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A review on process capabilities of electrochemical micromachining 

and its hybrid variants 

Abstract 
Electrochemical micromachining (micro-ECM) is an unconventional micromachining 

technology that has capability to fabricate high aspect ratio micro-holes, micro-cavities, micro-
channels and grooves on conductive and difficult-to-cut materials.  Both academia and industry 
have the consensus that it offers promising machining performance especially in terms of high 
surface finish, no tool wear and absence of thermally induced defects. Furthermore in order to 
machine novel materials with extreme properties, novel hybrid electrochemical micromachining 
technologies are under development. With these hybrid micro-ECM technologies, capabilities of 
micro-ECM can be expanded by combining it with other processes. To fully exploit the potential 
as well as improve micro-ECM technology and related hybrid processes, a wide spectrum of 
multidisciplinary knowledge is needed. The present review systematically discusses process 
capabilities and research developments of electrochemical micromachining and its hybrid 
variants considering knowledge of both basic and applied research fields. After few introductory 
review articles in prior state of the art, this review fills an important gap in research literature by 
presenting first time an extended literature source with a wide coverage of recent research 
developments in electrochemical micromachining technology and its hybrid variants.  This paper 
outlines the research and engineering developments in electrochemical micromachining 
technology and its hybrid variants, review of the related concepts, aspects of tooling, advanced 
process capabilities and process energy sources. It also provides new sights into technological 
understanding of micro-ECM technology which will be helpful in future engineering 
developments of this technology.  

Keywords: Micro-ECM, Micromachining, pulsed – electrochemical micromachining, hybrid-
ECM, hybrid micro-ECM,  

1. Introduction 
 The trend of product miniaturization alongwith advent of novel materials with extreme 
properties has posed a challenge for machining industry [1].  The demand for fabrication of 
micrometer scale features on variety of materials with stringent requirements on tolerances [2], 
shape control and metallurgical constraints has focused research on expanding the capabilities of 
existing micromachining technologies and development of novel hybrid micromachining 
technologies. This includes development of miniaturized machine tools, exploring advanced 
process capabilities, fabrication of high aspect ratios, knowledge of process-material interaction, 
effects of scaling on material processing, etc. [3]. The key applications in different sectors 
demanding developments in micromachining are cooling holes in gas-micro turbines, fuel 
injection nozzles, MEMS, components of wrist watches, MEMS, biochips, opto-electronic 
components, nuclear reactor components, inkjet nozzles, printed circuit boards, microfluidic 
channels, surgical micro-tools, micro-dies, implants, etc. In micromachining domain, the 
application of mechanical micromachining processes such as micro-milling, micro-turning etc. is 
limited by the hardness of workpiece material and issues such as tool failure, excessive tool 
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wear, chatter and limited surface quality. Among non-conventional micromachining 
technologies, micro-EDM is a commercialized technology which has capability to machine 
micro-dimensional features  on conductive materials irrespective of hardness. It suffers from the 
problems with surface integrity owing to the thermally induced defects. Process repeatability and 
capability is very low for features smaller than 100 µm. Laser beams wins when it comes to 
micromachining in non-conductive materials which are beyond the capability of electrical 
micromachining techniques. Also, laser beam micromachining is an electrodeless machining so 
no tool design and fabrication is required. The use of green fiber lasers of ultrashort pulse 
durations has made the micromachining process easy to monitor. However, laser beam 
machining (LBM) and electron beam machining (EBM) are less effective for drilling in thick 
workpiece materials due to the limited working range of lasers. Laser beam micromachining 
suffers from heat affected zone, spatter and micro cracking. Use of femtosecond pulse lasers has 
shown very less thermally induced defects but it is very slow and cost intensive process and not 
suitable for mass production. Another commercialized technology, laser micro-jet has offered 
possibilities in clean processing of materials with reduced thermal defects. However, the 
technology is limited in aspect ratio and precision is limited by hydraulic jump of water-jet 
especially in drilling configuration.  

Table 1: Comparison of four commercially established micromachining  technologies. 

 Micro-EDM Micro-ECM Laser micro-jet Laser ablation 
High aspect ratio 

features 
���� ���� ���� x 

Micromachining 

on nonconductive 

materials 

x x ���� ���� 

Micro tool design 

and fabrication 
���� ���� x x 

Independent of 

hardness 
���� ���� ���� ���� 

Thermally 

induced defects 

(HAZ, spatter) 

���� x x ���� 

Micro residual 

stresses on 
workpiece 

���� x x ���� 

High surface 

finish (nm) 
x ���� x x 

High MRR ���� ���� x x 
Mass production x x x x 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Table 1 shows comparison of four commercially available micromachining technologies. It is 
important to note that micro-ECM offers promising capability to fabricate high aspect ratio 
features without thermal defects and high surface finish can be achieved. In micro-ECM process, 
localized material removal is achieved by controlled anodic dissolution of workpiece. Since, the 
material removal occurs at atomic level, high surface finishes can be obtained. Micro-ECM 
technology has been foreseen as a promising technology in future. Its process capabilities and 
material processing window is expected to be expanded by hybridizing electrochemical process 
energy with other process energies. To enable the development of micro-ECM technology and its 
hybrid variants, a wide knowledge spectrum is required. 

In this paper, we fill an important literature gap in the existing state of the art focusing 
extensively on updated developments in electrochemical micromachining technology and its 
hybrid variants considering a wide knowledge spectrum. Development of hybrid process needs 
knowledge of parent process and hence this review is intended to combine knowledge of 
electrochemical micromachining as well as micro-ECM based hybrid micromachining 
technologies in single manuscript. Some of the introductory review articles on electrochemical 
micromachining are available in references [4]–[7] which only deal with the early basic 
knowledge in this field. References [4], [5] reported very early introduction about localized ECM 
processes and were several years ago. In the work of Bhattacharya et al. [6], basics of 
electrochemical micromachining as well as comparison between ECM and micro-ECM were 
presented after reviewing 60 publications. Recent developments and several aspects were not 
included in the review and since then the technology has already advanced by leaps and bounds. 
Landolt et al. [7] reviewed fundamental chemical aspects of  electrochemical micromachining 
including mass transport effects. They also discussed several aspects of oxide film laser 
lithography and fabrication of two or multi-level structures. In the work of Sen et al. [8], a 
review on ECM drilling was presented focusing mainly on the hole quality aspects and 
discussion on effect of process parameters on hole quality was presented. Several aspects such as 
tooling, importance of interelectrode gap, process energy sources, selection of electrolytes for 
machining specific material, etc. were not covered comprehensively.  A recent conference 
review article [9] in related field gave a shallow coverage of ECM technology without detailing 
processes and was merely a collection of literatures on EDM and ECM. In the work of Leese et 
al. [10],  an overview was presented considering mainly the process parameters. In our review 
article we present an extended review article by considering upto-date knowledge of basic and 
applied research fields targeting both academia and industrial audience. The paper covers 
comprehensively and systematically the research developments in electrochemical 
micromachining technology and its hybrid micromachining variants. It covers wide knowledge 
spectrum including almost all aspects such as fundamentals of material removal mechanism, 
process material interaction, electrochemical micromachining process configurations, electrolyte 
and tooling aspects, process energy sources and process capabilities. The review also covers 
electrochemical micromachining based hybrid processes. Both assisted and combined processes 
are discussed vividly. Figure 1 depicts the scope of this review paper. Several aspects are cross-
connected and are discussed in detail in each subsection. The paper also deduces current and 
future research trends in this technology.  
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Figure 1: Broad layout of the present review paper. 

 

2. Micro-ECM technology 
Micro-ECM is an unconventional micromachining technology which finds application in 

wide range of sectors such as aerospace [11], automotive [12], biomedical [13]–[17], micro-
electronics [18], shaver heads [19] [20], etc. The principle of material removal is anodic 
dissolution of workpiece as in electrochemical machining. However, in micro-ECM the goal is to 
localize the material removal so as to control the shape precisely. Micro-ECM technology has 
several advantages over other localized material removal processes. Some of them are : 

i. Independent of workpiece hardness. 
ii. Complex shapes can be machined. 
iii.  It has no tool wear and high surface finish as dissolution occurs at atomic level. 
iv. It can be precisely controlled in micromachining domain through use of ultrashort pulsed 

power. 
v. It is a non-contact machining process so no machining forces involved and size effects 

don’t come into picture. 
vi. It can be easily hybridized with other processes to broaden process capabilities and 

material processing window. 
vii. Material removal rates can be controlled from electrical parameters (Voltage, Current) 

and pulse characteristics (Pulse frequency, on time, duration, duty cycle). 

The experimental studies conducted till date have shown direct and simultaneous 
involvement of several process parameters on the process performance of micro-ECM. These 
process parameters can be grouped into six broad categories and are represented in the form of 
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fish-bone diagram in Figure 2. For controlled and precise material removal in micro-ECM 
process, it is often required to set different machining parameters at their optimal levels. 
Furthermore, the surface roughness and material removal rate is influenced by pulse duration, 
applied voltage, pulse frequency, electrolyte concentration and tool feed rate. The general effect 
of different process parameters on the process performance characteristics during micro-ECM 
process is summarized in Table 2.  

 

 

Figure 2: Ishikawa diagram representing the parameters which affect the process performance in 
electrochemical micromachining process. 

Table 2: Overview of the effect of key process parameters on the process performance in micro-ECM ignoring the 
slight non-linearities in behavior. (Compiled from references [21]–[23])  

 MRR Surface 
finish 

Shape 
precision 

Machining gap 

 ↑Voltage ↑ ↓ ↓ ↑ 
 ↑Pulse on-time ↑ ↓ ↓ ↑ 
 ↑Electrolyte 
concentration 

↑ ↓ ↓ ↑ 

 ↑Duty cycle  ↑ ↓ ↓ ↑ 
↑ : represents increasing trend  ↓: represents decreasing trend 
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2.1 Fundamentals of material removal 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Pictorial representation of electrochemical activity in the inter-electrode gap during electrochemical 
machining. 

 

The material removal in ECM is achieved through controlled anodic dissolution of 
workpiece. The workpiece is made as anode and the tool electrode is made as cathode. At the 
anode, the metallic workpiece (M) undergoes oxidation thereby releasing the electrons. The 
reaction is known as anodic reaction and is represented as [24]: 

M → Mn+ + ne-                           (Anodic dissolution)                                                             (1) 

where n represents the number of electrons released during reaction. Besides anodic dissolution, 
oxygen evolution takes place when passivating electrolytes (E.g. aq. NaNO3) are used. The 
reaction is represented as: 

H2O → 2H+ + ½ O2 ↑ + 2e-        (Oxygen evolution)                                                              (2) 

In case of non-passivating electrolytes (E.g. aq. NaCl, aq. NaBr), the evolution of halogen gases 
takes place (Eq. 3). The gas evolution at anode reduces the current efficiency of ECM process as 
it consumes major fraction of machining current and only small fraction of current is utilized 
effectively in dissolution.  

2Br- → Br2 ↑ + 2e-                       (Halogen evolution)                                                           (3) 

At the cathode, the water from the electrolyte dissociates into hydroxyl ions and hydrogen 
evolution takes place (Eq. 4). These hydroxyl ions react with the metallic ions  produced during 
anodic reaction and precipitate as sludge which affect the stability of ECM process especially in 
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high aspect ratio machining (Eq. 5). To minimize the sludge precipitation, use of acidic 
electrolytes is recommended [25]. 

2H2O + 2e- → 2OH - + H2  ↑       (Hydrogen evolution)                                                         (4) 

Mn+ + nOH- 
→ M(OH)n  ↓              (sludge/precipitate)                                                  (5) 

The electrochemical activity occurring between tool and the workpiece during electrochemical 
machining is represented pictorially in Fig. 3. 

 The material removal during ECM is governed by Faraday’s Laws of electrolysis (Eq. 6) 
with current densities of about 20 to 200 A/cm2 in case of ECM and 75 to 100 A/cm2 in case of 
micro-ECM [6]. The material removal rate depends on the electrochemical properties of metal, 
properties of electrolyte and the electric current supplied (Eq. 6). In case of alloys, the volumetric 
MRR (VMRR) depends on the electrochemical equivalents and percentage of individual 
components of an alloy in addition to the current (Eq. 7).     

