. They found that both variants of
the necessary depth for microscopic holes were effectively fabricated with errors lower than 4%. Fig. 25 shows the user interface of a
pulse discrimination system.

Entire existing approaches were established for a dedicated machine, and using a similar process of pulse discrimination for any
other machine needs many changes that made it a difficult task. Nirala et al. [91] proposed a novel pulse-discriminating system that
used a simulated signal to demonstrate PD even when the actual machine in operation was inaccessible. Also, they performed pulse
discrimination without actual long-running pEDM. As the developer provided one-time simulated or virtual signals similar to the real
ones, the problem related to the availability of pEDM to develop the PD system can be solved. Apart from this, PD systems can be more
robust because adding variation and noise in simulated signals is relatively easy compared to real ones, which usually depend on
machining status. With an improvement in machining, the quick formation of irregular discharges and frequency pulses in the
post-machining phase are accepted to give a minimum contribution to removing the material [83,86]. As a result, the various kinds of
pulses must be identified before determining VRD. The effectiveness and compensation of the approach built upon active PD have
previously been suggested by Liao et al. [76]. They disclosed that the fraction of complex pulses enhances monotonically with drilling
depth. Marrocco et al. [92] analyzed pEDM on a composite workpiece with Si3N4-TiN using power spectral density (PSD) analysis. It
reveals underlying phenomena governing material removal, surface alterations, and machining efficiency. The unique Si3N4-TiN
composition presents challenges, impacting discharge pulse attributes, material removal rates, and surface quality.

Based on pulse counting, Aligiri et al. [23] developed a real-time approach for compensating tool wear during EDM drilling. The
specifics of absolute discharge discrimination and material elimination formed the basis of this methodology. Using a thermal model,
they computed the volume of debris produced from a single discharge. The author’s proposition revolved around quantifying the
material removed from the specimen through discharges. Fig. 26 illustrates a diagram of an EDM arrangement that enables real-time
monitoring of tool wear compensation.

However, Aligiri et al. [23] also performed electro-thermal modeling for single discharge erosion. For every developed discharge
waveform, the pulses on time ( T,,), regular current during T,, and standard voltage during T,, were used. To give boundary con-
ditions to the anode, first T,, has been utilized to ascertain the radius of the heat source.

The plasma channel’s growth has been shown by the heat source’s radius and is indicated as a function of T,, has been proposed by
Patel et al. [93] in 1989, and this is expressed in Eq. (1):

R=0.0633 x T27°! D

The heat flow radius (R) is shown here in ym, and the T,, is shown in nanoseconds. According to Patel et al. [93], the heat flow
magnitude (q) is established by Eq. (2) and is supposed to be continuously distributed with time-dependent amplitude:

CxlIl,xV,
TR @
The dimensionless parameters, such as = "‘;Z"" ,u=rw=2,and O(u,w,7) = % According to Carslaw and Jaeger [94], the

specimen’s material properties are offered to supply a normalized temperature distribution along the vertical axis, and this is expressed
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Fig. 23. Pulse events of voltage and current in phEDM drilling at (a) the start, (b) the middle, and (c) the finish [87].

ywitl

7 —w erfc

1
<—£)] + Vw? + lerfc

(3)

Yeo et al. [95] provided Eq. (4) to represent the normalized temperature distribution along the horizontal axis:

0(”,0,7) =1| — 12

(C)]

However, Thomas et al. [96] have suggested that the result of the first integral, which they refer to as i.e., I; may be stated by Eq.
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Fig. 24. (a) Typical pulse type in pEDM, (b) Boolean to count pulses [89].
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Fig. 25. The front panel of the discriminating pulse system [90].
(5):
2
—E(u),when0 <u <1
T
2
I = Z whenu =1 5)
n

2
f [E(u’l) — (1 — u’z)K(u’l)Lwhen u>1

The elliptical first-type and second-kind integral are denoted in this equation by K and E, respectively. In addition to this, Beck [97]
provided a solution to the second kind of integral I, and it was written by utilizing Eq. (6):

i. i+l W
b= S\ e & [ ©

i=0

i1 2

Combining the results of Eq. (5) and Eq. (6) in Eq. (4) makes it possible to calculate the dimensionless temperature circulation along
the radial axis.
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Fig. 26. Schematic of real-time monitoring pPEDM system [23].

