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The use of array micro-holes is becoming increasingly prevalent across a range of industries, including

the aerospace, automotive, electronics, medical and chemical industries. The utilization of advanced sus-

tainable machining technologies offers distinctive advantages and is pivotal for the sustainable manufac-

ture of array micro-holes. This paper examines the sustainable machining techniques commonly

employed in the production of array micro-holes, including electrical discharge machining, laser machin-

ing, electrochemical machining and composite machining technologies. The paper begins with an elab-

oration of the processing principles and characteristics of multiple non-traditional machining techniques.

The performance indicators of the most commonly used processing technologies in industrial production

are summarized from seven perspectives. Six significant avenues for the advancement of sustainable

manufacturing technology for array micro-holes have been identified and categorized. This article pro-

vides a summary and evaluation of the previous relevant literature, with the aim of offering guidance for

the development of array micro-hole processing technologies.

1. Introduction

Array micro-holes have been widely used in various fields,
including aerospace, automotive, electronics, medical, and
chemical engineering,1–6 as shown in Fig. 1. The demand for
high-quality processing of array micro-holes has significantly
increased because of the continuous expansion of their appli-
cation field.7 Meanwhile, the technology used for machining
micro-holes in arrays is also advancing. In recent years, there
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have been significant developments in the process of machin-
ing array micro-holes, as shown in Fig. 2.

The processing techniques commonly used can be divided
into two categories based on their processing principles: tra-
ditional processing techniques and non-traditional machining
techniques.8 Traditional processing techniques for array
micro-holes typically involve micro-drilling or micro-punching.
Micro-punching is advantageous due to its simplicity, low cost,
and high production capacity. Xu et al.9 developed new metal
foil punching equipment that could efficiently process arrays
of micro-holes with high dimensional accuracy. However, man-
ufacturing micro-scale dies was challenging, and the micro-
structure that could be produced through this process was
limited.10–12 To solve these problems, Xiao et al.13 introduced
ultrasonic vibration into the micro-punching process and used
molten plastic as a flexible micro-punch to process micro-hole

arrays on thin stainless steel plates. They found that the ultra-
sonic vibration time should be matched to the cylinder
pressure and ultrasonic power, otherwise it would lead to a
deterioration of the machining quality. Chou et al.14 used a
micro-punch to prepare an array of holes on Al5052 alloy. The
sample was secured onto the lower die using vacuum adsorp-
tion for punching, ensuring precise coaxiality between the
punches and the holes of the lower die. Chang et al.15 pro-
posed a sequential combination of micro-punching and laser
machining to reduce the tool setting error between the two
steps by using a specialized alignment device. The experi-
mental results showed that the array micro-holes prepared by
this combined machining process were better quality than
those obtained by punching and laser machining. Although
the above scholars have diminished the disadvantages of the
traditional punching process through the optimization of the
micro-punching process, its shortcomings cannot be eradi-
cated, and it is difficult for it to meet the requirements of
industrial applications in the short term. Although micro-dril-
ling technology has a high production efficiency and low pro-
cessing costs, it is not suitable for processing difficult-to-cut
materials16–18 because there are problems such as
vibration19–21 and difficulties in cooling and product
removal.22–24

The fundamental reason for the above phenomenon is
gradually increasing tool wear during the machining process.
Khattare et al. conducted continuous drilling of straight and
oblique holes on Inconel 718 high-temperature alloy with a
thermal barrier coating. They found that the tool wear gradu-
ally intensified as the number of machining holes increased,
leading to a gradual increase in cutting force. Specifically,
compared to machining straight holes, tool wear is more
severe during machining oblique holes.33 To reduce the
deterioration of machining quality caused by tool wear, Aamir
et al.22,34–36 conducted a series of studies on simultaneous dril-
ling with multiple tools. They studied the effects of machining
parameters on the multiple hole drilling process for different
materials. The results indicated that selecting appropriate
cutting tools and processing parameters based on different
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Fig. 1 Application of array micro-holes.
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materials was helpful for obtaining excellent machining
surface quality. Meanwhile, the machining efficiency could be
greatly improved during machining a group of holes with
multi-axis drill bits. Although multiple hole drilling has sig-
nificantly improved processing quality compared to that of tra-
ditional single hole drilling, its processing flexibility and stabi-
lity still need to be further improved.

Due to current problems with traditional processing
methods, they cannot meet the actual processing needs of
array micro-holes. Therefore, it is necessary to study non-tra-
ditional machining technologies suitable for processing array
micro-holes. As for non-traditional machining technology,

energy fields such as electricity, heat, sound, and light are uti-
lized to process samples.37,38 The commonly used non-tra-
ditional machining techniques for array micro-hole machining
include electrical discharge machining (EDM), laser machin-
ing (LBM), and electrochemical machining (ECM).39 This
paper mainly discusses the mainstream non-traditional
machining technologies and their composite processing
technologies for array micro-hole processing. The processing
principles, advantages and disadvantages, and existing pro-
blems of various processing technologies, are analyzed. The
future development directions for array micro-hole processing
technologies are discussed.
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Fig. 2 Development of important processes for array micro-hole machining.14,22,25–32
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2. Sustainable non-traditional
machining technologies

2.1. Electrical discharge machining

Electrical discharge machining (EDM) is very important non-
traditional machining technology that utilizes the high heat
generated by instantaneous spark discharge to remove
material.40–42 The machining principle is shown in Fig. 3.
Compared with traditional machining methods, EDM has the
advantages of no cutting force and low processing costs. It is
one of the effective techniques for machining array micro-
holes on conductive materials.43 However, there are still many
problems in the machining of array micro-holes by EDM, such
as tool electrode wear and recasting layers.44–48 Solving these
problems has become the key to further applying EDM in the
processing of array micro-holes.

According to the number of machining electrodes, EDM
can be divided into single electrode machining and multi-elec-
trode simultaneous machining.49 The preparation accuracy of
micro-electrodes directly affects the machining quality of array
micro-holes. Numerous researchers explored the high-pre-
cision preparation of a single micro-electrode. Li et al.49 devel-
oped a new type of electrode wire grinding tool that effectively
solved the problem of electrode wire vibration in wire electrical
discharge machining, and a micro-electrode with a diameter of
40 μm was obtained. Subsequently, they used the prepared
electrode and RC mode pulse generator to machine an array of
micro-holes with a diameter of 50 μm on a stainless steel
plate. But its machining efficiency was low, which meant it was
unable to meet the requirements for the efficient preparation
of micro-electrodes.50 Jia et al.51 proposed the dual mirror tan-
gential feed WEDG method (TMTF-WEDG), which utilized

dual wire discharge grinding to improve the efficiency of elec-
trode preparation. And they produced tungsten micro-electro-
des with a length to diameter ratio of fifty. They obtained a
consistent array of small holes consisting of 800 holes on 304
stainless steel samples through EDM.

Simultaneous drilling with multiple electrodes resulted in
higher efficiency compared to that with a single electrode.
When machining with multiple electrodes, it was less affected
by tool wear and there was no repeated positioning error, so it
could meet the requirements for the efficient machining of
array micro-holes. However, the preparation of multiple elec-
trodes was more difficult than that of single electrodes.
Exploring effective array electrode preparation processes was
crucial for improving the EDM performance in array micro-
hole processing. Gong et al.52 used low-speed wire EDM with a
wire speed of 2.7 m s−1, and divided the preparation process
for the array electrode into rough cutting (RC), trimming
cutting (TC), and finishing trimming cutting (FTC). As proces-
sing progressed, the peak current, pulse conduction time, and
open circuit voltage gradually decreased within the ranges of
40–180 A, 4–10 μs, and 85–100 V, respectively. They success-
fully obtained square tungsten copper alloy array micro-electro-
des with small size errors, as shown in Fig. 4a. Compared to
the traditional constant speed feed mode, the preparation
efficiency of an array electrode prepared by new method was
improved by 36.4%. Sun et al.53 proposed a micro-array elec-
trode self-loss precision machining method based on the prin-
ciple of reverse EDM (R-EDM). They obtained square array elec-
trodes by employing low-speed wire cutting technology. The
inherent electrode wear was utilized to obtain an array of
shaped holes with a square inlet and a circular outlet, as
shown in Fig. 4b. They used the circular part of the irregular
hole for R-EDM to obtain a cylindrical array electrode. The

Fig. 3 Principle of electric discharge machining (EDM): (a) schematic diagram of the overall device; (b) schematic diagram of the processing area.
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experimental results showed that this method improved the
preparation efficiency and dimensional accuracy of cylindrical
array electrodes. Pal et al.54 obtained a square brass array elec-
trode by employing abrasive water jet technology (AWJM). The
micro-EDM experiments were carried out on Ti6Al4V, and a
large square blind hole array was obtained. The machining
strategy for AWJM is shown in Fig. 4c. It is worth noting that
the distance between the two scanning lines selected in the
AWJM process has a significant impact on the quality of
micro-hole machining, and a larger distance of 1.1–1.5 mm is
more conducive to ensuring geometric accuracy. However, the
array micro-electrodes had a shape error because of inherent
defects in abrasive running in during AWJM machining, which
caused a deviation between the array micro-holes and the tool
electrode.

In addition to the difficulty in preparing micro-electrodes,
inevitable electrode wear during the EDM process led to a
decrease in the formation accuracy and machining consistency
of the micro-holes.55,56 During the machining process, the tool
electrodes continuously experienced axial and radial wear,
which would affect the machining gap because of shortening
of the electrodes. The radial wear of the electrode gradually

transformed the shape of the electrode’s end face into an arc,
thereby affecting the shape accuracy of the hole,57,58 as shown
in Fig. 5(a and b). Therefore, minimizing the negative impact
of electrode wear on the machining process was the key to
improving the machining quality of array micro-holes.
Research on this issue mainly focused on optimizing electrode
wear compensation. Zou et al.59 adopted an online contact
measurement compensation strategy to reduce cumulative
compensation errors during the machining process, as shown
in Fig. 5(c). A radial compensation (Lr) of 6.7 μm, a fixed com-
pensation length (Lc) of 16 μm, and an initial distance (D0) of
20 μm were used to weaken the influence of electrode wear on
machining accuracy, and an array of micro-holes with high
machining accuracy was obtained.

Liu et al.60 established a two-dimensional geometric model
of electrode wear during machining of an array of holes. After
machining 75 micro-holes, the relative errors of the calculated
electrode wear length and axial electrode wear zone length
were 2.1% and 2.5%, respectively. Subsequently, based on the
electrode wear length calculated by the model, they applied a
distance compensation to the axial feed rate of the tool elec-
trode, thereby reducing the impact of electrode wear on

Fig. 4 (a1–a3) Array electrodes prepared by low-speed wire EDM: (a1) panorama; (a2) enlarged view; (a3) local morphology map.52 (b1–b3)
Cylindrical array electrodes prepared by self-loss precision machining: (b1) array micro-hole inlet; (b2) array micro-hole outlet; (b3) picture of array
electrodes.53 (c) Schematic diagram of the array electrode machining strategy.54
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machining accuracy. Liang et al.61 developed a numerical
model for predicting the wear shape of square electrodes after
multiple diffusion hole processing, and visualized the shape
data for the electrode bottom. Due to the uneven distribution
of electrode wear across the entire cross-section, they ensured
uniform wear of the electrode by rotating the tool electrode at
a specific angle based on the electrode wear results.
Meanwhile, the axial wear error of the tool electrode was elimi-
nated by controlling the axial feed rate of the tool electrode.
This method was only suitable for single electrode machining
of array micro-holes because of the difficulty of rotating the
array electrodes during the machining process.

In addition, many researchers have attempted different
methods to improve the machining quality and efficiency of
the EDM of array micro-holes. Zhu et al.62 explored the effect
of the working medium on the EDM of array micro-holes. They
found that deionized water was more suitable for machining
array micro-holes than kerosene. Tanjilul et al.63 developed a
new type of metadielectric that could be used for electrical dis-
charge drilling. Consistent array micro-holes were obtained on
Inconel 718 alloy by optimizing processing parameters.
Compared to deionized water, metadielectrics could improve
the processing efficiency and reduce tool electrode wear under
appropriate parameters. In addition, they also verified the
possibility of processing array micro-holes in metadielectrics.