 

���� =	��� = 		

�
��
                                                                                      (6) 

����_������ = 		 �

� .



∑ ����

��
����

                                                                          (7) 

where, m: mass of anode dissolved, t: time, F: Faraday’s constant, A: molecular weight (g/mol) 
of workpiece (anode) , ρ: density of metal, I: current, η: current efficiency, z: valence of 
workpiece (anode), n: number of alloying elements, ci: mass fraction (%), zi: valency of 
individual constituents of alloy. The current density in electrochemical machining process is 
affected by mass transport effects [7] which in turn affects surface finish and shape accuracy. 
The limited current density considering convective mass transport is given by (Eq. 8) [6]: 
 

� = �
 !"#$
%                                                                                                   (8) 

where, D: effective diffusion coefficient, Csat: surface concentration and d: diffusion layer 
thickness.  

In localized ECM configurations, material removal is accomplished by application of 
pulsed voltage. The material removal during  pulse electrochemical micromachining with pulse 
on-time (τon) can be written as (Eq. 9) [26] : 

��&�'�(�) = * !+�
,- ./

01�
2                                                                   (9) 

Where, Vm: volume of material removed, C: the electrochemical constant, E: voltage 
value acquired by oscilloscope, A: electrode area, g: inter-electrode gap, r: electrolyte resistivity, 
t: time allowed for machining. In pulse electrochemical micromachining, the effective material 
removal occurs only during the time (t*) of faradic currents. Therefore, the material removal rate 
can be determined as [26] : 
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Figure 4: (a) Pictorial representation of double layer formation during electrochemical micromachining process 
[27]. (b) Equivalent circuit model of double layer in inter-electrode gap. Redrawn from Ref [28]. 

In micro-ECM, the localization of material removal is achieved by utilizing the double 
layer effect. Figure 4(a) depicts a pictorial representation of electrical double layer with thickness 
about 11-10 m [29] formed in the inter-electrode gap which is essentially accumulation of 
oppositely charged ions at the metal-solution interface and it acts as an electrical barrier [27]. 
Because of the capacitive nature of double layer, the inter-electrode gap can be modelled as RC 
circuit [28]. The capacitance of electric double layer (EDL) works as an additional control 
parameter. The charging constant of electric double layer depends on the size of inter-electrode 
gap. The smaller the distance between tool and workpiece electrodes, the smaller will be the 
charging time of double layer capacitance [30]. By virtue of this property, better localization of 
material removal is achieved through the adjustment of pulse parameters according to charging 
constant of double layer. The charging time constant (ɽ) for the double layer is given by Eq. 11 
[30]. 

4 = 56. = 78 9                                                                                       (11) 

where c is the specific capacitance of double layer, product of specific electrolyte resistivity (ρ) 
and gap between electrode and workpiece (d) gives electrolyte resistance (R). Thus, charging 
time depends on the gap distance between the electrodes. CDL is the overall capacitance of the 
double layer. When potential (ϕ0) is applied, the charged potential (ϕc) in the double layer is [30]: 

∅;</= = ∅2 >1 − ABCD− �
0EF ≈ ∅2

�
0                                                      (12) 

(a) (b) 
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From Butler-Volmer equation, during the chemical reaction, current is 

H = H2ABC	<IJ∅;= ≈ H2ABC DIJ∅2 �
�;KE                                                   (13) 

where i0: exchange current density, α:  transfer coefficient, f = F/RT, F:  Faraday’s constant, R: 
gas constant and T: temperature. It is evident from Eq. 13 that current depends on applied 
voltage, pulse duration, electrolyte concentration and inter-electrode gap. Furthermore, the 
material removal rate depends on current and hence it can be controlled by the parameters in 
Eq.13.  

 

2.2  Process-material interaction 

As compared to other micromachining techniques, in electrochemical micromachining 
there is no change in properties of workpiece material in the vicinity of machining zone. This is 
solely because of the electrochemical dissolution phenomenon and absence of any thermal 
effects as in case of laser and micro-EDM processes. As proposed by Klocke et al. [31], in 
electrochemical machining the energy source is considered as a moving voltage source and 
major material loadings are electrical field and chemical potential at all scales [32]. Figure 5 
shows the pictorial representation of the major material loadings in electrochemical machining 
process and their interaction with workpiece surface [32]. It is the effect of chemical potential 
which causes growth of thin passivation layer on the workpiece during ECM with passivating 
electrolytes. The uneven distribution of electric field in the inter-electrode gap causes non-
uniform dissolution as shown in Fig. 6. The other process related material modifications are 
caused by the electrolyte flow.  The flow grooves can be visualized on the ECMed surface as 
shown in Fig. 6. There are no stress- strain based loadings on ECMed surface as the wall shear 
stress of electrolyte boundary is low in magnitude. 

             

Figure 5: Methodology to describe electrochemical 

machining process signature by identification of material 

loadings and corresponding material modification. 

Reproduced from Ref [32]. 

Figure 6: Microscopic images showing material 

modifications: flow grooves and local dissolution during 

direct current electrochemical machining. Reproduced 

from Ref [32]. 
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2.3 ECM configurations for micromachining 

 

Micro-ECM drilling/milling 

The use of small diameter tubular electrodes [33]–[36], ultrashort pulsed power 
supply[37]–[39], smaller inter-electrode gap [6], [10], [40], high resolution motion stages [41] 
and tool-rotation [42][43] enable the use electrochemical machining to fabricate micro-
dimensional features with enhanced precision [44]. This falls under the domain of micro-ECM as 
it requires dedicated machine tool and precise control of process. Figure 7 shows sketch of 
micro-ECM setup with major peripherals. High aspect ratio micro-holes with complex internal 
shapes can be fabricated with micro-ECM technology [45]. Recently, a micro-ECM setup with 
granite base, gantry configuration, three linear axes and one rotary axis was reported that has 
capability to fabricate micro-holes [41]. This was made possible by specialized ultrashort pulsed 
power supply with adaptive gap control to achieve ECM in micromachining domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7:  Sketch of a micro-ECM prototype with major peripherals. 

 

In micro-ECM drilling, the dedicated tool-electrode is fed towards the workpiece and 
dissolution is made to occur in presence of high-frequency short pulsed power supply. Internal 
flushing is used as the side gap is very small for external flushing. During deep hole drilling, the 
flushing becomes difficult and the sparking phenomenon may occur due to the evolution of gas 
bubbles which can affect machining precision and surface integrity. To facilitate flushing at 
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higher depths, tool rotation is employed but this necessitates to minimize the runout as it will 
affect the machining precision and frequent short circuit. With the provision of advanced 
CAD/CAM technology together with multi-axis machining platforms, micro-ECM can be 
realized for milling of micro-channels [46], micro-grooves [47], microcavities [30], [48], [49]. 
The maintenance of required inter-electrode gap is crucial for micro-ECM process stability 
during machining.  A lot of gap control and monitoring strategies such as adaptive control and 
fuzzy logic based gap control [41],  short circuit detection [50], current monitoring [50]–[52], 
force sensing [53], use of ultrasonics [54] and machine vision [55], intelligent process models 
[56], etc. have been proposed in literature. Figure 8 shows the representative charging and 
discharging waveforms during electrochemical micromachining.  During micro-ECM process, 
the current passing through double layer (Figure 4) is sum of two currents: non-Faradaic 
(capacitive current) and Faradaic current. The capacitive current, or the current used in charging 
the capacitors of the electric double Layer (EDL) must be overcome before faradic current can 
reach effective levels and produced the desired machining effect [57]. This sets an optimal pulse 
width in a sense that the pulse width should be long enough to charge the double layer 
capacitance and short enough for achieving localized material removal. Only Faradaic currents 
participate in dissolution and are responsible for machining. It is not straight-forward to 
determine the Faradaic currents and requires intensive modelling efforts [58].  

Figure 8: Charging and discharging waveforms during electrochemical micromachining. Adapted from Ref [58].  

Jet micro-ECM 

The jet micro-ECM technology enables fast production of complex surficial geometries 
of micro-scale dimensions [59]–[61]. The material removal from metals is achieved by 
concentrating the DC current in an electrolyte jet which is ejected from a nozzle at about 20 
m/s [60]. This nozzle works as a cathode and workpiece is made anode. The current density 
of the process is about 1000 Acm2. The surface roughness of machined surface is higher at 
lower current densities and the surface roughness decreases at higher current densities [62]. 
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In order to achieve high current density, high working voltage and high conductivity 
electrolytes are employed. Both pulsed and DC power supply can be used as current is 
confined to the area of jet. Figure 9(a) shows the sketch of jet micro-ECM set up [60]. The 
geometric accuracy depends on the jet diameter. The accuracy of jet micro-ECM process is 
strongly affected by the shape of the jet but it is difficult to predict during experimentation 
and requires extensive modelling efforts [63]. The air assistance is found to improve the 
machining precision by removing the electrolyte film surrounding the nozzle [64]. The 
material removal can be controlled by electric current and nozzle diameter and position. It 
has been reported that jet micro-ECM produces higher material removal as compared to 
pulsed ECM process. With the jet micro-ECM, it has been possible to use ECM for 
micromachining by restricting the current in the jet. Jet micro-ECM can be used to fabricate 
micro-structured surfaces and complex three-dimensional micro geometries by changing the 
nozzle position and choosing proper current setting [65]. Figure 9(b) shows the localized 
point erosions generated by jet micro-ECM technology for machining time of 2s. An 
important parameter which affects the cavity widths and depths is nozzle speed. Figure 9(c) 
shows the variation of cavity depths with nozzle speed [66]. It can be observed that the cavity 
depths are higher at lower nozzle speeds due to increase in specific dissolution volume. The 
trend is same for all kinds of steels. However, the cavity depths are also dependent on 
composition of steel.  Finite element based Multiphysics modelling [63] and energy 
distribution modelling [61] have been used for improved understanding of the physics of jet 
micro-ECM process. 

 

 

Figure 9: (a) Sketch of jet electrochemical micromachining setup [60]. (b) Point erosions produced by jet 
electrochemical micromachining [60]. (c) Cavity depths as a function of nozzle speed for different grades of steel 
[66].  

(b) 

(c) 

(a) 
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Scanning micro electrochemical flow cell based ECM (SMEFC) 

SMEFC [67] has been demonstrated as a localized ECM process for surface 
micromachining and finishing process (Fig. 10(a)). It can confine the electrolyte to a small 
droplet which thereby permits localization of material removal. The SMEFC system consists of 
an electrolyte circulation system, a hollow tool electrode and a vacuum insert connected to a 
Venturi tube via a electrolyte recycling tank. The mechanism of electrolyte circulation is that the 
electrolyte is pumped through the hollow electrode and then it arises along the electrode outer 
wall by the surrounding flowing air induced by the Venturi effect, resulting in a droplet between 
the electrode and the workpiece, where electrochemical reactions occur. This method maintains 
the electrolyte of the droplet fresh and confines the electrolyte in the region of interest. The 
important parameter in micro-ECM with SMEFC is vacuum gap which affects the droplet shape 
and hence the precision of machining. This can be visualized from Fig. 10(b) and 10(c). As the 
vacuum gap increases, the droplet meniscus becomes wider and the cavity width increases more 
as compared to depth.  Because of its special electrolyte circulation, there is no need for the 
workpiece to be immersed in the electrolyte, enabling SMEFC being an integral and flexible 
technique. The fabrication of mesoscale cavities [67], channels [68] and finishing of EDMed 
surface [69] has been demonstrated by this technique. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: (a) Schematic diagram of scanning micro electrochemical flow cell. (b) Microscopic image of the 
electrolyte droplet under different vacuum gaps (from left to right, VG=180 µm, 280 µm, 380 µm, 480 µm, 580 
µm, 680 µm, 780 µm). (c) Cross section profiles of cavities at different vacuum gaps (Current: 400 mA, t: 8 s, 
IEG: 50 µm, electrolyte conc. 250 g/l)  . Adapted from Ref [67]. 
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Wire micro-ECM 

Wire electrochemical machining [70] is similar to Wire-EDM where a wire is used as a 
tool to cut the thick and hard workpiece material. The principle of material removal is anodic 
dissolution of workpiece in the presence of electrolyte unlike the spark erosion in wire-EDM 
process. Figure 11(a) shows the sketch of wire-ECM set-up with major peripherals [71]. The 
electrode or wire tool is fed towards the workpiece until the machining gap is suitable to initiate 
the required electrochemical dissolution. The absence of thermally induced material removal 
makes the wire-ECM process promising as there is no recast layer and heat affected zone. 
Furthermore, it doesn’t compromise with the mechanical properties of high aspect ratio feature 
after machining. The wire doesn’t undergo dimensional change or wear during wire-ECM and 
can be reused. The electrolyte can be conveniently supplied to the machining zone without 
needing complex electrolyte supply system. The potential candidate materials for wire of wire-
ECM process are tungsten, copper and platinum [72]. The accuracy in wire-ECM depends 
mainly on machining gap which depends on feed rate of wire, pulse voltage and pulse on-time 
[71]. Figure 11(b) shows the variation of machining gap with wire feed rate. It is evident that 
machining gap reduces with an increase in feed rate and this improves machining accuracy.  On 
the contrary, machining gap increases with an increase in pulse voltage and pulse on time, 
thereby deteriorating process accuracy. Workpiece vibration and optimum wire- travel speed are 
reported to generate improved surface finish during micro wire-ECM process [73].  