However, the discharge is not a characteristic of the original method, and the continuous increase in debris needed to be more
accurate [82]. A higher accuracy in the electrode wear compensation method was reported by Nirala et al. [98] with the inclusion of
regular discharge counts. This PD approach aids in differentiating regular pulses from irregular ones since regular pulses aid in ma-
terial deterioration. Furthermore, as the pEDM generates non-contributing pulses, the debris volume will provide inaccurately Vgr.
Related to this, Nadda and Nirala [99] have also concluded that in pEDM, a real-time electrode wear monitoring and compensation
approach and a precise thermal model with the least assumptions are necessarily required. pEDM requires a robust pulse discrimi-
nation system with some assured potential to discriminate the pulses. The controlled RC-based EDM method was studied by Raza et al.
[100-102] for various input variables, including real-time data acquisition, discharge gap, energy per discharge, and MRR. Real-time
monitoring and compensating tool wear using a PDS has not been developed for the controlled RC-type power supply, making it a
novel and unexplored research area. Developing a controlled RC-type PDS is crucial for comprehending diverse discharge pulses and
their influence on MRR while enabling real-time tracking and compensation of electrode wear in EDM. Tee et al. [103] studied PD for
the EDM process with a turning tool. They depict a high performance of this process by discriminating the standard pulses from
harmful pulses such as short circuits and open circuit pulses based on their determination of delay period. The discharge gap consists of
different types of pulses that retain various kinds of information on MRR. Nirala et al. [87] have studied the continuity of processes that
depend on evaluating online and offline responses. They revealed that the pulse frequencies in pjEDM drilling enhanced from the first to
the last part by 125% at smaller alternatives and 133% at more substantial alternatives. While in pEDM dressing, the corresponding
values were 55% and 35%, respectively. Fig. 27 depicts the experimental setup’s schematic for determining offline and online

Current probe
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probe monitoring
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J
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NOTE:- MRR = Material removal rate (volume removal per unit time) | VRD Estimation
VRD = Volume removal per discharge from workpiece
RuEDM N, = Number of contributing pulses

Fig. 27. Schematic and flow chart of innovative setup [87].
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outcomes. A comprehensive summary and overview of various tool wear compensation methods proposed by researchers in their
investigations and systematic studies in pEDM can be found in Table S1 (supplementary information). A brief summary of online
compensation methods in pPEDM operations is presented in Table 5.

5. Some other monitoring and compensation methods

The non-linear relationship of the TWR scanning tool is attributed to path overlap, even though the compensation layer is
distributed linearly along the tool path in the CLU method. The development of a scanning field method is crucial to effectively address
tool wear in specific regions of the tool path. Li et al. [104] introduced a method for compensating tool wear that considers the scanned
region on each layer’s tool path, enabling continuous compensation of tool wear, as depicted in Fig. 28. The main advantage of this
method was the decrease in the occurrence of unusual discharge. The rationale behind incorporating the scanned region along each
layer’s tool path for continuous tool wear compensation is rooted in achieving a consistent distribution of electrode wear within a
single machining layer. The experimental results of the scan field method demonstrated improved MRR and reduced TWR compared to
the CLU method.