Aruna et al.64 optimized the voltage, frequency, current, and
multi-electrode pitch to maximize the material removal rate
(MRR) and achieve the lowest possible tool wear rate (TWR).
They achieved an MRR of 813.48 μg min−1 and a TWR of
82.03 μg min−1 under the optimal parameter combination of a
voltage of 40 V, a current of 3 A, a frequency of 6 kHz, and a
pitch of 1.4 mm. Yu et al.65 used distributed group electrodes
and optimized parameters to machine a group of holes on
thin-walled titanium alloy parts with high inclination angles.
Under the optimal parameters, the processing efficiency
increased by 1.5 times. Liu et al.66 established a three-dimen-
sional model of EDM drilling and simulated the changes in
the gap flow field. The simulation results showed that the flow
velocity of the medium in the gap increased after the pene-
tration of micro-holes, which was conducive to the removal of
processed products. Based on this, they accurately identified
the perforation stage by detecting the changes in inter-elec-
trode voltage during processing. By adopting the traditional
variable feed rate servo control strategy (VFSC) before perfor-
ation and the indirect self-tuning control (ISTC) strategy after
perforation, the processing efficiency and accuracy improved.
Li et al.67 developed a new type of piezoelectric device that
could be used in the ultrasonic circumferential vibration
(UCV) EDM process. The machining principle is shown in
Fig. 6(a). By comparing it with synchronous rotating electrode

Fig. 5 (a1–a4) Schematic diagram of the electrode wear process: (a1) discharge start; (a2) electrode feed; (a3) partial enlarged view of the discharge
gap; (a4) perforation formation.57 (b1–b7) Evolution of electrode morphology during the array micro-hole machining process.57 (c) Schematic
diagram of the compensation strategy for online contact measurement.59
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EDM, they found that the UCV EDM process was beneficial for
improving the flow field. This technology improved the
efficiency of array micro-hole machining. The roundness error
of the obtained array micro-holes was slightly higher than that
of the rotating electrode. The surface quality and consistency at
the inlet and outlet of the micro-holes were higher than those
of rotating electrodes (Fig. 6b and c). Huang et al.68 developed a
multi-electrode multi-loop series capacitor pulse generator
(MEMLSC), which could achieve uniform discharge from mul-
tiple electrodes during a single charging process. This method
could improve the stability of the electrical discharge drilling
process. Comparative experimental results indicated that the
MRR was improved (Fig. 6d–f), and high-quality array micro-
holes were obtained on 45-steel with optimized parameters.

2.2. Laser beam machining

Laser beam machining (LBM) is a processing technique that
uses a high-energy-density laser beam to irradiate the surface
of the sample, causing the sample material in the irradiation
area to be heated, melted, evaporated, and then removed.69–71

LBM has good flexibility, high processing efficiency, and high
processing accuracy.72–77 But there were inevitably defects such
as a recast layer and a heat affected zone.78–80 In addition,
micro-holes machined by LBM followed a pattern of drilling
holes one by one, which would result in repeated positioning
errors.81 The taper of the laser machined micro-hole was rela-

tively large because of the Gaussian distribution of laser beam
energy in space.82

To improve the quality of laser processed array micro-holes,
researchers studied the effects of different processing para-
meters and then optimized the process of LBM. Rong et al.83

optimized the laser parameters for quantitative micro-hole
processing of PDMS thin films by using a UV nanosecond
laser in orthogonal experiments. Under the optimal combi-
nation of a pulse frequency of 180 kHz and a drilling speed of
0.015 mm min−1, the array micro-holes with the best round-
ness were obtained. The experimental results indicated that
thermally induced carbonization was the intrinsic mechanism
of the PDMS nanosecond laser micro-drilling process. Liao
et al.84 investigated the effect of different processing con-
ditions on nanosecond laser processing of array micro-holes
on CVD diamond films. The results indicated that the laser
pulse width and laser scanning frequency had no significant
effect on the hole entrance size. As the laser pulse width and
laser scanning frequency increased, the diameter of the hole
outlet increased, while the taper of the hole decreased. As the
laser scanning speed increased, the entrance size of the
machined hole slightly decreased, while the exit size and taper
remained basically unchanged. Meng et al.85 focused on
exploring the effects of laser average power and laser scanning
speed on blind array hole machining. They found that the
average laser power had a significant impact on the diameter

Fig. 6 (a) Schematic diagram of the UCV electrode machining principle. (b) SEM pictures of micro-holes processed by rotating electrodes. (c) SEM
pictures of micro-holes processed by UCV electrodes.67 (d–f ) Profile diagram of micro-holes processed by different pulse generators: (d) TR pulsed
generator; (e) TRC pulsed generator; (f ) MEMLSC pulsed generator.68
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and depth of the machined hole. As the average power of the
laser increased, the diameter and depth of the hole also
increased. The aperture increased with an increase of the laser
ablation time, but the depth of the hole remained almost
unchanged. Wu et al.86 investigated the effect of different laser
wavelengths on the laser drilling of polyurethane synthetic
leather. The machined sample exhibited photochemical abla-
tion behavior under laser irradiation at a wavelength of

355 nm, which reduced the thermal impact. Liu et al.87 used a
truncated Bessel beam to directly write on the surface of fused
silica to prepare square array nano-holes. The intensity distri-
bution of the Bessel beam is shown in Fig. 7a. Numerical
simulations and experiments were carried out to investigate
the influence of existing holes on the propagation of Bessel
beams. The processing parameters were optimized to obtain
periodic array nano-holes with good repeatability.

Fig. 7 (a1–a3) Distribution of Bessel beam intensity on the surface of fused silica: (a1) Bessel beam; (a2) experimental truncated Bessel beam; (a3)
simulated truncated Bessel beams.87 (b1–b4) Comparison of ultrafast laser and long pulse laser drilling: (b1) schematic diagram of long pulse laser
drilling; (b2) schematic diagram of ultrafast laser drilling; (b3) SEM images of holes processed by a long pulse laser; (b4) SEM images of holes pro-
cessed by an ultrafast laser.88
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In addition to the methods of optimizing processing para-
meters to improve processing quality, ultra-short pulse lasers
have received widespread attention in the field of array micro-
hole processing in recent years. Compared to long pulse lasers,
ultra-short pulse lasers have shorter pulse widths and a higher
peak power.89,90 The thermal effect during ultra-short pulse
laser processing was relatively small (Fig. 7b) and was con-
sidered to be suitable for high-quality microfabrication.88,91,92 Ji
et al.93 machined circular and triangular hole arrays without
cracks on quartz glass by using a picosecond laser. Ahsan
et al.94 used a femtosecond laser to fabricate array micro-holes
with good consistency on the surface of glass. By utilizing the
loss of laser flux inside transparent glass, only the laser flux at
the center of the laser’s focus reached the material’s ablation
threshold, therefore, a hole with an aperture smaller than the
diameter of the spot was obtained. Shangguan et al.95 estab-
lished a theoretical model of single pulse femtosecond laser
ablation based on the Drude equation, and analyzed the mecha-
nism of femtosecond laser ablation of transparent materials.
Subsequently, they used a bottom-up drilling strategy to process
array micro-holes on quartz glass. Under the conditions of a
single energy pulse of 3 μJ, a scanning speed of 0.1 mm s−1, and
a defocusing distance of −0.3 mm, they prepared a 10 × 10 array
of micro-holes with an aperture of 10 μm and a taper of 2°.
Wang et al.96 used a Michael interferometer device to convert a
traditional Gaussian femtosecond pulse beam into a dual pulse
laser beam with an energy ratio of 1 : 1 for preparing a periodic
array of micro-holes on ZnS substrates, and found that the
depth of the micro-holes could be controlled by adjusting the
pulse energy. Zhai et al.97 obtained array holes with good
surface quality on Inconel 718 alloy by applying femtosecond
laser shock drilling technology. The basic composition and
metallographic structure of the processed thermal barrier
coating were hardly changed. Zhang et al.98 machined array
micro-holes in PDMS thin films by femtosecond laser spiral dril-
ling. The effects of laser pulse energy and scanning speed on
micro-hole profiles were studied. The research results indicated
that laser scanning speed significantly affected the geometric
structure of micro-holes. As the laser scanning speed increased,
the cross-sectional diameter of the hole decreased while the
taper of the hole gradually increased. Li et al.99 investigated the
effect of different processing parameters on the machining
process during femtosecond laser drilling of copper foil with a
thickness of 8 μm. By using optimized processing parameters,
array micro-holes with a smooth surface, high geometric accu-
racy, and good consistency were obtained. They found that a
single pulse energy had a significant impact on the diameter of
micro-holes, while laser frequency had the most significant
impact on cumulative thermal effects. Yang et al.100 used axon
system shaping to obtain femtosecond Bessel beams for prepar-
ing micro-hole arrays on YAG crystals. The experimental results
showed that Bessel beams could improve the aspect ratio of
micro-holes. Meanwhile, the diameter of micro-holes could be
controlled by adjusting the laser’s single pulse energy.

In addition, the laser machining quality and efficiency of
array micro-holes could be improved by optimizing the proces-

sing technology. Ha et al.101 proposed a new process of laser
drilling on cover plates for the processing of stainless steel
foil. Other materials were coated on the workpiece as a protec-
tive layer to reduce material erosion and deformation.
Compared with traditional laser processing, the average round-
ness of the micro-holes processed by this method increased by
77%, and thermal defects were significantly reduced, as shown
in Fig. 8(a–e). Liu et al.102 found that it was hard to improve
the surface quality of the hole outlet by using single laser pro-
cessing technology. Therefore, they proposed a new method,
which used a protective layer and water to assist in femtose-
cond laser processing. Array micro-holes on 4H-SiC with
smooth inner walls and good consistency were successfully
obtained. The processing device is shown in Fig. 8(f ). Wang
et al.103 achieved high-quality laser drilling on silicon wafers
by coating them with aluminum film, resulting in a group of
micro-holes with no recast layer on the surface of the
machined micro-holes. Thereafter, they further explored the
effect of laser flux on the processing of fused silica wafers
coated with aluminum film. The results indicated that an
increase in laser flux would lead to an increase in the average
diameter of the array micro-holes.104

Zhao et al.105 conducted a simulation study on the laser
ablation of Al2O3 ceramic array micro-holes. When adjacent
holes were continuously eroded, a small high-temperature area
was generated, leading to crack propagation along the laser
scanning path direction. Therefore, optimizing the scanning
path was an effective means of laser processing array holes.
Zhanwen et al.106 proposed a thermal input adjustment strat-
egy based on scanning path and parameter optimization to
reduce local thermal accumulation effects in multi-beam laser
parallel drilling processes. A schematic diagram of multi-beam
laser processing is shown in Fig. 9(a). The traditional scanning
path and the optimized scanning path are shown in Fig. 9(b
and c). Compared with traditional scanning paths, the opti-
mized scanning path had a more uniform temperature distri-
bution with a maximum temperature decrease of 10%. By uti-
lizing this strategy in conjunction with matching machining
parameters, high-quality array micro-holes could be machined
on stainless steel sheets. To further reduce the heat accumu-
lation problem during the ultra-short pulse laser processing of
micro-holes, Lutz et al.107 optimized the laser scanning path
using 100 000 generations of genetic algorithms, which
reduced thermal defects by 45%. However, 100 000 algorithm
iterations were complex and time-consuming. In recent years,
new optimization algorithms have emerged continuously, such
as the particle swarm optimization algorithm,108,109 the ant
colony optimization algorithm,110 Bayesian optimization,111,112

etc. This provides new ideas for optimizing laser scanning
strategies, and they may be more effective. Zhang et al.113

established an adaptive discrete grey wolf optimization laser
drilling model with processing time as the evaluation index.
With only 200 iterations, the processing times for 90 holes,
286 holes, and 649 holes were reduced by 38.9%, 53.6%, and
55.5%, respectively. Hartmann et al.114 used different scanning
strategies to perform picosecond laser array micro-hole proces-
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sing on aluminum foil. The experimental results indicated
that the linear strategy (Fig. 9d) was more stable in the
machining process than the random strategy (Fig. 9e). By
studying the effect of picosecond laser frequency on micro-
hole machining, it was found that the laser frequency had a
significant impact on the ablation behavior during the
machining process.115

2.3. Electrochemical machining

Electrochemical machining (ECM) is a non-traditional machin-
ing technique that utilizes the principle of anodic dissolution
to remove surface materials from samples.116–119 Compared
with other machining techniques, electrochemical machining
had advantages such as no tool wear, no cutting force, no

residual stress, and no thermal defects.120–124 Therefore, it is
very suitable for machining array micro-holes.