Figure 11: (a) Sketch of wire electrochemical machining setup. (b) Variation in machining gap with feed rate 
(electrode diameter: 10 µm, pulse period: 1 µs, electrolyte: 0.1 M HCl) (c) Microstructures fabricated by micro 
wire electrochemical machining. Adapted from Ref [71].   

 

(a) (b) 

(c) 
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To increase the productivity, multi-wire electrochemical machining process [70] is also 
employed where the axial flushing of electrolyte is employed to fabricate multiple features 
simultaneously. A special fixture is used to align the axes of the wires in same plane. The wires 
traverse same trajectory at constant feed-rate during cutting into the workpiece. Figure 11(c) 
shows the microstructures with slit width 20 µm fabricated by micro wire electrochemical cutting 
at feed rate of 0.125 µm/s, 50 ns pulses of 4.2 V [71]. 

Compilation of applications and process capabilities of micro-ECM 

Electrochemical micromachining presents a broad field of application in aerospace 
industry [74]–[77], automotive industry [12], biomedical industry [13]–[17], [78], consumer 
products [19][20], machining of dies and tools [79], machining of difficult-to-cut materials [11], 
[25], [80]–[86], in process dressing of grinding wheels [87]  and other fields [4], [88]–[94] as 
compiled in Table 3. Figure 12 gives a pictorial overview of potential industrial applications 
where electrochemical micromachining is applied for machining at micro or sub millimeter 
scale. Table 3 summarizes the process capabilities and workpiece materials investigated for 
different configurations of electrochemical micromachining as compiled from different literature 
sources. Table 5 presents compilation of advanced process capabilities of electrochemical 
micromachining in different configurations. The main materials which have been widely 
researched for machinability using electrochemical micromachining are Titanium alloys, 
superalloys and steels. Tables 6, 7 and 8 present studies conducted on electrochemical machining 
of Titanium alloys, superalloys and steels respectively alongwith the tool-electrolyte 
combinations and respective machining conditions. This will be helpful for practicing engineers. 

Table 3: Potential application areas of electrochemical machining at micrometer and sub millimeter scale. 

Application sector Products/feature 
Aerospace industry High aspect ratio straight, inclined and turbulated cooling holes for turbine 

blades, functional apertures in aerospace components, manufacturing of 
aerodynamic seals, gearwheels, turbine blisks, texturing for generation of 

superhydrophobic surfaces. (Courtesy: IndecTM, PEMTec®) 
Automotive industry Micro-holes in fuel injection nozzles and apertures for oil inlet in bearings, 

gearwheels and cog wheels, turbocharger components (Courtesy: IndecTM, 
PEMTec®) 

Medical/biomedical industry Micro-needles for cochlear implants, sharp edged and high finish surgical tools, 
optical quality finished dies and moulds for surgical tools, punches for tablets  

Consumer products Shaver heads (finishing and grooving) (Courtesy: Philips®), hydrophobic 
surfaces, surfaces with high surface finish requirement 

Chemical industry Micro heat exchangers, micro-reactors (Courtesy: ECM technologies®) 
Tooling Cutting tool inserts, dies and punches, embossing tools, coin stamps 

General applications Micro-holes, micro-channels, micro-slots, micro-cavities, complex internal and 
external shapes on difficult to cut materials such as titanium, stainless steel, 

superalloys, heavy metals, etc. 
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Figure 12: Potential industrial applications of electrochemical micromachining. (a) Cooling and functional 
apertures in turbine blades for aerospace industry. (b) Micro-holes and apertures in fuel injection nozzles (c) 
Formation of sharp cutting edges of medical micro-surgical tools with edge sharpness less than 1 µm. (Picture 
courtesy: INDECTM). (d) Coining stamps for mintage industry. (e) Micro punching dies (Picture courtesy: 
PEMTec® (f) Micro-gear with internal teeth for medical application (Picture courtesy: Bosch GmbH) (g) Micro-
slots and high surface finish in shaver head (Picture courtesy: Philips DAP) (h) A micro heat-exchanger with 
heating channels' dimensions (width x depth): 800µm x 400µm (Picture courtesy: ECM Technologies®.) 
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Table 4: Research developments in different variants of electrochemical micromachining technology.  

ECMM 

variant 

Process capabilities Workpiece materials 

investigated 

Research opportunities 

Micro-ECM Groove [47],  texturing on 

flat and curved surfaces 

[90], [95], drilling [8], [96], 
milling [23], [30], [48], 

[49], silicon micro-

structuring [97], complex 

internal holes [98]–[100], 
nanostructures [101], 3D 

microstructuring [102] 

[49],  

Tungsten [103], copper [104], 

SS 304 [96], Single crystal Ni 

superalloy [75], [105], Inconel 
[25][83], gold [106] [107], 

silicon [94], [97], [108],  

molybdenum [109], Ni and Ti 

alloys [17], [82], [110], stainless 
steel [111] [112], WC-Co [80], 

SiC [113], WC [114] 

• Development of multifunctional 
machine tools. 

• Development of innovative 

process energy sources 

• Research into ecofriendly 
electrolytes. 

• Development of advanced 

process monitoring techniques 

• Advanced characterization of 
dissolution phenomenon 
especially the conditions in inter-
electrode gap. 

• Improvements in multiphysics 

modelling of electrochemical 
micromachining. 

Jet micro-

ECM 

Cavities, pits and point 

removals [59] [64], Sharp 

edge production [65], 

grooves [62], surface 
texturing [115], turning 

[116] [117], finishing 

[118], cutting [119], 3D 

machining [120], 
microchannels [65], 

production of defined 

surface waviness [121] 

carbides [122], stainless steel 

SUS 304 [62], Incoloy® [123], 

Nimonic® 80A [64], titanium 

[86], [124], Y-TiAl intermetallic 
[84], Particle reinforced 

aluminium matrix composites 

[125] [126], WC [127] 

• Better understanding of jet 

shape as it affects machining 

precision. 

• Development of in process 
metrology for jet micro-ECM. 

• Evaluation of process-product 

fingerprint for jet micro-ECM 

technology. 

• Research into novel applications 
including surface texturing, 
fabrication of microfluidic 

channels. 

SMEF Pits and cavities [67], 
channels [68], finishing 

[69] 

Stavax® mould steel[67] • Better understanding of 

electrolyte droplet shape 
evolution as it affects machining 
precision. 

• Developments of prototypes 
that can realize higher 
electrolyte flow rates. 

• Development of in-process 

monitoring techniques. 

 

Wire micro-

ECM 

Cutting [71], [73] cobalt [73], nickel [71] • Development of improved 
electrolyte flushing systems to 
improve machining accuracy. 
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Table 5: Advanced process capabilities of electrochemical micromachining technology as compiled from different 

literatures. 

Process capability Figure Details Reference 

Spiral duct 

cooling passage 

 Controlled micro-ECM 

parameters – 8 V, 150 g/l, 

NaNO3, 0.2 MPa electrolyte 

pressure, 15 m/s electrolyte 

velocity, 10 min machining time. 

[99] 

Groove array in 
micro-hole 

 Fabricated using single disc 

electrode in micro-ECM, hole 

diameter 130 μm, groove depth 

and height 30 μm and 33 μm 

respectively. 

[98] 

Reverse tapered 

holes 

 Micro-holes with inlet diameter 
of 178 μm and taper angle of 

1.05° on 1 mm thick 18CrNi8, 

can be machined by varying 
voltage, varying duty ratio and 

varying feed rate machining. 

[100] 

Bamboo shaped 

hole 

 Fabricated using varying feed 

rate machining mode on 1.0 
mm-thick 18CrNi8 workpiece, 

internal surface roughness Ra 

674 nm. 

 

[100] 

Pocket 

machining 

 Milling mode micro-ECM, 

fabricated using cylindrical 

tools, small step-over distance 

generates smooth surfaces.  

[48] 

Spiral trough  Depth of 5 mm, workpiece –Ni, 

tool – Tungsten, electrolyte - 
0.2M HCl , parameters: 3 ns, 2 V 

pulses, 33 MHz repetition rate. 

[38] 
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Micro 

structuring 

 Workpiece – Au, electrolyte – 1 

M LiCl/DMSO solution, 

machining parameters: 4.2 V, 20 

ns pulses. 

[107] 

Fabrication of 
micro-reactor 

 Workpiece-stainless steel 

1.4541, fabricated by jet-EC 

milling, use of electrolytic free 

jet – localized machining. 

[60] 

Surface 
texturing 

 

 
Processing parameters: voltage: 

5 V, pulse on time: 10 μs, pulse 

off time: 110 μs, electrolyte: 5% 
NaNO3, IEG: 100 μm. 

[90] 

Micro-turning 

 

ECM turning achieved by 

rotating the cylindrical 

workpiece and moving the jet 

along the axial direction. The 

profile is generated by changing 

current sinusoidally from 0 – 50 

mA.  

[116][117] 

Finishing of pre-

machined 

surface 

 Use of ball ended tool-electrode 

, electrolyte – 15% aq. solution 

of NaNO3, Voltage - 16V. 

[128] 

Banana shaped 

grooves and 

finishing 

(Picture courtesy: Philips® DAP) 

ECM process- final step in 

production of shaving head, 

fabrication of banana shaped 
grooves and required surface 

finish accomplished by 

electrochemical machining. 

[20] 

After rough milling After ECM finishing 
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Fabrication of 

sharp edges 

 

Using jet electrochemical 

micromachining, workpiece : 

Steel 1.4541, geometry consists 

of five coaxial circles with 

varying radii from 1 – 2.2 mm 

and number of crossings vary 

from 10 -50, minimal edge 
radius 1 μm. 

[65] 

 

Table 6: Reported works on electrochemical micromachining of Titanium alloys. 