Lee et al. [105] investigated servo scanning EDM and suggested a 3D machining approach that achieved real-time tool wear
compensation through layer-by-layer discharge gap tests. Real-time tool wear correction, CAM system, and inter-servo controls were
incorporated into the machining process to attain a consistent depth of cut for each layer. The tool path towards the axial direction was
controlled using a servo scanning mechanism, which compares the current and voltage feedback values with discharge condition
values to maintain a stable discharge gap [106]. Wang and Dong [107] formulated a model of the micro compressor with a fixed
reference compensation method consisting of stator and rotor discs. This involves a simple tool wear compensation method where an
electrical connection extracts the coordinate value with a fixed reference point. After machining every layer, the machine coordinate is
noted, and the tool’s shape is then determined by bringing the tool to a predetermined fixed point. The platinum micro hemisphere was
machined to a diameter of 100 4 m by Hang et al. [108]. The longitudinal tool wear compensation coordinates were collected from the
dynamic interaction of the electrode with a machined hole and predetermined point source. A compensation method was proposed by
Modica et al. [109] to fabricate microchannels with 5-13 mm length and 0.1-0.25 mm depth. The tool’s diameter and discharge gap
were combined to determine these parameters. Modica et al. [110] used a 400 pm diameter of an electrode with ten control touches to
machine a 1 pm thick linear channel. In the primary machining phase, tool wear compensation was not improved due to errors in the
work material and alignment. Modica et al. [111] implemented a comparable tool wear compensation method in pEDM milling to
fabricate a micro filter mold. By employing this method, the author could fabricate a filter mold comprising 76 pins with a square
cross-section of 80 4 m and a height of 0.15 mm. The reference-based compensation method’s sole disadvantage is its ability to
determine tool wear, and its accuracy is determined by the machine tool’s repetition along the z-axis. Moreover, Saraf and Nilara [112]
presented a new method for improving Ti6Al4V alloy cutting performance by fabricating unique texture patterns on WC inserts using
RpEDM. This technique influences chip formation and reduces tool wear, potentially revolutionizing manufacturing processes. Raza
et al. [113] used multiphysics modelling and high-speed imaging validation to study discharge plasma phenomena in pEDM. It uses
computational simulations to understand interactions and validate findings with high-speed imaging experiments. This approach
improves precision and efficiency in micro-machining applications.

6. Summary and future scopes

This article introduces the intrinsic tool wear those results in dimensional errors in micro-parts produced by EDM and its process
variants. Various tool wear, such as longitudinal (axial), circumferential, and corner wear, have been reviewed and identified as in-
variants of the pPEDM process. The review offers a cutting-edge tool wear compensation method to overcome dimensional inaccuracies
comprehensively. Real-time tool wear compensation methods employing the PD system as a primary platform are more effective
among various approaches for tool wear compensation in pEDM. This is because the real-time strategies consider removing material by
each type of discharge pulse with the appropriate fraction obtained by a particular method. Critical to the overall approach, the PD
system has been extensively evaluated and deemed suitable for various machining scenarios. The fundamental concerns remain un-
addressed, such as the feasibility of implementing the proposed TWC method consistently across a broad range of input process pa-
rameters and materials. Recent research indicates that the average percentage error caused by tool wear in the dimensions of the
fabricated component could be less than 6% with proper handling. Combining a thermal model-based tool wear compensation method
with the current PD system-based approach is recommended as a future direction and has the potential to yield better results. Fig. 29

Table 5
Online compensation methods.
Methods Description
Online compensation Pulse counting-based This method indirectly counts the number of pulses (without interrupting the machine) while
methods method machining. This method compensates for the loss of fluorescence volume from the electrode or

workpiece by measuring discharges with a pulse counter.

Pulse discrimination-based ~ This method eliminates the drawbacks of the pulse counting system by introducing a pulse

method discrimination-based compensatory system. This method avoids the formation of secondary discharge
and thus helps the capacitor fully charge.
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Fig. 29. Proposed schematic for tool wear compensation using a thermal model and PD system-based tool wear compensation approach.

depicts a schematic of the proposed system. This future research direction aims to improve the overall performance and accuracy of
REDM processes while addressing the limitations and challenges of existing tool wear compensation strategies.
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