2.3.1. Maskless electrochemical machining and its var-
iants. Although traditional electrochemical machining has
many unique advantages, there are problems such as stray cor-
rosion, which seriously affect the machining quality of array
micro-holes.125,126 To reduce the problem of stray corrosion
during the machining process, a series of new machining pro-
cesses have been studied. Wang et al.127 used a new type of
disc electrode to machine array micro-holes by ECM on stain-
less steel (Fig. 10). The machining electric field of the disc
electrode was mainly concentrated in the bottom gap of the
electrode. The electric field in the side gap was weak, resulting
in weaker stray corrosion. Fang et al.128 introduced an auxiliary

Fig. 8 Laser processed hole on the cover plate. (a) Overall morphology of holes; (b–e) hole morphology diagram at the corresponding cross-
section;101 (f ) schematic diagram of a laser processing device assisted by a protective layer and a water layer.102
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anode into the ECM system and applied a potential difference
between the auxiliary anode and the sample to reduce stray
corrosion. The principle is shown in Fig. 11(a). Experimental
results showed that this method could significantly reduce
stray corrosion at the outlet of the hole. Kong et al.129 con-
ducted ECM experiments on 304 stainless steel and 18CrNi8
alloy in neutral salt solution to manufacture array holes.
During processing, H+ generated from the auxiliary electrode
could acidify the processing interface, dissolve insoluble elec-
trolytic products and reduce stray corrosion. The principle of
interface acidization between the pulses is shown in Fig. 11(b).
In addition, an asymmetric electrophoresis method was pro-
posed for the preparation of an insulation layer on the side of
the electrode,130 as shown in Fig. 12. Compared with the elec-
trodes prepared by a traditional electrophoretic coating
method, the insulation performance of the electrodes prepared
by this method was better, and the taper of the micro-holes
processed by this method was reduced by 62%. Liu et al.131

introduced a pulsed power supply and a rotating spiral elec-
trode into traditional ECM systems. The high-speed rotation of
the spiral electrode could promote the removal of electrolytic
products in the machining gap, reduce stray corrosion, and
improve machining efficiency. A micro-hole array with almost
no taper was obtained under optimized processing parameters
(machining voltage of 6 V, pulse period of 2.5 μs, pulse width of
0.5 μs, electrode speed of 25 000 rpm, feed rate of 1.2 μm s−1).

In addition to stray corrosion, the machining replication
errors and repetitive errors also have a negative impact on the
application of ECM.132 The existence of machining gaps is
the fundamental cause of ECM replication errors. The fluctu-
ations in the flow field, electric field, and electrochemical
field in the machining gap led to changes in the machining
state of ECM. Therefore, improving the stability of machining
gaps could reduce machining errors.133 To reduce this error,
multi-electrode synchronous machining was proposed.
During the multiple-electrode simultaneous machining of
array micro-holes, the splitter significantly affected the flow
distribution, thereby affecting the consistency of the
machined array micro-holes.134 The optimization design of
the splitter was an effective means to improve the stability of
the multi-electrode ECM. Fang et al.135 used simulation
technology to explore the influence of splitter pipe structural
parameters on machining consistency. ECM was performed
on 304 stainless-steel by using optimized diversion pipes,
resulting in consistent array micro-holes. Luo et al.136 devel-
oped an eight-channel flow control system, which could
monitor and regulate the real-time flow rate of electrolyte
through each electrode, as shown in Fig. 13a. The distri-
bution of electrolyte between different electrodes was more
uniform, and a consistent array of small holes was success-
fully processed, as shown in Fig. 13b. Additionally, Chen
et al.137 designed a novel tubular electrode with a half-wedge-

Fig. 9 (a) Schematic diagram of the multi-beam laser processing principle; (b) schematic diagram of the traditional scanning path; (c) schematic
diagram of the heat input regulation path strategy.106 (d) Linear scanning strategy; (e) random scanning strategy.114
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shaped tip; the coupling of a pulsatile flow field and a pulsa-
tile electric field within the inter-electrode gap was achieved
by the rotating motion of electrodes. According to simulation
and experimental results, the coupling of the physical pulsa-
tile fields could improve the surface quality of the machined
micro-hole.

2.3.2. Mask electrochemical machining. In mask electro-
chemical machining (TMEMM), it is necessary to apply a layer
of photoresist to the surface of the sample. Then, the area of
the sample that needs to be removed is exposed to achieve
localized removal of the sample material.138–140 The processing
principle is shown in Fig. 14(a). In TMEMM, the controllability
of the size, density, and position of the processed micro-holes
was better because of the presence of masks, so this techno-
logy became a commonly used method for array micro-hole
processing.141–143 However, there were still problems such as
overcutting, poor processing consistency, and difficulties in
mask preparation during the TMEMM.144,145 In response to

these issues, researchers conducted a large amount of research
to improve the machining quality of array micro-holes.

Many researchers achieved improved processing quality
through parameter optimization during TMEMM.141 Tsai
et al.148 established a finite element model of the machining
process, and studied the effects of the electrolyte flow rates on
array micro-hole machining. The research results indicated
that under the same voltage, the faster the electrolyte flow rate,
the smaller the average depth of the array micro-holes. Chun
et al.149 performed TMEMM processing on alloy materials.
During processing, a magnetic rotor was used to stir the elec-
trolyte. When the flow rate of the electrolyte was too low, the
electrolytic products were not easily removed, which was
harmful for the processing stability. When the electrolyte flow
rate was too high, the hole overlap phenomenon would occur.
Therefore, the electrolyte flow rate had a significant impact on
the processing quality of TMEMM. Jin et al.150 focused on the
influence of the processing parameters on the current density

Fig. 10 (a1–a4) The manufacturing process of disk array electrodes; (b) SEM pictures of an array disk electrode; (c) SEM pictures of array cylindrical
electrodes.127
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distribution. The distribution of current density became
uniform when the machining gap was large enough. The mag-
nitude of current density would decrease with an increase of
the machining gap, so it was necessary to determine a reason-
able machining gap based on actual processing requirements.
By utilizing optimized parameters, elliptical array micro-holes
were obtained. Li et al.151 measured the electrochemical behav-
ior of molybdenum in NaNO3 electrolyte and found that the
surface dissolution uniformity of molybdenum was better
when the current density was less than 16.89 A cm−2. The
machining quality of the array micro-holes on the molyb-
denum plate was significantly improved by controlling the
current density. Li et al.152 studied the influence of machining
parameters and their composite effects on the machining
process using orthogonal experiments. Under the optimal
parameter combination of a voltage of 35 V, a pulse frequency
of 400 Hz, and a duty cycle of 20%, a high-quality micro-hole
array was obtained. He et al.153 used polyaluminum chloride
electrolyte to perform jet electrochemical machining of array
micro-holes on Zr702 alloy plates. The effects of pulse voltage,
electrolyte pressure, and jet scanning speed on machining
results were explored using the multi-actor interaction
response surface method. The experimental results indicated
that pulse voltage had the most significant impact on the
machining quality of array micro-holes. In addition, they used
non-Newtonian fluid polyacrylamide (PAM) as an electrolyte to

Fig. 11 (a) Schematic diagram of electrochemical machining with an in-
soluble auxiliary anode.128 (b) Schematic diagram of the acidification
principle at the pulse interface.129

Fig. 12 Asymmetric timed bipolar electrophoresis coating process: (a) the ith positive electrophoretic coating; (b) the ith negative electrophoretic
stripping; (c) the (i + k)th positive electrophoretic coating.130
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perform array micro-hole machining on SS304 stainless-
steel.154 The processing effect of SS304 stainless-steel in PAM,
PAM NaOH, and NaNO3 electrolytes was explored through
comparative experiments. The experimental results showed
that the PAM-NaOH solution had the best processing effect
because of the dissolution effect of OH– on the processed pro-
ducts, and the properties of non-Newtonian fluids improved
the processing accuracy. The continuous generation of bubbles
and Joule heat during the machining process could cause an
uneven distribution of electrolyte conductivity in the machin-
ing area, thereby affecting the distribution of current
density.155,156 Optimizing the electrolyte flow field and redu-
cing the non-uniformity of electrolyte conductivity was ben-
eficial for improving machining accuracy. Wang et al.156 inves-
tigated the effect of electrolyte conductivity on the machining
consistency of a group of holes. The research results indicated
that using a pulsed power supply in TMEMM processing could
reduce the variation of electrolyte conductivity, thereby improv-
ing the consistency of the group of holes. Li et al.146 proposed
a serpentine flow channel to improve the electrolyte flow state
during the machining process. By reasonably placing guide
plates in the flow channel, the optimization of the electrolyte
flow field was achieved. A schematic diagram of the optimized
serpentine flow channel is shown in Fig. 14(b). Consistent
array micro-holes were obtained with this channel. Therefore,
optimizing the electrolyte flow mode was necessary to improve
the machining accuracy of array micro-holes.

In addition, masks had a significant impact on the distri-
bution of electric and flow fields during TMEMM processing,
which in turn affected the machining accuracy of array micro-
holes.157 Optimizing mask parameters was beneficial for
improving processing quality and efficiency. Wang et al.147

investigated the effect of different mask wall angles on the
machining process, as shown in Fig. 14(c). The results indi-
cated that the masks with conical holes were beneficial for
the flow of electrolyte. Increasing the wall angle within a
certain range could improve machining accuracy. However, if
the mask wall angle were too large, it would exacerbate stray
corrosion. Li et al.158 established a finite element model for
TMEMM processing of nickel based high-temperature alloys.
The effect of the mask aperture on the hole formation
process was explored. Simulation and experimental results
showed that masks with large diameter holes reduced the
taper of the processed holes. For nickel based high-tempera-
ture alloys with a thickness of 0.2 mm, the larger the mask
hole diameter, the shorter the time required to form perfor-
ations. Wang et al.159 used double-sided mask electrolysis
technology to simultaneously process the upper and lower
surfaces of the sample and established corresponding
numerical models. Simulation and experimental results
showed that this process could significantly improve the
taper of the machined micro-holes. Array micro-holes with a
maximum taper of 2.52° were successfully prepared on a
0.5 mm thick titanium alloy sheet.

Fig. 13 (a) Schematic diagram of the eight-channel electrochemical machining device; (b) SEM pictures of array micro-holes.136
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3. Other non-traditional machining
technologies

Due to the increasingly widespread application of hard brittle
non-conductive materials such as glass and silicon in radio-
frequency (RF) and microelectromechanical systems (MEMS),
there is now an urgent need to process high-quality array
micro-holes on these materials.160,161 However, EDM and ECM
cannot process non-conductive materials, while laser proces-
sing has defects such as thermal effects, which means that
these mainstream non-traditional machining technologies are
unable to meet the machining requirements for non-conduc-
tive materials.162–164 Therefore, some other non-traditional
machining techniques, such as ultrasonic machining (USM)
and chemical etching, have begun to be explored for the pro-
cessing of array micro-holes in non-conductive materials.

Ultrasonic machining (USM) is advanced manufacturing
technology that uses the ultrasonic vibration of the cutting
tool to drive abrasive particles in the slurry to impact the
sample, causing brittle failure of the sample material and
achieving material removal.165,166 This technology is very suit-
able for processing hard brittle materials. The processing prin-
ciple is shown in Fig. 15. Pandey et al.167 used modal and har-
monic analysis techniques to optimize the length of the ampli-

tude rod to improve the uniform distribution of vibration at
the tip of the array tool. Using SiC particles with a diameter of
1 μm as abrasives and optimized array tools, USM processing
was carried out on glass and silicon wafers. The results indi-
cated that the efficiency of USM machining was higher than
that of plasma etching or electrochemical discharge machin-
ing. This confirmed the superiority of this technology in pro-
cessing array micro-holes on hard and brittle materials.