Ref Tool material Electrolyte Experimental conditions 

[129] Copper-tungsten aq. NaCl, aq. NaNO3 U: 10- 24 V; electrolyte flow rate: 20 dm
3
/min; feed 

rate: 1.04 mm/min 

[110] Stainless steel 
1Cr18Ni9Ti 

aq. NaCl (10 %) U: 30 V, inlet pressure: 0.5 MPa, initial gap: 0.5 mm, 
feed rate: 0.5, 1.2 mm/min 

[86] nozzle aq. NaCl, NaBr, NaF, 

NaNO3 

I: 0.2 A, stand-off distance: 0.5 mm, electrolyte flow 

rate: 6mL/s, current density: 408 A/cm
2
 

[130] Pt wire 3M sulphuric acid-50% 
methanol- 50% ethanol 

U: 10, 30 V; electrolyte temperature: -10 , 0 deg C 

[70] wire (2.5 – 10 %) NaCl + 

NaNO3 

U: 18-22 V, wire feed rate: 0.6 -1.8 mm/min, 

electrolyte flow rate: 42-87 m/s 

[131] Tungsten NaCl, NaBr, HCl, H2SO4, 

NaClO4.H2O, EG+NaBr, 
EG+NaBr+NaCl 

U: 12 V; pulse frequency: 50 kHz, duty cycle: 20 %, 

tool feed rate: 1 μm/s, inter-electrode  gap: 15 μm  

[17] Metallic nozzle Aq. NaBr U: 150, 200 V; electrolyte pressure: 175-280 kPa;  

[132] Platinum NaCl, KBr, NaNO3 at 

different pH 

Electrolyte pH: NaCl, KBr-pH 7, NaNO3-pH 1, 7, 12 

[133] Nozzle 20 % wt. NaNO3 Nozzle inside diameter: 250, 1000 μm; nozzle feed: 

1m/s, nozzle stand-off: 500 μm, electrolyte flow 
rate: 60 ml/min; ultrasonic assistance 

[84] Stainless steel 1Cr-

18Ni-9Ti  

15% w/v NaCl U: 25-40 V; electrode feed rate: 0.8 – 2 mm/min; 

electrolyte pressure: 0.4-1.0 MPa; electrolyte 

temperature: 30-45 deg C 

 

Table 7:  Reported works on electrochemical micromachining of superalloys. 

Ref Workpiece Tool material Electrolyte Experimental conditions 

[83] Inconel® 718 Copper tube 

with epoxy 

insulation 

aq. NaNO3 inlet electrolyte pressure: 0.1 MPa; outlet 

electrolyte pressure: 0.35MPa; electrolyte flow 

rate: 10ml/min; U: 6 – 14 V; tool feed rate: 0.3 – 

0.6 mm/min, electrolyte concentration: 6 – 16 wt. 

%. 

[105] Ni based 

single 

crystalline 
superalloy 

LEK94® 

Steel aq. NaNO3 suitable current densities: 1- 4 A/mm
2
, electrolyte 

conductivity: 115 mS/cm. 

[11] Ni based Copper tube 12.5 wt.% U: 9V; tool feed rate: 0.9 mm/min; bare tip length: 
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superalloy with Perspex 

insulation 

NaCl and 2.5 

wt.% HCl 

0.9 mm,  

[123] Incoloy® 800 Borosilicate 

glass nozzle 

aq. H2SO4 U: 325 V; Pulse on-time: 30 μs; pulse off-time:50 μs  

[82] Ni based 

superalloys 

- aq. NaNO3 U: 17.5 V; electrolyte temperature: 308 K; 

electrolyte concentration: 5- 20% 

[85] Inconel® 825 Copper aq. NaCl U: 5-15V; feed rate: 0.2 -0.6 mm/min; electrolyte 

concentration: 80, 95, 111.11 g/l 

[134] Inconel® 738 - 20% wt. aq. 
HNO3 

U: 16 V, feed rates: 1.8 – 10 mm/min 

[25] Inconel® Copper tube 

with Perspex 

insulation 

1% HCl+ 10% 

NaCl 

U: 17 V, feed rate: 1.0 mm/min 

[75] DD6-Ni® 
based single 

crystal 

superalloy 

Brass aq. NaNO3 U: 80 V; electrolyte pressure: 4 MPa;  pulse on-
time: 12 μs; pulse off-time: 30 μs; peak current: 6 

A; salt solution conductivity: 3 mS/cm, Technology: 

ECDM 

[79] Inconel® 718 Stainless steel aq. NaNO3 U: 30V, initial gap: 0.26 mm, tool feed rate: 0.6 
mm/min 

[74] Inconel® 718 - aq. NaNO3 U: 10 V; tool feed rate: 7 μm/s; electrolyte flow 

rate: 10 mL/min 

[135] Hastelloy® B-2 Tungsten aq. HCl Pulse duration: 25 -200 ns; tool feed rate: 1.8 

μm/min; U: 1.3 V 

[136] Ni based 

superalloy 

Tungsten 0.2 M 

sulphuric 

acid 

U: 3.5 -5.5 V; pulse on- time: 40 - 150 ns; tool feed 

rate: 0.2 μm/s 

[101] Nickel Tungsten aq. HCl U: 2V; pulse on-off ratio: 1:10; pulse on time: 2 -

100 ns 

 

Table 8:  Reported works on electrochemical micromachining of steels. 

Ref Workpiece 

material 

Tool 

material 

Electrolyte Experimental conditions 

[66] X153CrMoV12, 

X5CrNi18-10, 

X6CrNiTi18-10, 

18CrNi8 

Nozzle 30 % NaNO3 U: 56 V; working distance: 100 μm; electrolyte 

flow rate: 10 ml/min; nozzle motion speed: 200-

1000 μm/s; number of nozzle crossings: 10 

[67] Stavax® mould 

steel 

WC-Co aq. NaNO3 Machining current: 50 – 700 mA; Inter-electrode 

gap: 20 – 50 μm; Technology: SMEF based micro-

ECM 

[137] Stainless steel Nozzle 20 % NaNO3 Gap width: 1 mm; pressure: 30 MPa; current: 25 
MPa; U: 30-150 V 

[138] Stainless steel Platinum aq. NaCl Enhancement of ECM by 248 nm laser; laser 

pulse energy: 200 mJ; U: 0.5 V 

[47] 304 Stainless 

steel 

Tungsten 0.2 mol/L H2SO4 

solution 

U: 6-9 V; pulse on-time: 75-150 ns; feed velocity: 

XY 2 μm/s, Z 1 μm/s 

[112] Stainless steel 

1.4301 

- 8% NaNO3 U: 5-14 V; feed rate: 0-0.5 mm/min; pulse on 
time: 1-4 ms; pulse frequency: 50 Hz; electrolyte 

inlet pressure: 3.1 bar 

[111] Stainless steel Platinum 3 M HCl/6 M HF  U: 2 V; pulse on time: 10-200 ns 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1.4301 

[139] 304 Stainless 

steel 

- Composite 

electrolytes: Salt 

solutions + 

complexing agents 

 

U: 8 V; pulse on-time: 5 μs; pulse off time: 5 μs; 

electrolyte pressure: 0.55 MPa 

[140] AISI 304 

(X5CrNi18–10) 

is 

Steel NaNO3 U: 10 V; pulse on time: 2.5 ms; Electrolyte flow 

rate: 4.7 l/min, electrolyte pH: 7.1 

[92] 9CrWMn alloy 

tool steel 

Brass 10 % NaCl U: 14-18 V; cathode feed rate: 16-20 mm/min; 

electrolyte pressure: 1.5-2.5 MPa 

 

 

2.4 Electrolytes for electrochemical micromachining  

 

In electrochemical micromachining, electrolyte serves multiple roles i.e. participating in 
electrochemical dissolution, maintaining process stability and flushing out reaction by-products 
from machining zone [6]. It is crucial to select proper electrolyte for stable micro-ECM. The 
selection of electrolyte depends on several aspects such as composition of material to be 
machined, smaller inter-electrode gap,  sufficient ionic concentration, desired material removal 
rate and surface quality. Figure 13 gives a broad overview of electrolytes used in electrochemical 
micromachining. The most common types of electrolytes are aqueous salt solutions and weakly 
acidic solutions. Aqueous salt solutions can be passivating and non-passivating [141]. 
Passivating electrolytes contain oxidizing anions (NaNO3, NaClO3). Non-passivating electrolytes 
contain aggressive ions (NaCl). Non-passivating electrolytes are recommended when good 
surface finish is required. For micromachining using ECM, use of passivating electrolytes is 
recommended because they form a thin oxide layer which minimizes dissolution in stray current 
region. Therefore, passivating electrolytes are reported to give better machining precision in 
ECM based micromachining.  However in case of deep hole drilling, sludge formation restricts 
the process stability and achievable aspect ratios. Therefore, pH of the electrolyte also plays an 
important role. In Shaped tube electrolytic machining (STEM) of deep holes, acid based 
electrolytes are recommended to minimize the sludge deposition [25]. The use of acidic 
electrolytes creates an additional challenge for tool material selection, environmental and 
operator safety issues. EDTA based complexing agents have been proposed as an alternative to 
acidic electrolytes to minimize sludge deposition [142].  For machining of WC, dissolution is 
possible in alkaline electrolytes, however the sludge formation leads to higher IEGs [141] . For 
specific metals such as titanium [131], [143] and molybdenum [109]; use of non-aqueous 
electrolytes is reported as these electrolytes don’t lead to formation of passivation layer and 
surface quality is higher. For machining alloys and sintered materials; mixed electrolytes are 
used [80]. Some groups have also reported use of ecofriendly electrolytes such as water [144], 
[145] and citric acid [146] to address the environmental issue associated with safe disposal of 
conventional electrolytes. Tables 5-7 presents the different electrolytes used for machining of 
titanium alloys, superalloys and steels. 
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The electrolyte concentration is a major influencing factor that determines the accuracy 
of the process [147]. Figure 14(a) shows the effect of electrolyte concentration on MRR during 
electrochemical micromachining process [148]. An increase in the electrolyte concentration 
increases the current as well as the dissolution efficiency and hence it results in an increase in 
MRR [148]. However, the material removal also occurs in the stray region and deteriorates the 
localization of the material removal. This causes overcut thereby affecting process accuracy. It 
can be observed from Figure 14(b) that besides machining speed, electrolyte concentration also 
affects side gap [23]. The low or moderate electrolytic concentrations cause a reduction in 
machining gap leading to high accuracy [23]. Therefore, low or moderate electrolyte 
concentration are good for ECM based micromachining for localizing the material removal [6]. It 
is not advised to use too low concentrations as it may cause depletion of sufficient ions for 
electrochemical dissolution and MRR will be much lower. The throwing power of electrolyte 
should also be considered in electrolyte selection. Electrolytes with low throwing power are 
preferred for higher accuracy in micromachining domain [149]. During micro-ECM drilling, the 
flushing of electrolytes becomes difficult at higher depths and thus the machining by-products 
(debris, bubbles, gases) are not effectively removed leading to problems with machining 
accuracy. Use of tubular electrodes for internal flushing at higher depths is recommended [34]. 
Use of vacuum extraction of electrolyte has been proposed to localize the machining process and 
minimize overcut during drilling [150]. Multiple holes have also been drilled using vacuum 
extraction of electrolyte in ECM [151]. For improvement of heat and mass transfer in the ECM 
gap and improving the MRR, pulsating electrolyte flow has been proposed [152]. It has been 
reported that a constant electrolyte flow rate improves the hole profile in ECM drilling [153]. 
Increase in electrolyte pressure improves flushing of electrolyte and improves accuracy in ECM 
drilling [34]. The use of ultrasonic vibrations in electrolyte [154] and tool jump motion [155]  
has been reported to increase machining depth and improved flushing conditions while 
fabricating deep holes. To ensure good surface finish and minimize electrolyte boiling, the 
temperature of electrolyte should be controlled properly [152], [156]–[158].  The temperature of 
the electrolyte affects the electrolytic conductivity depending on the type of electrolyte. Jain et 
al. [159] performed in-depth modelling and experimental investigations on the variation of 
electrolytic conductivity in machining zone due to gas evolution and sludge formation. It was 
reported that if the IEG is very small (< 200 µm), the electrolyte conductivity reduces by more 
than 20% at 10 V.  
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Figure 13: Overview of electrolytes used in electrochemical micromachining along with primary characteristics. 