Chemical etching is a special processing technique which
removes material through chemical reactions.168 The conven-
tional chemical etching process has low efficiency and poor an-
isotropy, which limits its application.169 To solve these pro-
blems, some novel etching methods were proposed for the pro-
cessing of array micro-holes. Agrawal et al.170 used a photoche-
mical etching process (PCM) with ferric chloride aqueous solu-
tion to etch stainless steel array micro-holes. The Taguchi
method was used to optimize the processing parameters. The
array micro-holes with different diameters were successfully
processed under optimized parameters. However, the consist-
ency of the group of holes was poor because of the uncontroll-
ability of the machining process. Michaels et al.171 proposed a
UV induced metal assisted chemical etching technique based
on the chemical properties of SiC. This process utilized an
etchant composed of potassium persulfate (K2S2O8) and hydro-
fluoric acid as oxidants, and patterned Pt as a mask and

Fig. 14 (a) Schematic diagram of the processing principle of TMEMM. (b) Schematic diagram of the optimized serpentine flow channel.146 (c) Cross
section of holes under different mask wall angles: (c1) 90°; (c2) 120°; (c3) 140°; (c4) 160°.147
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chemical reaction catalyst to achieve localized oxidation and
acid etching removal of SiC under the induction of ultraviolet
light. Liao et al.172 further investigated the effect of metal
pattern size on the hole formation process for 4H-SiC through
photon enhanced metal assisted chemical etching. The
research results indicated that the vertical etching rate acceler-
ated with an increase of the coverage area of the Pt mask, pro-
viding a certain reference significance for improving the depth
to diameter ratio of micro-holes. Chen et al.173 proposed a
double-sided metal assisted photochemical etching process, as
shown in Fig. 16(a). A patterned Au metal layer was introduced
on top of the SiC chip, while an Au metal layer was sputtered
on the bottom of the chip, followed by wet-etch processing.
The experimental results showed that compared to traditional
metal assisted photochemical etching, the vertical etching rate
of this process increased by 2.2 times. Kawamura et al.174 de-
posited silver on a glass substrate and then removed the silver
deposition area by a wet etching process. An array of micro-
holes was formed on the glass substrate. A schematic diagram
of the preparation process is shown in Fig. 16(b). The com-
parative experiments showed that KOH etchant was beneficial
for improving the depth to diameter ratio of micro-holes, but
its processing efficiency was relatively low. They believed that
the lateral diffusion and deposition of silver ions could be sup-
pressed by controlling the electric and thermal fields, thereby
improving the depth to diameter ratio of micro-holes. Choi
et al.31 proposed a process combining wet etching and electro-
chemical processing. The uncoated photoresist surface of the
sample was first thinned using wet etching, and the through-
hole array was subsequently processed using ECM. They suc-
ceeded in obtaining tetragonal array micro-holes on Invar alloy
films with high geometrical accuracy by rationally controlling
the time of wet etching. However, the thinning step may result

in a wider thickness tolerance of the sample because of the
uncontrollable nature of wet etching, which does not meet the
requirements of practical applications.

As the application fields of micro-holes became increasingly
broad, other non-traditional machining techniques began to
receive attention. At present, related reports in the literature
on USM and chemical etching in the field of array micro-hole
processing are few. These technologies have great potential in
the processing of hard and brittle non-conductive materials,
which are expected to become key processing technologies in
this field.

Non-traditional machining techniques played an important
role in the field of array micro-hole machining. The appli-
cation and existing problems of EDM, laser machining, ECM,
and other non-traditional machining technologies in array
micro-hole machining were summarized. A comparison of
mainstream non-traditional machining technologies in the
field of array micro-hole processing is shown in Table 1. In the
actual machining process, factors such as machining accuracy,
machining efficiency, and machine costs should be compre-
hensively considered.

4. Composite machining technology

Although non-traditional machining techniques have mul-
tiple advantages, they also have various shortcomings. As
for laser processing and EDM, the material is removed with
thermal energy, so it is difficult to avoid thermal defects
such as recast layers, micro-cracks, and heat affected
zones.175–177 In addition, there is a problem of tool wear in
EDM. ECM has problems such as scattered corrosion and
poor machining stability.178,179 The efficiency of ultrasonic

Fig. 15 Schematic diagram of material removal in ultrasonic machining.165
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machining is low. The chemical etching process is complex
and harmful to the environment.180,181 To solve the above
problems and achieve high-quality processing of array
micro-holes, composite processing technology has emerged
and developed rapidly. Composite machining is a technique

that integrates multiple technologies, which can achieve
complementary advantages of different machining tech-
niques. Composite processing is an important direction for
achieving efficient and high-quality processing of array
micro-holes.

Fig. 16 (a1–a5) Schematic diagram of the double-sided metal assisted photochemical etching process.173 (b1–b6) Schematic diagram of the
etchant permeating along a network of silver precipitate to preferentially remove glass: (b1) silver precipitation on the surface of glass; (b2) expan-
sion of the silver precipitation area; (b3) etching agent penetrates along the silver precipitate; (b4) edge peeling of the silver precipitation area; (b5)
removal of the silver precipitation area and the formation of blind holes; (b6) SEM pictures of machined array micro-holes.174

Table 1 Comparison of common non-traditional machining technologies for array micro-holes45,175

Machining characteristics EDM LBM ECM

Minimum hole diameter (μm) <50 <10 >100
Maximum aspect ratio 25 150 250
Material removal rate Slow Fast Medium
Cost Medium High Low
Tool wear Serious Absent Absent
Thermal defect Serious Serious Absent
Tool complexity High Low High
Type of material that can be drilled Conductive materials Non-reflective surface materials Conductive materials
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4.1. Ultrasonic assisted electrochemical machining

Ultrasonic assisted ECM (UAECM) is a composite machining
method that introduces ultrasonic vibration into traditional
ECM systems.182–185 During UAECM, the pumping and cavita-
tion effects are used to improve the machining efficiency. As
shown in Fig. 17(a and b), the electrolyte in the machining gap
was periodically pumped.39 The cavitation effect was caused by
the presence of ultrasonic vibration, which continuously gen-
erated bubbles and ruptured the electrolyte. The rupture of
bubbles could cause local jet action and stir the electrolyte in

the processing area.186–188 The above two effects could signifi-
cantly promote the removal of electrolytic products and the
renewal of electrolyte in the machining gap, which improved
the machining efficiency and machining stability.

Shen et al. conducted a study on ultrasonic-assisted ECM of
stainless-steel array micro-holes with an array tool electrode.39

They found that the machining efficiency under the assistance
of ultrasonic vibration could be increased by 5 times. However,
the side of the electrode used in the experiment was not insu-
lated, resulting in poor dimensional accuracy. Zhu et al.184 pro-
posed the ultrasonic assisted electrochemical drilling and

Fig. 17 (a and b) Schematic diagram of the ultrasonic pumping effect: (a) tool electrode moving downward; (b) tool electrode moving upward.39 (c
and d) Schematic diagram of the UAECDG machining principle: (c) schematic diagram of the processing area; (d) UAECDG processing mechanism
diagram.184 (e) Schematic diagram of the ultrasonic assisted mask electrochemical machining principle.189
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grinding technology (UAECDG), which involved two steps for
processing array micro-holes. Firstly, the array micro-holes
were roughened by ECM with a spiral cathode tool. Then, the
diamond abrasive particles embedded at the end of the spheri-
cal tool were used for ultrasonic assisted electrochemical dril-
ling and grinding to complete the precision machining of the
array micro-holes. A schematic diagram is shown in Fig. 17(c
and d). The 304 stainless steel array micro-holes machined by
this new method had good consistency, good surface quality,
and a small taper. Wang et al.190 used NaHCO3 electrolyte and
porous tube electrodes for UAECDG processing of glass. The
range of process parameters was preliminarily determined
through single factor experiments, and then key experimental
parameters were selected through Plackett Burman experi-
ments. Finally, multi-objective and multi-factor optimization
was carried out through BOX-Bekken experiments to obtain
the optimal combination of process parameters. Compared
with ECDG, the overcutting, edge damage, and surface rough-
ness of the microstructure produced through this method were
reduced by 8.3%, 17.5%, and 70.6%, respectively. Under opti-
mized parameter combinations, high-quality array micro-holes
were prepared. This provided new ideas for the green manufac-
ture of glass micro-structures. Kong et al.191 processed mul-
tiple holes with perfect surface quality and a small taper on
GH3030 alloy by UAECDG. The key to this technology was to
achieve a balance between ECM and mechanical grinding,
because this would directly affect the machining quality of
micro-holes. Wang et al.189 used ultrasound assisted mask
ECM technology to process high-quality array micro-holes in
high-temperature alloys. The machining principle is shown in
Fig. 17(e). Through numerical simulation based on the bubble
oscillation equation, they found that ultrasound frequency,
ultrasound sound pressure amplitude, electrolyte incident
pressure, and electrolyte temperature had a significant impact
on ultrasound cavitation. The influence of electrolyte viscosity
and surface tension on ultrasonic cavitation was relatively
small. Li et al.192 proposed a micro-rotation ultrasonic assisted
electrochemical drilling method by introducing an ultrasonic
field into traditional ECM systems. The simulation results
showed that the introduction of ultrasonic vibration could
make the electrolyte flow field more uniform, promote the
renewal of electrolyte, and thus improve machining stability.
The array micro-holes machined by this method had good con-
sistency and a small taper.

4.2. Ultrasonic assisted electric discharge machining

The multiple-electrode simultaneous electric discharge machin-
ing method for array micro-holes is beneficial for improving
processing efficiency. However, it is hard for the multiple elec-
trodes to rotate during the machining process, making it
difficult to remove debris from the machining gap, which
seriously affects the machining accuracy.52 Therefore, promot-
ing the removal of debris during multiple-electrode simul-
taneous EDM is a key issue. Numerous studies showed that the
introduction of ultrasonic fields could significantly improve the
machining quality and efficiency.193–195 Zhang et al.196 con-

ducted simulation analysis on the flow field under different
ultrasonic amplitudes. As shown in Fig. 18, the simulation
results indicated that the introduction of ultrasonic vibration
could increase the flow rate of the working fluid in the bottom
gap, promote the removal of debris, and thus improve the stabi-
lity of the machining process. Xie et al.197 explored the effects of
the ultrasonic amplitude on debris removal. The research
results indicated that increasing the ultrasonic amplitude
appropriately was beneficial for the removal of debris, thereby
improving the stability of array micro-hole processing. Zhang
et al.198 prepared a series of tungsten array electrodes by reverse
electrical discharge technology. Ultrasonic assisted EDM experi-
ments on array holes were carried out with the prepared tung-
sten array electrodes. The experimental results indicated that
the diameter of the central hole was slightly larger than that of
the surrounding holes. Through simulation analysis of the dis-
tribution of gap flow field, the removal of debris from the
middle hole was less than that from the outer hole because of
the interference effect of the working medium flow field, result-
ing in the accumulation of debris in the machining gap. This
increased the probability of secondary discharge, resulting in
an increase in the size of the intermediate hole. Hou et al.199

proposed three-dimensional ultrasonic vibration assisted micro-
electrical discharge machining technology (RTDUV) that com-
bined the circumferential vibration of the electrode and the ver-
tical vibration of the sample. The simulation results of the flow
field indicated that PTDUV was beneficial for the removal of
processed products. The experimental results confirmed the
improved dimensional consistency of array micro-holes pre-
pared by RTDUV-assisted EDM.

4.3. Electrochemical discharge machining

Electrochemical discharge machining (ECDM) is an advanced
composite processing technology that combines ECM and
EDM, and it is considered one of the main technical means for
processing non-conductive hard and brittle materials.200–202

ECDM can be divided into three steps.203–205 The principle is
shown in Fig. 19(a). In the first step, a large number of bubbles
are generated between two electrodes because of electro-
chemical reactions. In the second step, hydrogen bubbles are
continuously accumulated on the surface of the tool electrode
to form a gas film, separating the tool electrode from the
working medium. In the third step, the electric field strength
between two electrodes increases to a very high value, and then
the gas film is broken down and spark discharges occur.