 
 
 

 

 

 

 

 

 

 

 

 

Figure 14: Plots showing effect of electrolyte concentration on (a) MRR (b) Machining speed and side gap. 
Adapted from references [21][23]. 
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2.5 Interelectrode gap 

 

In micro-ECM process, size of inter-electrode gap, its control and monitoring plays an 
important role in influencing machining resolution, machining precision, workpiece surface 
quality, tool design and machining efficiency. The aspect of inter-electrode gap in micro-ECM is 
related to several other parameters such as moving precision of cathode, gap voltage, electrode 
polarization in the gap, electrolyte parameters (composition, concentration, pressure, 
temperature) [53].  In order to achieve faster and localized material removal, a lower value  (5 – 
100 µm) of inter-electrode gap is found suitable for machining accuracy [40], [160]. In micro-
ECM, the inter-electrode gap is modelled as a RC circuit as covered earlier in Section 2.1 and 
Figure 4(b). In a recent study [161], it was observed that the double layer capacitance and 
charging constant depend highly on the inter-electrode gap and by using smaller machining gaps, 
sub-micrometer precision can be realized. Figure 15 shows the improvement in micromachining 
accuracy on using lower IEG in micro-ECM [40]. However, it is not an easy task to achieve 
lower inter-electrode gaps. Furthermore, lower IEG may affect process stability due to change in 
electrolyte flow and mass transport conditions [6]. When the IEG is too low, flushing becomes 
difficult and may cause even electrolyte boiling. This can severely affect the accuracy of 
machining. Furthermore, when the feed rate of the tool electrode is higher than the frontal 
material removal rate, short circuiting takes place. This affects the process adversely. Therefore, 
an optimum value of IEG should be maintained. This necessitates the understanding of IEG in 
micro-ECM and also the maximum current flowing through IEG should be controlled.  The 
parameters which affect the inter-electrode gap in pulse micro-ECM drilling are voltage, pulse 
on time, tool feed rate and duty cycle [162]. As mentioned in the work of Bilgi et al. [162], the 
interaction of these parameters affect the frontal material removal rate, electrolyte conductivity 
and changes in current flow which in turn cause variations in inter-electrode gap during drilling. 
Several gap control and monitoring strategies such as adaptive control and fuzzy logic based gap 
control [41],  short circuit detection [50], current monitoring [50]–[52], force sensing [53], use of 
ultrasonics [54] and machine vision [55], intelligent process models [56], etc. have been 
proposed in literature. Bubble evolution [163]–[166] and sludge generation are the major 
phenomenon which makes it difficult to use smaller IEGs in micro-ECM. In case of stationary 
electrolyte and gap sizes of 30 and 100 µm, the gap is filed with bubbles within 8 ms and 16 ms 
respectively [163]. This reduces the machining current with time. Flushing of electrolyte is found 
to be beneficial as it flushes out the bubble before they coalesce. Figure 16 shows the gas bubble 
evolution and bubble clustering on cathode during pulsed micro-ECM for gap voltage of greater 
than 1 V [164]. By using a conical tool and dedicated experimental arrangement, it was observed 
that gap voltage is the major influencing parameter which governs bubble propagation speed, 
bubble size and bubble coalesce [165]. 
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Figure 16: Gas bubble evolution in the inter-electrode gap and clustering of bubbles on cathode during pulsed 

electrochemical micromachining for gap voltage ~1.9 V. Adapted from Ref [164].  

 

2.6 Process energy source 

 

The conventional ECM with direct current as a process energy source suffers from the 
aggressive and stray material removal, formation of oxide layer, passive film and cavitation. In 

Figure 15:  Effect of IEG on dimensional accuracy keeping other factors same. A micromachined 

cavity at (a) IEG 50 µm (b) IEG 15 µm (c) IEG 5 µm. Adapted from Ref [40]. 
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order to minimize these problems, pulse electrochemical machining (PECM) was introduced [5] 
[167]. Figure 17 gives a broad classification of process energy sources for electrochemical 
micromachining [168]. In PECM, the current is supplied in the form of pulses. The power switch 
unit is the main element which is used to create the pulse. The parameters pulse on-time and duty 
factor can be used to control the process. It has been observed that pulse parameters affect the 
machining gap, machining time, accuracy and surface roughness significantly during 
electrochemical machining [6], [23], [44]. Furthermore, during pulse off time the tool retracts 
back thereby providing good electrolyte flow. Also, during pulse off time tool repositioning and 
gap monitoring can also be done. Although some literatures report fabrication of micro-
dimensional features and shapes using pulsed ECM with ms and µs pulses but the machining 
accuracy is rather low due to higher machining gap. To achieve high accuracy and highly 
localized material removal, the phenomenon of double layer reloading is utilized which requires 
nano-second pulses [38] [169]. Figure 18 shows a block diagram of major elements of a nano-
second pulsed power supply [170]. The ns pulsed power supply consist mainly of PIC single chip 
computer, MAX038 pulse generator, complementary chopper circuit, DC voltage-stabilizing 
circuit, sampling circuit and fast protection circuit. The complementary chopper circuit avoids 
waveform distortion and facilitates in achieving higher pulse frequency. The short circuit 

protection helps in avoiding damage to electrical components in case of short circuit between 
electrodes during micro-ECM. 

 
Figure 17: Classification of process energy sources for electrochemical machining. Redrawn from Ref [168] 

 
The major limitations on development of nanosecond pulsed power sources for micro-

ECM are due to the technological limitation on maximum switching frequency (1 MHz) of 
conventional MOSFETs [171] and the effect of stray inductance and capacitance[168]. The stray 
capacitance delays the rise time of current pulses and also causes a significant overshoot at the 
end of pulse which is not desirable in ideal micro-ECM process. Furthermore, the parasitic 
inductance of connecting cables increases the rise time of current pulses especially for ultrashort 
pulses. The delayed attainment of peak current reduces productivity [168]. Figure 19 shows the 
effect of parasitic inductance on the current pulse during micro-ECM. It is worthwhile to note 
that pulse rise time increases with an increase in parasitic inductance value. For inductance of 
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50nH, the pulse rise time is shortest. To minimize the effect of parasitic cable inductance, the 
cable length should be minimized and the process energy source should be located close to the 
machining head [57], [171], [172]. 

 
 

 

Figure 18: Block diagram of a pulsed power supply for electrochemical micromachining. Redrawn from Ref 
[170]. 

 
 

 

 

 

 

 

 

Figure 19: Effect of parasitic inductance on the current pulse in electrochemical micromachining. Adapted from 
ref [168]. 

The high frequency pulsed power sources for micro-ECM are still in research and 
development stage. Table 9 compiles the published works on development of ultrashort pulsed 
power supplies along with their main characteristics. Among the notable works, Spieser et al. 
[171] designed and developed a power supply unit for micro-ECM that had the capability to drill 
deep holes. The power supply unit has capability of  providing pulses with a frequency ranging 
from 2 kHz to 8 MHz.  It was also able to reverse pulse polarity and add a positive/negative 
biases during pulse off-time. The pulse power supply unit was also equipped with an ultra-fast 
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(50-ns time delay) short-circuit protection. Zhang et al. [170] developed a nanosecond pulse 
power supply for micro-ECM with minimum pulse on time of 50 ns.  They also employed a 
chopper circuit to prevent waveform distortion. Experiments on micro-ECM drilling were 
performed and it was observed that high frequency, short pulse width power supply helps to 
achieve better surface quality and higher machining accuracy. It has also been proposed that low 
level voltage based pulse current supply improves electrochemical machining accuracy and 
reduces tool wear [173]. In the work of Schulze et al. [172], two variants of pulse power units for 
pulse-ECM and pulse micro-ECM were developed for stable micro-ECM process parameter 
settings and accurate capturing of gap current which is essential in micro-ECM process. Above 
all from the literatures on process energy sources for micro-ECM, it can be inferred that in the 
design of process energy sources, the primary aim should be to minimize the losses due to stray 
capacitances, inductances and even resistances in the current path so as to obtain less power loss, 
less voltage drop and steep rise of current pulses. 

 

 

 

 

 

Table 9:  Reported works on development of power sources for electrochemical micromachining and their main 

characteristics.  

Reference Main characteristics 

[171] • Overcurrent protection incorporated. 

• Quick communication protocol between power supply and motion controller. 

• Current max 10A, Frequency: 2kHz-8MHz, Voltage max 15 V, Smallest pulse 
duration: 50 ns. 

[173] • Low level voltage improves machining accuracy. 

• Optimal low level voltage conditions depend on pulse duty ratio. 

[170] • Nanosecond pulse power supply with minimum pulse duration 50 ns. 

• Complementary chopper circuit to prevent waveform distortion. 

• Fast short circuit protection – response time < 5μs. 

 

[57] • Use of Gallium nitride based transistors as a novel switching technology 

• Modulated frequency of up to 45MHz with a minimum pulse on time of 14ns. 

• A novel multi-probe IEG connection concept- can transmit pulses to IEG with 

inductance of 50nH and 50 ns pulses. 

[172] • Use of bipolar pulse unit for loading and unloading the double layer 

capacitances. 

• Highlighted the problems  with inductances in gap circuit. 

• Provision for gap current sensing. 

[174] • Use of ultrashort current pulses ~ 100 ns for accuracy improvement. 

• Accurate measurement of average voltage gap and short circuit detection. 
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• Convenient tuning of pulse duration, frequency and peak current. 

 

2.7 Tooling aspects 

 

It is well known that in electrochemical machining process, the tool shape is copied into 
workpiece surface [4], [9], [149]. The copying accuracy and efficiency of micro-ECM processes 
also depends on the tooling aspects. Whether it is micro drilling or micro milling or free form 
machining, the tooling aspect plays a major role. In the past few years, researchers have come up 
with several standard and customized tool designs for improving the process performance of 
micro-ECM. Table 10 gives a compilation of different tool designs proposed for improvement in 
process performance along with necessary details. Several aspects are cross connected and 
common with macro-ECM and features on tools can be scaled down to make them applicable in 
micro-ECM also. The subsequent subsections deal with tooling aspects of micro-ECM in brief. 
A discussion is also presented on side insulation coatings on the tools in high aspect ratio 
machining using micro-ECM for preventing lateral dissolution. 

 

 

Table 10:  Difference types of tool-electrode configurations investigated in electrochemical micromachining 

technology as compiled from different references..  

 

Electrode 

configuration 

Electrode Electrode 

material used in 

reference 

Purpose solved 

Multi-hole 

electrodes 

[175] 

 

 

 
 

Brass To prevent 

formation of residual 

cylinder in blind hole 

drilling 
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Grooved 

electrodes 

[176] 

 

- For improved 

flushing of debris 

and machining 

byproducts for deep 

hole drilling 

Disc electrode 

[98] 

 - To fabricate micro-

holes with internal 

grooves. 

Dual Pole Tool 

[177] 

 

 

 
 

 

 

 Outer bush is an 

auxiliary anode 

made of 

insoluble metal 

and inner one is 
pipe like 

cathode tool 

with epoxy resin 

layer between 

them. 

To prevent stray 

machining and 

improve machining 

accuracy. 

Transparent 

electrode 

[163] 

 

 

 

SiC single crystal 

semiconductor 

Observation of ECM 

gap phenomenon 

Balance 

electrode [96] 

 

Platinum For the compensation 

of the difference of 

voltage drops between 
electrolyte and two 

electrodes. Prevent 

passive layer 

formation. 
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Wedge shape 

electrode 

[178] 

         Metal To drill inclined holes 

with large inclination 

angles. 

Capillary 

electrode [8] 

 

Glass capillary 

with Pt wire as 
cathode 

Glass capillary can 

bend for angular 

adjustments. Drilling 

holes in production 

components with 
positioning and 

diametric tolerances of 

G0.05 mm. 

Spherical 

electrode [33], 

[179] 

 

Tungsten To achieve micro-

holes/cavities with less 

degree of taper. 

Insoluble 

auxiliary 

electrode 

[180] 

 Platinum To improve 

dimensional accuracy 

on the exit side of hole 

Retracted tip 

tool [181] 

 

Tungsten with 

Silica coating 

To confine the electric 

field distribution to the 

electrode region and 

improve machining 
accuracy. 
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Tool with 

controlled 

conductivity 

[182] 

 

Non- conductive 

rod wrapped 

with conductive 

wire 

To control the internal 

shape of micro-holes. 