Patro et al.207 established a finite element model for the
ECM preparation of microelectrodes, explored the effects of
processing voltage and processing time on the tool profile,
and conducted experimental verification. The experimental
and simulation results showed that micro-electrodes with rela-
tively uniform contours were obtained in 5% NaCl solution.
Arab et al.208 conducted ECDM on silica with the array elec-
trode. The effects of machining parameters on the heat
affected zone (HAZ) were explored. The research results indi-
cated that the length of the array electrode should be designed
reasonably, otherwise the machining stability would be
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reduced. Afterwards, array electrodes of different lengths were
used to explore the processing of micro-hole arrays on glass
substrates.209 The experimental results showed that a long
electrode could reduce the occurrence of the bubble clamping
phenomenon. Kannojia et al.210 studied tool wear during
ECDM of array micro-holes with array stainless steel electro-
des. As the number of micro-hole machining groups increased,
the volumetric wear of the tool continued to increased, while
the ratio of volumetric material removal to volumetric tool
wear decreased. Singh et al.206,211 used a spherical tool
cathode to repair the worn array tool electrodes through ECM.
The repair accuracy of the pulsed power supply was higher
than that of the DC power supply (Fig. 19c). ECDM machining
experiments were conducted on glass substrates with the
repaired array electrodes, and the feasibility of the repair
technology was verified. Liu et al.212 conducted ECDM drilling
on ultra-white glass with a rotating spiral electrode. The side
gap increased with the improved pulse voltage and duty cycle,
and decreased with the improved pulse frequency and feed
rate. They obtained high-quality array micro-holes with smaller
diameters under optimized parameters. Zou et al.213 used non-
flowing fluid electrolytes instead of traditional KOH electro-

lytes, relying on the constraint effects of non-Newtonian fluids
to improve the stability of the gas film, and thereby improving
the quality of the glass array micro-holes. Compared with tra-
ditional KOH electrolytes, the width of the heat affected zone
was reduced by 64.81%, and the repeatability was improved by
67.92%. Shen et al.214 used a high-speed rotating helical tool
electrode with a non-aqueous electrolyte to change the dis-
charge processing principle from gas film breakdown dis-
charge to low conductivity electrolyte breakdown discharge,
which improved the area and intensity of the electrolytic reac-
tion. Array micro-holes with no recast layer on the surface were
obtained. Geng et al.215 found that the discharge mode was
basically continuous before perforation in the ECDM process,
and the inter-electrode voltage was relatively stable. However,
after perforations formed, the inter-electrode voltage showed
fluctuation. By using the technique of variance statistics, the
breakthrough of micro-holes was accurately identified by deter-
mining whether the average voltage variance exceeded the var-
iance threshold.

The above research indicated the effectiveness of ECDM for
micro-hole machining of non-conductive hard materials.
However, when the depth of the micro-holes was large, the pro-

Fig. 18 (a) Distribution of the gap flow field under different ultrasonic amplitudes: (a1) 0 μm; (a2) 1.86 μm; (a3) 3.35 μm; (a4) 5.22 μm; (a5) 8.51 μm;
(a6) 13.32 μm. (b) Debris removal under two vibration cycles corresponding to different ultrasonic amplitudes: (b1) 0 μm; (b2) 1.86 μm; (b3) 3.35 μm;
(b4) 5.22 μm; (b5) 8.51 μm; (b6) 13.32 μm.196
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cessed holes appeared conical because of the difficulty of the
working fluid entering the machining area.216 To address this
issue, ultrasonic vibration assisted electrochemical discharge
machining (UAECDM) technology was proposed. The introduc-
tion of ultrasonic vibration could affect the formation of gas
film and the distribution of spark discharge energy,217 as
shown in Fig. 20(a). A detailed study was carried out on the
influence of key parameters on the processing of glass by
UAECDM. A mathematical model of the relationship between
micro-hole diameter and processing parameters was estab-
lished. High-quality array micro-holes were obtained under
optimized processing parameters. Compared with that of
ECDM, array micro-holes produced by UAECDM had smaller
diameters and better consistency, resulting in less tool wear.
Yang et al.218 used UAECDM to process array micro-holes on
quartz chips, and found that the introduction of ultrasonic
vibration could thin the gas film, thereby reducing the critical
voltage required for gas film breakdown, and thus reducing
the diameter of micro-holes. The optimal parameter combi-
nation (working voltage of 44 V, feed rate of 1 μm/6 s, pulse
width of 30 μs, duty cycle of 30%) for UAECDM processing was
determined through single factor experiments. Under this

parameter combination, array micro-holes with good orifice
morphology were obtained. Jia et al.219 used an ECDM process
with ultrasonic vibration to obtain high-quality array micro-
holes on glass substrates. They found that the coupling effect
of the electrolyte jet with ultrasonic vibration through numeri-
cal simulation could further optimize the gas film distribution
on the tool electrode surface. Furthermore, the experimental
results confirmed the effectiveness of the introduction of
intra-electrolyte jets and ultrasonic vibrations in improving the
performance of the conventional ECDM process. In addition,
Sharma et al.220 proposed a combined pulse feed method, as
shown in Fig. 20(b). The feed rate and pulse frequency
decreased sequentially, which solved the problem of electrolyte
shortage when the hole depth was large. They used this
method to process array micro-holes on alumina thin plates.
The results showed that compared with a traditional constant
speed feed, the processing time of array micro-holes was
reduced by 40%, and the heat affected zone was significantly
reduced. Hung et al.221 proposed a new composite method
based on an array of stepped tool electrodes, diamond abrasive
electrolyte, and ultrasonic vibration. The combination of
UAECDM, USM, and in situ cutting was achieved. They found

Fig. 19 (a) Schematic diagram of the ECDM.200 (b) Array electrodes of the ECDM: (b1) ECM equipment; (b2) repairing array electrodes with a pulse
power supply; (b3) the restored array electrodes repaired with a continuous power supply.206
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that the concentration of abrasive in KOH solution had almost
no effect on the formation of gas film. When the feed rate was
high, bubbles were prone to accumulate at the entrance of the
hole, which reduced the machining quality. They used this
process to obtain array micro-holes with high dimensional
consistency and a small taper. The application potential of
this novel composite process was enormous, as the processing
eliminated the need to change electrodes or electrolyte. In
addition, this novel composite process improved the dimen-
sional consistency of the array micro-holes.

4.4. Summary

Composite processing technology can address the limitations
of single processing methods and enhance the processing
efficiency of array micro-holes. Table 2 summarizes research
conducted in the field of micro-hole composite processing.

Most studies focus on exploring machining mechanisms and
optimizing machining parameters. However, promoting com-
posite processing technology for industrial applications still
faces many difficulties.

Firstly, one of the main challenges is the lack of research
on specialized equipment for various composite processing
technologies. The majority of research is based on improving
other equipment. The correlation between equipment and pro-
cessing technology will have a direct impact on processing
accuracy and efficiency.

Secondly, the practical engineering application of compo-
site processing technology in array micro-hole processing is
seriously limited due to an incomplete understanding of its
mechanism and properties.

Additionally, there is a scarcity of quantitative analysis of
the machining process, as an accurate mathematical model for

Fig. 20 (a) The effect of ultrasonic vibration on spark energy distribution: (a1) no ultrasonic vibration; (a2) upward movement of tools; (a3) down-
ward movement of tools;217 (b) schematic diagram of the combined pulse feed method.220

Table 2 Summary of research on composite machining technologies of array micro-holes

Machining technology Sample material Key findings Ref.

UAECM 301 stainless steel Higher ultrasonic amplitude leads to higher machining efficiency Shen et al.39

ODS superalloy Ultrasonic frequency and sound pressure significantly affect the cavitation effect Wang et al.189

UAEDM Tool steel Debris accumulation in the central hole Zhang et al.198

ECDM Silica Electrode length should not be too short Arab et al.208

Glass Non-NTF electrolyte can improve processing quality Zou et al.213

UAECDM Glass Consistency of array holes is higher than ECDM Wang et al.217
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the composite machining process has not yet been
established.

5. Conclusion and future research
directions

The continuous expansion of the applications of array micro-
holes has made the sustainable manufacturing of array micro-
holes an urgent necessity in multiple industries. This article
presents a review of the principles, characteristics, and
research progress for advanced sustainable non-traditional
manufacturing technologies commonly used in array micro-
hole machining. Presently, researchers are primarily focusing
on enhancing the overall performance of a specific process
through two avenues: parameter optimization and process
improvement. The intrinsic limitations of the processing
technology give rise to a range of inherent disadvantages
associated with different processing techniques. Fig. 21 pro-
vides a detailed comparison of the performance indicators of
six advanced manufacturing technologies. It is necessary to
select an appropriate processing technique based on the
specific performance requirements of the workpiece and the
conditions of industrial production. Despite extensive research
being conducted by scholars on advanced sustainable manu-
facturing technologies for array micro-holes, there are still
some shortcomings in related fields and numerous challenges
that require urgent attention (Fig. 22). The following rec-
ommendations are provided for the processing of array micro-
holes.

(1) It would be beneficial for subsequent research to place a
greater emphasis on the processing mechanisms of advanced
sustainable manufacturing technologies. At present, the
primary focus of research in the field of array micro-hole pro-

cessing is on the optimization of processing parameters, with
the objective of achieving enhanced processing outcomes
within a constrained process window through comprehensive
experimental investigation. However, advanced non-traditional
and composite processing techniques involve energy fields
that differ from those involved in traditional mechanical pro-
cessing, such as light, sound, electricity, and so forth. The
interaction between these energy fields and the workpiece is
highly intricate, encompassing a plethora of processing para-
meters that interact with one another. It is challenging to
enhance process performance through the exclusive optimiz-
ation of process parameters. To advance process performance,
it is essential to conduct comprehensive research on the pro-
cessing mechanisms of diverse advanced manufacturing
technologies. The development of an accurate mathematical
model of the machining process through simulation techno-
logy, coupled with the real-time capture and analysis of excep-
tional phenomena during the machining process, represents a
pivotal avenue for achieving this objective.

(2) It is imperative to pursue the advancement of novel com-
posite processing technologies. The constraints inherent to
individual processing techniques render composite processing
technology a promising avenue for addressing these chal-
lenges. Nevertheless, in comparison with standalone micro-
hole processing technology, the current composite processing
technology employed for array micro-hole processing remains
scarce, with the majority still in the nascent stages of process
development. This hampers the ability to meet the demands
of industrial production. Consequently, the development of
innovative composite processing techniques is of paramount
importance.

(3) The digitization and intelligent control of processing
represent significant avenues for future research. The progress-
ive advancement of computer and automation technology has

Fig. 21 Comparison of key performance indicators for different proces-
sing techniques.

Fig. 22 Prospects for the future development of advanced sustainable
manufacturing technology for array micro-holes.
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rendered the precise automatic control of the machining
process a feasible proposition. In particular, the recent expo-
nential growth of artificial intelligence has opened up a vast
array of unprecedented opportunities across numerous fields.
The small size, large quantity and strict position accuracy
requirements of array micro-holes mean that manual control
of the processing process can easily lead to positioning errors.
Furthermore, manual operation is time-consuming, resulting
in a high scrap rate. Therefore, adopting digital and intelligent
control methods is beneficial for the timely detection and
handling of problems that arise during the machining process,
thereby improving the machining accuracy and efficiency of
array micro-holes, and enhancing the adaptability of the
machining process.

(4) The development of specialized equipment is a crucial
factor in the advancement of diverse advanced manufacturing
technologies. The utilization of processing equipment has a
considerable impact on the accuracy and efficiency of the pro-
cessing itself. The deployment of specialized equipment
enables the precise control of processing parameters and the
optimization of process flow, which in turn reduces the
wastage of raw materials and energy consumption, improves
the efficiency with which resources are utilized, and aligns
with the overarching objective of sustainable manufacturing.
Furthermore, the deployment of specialized equipment
ensures the stability, reliability, and high degree of control
that are essential in the field of micro- and nano-
manufacturing.

(5) Research and development of nanoscale array micro-
hole processing technology should be the primary focus. In
light of accelerated developments in fields such as microelec-
tronics, biomedicine, and materials science, coupled with the
growing demand for practical applications of workpieces and
the ongoing enhancement of material service performance,
the dimensional precision of micro-hole arrays is witnessing a
shift from the micro-metre domain to the nano-metre range. It
is, however, important to note that existing reports in the lit-
erature indicate that only a limited number of processing tech-
niques have been successfully applied in the manufacture of
nanoscale micro-hole arrays. Consequently, the development
of efficient processing techniques suitable for nanoscale
micro-hole arrays will not only address this technological gap
but also act as a significant driving force for the advancement
of technology and industrial upgrading in related fields.