 

Tool material 

 For micro-ECM, a tool material should possess high electrical and thermal conductivity, 
stiff enough to withstand high pressure electrolyte and good corrosion resistance [35]. The 
suitable candidate materials for ECM tool electrode are platinum [130][132], brass [92][75], 
titanium [77], tungsten[131][135][136][101], stainless steel [84][110][79], molybdenum and 
copper [25][83][11][72]. The conductive plastic tube [183] and glass capillaries (with Pt 
wire)[184][8] have also been tested as a candidate tool material. The selection of tool 
material mainly depends on the electrochemical properties required for material removal and 
are specific to the workpiece to be drilled. Tables 4-6 report the tool materials used for 
machining specific material. 

 

Tool shape and structure 

A good tool design for micro-ECM drilling should accommodate space for electrolyte 
flow [178]. Ahn et al. [96] conducted research on using electrodes with different bottom 
shape in electrochemical micro drilling. It was mentioned that the bottom shape of the tool 
electrode affect the machinability and quality of micro hole. When a flat bottomed electrode 
is employed (Fig. 20(a)), the electrolyte supply is not sufficient and the workpiece beneath 
the central part of the tool is not well machined. On the other hand, a spherical bottomed 
electrode (Fig. 20(b)) exhibits better machinability due to improved electrolyte supply. This 
electrode design is more useful when micro-drilling of blind holes is required. In the work of 
Liu et al. [185], spherical , conical and flat tip electrodes were fabricated and used for 
electrochemical micromachining. It was concluded that conical tip electrode produces better 
results during drilling of micro holes, flat shaped electrode is recommended for fabrication of 
complex plane structures layer by layer and spherical ended electrodes produce micro-holes 
with less degree of taper. In order to reduce taper, spherical ended electrodes were fabricated 
and increase in dimensional accuracy was observed [33]. For deep hole drilling, tubular 
electrodes are preferred which can provide effective flushing at higher pressures at higher 
depths. However, internal flushing through a tubular electrode requires complex spindle 
design with isolation from corrosion (due to acidic electrolytes) and high current (required 
for micro-ECM drilling). 
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Tool size 

The diameter of the tool is determined according to the dimension of the feature to be 
machined. Furthermore, the limitation on minimum size is imposed by the requirement of 
sufficient strength of tool electrode to withstand electrolyte pressure and the lateral forces. 
For standard dimensions, the commercial tool electrodes are now already available in the 
market. For non-standard diameters or for custom electrode requirements, on machine wire 
dress units/block grinding [186] and electrochemical etching/machining [41], [49], [187] can 
be used to fabricate the electrodes. However, the repeatability of producing constant diameter 
electrodes using these methods is limited. To ensure process repeatability, on machine laser 
based measurement as well as touch method based measurement of electrode diameter is 
used.  

The current density in micro-ECM process depends on the diameter of the tool and the 
level and shape of current pulse depends on tool electrode length. Park et al. [35] studied the 
effects of tool electrode length and diameter on micro-ECM process characteristics as shown 
in Fig. 21 (a) and (b) respectively.  It can be observed from Fig. 21(a) that the current level 
and rising time increase with an increase in tool length. This is due to the decrease in cell 
impedance because of the decrease in resistance and increase in capacitance. Furthermore, it 
is the effect of increase in inductance with increase in tool length which affects the rising 
time of current. Figure 21(b) shows that as the diameter of tool electrode increases, there is a 
decrease in cell impedance and this results in an increase in rising time of double layer 
potential. Therefore, there is no sufficient rise in potential within the short pulse duration. As 
a result, machining rate decreases with an increase in tool diameter for same pulse on time 
[35]. However, the tool diameter selection is based mainly on the dimension of 
hole/feature/microstructure to be machined and the drilling strategy to be used (planetary or 
linear feed). Optimum machining conditions can be achieved by proper process parameter 
settings for a fixed tool diameter.  

Figure 20: (a) Machined surface when using flat-bottom electrode. (b) 

Machined surface with spherical-bottom electrode. [96] 

(a) (b) 
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Figure 21: (a) Dependence of current shape on tool electrode length (tool diameter: 70 µm, pulse: 6 V, 50 ns/ 
1µs). (b) Double layer potentials according to tool electrode diameter (pulse: 6 V, 50 ns / 1 µs). Adapted from 
ref [35]. 

 

Side insulation coatings for micro-ECM tools 

During high aspect ratio machining using micro-ECM, there is usually an overcut and 
tapered profile of hole. This is due to the stray dissolution in the lateral gap. To prevent the 
material removal on the lateral sides of the tool, the tool electrodes are coated with insulation 
coatings on the sideways. Selection of tool coating material is crucial for the stability of 
micro drilling process. The coating material should possess high temperature stability, 
durability, strong adhesion to tool material, ability to be coated with uniform thickness and 
resistance to chemical corrosion. Researchers have investigated Parylene [188] [189], double 
layer of epoxy resin [190], SiCN-SiC [189], diamond like carbon [191], double insulation 
layer of TiO2 and organic film [192], silica layer [36], nickel [193][194] for coating the sides 
of tool and have reported less taper, enhanced dimensional accuracy of the machined holes. 
Table 11 shows the major reported works on use of insulated tools. The coatings on tool 
suffer from delamination during drilling process. The control of insulation thickness is a 
major issue. The insulation thickness should be less than the size of machining gap. 
Furthermore, delamination of coatings and deposition of drops during coating process is also 
observed which can deteriorate process accuracy [189]. 

 

 

 

Table 11: Reported works on use of side insulation coatings on micro-ECM tools for improved dimensional 
accuracy and reduction in hole taper. 

Tool 

material 

Coating Coating method Main findings Reference 

(b) (a) 
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Tungsten Parylene Vapor deposition 

polymerization in 

vacuum 

Reduction in hole taper 

was observed. 

[188] 

Nickel WSR-618 

epoxy resin 

Spin coating Good electrical insulation, 

good adhesive strength, 

Operating life of 6 hours 

under simulated micro-

ECM conditions. 

[190] 

- 704 Silica 

film 

Spin coating Reduction in stray 

corrosion, cavities with 
vertical sidewalls can be 

effectively machined. 

[36] 

316 Stainless 

Steel 

Diamond like 

carbon, 

epoxy resin 

and Teflon 

- The durability of coating 

depends on the adhesion 

strength between coating 

and cathode. Diamond like 

carbon coatings are most 

durable in micro-ECM. 

[191] 

Tungsten Nickel Electrodeposition Ni coated tungsten micro 

tool has higher 

electrochemical stability, 

higher durability and good 

corrosion resistance.  

[193] 

Titanium Double 

insulating 
layer of TiO2 

ceramic 

coating and 

organic film 

Combination of 

micro arc 
oxidation (MAO) 

and 

electrophoresis 

Double insulating layers 

have good insulation 
strength and good 

durability. Precise holes 

can be machined. 

[192] 

 

3. ECM based hybrid micromachining technologies 
 

The advent of novel materials together with trend of product miniaturization has 
necessitated research into hybrid micromachining technologies. As per the definition proposed 
by CIRP committee, “The hybrid machining processes are based on the simultaneous and 
controlled interaction of machining mechanisms and/or energy sources/tools having a significant 
effect on the process performance” [195], [196].  The word ‘simultaneous and controlled 
interaction’ means that the two or more process energies should interact in the same processing 
zones and at the same time. Based on this definition, the hybrid machining processes have been 
classified into assisted and combined processes. Therefore in this review paper, same basis have 
been used to classify the electrochemical micromachining based hybrid processes into assisted 
and combined electrochemical micromachining processes. Figure 22 gives a broad classification 
of electrochemical micromachining based hybrid processes. In ECMM based assisted processes 
(Figure 22), the primary process participating in material removal is micro-ECM and the other 
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processes assist the micro-ECM process in several aspects such as removal of passivating layer, 
effective electrolyte flushing, localization of material removal, machining of novel materials, etc. 
However, in ECMM based combined processes (Figure 26), both micro-ECM and the other 
process participate in material removal. The resulting synergetic effect is a 1+1 = 3 effect [195] 
which implies that the combined effect of micro-ECM with other process energy is more than 
double the benefits of individual process energies. This is because the two process energies react 
with the workpiece and also react with each other.  

The major objectives of hybridizing electrochemical micromachining with other process energies 
are listed below: 

• Broaden the material processing window of existing electrochemical micromachining 
process. For e.g. machining of novel materials such as shape memory alloys, additively 
manufactured alloys, non-conductive materials [197]–[203]. 

• Improve the localization of material removal of electrochemical micromachining to achieve 
high dimensional accuracy and satisfy tight dimensional tolerances [78], [204], [205]. 

• Improving the electrolyte flushing in machining zone to facilitate evacuation of machining 
by-products [154], [186], [206], [207]. 

• Removal of passivating layer of electrochemical micromachining [78], [133], [208][209]. 
• Combine two contrary machining objectives: high MRR with high surface finish [78], [204], 

[205]. 
• Machining of complex shapes at micrometer scale. 
• Reducing the heat induced defects of other micromachining technologies based on thermal 

principle of material removal such as micro-EDM, laser micromachining, etc. [203], [204], 
[210]–[214] 

For successful hybridization of micro-ECM with other  process energies and realize it in 
machining, several technological requirements have to be met and are listed below: 

• Development of Universal machine tool capable of combining electrochemical 
micromachining with two or more processes [205], [208], [215]. 

• Synchronization of micro-ECM process energy with other process energies such as laser, 
micro-milling, micro-EDM by parametric optimization. 

• Better understanding of material removal mechanisms under the simultaneous action of two 
or more process energies. 

• Development of effective monitoring techniques that can monitor micro-ECM process 
together with other process energies. 

Table 12 gives a technological overview of different types of electrochemical micromachining 
based hybrid processes. Different types of electrochemical machining based hybrid process are 
discussed in detail in subsequent sections. 
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Figure 22: Broad classification of electrochemical micromachining based hybrid processes. 

 

3.1 Assisted electrochemical micromachining processes 

 

This section gives an overview of assisted electrochemical micromachining process. Figure 23 
depicts the sketch of different types of assisted electrochemical micromachining processes. 

 

ECMM based 

hybrid processes

Assisted ECMM 

processes

Laser assisted 

ECMM

Ultrasonic 

assisted ECMM

Spark assisted 

chemical 

engraving

Abrasive 

assisted ECMM

Combined 

ECMM processes

Laser-

electrochemical 

micromachining

Mechano-

electrochemical 

micromachining

Electrochemical 

discharge 

micromachining

Combined 

electrochemical-

grinding
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Figure 23: Overview of electrochemical micromachining based assisted  processes. 

 

(a) Laser assisted electrochemical micromachining (LAECM) 

In Laser Assisted Jet-Electrochemical Machining (LAJECM) (Figure 23), a focused laser 
beam is used coaxially with electrolyte jet for better machining precision by localization of 
material removal [216]. The low power laser beam (average power 375 mW) causes the thermal 
activation of the outer layer of workpiece surface and the electrolytic jet causes anodic 
dissolution leading to faster material removal (Figure 24(a)[217]). Furthermore, the localized 
heat generated from laser beam accelerates the electrochemical reactions thereby achieving 
higher material removal rates. Mathematically, the different process energies can be represented 
as  [218]: 

The electrolyte jet energy (E1) is the main process energy responsible for dissolution of 
workpiece and can be written as: 
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L� = * MN0�
2

O<�=�<�=
,<�= ./                                                                                                (14) 

Where, U: voltage, κ : conductivity, A: specific machining area, g: inter-electrode gap, t: 
machining time, τn: end-time of machining. 

The laser beam is basically a source of heat energy with Gaussian distribution (E2) and can be 
written as: 

LN = * P(JABC<−QRN=/./0�
2                                                                                    (15) 

Where, Pi : impulse laser power, f : laser pulse frequency, t : time, k : concentration factor, r : 
laser spot radius, τn : end-time of machining. 

The heat generated by laser increases the temperature of workpiece surface and reduces the 
activation energy (Eq. 16). This increases the current density and accelerates the electrochemical 
reactions. 

� = Q�. 8�ABC D− +#
�SE                                                                                             (16) 

where, J: current density, ka: anode process constant, Cr: reducing concentration constant, Ea: 
activation energy. 

It has been observed that the temperature in the laser localized zone was 1.75-3.25 times 
higher than the temperature outside the laser localized area and the temperature increase varies 
inversely with the thermal conductivity of the material (Figure 24(b)[217]). The combination of 
laser beam with electrolytic jet causes higher material removal in axial direction as compared to 
lateral direction and thus high aspect ratios and dimensional precision is achieved. Pulsed lasers 
of ultra-short duration are found to reduce problems of electrolyte boiling. For hybrid laser-
electrochemical micromachining technologies, green lasers (532 nm) are preferred because of 
their very low absorption coefficient (0.045 m-1) for water as compared to infrared lasers. The 
laser beam also facilitates removal of passivating layer from the workpiece and thus it is suitable 
for machining titanium alloys, steels [218] and superalloys. The laser assisted ECM has the 
potential for fabrication of micro-dimensional features as it depends on size of jet. According to 
the results of Pajak et al. [216], laser assisted jet electrochemical machining improves volumetric 
material rate of 20, 25, 33 and 54 % for Hastelloy®, titanium alloy, stainless steel and aluminum 
respectively. Stephen et al. [197] proposed laser assisted chemical etching where a low power 
laser beam (2, 16 W) was used to accelerate chemical etching process using H3PO4 as etchant. 
The laser beam supports mainly the kinetics of dissolution without any melting effects. The 
technology has been demonstrated to fabricate clean surfaces on nitinol, electron beam apertures 
and round rotary swaging tools. 
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Figure 24: (a) Laser localized machining are in laser assisted electrochemical machining.  (b) Plot showing 

temperature in the laser localized zone relative to temperature of spent electrolyte with machining time (U: 140 

V, Initial IEG: 2mm, Cp: 10%, v: 5.8 m/s, Temperature in non-localized area 25-30 deg C). Adapted from ref [217]. 

 

 (b) Ultrasonic assisted electrochemical micromachining (UAECM) 

The objective of using ultrasonic assistance in electrochemical micromachining is multi-
fold. The ultrasonic vibrations facilitate removal of reaction byproducts and heat from machining 
zone, favors diffusion, minimizes passivation, creates optimal hydrodynamic conditions, 
improves aspect ratios and influences electrolytic reactions through sonochemical reactions 
[207][186][206].  Literatures report imparting ultrasonic vibrations to tool electrode [207], 
workpiece [206][133] and even electrolyte [154] with similar objectives. Figure 23 shows the 
sketch of ultrasonic assisted micro-ECM drilling setup where the tool electrode is subjected to 
ultrasonic vibrations [207].  Literatures report ultrasonic frequencies of 28kHz [206], 40kHz 
[186], 20kHz [207] and 1.7 MHz [154] depending on the process configuration and method of 
actuation.   

One of the important phenomenon in UAECM is transient cavitation and microbubble 
generation. The ultrasonic vibration leads to the cavitation micro-bubbles near the surface of the 
tool and workpiece electrodes and the gap conditions favor their growth. The collapse of 
microbubbles in a very short time generates high temperature and pressures which are favorable 
for mass and charge diffusion in the machining gap. Thus, the electrolyte flow and 
electrochemical reactions are benefited [207]. Yang et al. [186] studied the effect of ultrasonic 

(a) (b) 
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vibrations on micro-ECM process using a fluid micro cell. The ultrasonic wave travelling in Z 
direction can be represented as a longitudinal wave as in Eq. 17[186]. 

P = 5T<U V W= V XY656Z[X D/ − �
;E V P2                                                    (17) 

where, P: pressure variation with z, P0: pressure acting on the boundary surface between the 
electrolyte and air, ρ: density of the electrolyte, g: acceleration due to gravity, ω: ultrasonic 
frequency, c: speed of wave, t: time, A: wave amplitude, h: height of electrode immersed in 
electrolyte. The maximum or minimum pressure can be obtained by partial differentiation of Eq. 
17 with respect to frequency. 

\]
\^ = Y65 _6Z[X D/ −

�
;E − X D/ −

�
;E [H`X D/ −

�
;Ea                                      (18) 

From Eq. 18, applying the condition of maxima-minima, it can be deduced that maximum and 
minimum pressure occurs at points which satisfy Eq. 19. 

/b`X D/ − �
;E = _X D/ −

�
;Ea

&�
                                                                       (19) 

From Eq. 18 and 19, it can be inferred that the maximum pressure at a given point (z) increases 
with the ultrasonic frequency. Hence, ultrasonic vibrations are responsible for frequent and larger 
pressure increases in the machining gap and this leads to enhanced electrolyte diffusion and 
elimination of bubble. Figure 25 shows the comparison of machining time of electrochemical 
machining with and without ultrasonic assistance at same feed rate of 0.1 µm/s [186]. It can be 
observed that machining time reduces by 87% by using ultrasonic assistance in micro-ECM due 
to improvement in electrolyte diffusion in the gap. Besides the process parameters (current 
density, voltage, pulse parameters and electrolyte concentration) involved in electrochemical 
micromachining,  the amplitude of ultrasonic vibration plays an important role. Low amplitudes 
don’t give additional benefits. Too high amplitudes affect machining precision especially while 
machining micro-dimensional features.  There exists an optimal amplitude which favors 
electrolyte diffusion and removal of byproducts from machining zone without compromising on 
machining precision [206]. The optimal amplitude depends on several factors i.e. machine 
configuration, method of actuation and technological specifications of transducer, dimensions of 
feature to be machined, required aspect ratios, etc.  

 

 

 

  

Figure 25: Plot of drilling process with and without 

ultrasonic vibrations in micro-ECM. Adapted from ref 

[186]. 
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(c) Abrasive assisted electrochemical micromachining (AAECM) 

In abrasive assisted electrochemical micromachining, abrasives are used to facilitate 
material removal by electrochemical micromachining. One such example is electrochemical 
slurry jet machining (sketch in Figure 23). The abrasive (Al2O3) slurry in the electrolyte (NaCl) 
facilitates removal of passivating layer by impact action on the workpiece [219]. This process is 
particularly suitable for machining of WC which undergoes excessive corrosion and passivation 
under jet –ECM. The working voltages range from 60-120 V. The material removal rate and 
aspect ratios are affected by total abrasive kinetic energy, voltage and concentration of 
electrolyte [219]. In another configuration, abrasive assistance with wire-ECM improves the 
surface quality and material removal rate during slicing of silicon for photovoltaic applications 
[201]. The mechanical action facilitates removal of passivating layer on silicon alongwith 
reduced kerf loss.  

3.2 Combined electrochemical micromachining processes 

 

This section gives an overview of combined electrochemical micromachining processes 
as depicted in Figure 26. Figure 26 depicts the sketch of different types of combined 
electrochemical micromachining processes where both process energies participate in material 
removal in the same machining zone. 
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Figure 26: Overview of electrochemical micromachining based combined  processes. 

 

 (a) Laser-electrochemical micromachining (LECM) 

 In laser-electrochemical machining, the laser beam also participates in material removal 
in addition to electrochemical process energy. Thus there are two process energies participating 
in material removal i.e. energy of photons (laser) and energy of ions (electrochemical).  This is 
different from the laser assisted electrochemical micromachining in section 3.1, where laser only 
increases the temperature to enhance kinetics of electrochemical reactions. Figure 26 shows the 
sketch of laser-electrochemical micromachining. The process makes use of high power pulsed 
lasers aligned coaxially with electrolyte jet [204], [220] or guided into electrolyte jet [210]. The 
selection of laser power and pulse energies depend on the ablation thresholds of the materials to 
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be machined. In this configuration, laser attenuation by electrolyte is a major concern. 
Researchers [204] have observed that green laser (λ = 532 nm) is transparent for water based 
electrolytes and it doesn’t goes absorption based attenuation in water. However, green laser faces 
attenuation by virtue of scattering from salt particles and it can be controlled by the 
concentration of electrolyte. This can be visualized from Figure 27(a) where the green laser 
beam becomes brighter with an increase in (NaNO3) salt concentration in electrolyte [220]. It can 
be observed from Figure 27(b) that the attenuation coefficient for green laser increase almost 
linearly with an increase in salt concentration [204]. The attenuation coefficients for scattering is 
higher for aq. NaNO3 electrolyte as compared to aq. NaCl electrolyte. On the other hand, 
infrared lasers undergo attenuation through absorption in water and are not recommended to 
complement material removal of micro-ECM. The process produces very clean surfaces with 
reduced or no heat affected zone, recast layer and spatter[210]. 

 

Figure 27: (a) Light path of green laser in sodium nitrate electrolyte. The scattering (brightness) of laser beam 

increases with an increase in electrolytic concentration.  (b) Attenuation coefficient for green laser vs 

concentration for electrolyte. Adapted from ref [204]. 

 

(b) Mechano-electrochemical milling (MECM) 

The mechano-electrochemical milling (MECM) is under development with an objective 
to machine difficult to cut materials such as Titanium with improved productivity and better 
surface quality. Figure 26 shows a sketch of hybrid mechano-electrochemical setup. The critical 
aspect in this hybrid technology is the design of a tool which is compatible with both milling and 
electrochemical machining. This is accomplished by using a cutting edge in the ECM tool [221]. 
Since, the cutting edge is always in contact with workpiece surface, it should be made of a 
material with very low electrical conductivity so as to avoid short-circuits which are not 
favorable for ECM process. As shown in Figure 28(a), higher MRR values are reported with 
MECM as compared to ECM at all levels of current. The other parameters were: electrolyte flow 
rate: 50l/h, tool feed rate: 25 mm/min, tool rotation: 1000 RPM, electrolyte: 200g/l aq. NaNO3. 
However, it can be seen that at 10 A the MRR increase is by 60% which is higher than at 20 A  
(48 %). Figure 28(b) shows the characteristics of Titanium surface machined by MECM. The 

(a) (b) 
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two zones can be distinguished clearly. Zone 1 corresponds to mechanical cutting action by 
cutting edge whereas Zone 2 represents ECMed surface [221]. The cutting edge is primarily 
responsible for removal of passivating layer during electrochemical machining of Titanium. 

 

Figure 28: (a) Comparison of average material removal for electrochemical and mechano-electrochemical milling 

processes. (b) SEM image of a surface located centrally in a slot machined by mechano-electrochemical milling. 

Adapted from ref [221]. 

 

(c) Electrochemical discharge micromachining (ECDM) 

In electrochemical discharge machining (ECDM) process, the capabilities of micro-ECM and 
micro-EDM processes are combined with each other to expand the processing window to non-
conducting materials as well as to fabricate deep micro-holes, micro-channels, etc. [203], [205], 
[222]–[225]. It satisfies definition of both assisted and combined hybrid machining process. The 
setup consists of two electrodes, tool as cathode and an auxiliary electrode (anode) and the 
workpiece is kept below the tool electrode. A pulsed DC current is supplied between cathode 
(tool) and anode. An optimum gap is maintained and electrolyte is passed through the gap. The 
ECDM process involves two major phenomenon: electrolysis leading to generation of gas 
bubbles and arc discharge due to breakdown of gas film. Figure 29(a) shows the representative 
current and voltage waveforms of the ECDM process [225]. It can be observed from the 
waveforms that ECM precedes EDM. The ignition delay of EDM is utilized in electrochemical 
dissolution of workpiece. The important aspect of ECDM process is the gas film generated from 
ECM process as this gas film behaves as a dielectric for subsequent EDM process and its 
thickness is critical for process [226]. This phenomenon can be visualized from Figure 29(b) 
which was demonstrated with a dedicated setup [224]. The hybrid ECDM process offers dual 
advantage of higher removal rates of micro-EDM and good surface finish of micro-ECM, 

(a) (b) 
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thereby improving the machining performance. Zhang et al. [205] used tubular electrode concept 
for ECDM process and achieved both high MRR (~110 µm/s) and good finish in a low 
conductivity salt solution (0.1 – 10 mS/cm). It can be observed from Figure 29(c) that the speed 
of material removal of ECDM process is way higher than standalone ECM process and thus it is 
a promising hybrid process to speed up material removal of electrochemical machining [205]. 