(6) Develop micro-hole processing technology suitable for
new materials. In recent years, with the widespread application
of new materials such as structural ceramics, composite
materials, and additive manufacturing metals, it is often
necessary to process array microstructures on them to achieve
some special functions. However, current mainstream array
micro-hole processing technology generally faces the challenge
of limited material applicability, for example, laser processing
technology faces difficulties in processing transparent
materials, while electrical discharge machining and electro-
chemical machining are only applicable to conductive
materials. Although electrochemical discharge machining has

a wide range of material applicability, it is still difficult for its
machining accuracy to meet the requirements for the prepa-
ration of array micro-holes. Therefore, developing suitable pro-
cessing methods based on the physical, chemical, and
mechanical properties of different materials is beneficial for
further expanding the application of array micro-holes.

Sustainable manufacturing technology for array micro-
holes is still in its infancy, with numerous avenues that require
urgent attention or further investigation. As this field and its
associated technologies continue to evolve, processing techno-
logy for array micro-holes will undoubtedly improve, enhan-
cing its practical applicability.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article.

Conflicts of interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

The work was supported by the National Natural Science
Foundation of China (Nos. 52205468, 52275431), the China
Postdoctoral Science Foundation (Nos. 2023M741428,
2024M751169, 2024M751248), and the Natural Science
Foundation of Jiangsu Province (No. BK20210755).

References

1 M. Aamir, K. Giasin, M. Tolouei-Rad and A. Vafadar, A
review: drilling performance and hole quality of alu-
minium alloys for aerospace applications, J. Mater. Res.
Technol., 2020, 9, 12484–12500.

2 F. Bao, G. Pei, Z. C. Wu, H. Zhuang, W. B. Zhangzhao,
Z. G. Huan, C. T. Wu and J. Chang, Bioactive self-
pumping composite wound dressings with micropore
array modified janus membrane for enhanced diabetic
wound healing, Adv. Funct. Mater., 2020, 30, 2005422.

3 G. Q. Li, H. Fan, F. F. Ren, C. Zhou, Z. Zhang, B. Xu,
S. Z. Wu, Y. L. Hu, W. L. Zhu, J. W. Li, Y. S. Zeng, X. H. Li,
J. R. Chua and D. Wu, Multifunctional ultrathin alumi-
num foil: oil/water separation and particle filtration,
J. Mater. Chem. A, 2016, 4, 18832–18840.

4 C. C. Xu, Q. Q. Liu, S. Chu, P. Li, F. X. Wang, Y. M. Si,
G. J. Mao, C. F. Wu and H. Wang, A microdots array-based
fluoremetric assay with superwettability profile for simul-
taneous and separate analysis of iron and copper in red
wine, Anal. Chim. Acta, 2023, 1254, 341045.

Nanoscale Review

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 19938–19969 | 19961

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d4nr02910k


5 Y. H. Su, L. Chen, Y. L. Jiao, J. Zhang, C. A. Z. Li,
Y. Y. Zhang and Y. C. Zhang, Hierarchical hydrophilic/
hydrophobic/bumpy janus membrane fabricated by fem-
tosecond laser ablation for highly efficient fog harvesting,
ACS Appl. Mater. Interfaces, 2021, 13, 26542–26550.

6 Y. P. Qin, Y. Liu, W. C. Guan, T. Shu and K. Wang,
Ultrasonic assisted electrochemical drilling and grinding
of small holes on SLMed Hastelloy X with rotating abra-
sive tube electrode, Int. J. Adv. Des. Manuf. Technol., 2024,
130, 5181–5197.

7 S. K. Chaubey and K. Gupta, Developing meso and micro-
holes by spark-erosion based drilling processes: a critical
review, Micromachines, 2022, 13, 885.

8 H. Krötz and K. Wegener, Sparc assisted electrochemical
machining: a novel possibility for microdrilling into elec-
trical conductive materials using the electrochemical dis-
charge phenomenon, Int. J. Adv. Des. Manuf. Technol.,
2015, 79, 1633–1643.

9 J. Xu, B. Guo, D. B. Shan, C. J. Wang, J. Li, Y. W. Liu and
D. S. Qu, Development of a micro-forming system for
micro-punching process of micro-hole arrays in brass foil,
J. Mater. Process. Technol., 2012, 212, 2238–2246.

10 Y. X. Liu, K. S. Ji, Y. J. Zhang, Y. L. Song and F. Yin, Effect
of grain size on fine micro-blanking for Inconel 718 foil,
J. Manuf. Processes., 2023, 107, 472–484.

11 P. Zhang, M. P. Pereira, B. F. Rolfe, D. E. Wilkosz,
P. Hodgson and M. Weiss, Investigation of material
failure in micro-stamping of metallic bipolar plates,
J. Manuf. Processes., 2022, 73, 54–66.

12 L. L. Wang, Z. N. Guo, Y. Deng, T. N. Chen, M. Xie,
Y. J. Xiao and Z. X. Zou, Experimental research into micro-
groove stamping by laser-induced cavitation, Opt. Laser
Technol., 2022, 146, 107549.

13 Y. Xiao, F. Sun, J. Q. Ran, B. Wang, J. M. Zhong, J. Ma and
F. Luo, Ultrasonic micro punching with flexible punch for
thin stainless sheet metal, Int. J. Adv. Des. Manuf. Technol.,
2020, 108, 2763–2773.

14 H. Y. Chou, Applying punching without die to micro-hole
array processing, J. Manuf. Processes., 2024, 116, 284–292.

15 Y. J. Chang, Y. C. Hung, C. L. Kuo, J. C. Hsu and C. C. Ho,
Hybrid stamping and laser micromachining process for
micro-scale hole drilling, Mater. Manuf. Processes, 2017,
32, 1685–1691.

16 D. X. Geng, Y. H. Liu, Z. Y. Shao, Z. H. Lu, J. Cai, X. Li,
X. G. Jiang and D. Y. Zhang, Delamination formation,
evaluation and suppression during drilling of composite
laminates: a review, Compos. Struct., 2019, 216, 168–186.

17 W. C. Zhang, M. W. Wang and Y. Zhang, Study on debris
evacuation of EDM small hole processing on titanium
alloy, Int. J. Adv. Des. Manuf. Technol., 2022, 121, 2335–
2341.

18 Z. F. Sun, D. X. Geng, H. L. Guo, Q. Zhang, Y. H. Liu,
L. X. Liu, X. G. Jiang and D. Y. Zhang, Introducing trans-
versal vibration in twist drilling: Material removal mecha-
nisms and surface integrity, J. Mater. Process. Technol.,
2024, 325, 118296.

19 M. Uekita and Y. Takaya, Tool condition monitoring tech-
nique for deep-hole drilling of large components based
on chatter identification in time–frequency domain,
Measurement, 2017, 103, 199–207.

20 S. Basovich and S. Arogeti, Identification and robust
control for regenerative chatter in internal turning with
simultaneous compensation of machining error, Mech.
Syst. Signal Process., 2021, 149, 107208.

21 W. K. Wang, M. Wan, W. H. Zhang and Y. Yang, Chatter
detection methods in the machining processes: A review,
J. Manuf. Processes., 2022, 77, 240–259.

22 M. Aamir, S. Tu, K. Giasin and M. Tolouei-Rad, Multi-hole
simultaneous drilling of aluminium alloy: a preliminary
study and evaluation against one-shot drilling process,
J. Mater. Res. Technol., 2020, 9, 3994–4006.

23 R. Binali, M. Kuntoğlu, D. Y. Pimenov, Ü.A Usca,
M. K. Gupta and M. E. Korkmaz, Advance monitoring of
hole machining operations via intelligent measurement
systems: a critical review and future trends, Measurement,
2022, 201, 111757.

24 X. Du, J. M. Zheng, T. Chen, B. Guo and X. Li, Probing the
tribology and drilling performance of high performance
cutting fluid on Inconel 690 superalloy by minimum
quantity lubrication technology, Alexandria Eng. J., 2024,
88, 58–67.

25 D. K. Y. Low, L. Li, A. G. Corfe and P. J. Byrd, Spatter-free
laser percussion drilling of closely spaced array holes,
Int. J. Mach. Tools Manuf., 2001, 41, 361–377.

26 K. Takahata and Y. B. Gianchandani, Batch mode micro-
electro-discharge machining, J. Microelectromech. Syst.,
2002, 11, 102–110.

27 B. S. Shin, K. S. Park, Y. K. Bahk, S. K. Park, J. H. Lee,
J. S. Go, M. C. Kang and C. M. Lee, Rapid manufacturing
of SiC molds with micro-sized holes using abrasive water
jet, Trans. Nonferrous Met. Soc. China, 2009, 19, s178–s182.

28 C. K. Yang, C. P. Cheng, C. C. Mai, A. C. Wang, J. C. Hung
and B. H. Yan, Effect of surface roughness of tool elec-
trode materials in ECDM performance, Int. J. Mach. Tools
Manuf., 2010, 50, 1088–1096.

29 C. Nath, G. C. Lim and H. Y. Zheng, Influence of the
material removal mechanisms on hole integrity in ultra-
sonic machining of structural ceramics, Ultrasonics, 2012,
52, 605–613.

30 C. A. A. Rashed, L. Romoli, F. Tantussi, F. Fuso,
M. Burgener, G. Cusanelli, M. Allegrini and G. Dini, Water
jet guided laser as an alternative to EDM for micro-drilling
of fuel injector nozzles: A comparison of machined sur-
faces, J. Manuf. Processes., 2013, 15, 524–532.

31 W. K. Choi, S. H. Kim, S. G. Choi and E. S. Lee,
Quadrilateral Micro-Hole Array Machining on Invar Thin
Film: Wet Etching and Electrochemical Fusion
Machining, Materials, 2018, 11, 160.

32 Y. F. Wang, Y. Yang, Y. L. Li, F. H. Shao and W. W. Zhang,
Profile Characteristics and Evolution in Combined Laser
and Electrochemical Machining, J. Electrochem. Soc., 2022,
169, 093505.

Review Nanoscale

19962 | Nanoscale, 2024, 16, 19938–19969 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d4nr02910k


33 A. Khadtare, R. Pawade, A. Varghese and S. Joshi, Micro-
drilling of straight and inclined holes on thermal barrier
coated Inconel 718 for turbine blade cooling, Mater.
Manuf. Processes, 2020, 35, 783–796.

34 M. Aamir, M. Tolouei-Rad, K. Giasin and A. Vafadar,
Machinability of Al2024, Al6061, and Al5083 alloys using
multi-hole simultaneous drilling approach, J. Mater. Res.
Technol., 2020, 9, 10991–11002.

35 M. Aamir, M. Tolouei-Rad, K. Giasin and A. Vafadar,
Feasibility of tool configuration and the effect of tool
material, and tool geometry in multi-hole simultaneous
drilling of Al2024, Int. J. Adv. Des. Manuf. Technol., 2020,
111, 861–879.

36 M. Aamir, S. Tu, M. Tolouei-Rad, K. Giasin and
A. Vafadar, Optimization and modeling of process para-
meters in multi-hole simultaneous drilling using Taguchi
method and fuzzy logic approach, Materials, 2020, 13,
680.

37 W. Y. Ming, X. D. Guo, Y. J. Xu, G. J. Zhang, Z. W. Jiang,
Y. Z. Li and X. K. Li, Progress in non-traditional machin-
ing of amorphous alloys, Ceram. Int., 2023, 49, 1585–1604.

38 J. Ma, J. Yuan, W. Y. Ming, W. B. He, G. Zhang, H. Zhang,
Y. Cao and Z. Jiang, Non-traditional processing of carbon
nanotubes: A review, Alexandria Eng. J., 2022, 61, 597–617.

39 Z. Y. Shen and H. P. Tsui, An investigation of ultrasonic-
assisted electrochemical machining of micro-hole array,
Processes, 2021, 9, 1615.

40 W. Y. Ming, S. F. Zhang, G. J. Zhang, J. G. Du, J. Ma,
W. B. He, C. Cao and K. Liu, Progress in modeling of elec-
trical discharge machining process, Int. J. Heat Mass
Transfer, 2022, 187, 122563.

41 K. Ishfaq, M. Sana, W. M. Ashraf and V. Dua, Sustainable
EDM of Inconel 600 in Cu-mixed biodegradable dielec-
trics: Modelling and optimizing the process by artificial
neural network for supporting net-zero from industry,
J. Cleaner Prod., 2023, 421, 138388.

42 R. Sahoo, N. K. Singh and V. Bajpai, A novel approach for
modeling MRR in EDM process using utilized discharge
energy, Mech. Syst. Signal Process., 2023, 185, 109811.

43 H. Wang, G. X. Chi, Y. C. Jia, F. X. Yu, Z. L. Wang and
Y. K. Wang, A novel combination of electrical discharge
machining and electrodeposition for superamphiphobic
metallic surface fabrication, Appl. Surf. Sci., 2020, 504,
144285.

44 M. Ay, U. Çaydas and A. Hasçalik, Optimization of micro-
EDM drilling of inconel 718 superalloy, Int. J. Adv. Des.
Manuf. Technol., 2013, 66, 1015–1023.

45 P. Singh, A. Pramanik, A. K. Basak, C. Prakash and
V. Mishra, Developments of non-conventional drilling
methods-a review, Int. J. Adv. Des. Manuf. Technol., 2020,
106, 2133–2166.

46 T. Dong, C. T. Gao, H. Z. Hou, Y. L. Pei, S. S. Li and
S. K. Gong, Effects of melt-pool geometry on microstruc-
ture structural damage behavior for single crystal superal-
loys in rapid solidification process Int, J. Fatigue, 2018,
111, 345–355.

47 K. Mishra, D. Dey, B. R. Sarkar and B. Bhattacharyya,
Experimental investigation into electrochemical milling of
Ti6Al4V, J. Manuf. Processes., 2017, 29, 113–123.

48 C. Murugan, R. M. S. Kumar and S. V. Alagarsamy,
Investigations on electric discharge machining behaviour
of Si3N4 -TiN ceramic composite, Silicon, 2022, 14, 547–
555.

49 Z. K. Li, J. C. Bai, Y. Cao, Y. Q. Wang and G. Z. Zhu,
Fabrication of microelectrode with large aspect ratio and
precision machining of micro-hole array by micro-EDM,
J. Mater. Process. Technol., 2019, 268, 70–79.

50 J. Y. Jia, Y. Q. Wang, S. Q. Yang and W. H. Li, Study of the
effects of important factors on the diameter accuracy of
micro-shafts fabricated by TMTF-WEDG, Int. J. Adv. Des.
Manuf. Technol., 2020, 108, 3001–3020.

51 J. Y. Jia, Y. Q. Wang, S. Q. Yang and W. H. Li, Study on
taper reduction of high aspect ratio micro-shafts fabri-
cated by twin-mirroring-wire tangential feed electrical dis-
charge grinding (TMTF-WEDG), J. Manuf. Processes., 2020,
57, 614–629.

52 S. Q. Gong and Y. Sun, Experimental study on forming
consistent accuracy and tool electrode wear involved in
fabricating array microelectrodes and array micro holes
using electrical discharge machining, J. Manuf. Processes.,
2022, 79, 126–141.

53 Y. Sun, Y. D. Gong, X. L. Wen, B. Xin, G. Q. Yin,
F. T. Meng and B. J. Tang, Evaluation of dimensional accu-
racy and surface integrity of cylindrical array microelec-
trodes and cylindrical array microholes machined by
EDM, Arch. Civ. Mech. Eng., 2022, 22, 46.

54 V. K. Pal and S. K. Choudhury, Fabrication of texturing
tool to produce array of square holes for EDM by abrasive
water jet machining, Int. J. Adv. Des. Manuf. Technol.,
2016, 85, 2061–2071.

55 K. S. Li, X. F. Huang, Q. Chen, G. Xu, Z. W. Xie, Y. Y. Wan
and F. Gong, Flexible fabrication of optical glass micro-
lens array by using contactless hot embossing process,
J. Manuf. Processes., 2020, 57, 469–476.

56 K. Mouralová, J. Bednar, L. Benes, P. Hrabec, M. Kalivoda
and J. Fries, The analysis of EDM electrodes wear in
corners and edges, Arch. Civ. Mech. Eng., 2020, 20, 130.

57 S. J. Hou and J. C. Bai, Electrode wear prediction and
offline compensation for micro-EDM drilling through-
hole array using geometry simulation, Int. J. Adv. Des.
Manuf. Technol., 2022, 120, 6877–6889.

58 A. Ahmed, J. Boban and M. Rahman, Novel EDM deep
hole drilling strategy using tubular electrode with orifice,
CIRP Ann., 2021, 70, 151–154.

59 Z. X. Zou, Z. N. Guo, Q. M. Huang, T. M. Yue, J. W. Liu
and X. L. Chen, Precision EDM of micron-scale diameter
hole array using in-process wire electro-discharge grinding
high-aspect-ratio microelectrodes, Micromachines, 2021,
12, 17.

60 H. Liu, J. C. Bai, Y. Cao, G. Z. Zhu and S. J. Hou, Micro-
electrode wear and compensation to ensure the dimen-
sional consistency accuracy of micro-hole array in micro-

Nanoscale Review

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 19938–19969 | 19963

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d4nr02910k


EDM drilling, Int. J. Adv. Des. Manuf. Technol., 2020, 111,
2653–2665.

61 W. Liang, H. Tong, Y. Li and B. Q. Li, Tool electrode wear
compensation in block divided EDM process for improv-
ing accuracy of diffuser shaped film cooling holes,
Int. J. Adv. Des. Manuf. Technol., 2019, 103, 1759–1767.

62 G. Z. Zhu, J. C. Bai, Y. F. Guo, Y. Cao and Y. Y. Huang, A
study of the effects of working fluids on micro-hole arrays
in micro-electrical discharge machining, Proc. Inst. Mech.
Eng., Part B, 2014, 228, 1381–1392.

63 M. Tanjilul, D. N. W. Keong and A. S. Kumar, Super dielec-
tric based EDM process for drilling of Inconel 718, Mater.
Manuf. Processes, 2021, 36, 341–350.

64 K. Aruna and S. S. Hiremath, Experimental investigation
on machining of multiple micro-square holes, Mater.
Manuf. Processes, 2023, 38, 878–887.

65 Z. Yu, D. W. Zuo, Y. L. Sun, J. S. Zhao, X. M. Chen,
K. B. Shi and W. Chen, Study on EDM technology of dis-
tributed group electrodes in titanium alloy with large
inclined angle and thin-walled group holes, Int. J. Adv.
Des. Manuf. Technol., 2021, 113, 131–140.

66 H. Liu, J. C. Bai, B. Zhang, Y. Cao, S. J. Hou and
Z. M. Zhou, Breakthrough detection and servo control for
micro-hole array EDM drilling, Int. J. Adv. Des. Manuf.
Technol., 2022, 119, 615–629.

67 Z. K. Li, J. J. Tang and J. C. Bai, A novel micro-EDM
method to improve microhole machining performances
using ultrasonic circular vibration (UCV) electrode,
Int. J. Mech. Sci., 2020, 175, 105574.

68 R. N. Huang, Y. Yi, G. L. Guo and X. G. Xiong,
Investigation of multielectrode multiloop with series
capacitance pulse generator for EDM, Int. J. Adv. Des.
Manuf. Technol., 2020, 109, 143–154.

69 S. Marimuthu, J. Dunleavey, Y. Liu, B. Smith, A. Kiely and
M. Antar, Characteristics of hole formation during laser
drilling of SiC reinforced aluminium metal matrix compo-
sites, J. Mater. Process. Technol., 2019, 271, 554–567.

70 P. Wang, Z. Zhang, B. Hao, S. Wei, Y. Huang and
G. Zhang, Investigation on heat transfer and ablation
mechanism of CFRP by different laser scanning direc-
tions, Composites, Part B, 2023, 262, 110827.

71 Y. Liu, X. Y. Liu, J. Z. Lu, K. Y. Luo, Z. Y. Zhang, H. F. Lu,
H. M. Zhang, X. Xu, Y. F. Wang and S. Y. Zhou, Post-treat-
ment technologies for high-speed additive manufacturing:
Status, challenge and tendency, J. Mater. Res. Technol.,
2024, 30, 1057–1082.

72 N. Q. Wu, Z. Y. Zhai, Y. H. Cui, Y. C. Zhang, X. M. Ji,
R. H. Zhang and J. Yan, Numerical simulation and experi-
mental analysis of machining morphology with pulsed
laser, Opt. Laser Technol., 2023, 159, 108952.

73 H. Wu, P. Zou, J. Cao and K. F. Ehmann, Vibrating-lens-
assisted laser drilling, J. Manuf. Processes., 2020, 55, 389–
398.

74 S. Q. Liang, T. Y. Wang, Q. Song, F. Ye, H. J. Li and
M. W. Fu, Unraveling of the laser drilling of carbon/
carbon composites: Ablation mechanisms, shape evol-

ution, and damage evaluation, Int. J. Mach. Tools Manuf.,
2023, 184, 103978.

75 J. C. Li, W. Zhang, H. Y. Zheng, J. Gao and C. Jiang,
Reducing plasma shielding effect for improved nano-
second laser drilling of copper with applied direct
current, Opt. Laser Technol., 2023, 163, 109372.

76 Y. Liu, M. Y. Wu, Z. Y. Zhang, Y. F. Wang, L. C. Meng,
K. Q. Cai, H. Zhu, K. Xu and J. Z. Lu, Preparation of multi-
functional protective coating on alloy surface by laser-elec-
trodeposition additive-subtractive hybrid manufacturing,
J. Mater. Process. Technol., 2024, 326, 118340.

77 Y. Liu, M. Y. Wu, Z. Y. Zhang, J. Z. Lu, K. Xu, H. Zhu,
Y. C. Wu, B. Wang and W. N. Lei, A review on applications
of functional superhydrophobic surfaces prepared by
laser biomimetic manufacturing, J. Mater. Sci., 2023, 58,
3421–3459.

78 B. S. Yilbas, S. S. Akhtar and C. Karatas, Laser machining
of different diameter holes in alumina ceramic: thermal
stress analysis, Mach. Sci. Technol., 2016, 20, 349–367.

79 Y. Z. Liu, Coaxial waterjet-assisted laser drilling of film
cooling holes in turbine blades, Int. J. Mach. Tools Manuf.,
2020, 150, 103510.

80 Y. Chao, Y. Z. Liu, Z. F. Xu, W. X. Xie, L. Zhang,
W. T. Ouyang, H. C. Wu, Z. B. Pan, J. K. Jiao, S. J. Li,
G. Y. Zhang, W. W. Zhang and L. Y. Sheng, Improving
superficial microstructure and properties of the laser-pro-
cessed ultrathin kerf in Ti-6Al-4 V alloy by water-jet
guiding, J. Mater. Sci. Technol., 2023, 156, 32–53.

81 W. M. Wang, J. Chen, D. B. Li, D. Feng and Y. L. Tu,
Modelling and optimisation of a femtosecond laser
micro-machining process for micro-hole array products,
Int. J. Adv. Des. Manuf. Technol., 2016, 82, 1293–1303.

82 G. Mincuzzi, M. Faucon and R. Kling, Novel approaches
in zero taper, fast drilling of thick metallic parts by
ultra-short pulse laser, Opt. Lasers Eng., 2019, 118,
52–57.

83 Y. M. Rong, Y. Huang, C. R. Lin, Y. F. Liu, S. X. Shi,
G. J. Zhang and C. Y. Wu, Stretchability improvement of
flexiable electronics by laser micro-drilling array holes in
PDMS film, Opt. Lasers Eng., 2020, 134, 106307.

84 Y. L. Liao, F. L. Zhang, P. Wang, X. Z. Xie, Y. M. Zhou and
D. L. Xie, Experimental study on fabricating micro-hole
arrays on CVD diamond film using a nanosecond pulsed
laser, J. Superhard Mater., 2021, 43, 248–260.

85 L. N. Meng, A. H. Wang, Y. Wu, X. Wang, H. B. Xia and
Y. N. Wang, Blind micro-hole array Ti6Al4 V templates for
carrying biomaterials fabricated by fiber laser drilling,
J. Mater. Process. Technol., 2015, 222, 335–343.

86 Y. Wu, A. H. Wang, R. R. Zheng, H. Q. Tang, X. Y. Qi and
B. Ye, Laser-drilled micro-hole arrays on polyurethane syn-
thetic leather for improvement of water vapor per-
meability, Appl. Surf. Sci., 2014, 305, 1–8.

87 X. Liu, R. Clady, D. Grojo, O. Utéza and N. Sanner,
Engraving depth-controlled nanohole arrays on fused
silica by direct short-pulse laser ablation, Adv. Mater.
Interfaces, 2023, 10, 2202189.