The wettability of tool electrode affects micro-machining resolution [175], [227]. It has been 
observed that applied voltage is the influential parameter which influences MRR, ROC, HAZ 
thickness as compared to electrolyte concentration, tool immersion depth and inter- electrode gap 
in micro-ECDM drilling [228] [200].  Combination of rotational and axial movement of tool has 
also been tested to improve ECDM based micro drilling performance [229]. To remove the 
passive layer formation during ECDM, use of spring attachment in the tool has also been 
proposed [230].  The ECDM micromachining has been demonstrated on variety of non-
conducting materials such as glass [231][232], pyrex wafer [233][234], alumina [235], quartz 
[236] and in trueing and dressing of metal bonded diamond grinding tools [225]. The major 
challenge in ECDM is design of an effective tool position control and process monitoring 
system.  The development of ECDM micromachining technology depends on the development of 
suitable process energy sources [237] which satisfy the requirements of ECM, EDM and 
transition from ECM to EDM. In literatures, this machining technique is hailed through several 
names such as Electrochemical spark machining (ECSM),  Electrochemical arc machining 
(ECAM) and even Spark assisted chemical engraving [238][239]. Readers are directed to 
references [222], [224] for detailed overview of ECDM based processes. 
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Figure 29: (a) Current and voltage waveforms for electrochemical discharge machining [225]. (b) Demonstration 

of phenomenon of electrochemical discharge [224]. (c)  Comparison of MRR in electrochemical discharge drilling 

with other competitive technologies [205]. 

(d)  Combined electrochemical grinding for micromachining (CECG) 

In Combined electrochemical grinding (CECG) [78], [202], [240], the material removal is 
achieved by combined action of abrasive and electrochemical process energy. The rotating 
grinding wheel works as a cathodic tool [5]. The abrasive particles of the grinding wheel make a 
contact with the workpiece and the gap between the wheel and workpiece makes passage for 
electrolyte circulation. The gap voltages range from 2.5 to 14 V [78], [202], [240]. At the start of 
machining process, the material removal is achieved by the action of electrochemical process and 
this is followed by development of passivating layer on the workpiece surface. The abrasive 
grains participate in removal of passivating layer by cutting action and stabilize further 
dissolution by further exposing fresh workpiece surface [78]. In micromachining using combined 
abrasive and electrochemical action, the major percentage of material removal is due to 
electrochemical dissolution only. It has been reported that the pulse CECG exhibits offers better 
control of drilling process in comparison to conventional process which uses direct current. By 
using pulse power, the balance between electrochemical and mechanical removal can be adjusted 
by setting optimum pulse on-time and duty cycle. The tool rotation is an important parameter 
which governs the accuracy and surface quality in CECG based micromachining of micro-holes. 
Figure 30(a) shows the effect of tool RPM on the taper angle and surface roughness (Ra) [78]. It 
can be observed that too low and too high RPMs are not good for the hybrid process. The reason 
is that at too low speeds, electrolyte flushing is not sufficient whereas too high speeds are not 
good for grinding due to increase in centrifugal forces. Figure 30(b) shows a micro-hole 
machined by CECG process at gap voltage of 4.5 V and feed rate of 6 µm/s. 

(a) 

(b) 

(c) 
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Figure 30: (a) Variation in surface roughness (Ra) and taper angle with tool rotation speed during combined 

electrochemical and grinding. (b) Cross-sectional SEM image of a micro-hole fabricated by hybrid process of 

electrochemical removal and grinding (U: 4.5 V, feed rate: 6 μm/s) . Adapted from ref [78]. 

 

Table 12: Technological overview of different types of electrochemical machining based hybrid processes. 

ECMM based 

hybrid process 

Process 

energies 

involved 

Main process 

parameters 

Advantages Technological 

maturity 

Laser assisted 
electrochemical 
micromachining 
[216], [218], 
[241], [242] 

Laser, 
electrochemical 

Laser average power, laser 
pulse energy, repetition 
rate, micro-ECM 
parameters  

Improved reaction 
kinetics, localized 
material removal 

Concept and 
Prototype 
development 

Ultrasonic 
assisted 
electrochemical 
micromachining 
[133], [186], 
[206], [207], 
[243] 

Ultrasonic 
vibration 
(mechanical) 
and 
electrochemical 

Ultrasonic frequency and 
amplitude, tool design, 
micro-ECM parameters 

Improved electrolytic 
diffusion, improved 
mass and charge 
transport, reduced 
passivation 

Prototype 
development, 
Series 
production test 

Abrasive assisted 
electrochemical 
micromachining 
[201], [219] 

Abrasive impact 
(mechanical) 
and 
electrochemical 

Concentration of slurry, 
abrasive particle size, 
speed, stand-off distance, 
micro-ECM parameters 

Removal of passivating 
layer, stabilization of 
electrochemical 
dissolution 

Prototype 
development 

Laser-
electrochemical 
micromachining 
[204], [210], 
[220] 

Laser, 
electrochemical 

Laser average power, laser 
wavelength,  laser pulse 
energy, repetition rate, 
micro-ECM parameters 

High MRR with good 
surface finish, reduced 
thermal defects of laser 
i.e. spatter, recast layer, 
HAZ 

Concept and  
Prototype 
development 

ECDM/SACE 
[223]–[225], 
[231] 

Electrochemical 
and arc 
discharge 

Gap voltage, gas film 
thickness, pulse duration, 
electrolyte type, 
concentration, 

Machining of non-
conductive materials, 
high MRR and good 
surface finish 

Series 
production test 

(a) (b) 
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conductivity and flow rate, 
tool material 

Combined 
electrochemical-
grinding  
[78], [202], [240], 
[244] 

Electrochemical, 
abrasive cutting 
(mechanical) 

Grinding wheel type (grit 
size, bond type), wheel 
RPM, micro-ECM 
parameters 

Removal of passivating 
layer, stabilization of 
electrochemical 
dissolution, improved 
MRR 

Series 
production test 

Mechano-
electrochemical 
machining [221] 

Electrochemical 
and mechanical 
(cutting edge) 

Cutting edge radius, RPM, 
tool feed rate, micro-ECM 
parameters 

Removal of passivating 
layer, high MRR 

Fundamental 
research, 
concept 
development 

*Micro-ECM parameters represents gap voltage, current density, pulse duration, duty cycle, tool feed rate, 
electrolyte type, pressure  and concentration. 
 

Future research directions  
 

 Apart from conventional sinking ECM and STEM processes, the research on micro-ECM 
focuses primarily on achieving localized and controlled material removal so as to improve 
dimensional accuracy, shape accuracy and simplification of tooling. Most of the literatures on 
micro-ECM report on fundamental understanding of electrochemical dissolution at micron scale 
and solutions to localize material removal, machinability evaluation of different materials, 
evaluation of process capabilities, effect of process parameters, development of improved tools, 
electrolyte selection and development of ultrashort pulsed power supplies. From the 
technological point of view, very few have addressed development of machine tools for practical 
application of micro-ECM technology. Even there are rarely commercial ECM machines which 
satisfy the technological requirements for micro-ECM. A lot of research is needed in developing 
compact, cost effective and reliable ultrashort pulsed power supplies. Furthermore, very few 
literatures correlate micro-ECM pulses with machining performance which is necessary for in-
process monitoring. To avoid submerging of workpiece in electrolyte, several electrolyte 
confinement techniques need to be developed. Very few literatures have investigated possibility 
of using ecofriendly electrolytes which is needed for wide commercial acceptance of this 
technology. Due to the corrosive nature of process, in process metrology using sensors is 
difficult to apply. Innovative solutions are needed in this area. Although some literatures have 
visualized machining gap through dedicated setups, there is still lack of complete understanding 
of phenomenon occurring in inter-electrode gap during micro-ECM. This requires 
multidisciplinary knowledge and specialized demonstrator setups. Process modelling of micro-
ECM is still under development and requires extensive efforts from manufacturing engineers, 
chemical engineers, physicists and chemists owing to its interdisciplinary nature. Machinability 
of novel materials like shape memory alloys, cermets, additively manufactured materials, 
sandwich materials, semiconductors, etc. using micro-ECM is still not studied comprehensively. 
Dissolution mechanisms of tool materials such as WC-Co with different Co percentage and SiC 
based ceramics need further research investigations with different electrolyte and parameter 
combinations.  To broaden the material processing window of existing micro-ECM process and 
to improve machining performance both in terms of productivity and quality, extensive research 
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is needed into development of hybrid micro-ECM technologies. This requires development of 
multifunctional machine tools that are compatible with two different process energies. Most of 
the hybrid micro-ECM processes are in concept development and prototype development stage 
and further research is needed to bring them into industrial applications. Material removal 
mechanisms under combined action of two or more process energies in same machining zone are 
not fully understood for different classes of materials. This is because when two process energies 
are hybridized, additional effects due to interaction come into picture. Another aspect which 
needs in-depth research is the synchronization of two different types of process energies so as to 
achieve dimensional and shape precision and achieve commercial acceptance.  

Conclusions 
 

 The review paper has presented updated state of the art and research developments in 
micro-ECM technology and its hybrid variants with regard to process fundamentals, process 
configurations, process-material interaction, tooling aspects, electrolyte, process energy sources 
as well as research developments of micro-ECM based hybrid micromachining technologies. 
Development of a novel process and improvement of existing process requires several cross-
innovations and knowledge of processes with similar roots. Therefore, this review paper fills the 
gap of a single extended literature source covering wide spectrum of knowledge of micro-ECM 
process and related hybrid process variants, thereby targeting both academic and industrial 
audience. Specifically, following points are concluded: 

• Micro-ECM is considered to be a promising technology for micromachining. Some of the 
advantages are: (a) Absence of thermal defects such as HAZ, recast layer, spatter as 
compared to other competitive technologies such as laser micromachining and micro-EDM 
(b) Capability to fabricate complex micro-shapes using dedicated micro-tools (c) High 
surface finish can be obtained as dissolution occurs at atomic level (d) The precision of 
material removal can be controlled by using ultrashort pulsed power sources and suitable 
electrolytes (e) No process forces and tool wear involved (f) possibility to machine novel 
materials like shape memory alloys, additively manufactured materials (g) Micro-ECM can 
be conveniently hybridized with other processes to extend process capabilities and broaden 
material processing window. 
 

• Most of the studies are based on fundamental aspects, machinability evaluation of different 
materials, evaluation of process capability, development of pulsed power supplies and 
parametric studies to evaluate process performance. Some aspects are still not fully 
established and require further research: (i) Development of dedicated machine tools (ii) 
Correlation of micro-ECM pulses with material removal (iii) Characterization of 
interelectrode phenomenon through dedicated setups (iv) Multidisciplinary modelling 
considering mass and charge transport, bubble phenomenon together with basic model of 
micro-ECM process (v) Evaluation of process and product fingerprint for micro-ECM 
process (vi) Alternatives for acidic electrolytes and development of ecofriendly electrolytes 
(vii) Development of electrolyte confinement techniques. 
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• Another important observation from the review is that micro-ECM based hybrid 

micromachining technologies offer promising capabilities such as: (i) Broadening of existing 
material processing window to novel materials and non-conductive materials (ii) 
Combination of two contrary objectives such as high MRR and high surface finish (iii) 
Assisting the existing micro-ECM process.  The micro-ECM based hybrid processes are in 
concept and prototype development stage and have vast research space to be investigated. 
Some of the key aspects which are not yet fully covered in literatures are: (i) Design and 
development of multifunctional or Universal machine tools which have capability to be used 
with multiple process energies (ii) Understanding of material removal mechanisms on 
different materials when two or more process energies act simultaneously in same machining 
zone (iii) Synchronization of two process energies on same machining axis so as to control 
precision of material removal and shape control (iv) Improved understanding of interaction 
of two process energies with each other when they are on same machining axis.  
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• The studies related to electrochemical micromachining and its hybrid variants have been 

reviewed. 

• Both fundamental and applied research developments have been presented. 
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