Review Nanoscale

19964 | Nanoscale, 2024, 16, 19938–19969 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d4nr02910k


88 G. U. Kumar, S. Suresh, C. S. S. Kumar, S. Back, B. Kang and
H. J. Lee, A review on the role of laser textured surfaces on
boiling heat transfer, Appl. Therm. Eng., 2020, 174, 115274.

89 S. A. Khan, G. S. Boltaev, M. Iqbal, V. Kim, R. A. Ganeev
and A. S. Alnaser, Ultrafast fiber laser-induced fabrication
of superhydrophobic and self-cleaning metal surfaces,
Appl. Surf. Sci., 2021, 542, 148560.

90 Y. P. Li, T. H. Zhang, S. L. Fan and G. H. Cheng,
Fabrication of micro hole array on the surface of CVD ZnS
by scanning ultrafast pulse laser for antireflection, Opt.
Mater., 2017, 66, 356–360.

91 W. L. Zhang, P. L. Zhang, H. Yan, R. F. Li, H. C. Shi,
D. Wu, T. Z. Sun, Z. R. Luo and Y. T. Tian, Research status
of femtosecond lasers and nanosecond lasers processing
on bulk metallic glasses (BMGs), Opt. Laser Technol., 2023,
167, 109812.

92 S. T. Wang, G. Y. Feng and S. H. Zhou, Microsized struc-
tures assisted nanostructure formation on ZnSe wafer by
femtosecond laser irradiation, Appl. Phys. Lett., 2014, 105,
253110.

93 L. F. Ji, Y. Hu, J. Li, W. H. Wang and Y. J. Jiang, High-pre-
cision micro-through-hole array in quartz glass machined
by infrared picosecond laser, Appl. Phys. A: Mater. Sci.
Process., 2015, 121, 1163–1169.

94 M. S. Ahsan, Y. Y. Kwon, I. B. Sohn, Y. C. Noh and
M. S. Lee, Formation of periodic micro/nano-holes array
in boro-aluminosilicate glass by single-pulse femtosecond
laser machining, J. Laser Micro/Nanoeng., 2014, 9, 19–24.

95 D. Shangguan, Y. H. Liu, L. P. Chen, C. Su and J. Liu,
Modeling and experiment of femtosecond laser proces-
sing of micro-holes arrays in quartz, J. Appl. Phys., 2024,
135, 243102.

96 H. R. Wang, F. Zhang and J. A. Duan, Subwavelength
quasi-periodic array for infrared antireflection, Nanomaterials,
2022, 12, 3520.

97 Z. Y. Zhai, W. J. Wang, X. S. Mei, M. Li and X. Li,
Percussion drilling on nickel-based alloy with thermal
barrier coatings using femtosecond laser, Optik, 2019,
194, 163066.

98 X. F. Zhang, Z. Q. Yao, Z. B. Hou and J. C. Song,
Processing and profile control of microhole array for
PDMS mask with femtosecond laser, Micromachines, 2022,
13, 340.

99 Q. S. Li, X. F. Sun, W. Q. Zhao, X. G. Hou, Y. H. Zhang,
F. Zhao, X. D. Li and X. S. Mei, Processing of a large-scale
microporous group on copper foil current collectors for
lithium batteries using femtosecond laser, Adv. Eng.
Mater., 2020, 22, 2000710.

100 H. Yang, Y. Yu, T. Zhang, S. F. Ma, L. Chen, B. S. Xu and
Z. Y. Wang, Rapid Fabrication of Yttrium Aluminum
Garnet Microhole Array Based on Femtosecond Bessel
Beam, Photonics, 2024, 11, 408.

101 K. H. Ha, S. W. Lee, J. Kim, W. Y. Jee and C. N. Chu,
Fabrication of a micro-hole array on metal foil by nano-
second pulsed laser beam machining using a cover plate,
J. Micromech. Microeng., 2015, 25, 027001.

102 B. Liu, P. P. Fan, H. W. Song, K. Liao and W. J. Wang,
Fabrication of 4H-SiC microvias using a femtosecond
laser assisted by a protective layer, Opt. Mater., 2022, 123,
111695.

103 Z. P. Wang, G. Y. Feng, J. H. Han, S. T. Wang, R. F. Hu,
G. Li, S. Y. Dai and S. H. Zhou, Fabrication of microhole
arrays on coated silica sheet using femtosecond laser,
Opt. Eng., 2016, 55, 105101.

104 Z. P. Wang, G. Y. Feng, S. T. Wang, G. Li, S. Y. Dai and
S. H. Zhou, Improving the quality of femtosecond laser
processing micro-hole array by coated with aluminum
film on fused silica sheet, Optik, 2017, 128, 178–184.

105 W. Q. Zhao, X. S. Mei and Z. X. Yang, Simulation and
experimental study on group hole laser ablation on AL2O3

ceramics, Ceram. Int., 2022, 48, 4474–4483.
106 A. Zhanwen, G. S. Zou, Y. X. Wu, Y. Wu, B. Feng, Y. Xiao,

J. P. Huo, Q. Jia, C. J. Du and L. Liu, Temporal and spatial
heat input regulation strategy for high-throughput micro-
drilling based on multi-beam ultrafast laser, Opt. Laser
Technol., 2022, 155, 108424.

107 C. Lutz, J. Helm, K. Tschirpke, C. Esen and R. Hellmann,
Drilling Sequence Optimization Using Evolutionary
Algorithms to Reduce Heat Accumulation for Femtosecond
Laser Drilling with Multi-Spot Beam Profiles, Materials,
2023, 16, 5775.

108 B. D. Y. Sunil, A. Goyal, L. Kumar, P. Sonia, K. K. Saxena,
D. Bandhu, K. Kaur, R. Chandrashekar and M. A. Ansari,
Optimizing wire electrical discharge machining perform-
ance of Inconel 625 with genetic algorithms & particle
swarm optimization, J. Mater. Res. Technol., 2024, 31, 555–
569.

109 C. J. Luis-Pérez, Multi-objective optimization of electrical
discharge machining parameters using particle swarm
optimization Image 1, Appl. Soft Comput., 2024, 153,
111300.

110 L. Wu, X. D. Huang, J. G. Cui, C. Liu and W. S. Xiao,
Modified adaptive ant colony optimization algorithm and
its application for solving path planning of mobile robot,
Expert Syst. Appl., 2023, 215, 119410.

111 V. Karkaria, A. Goeckner, R. J. Zha, J. Chen, J. J. Zhang,
Q. Zhu, J. Cao, R. X. Gao and W. Chen, Towards a digital
twin framework in additive manufacturing: Machine
learning and bayesian optimization for time series
process optimization, J. Manuf. Syst., 2024, 75, 322–
332.

112 J. Yang, J. Niu, L. Chen, K. Q. Cao, T. Q. Jia and H. X. Xu,
Tunable simultaneous Bayesian optimization of hole
taper and processing time in QCW laser drilling, J. Manuf.
Processes., 2024, 109, 471–480.

113 T. Zhang, H. D. Hu, Y. F. Liang, X. F. Liu, Y. M. Rong,
C. Y. Wu, G. J. Zhang and Y. Huang, A novel path planning
approach to minimize machining time in laser machining
of irregular micro-holes using adaptive discrete grey wolf
optimizer, Comput. Ind. Eng., 2024, 193, 110320.

114 C. Hartmann, N. Hambach, M. Jüngst, S. Keller,
J. Holtkamp and A. Gillner, High density perforation of

Nanoscale Review

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 19938–19969 | 19965

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d4nr02910k


thin Al-foils with ultra short pulse lasers, J. Laser Micro/
Nanoeng., 2013, 8, 266–270.

115 N. Hambach, C. Hartmann, S. Keller and A. Gillner, High
density perforation of thin Al-foils with ultra short pulse
lasers in dependence on the repetition rate, J. Laser Micro/
Nanoeng., 2016, 11, 192–198.

116 T. Sathish, Experimental investigation of machined hole
and optimization of machining parameters using electro-
chemical machining, J. Mater. Res. Technol., 2019, 8,
4354–4363.

117 C. Y. Zhang, Y. J. Zhang, X. L. Chen, J. L. Yao, J. F. Li,
G. K. Su and R. L. Zhao, Investigation of flow fields during
the electrochemical machining of variable-section pit
arrays, J. Mater. Process. Technol., 2020, 276, 116380.

118 J. T. Wang, Z. Y. Xu and D. Zhu, Improving profile accu-
racy and surface quality of blisk by electrochemical
machining with a micro inter-electrode gap,
Chin. J. Aeronaut., 2023, 36, 523–537.

119 Y. Liu, P. F. Ouyang, Z. Y. Zhang, Y. F. Wang, H. Zhu and
K. Xu, Electrochemical dissolution behavior and electro-
chemical jet machining characteristics of titanium alloy
in high concentration salt solution, Int. J. Adv. Des. Manuf.
Technol., 2023, 129, 3595–3607.

120 X. L. Chen, B. Y. Dong, C. Y. Zhang, H. P. Luo, J. W. Liu,
Y. J. Zhang and Z. N. Guo, Electrochemical direct-writing
machining of micro-channel array, J. Mater. Process.
Technol., 2019, 265, 138–149.

121 L. H. Han, Z. Ma, C. Wang, Z. Y. Ye, J. J. Su, S. Y. Luo,
Y. F. Wu and D. P. Zhan, Micromachining of predesigned
perpendicular copper micropillar array by scanning
electrochemical microscopy, Electrochim. Acta, 2023, 442,
141913.

122 J. X. Luo, X. L. Fang and D. Zhu, Jet electrochemical
machining of multi-grooves by using tube electrodes in a
row, J. Mater. Process. Technol., 2020, 283, 116705.

123 Y. Liu, N. S. Qu, H. S. Li and Z. Y. Zhang, Boundary fluid
constraints during electrochemical jet machining of large
size emerging titanium alloy aerospace parts in gas–liquid
flows: Experimental and numerical simulation,
Chin. J. Aeronaut., 2024, DOI: 10.1016/j.cja.2024.04.010.

124 Y. Liu, X. L. Fang, N. S. Qu, Z. Y. Zhang and J. Z. Lu,
Simultaneous gas electrical discharge and electrochemical
jet micromachining of titanium alloy in high-conductivity
salt solution, J. Mater. Process. Technol., 2023, 317, 118000.

125 H. Zou, X. M. Yue, H. X. Luo, B. H. Liu and S. Y. Zhang,
Electrochemical micromachining of micro hole using
micro drill with non-conductive mask on the machined
surface, J. Manuf. Processes., 2020, 59, 366–377.

126 J. K. Wang and W. Natsu, Stray-corrosion-free ECM with
electrolyte absorbed in a porous solid ball for dimple tex-
turing on finished workpiece surfaces, J. Manuf.
Processes., 2023, 85, 713–723.

127 M. H. Wang, Z. Y. Bao, X. F. Wang and X. F. Xu,
Fabrication of disk microelectrode arrays and their appli-
cation to micro-hole drilling using electrochemical micro-
machining, Precis. Eng., 2016, 46, 184–192.

128 X. L. Fang, N. S. Qu, Y. D. Zhang, Z. Y. Xu and D. Zhu,
Improvement of hole exit accuracy in electrochemical dril-
ling by applying a potential difference between an auxili-
ary electrode and the anode, J. Mater. Process. Technol.,
2014, 214, 556–564.

129 Q. C. Kong, Y. Li, G. D. Liu, C. J. Li, H. Tong and
W. M. Gan, Electrochemical machining for micro holes
with high aspect ratio on metal alloys using three-elec-
trode PPS in neutral salt solution, Int. J. Adv. Des. Manuf.
Technol., 2017, 93, 1903–1913.

130 Q. C. Kong, G. L. Liu, J. L. Song, Q. F. Tan, G. Z. Liu and
S. Q. Zhao, Preparation of sidewall-insulation layer on
micro-hollow electrodes for ECM by asymmetric-timed
bipolar electrophoretic coating method and its appli-
cation, Precis. Eng., 2021, 67, 24–35.

131 Y. Liu, M. H. Li, J. R. Niu, S. Z. Lu and Y. Jiang,
Fabrication of taper free micro-holes utilizing a combined
rotating helical electrode and short voltage pulse by ECM,
Micromachines, 2019, 10, 28.

132 W. L. Zeng, Z. L. Wang, M. H. Weng and Y. Liu, Micro-
electrode array and micro-hole array fabrication by com-
bined micro-WEDM and EMM, Dig. J. Nanomater. Bios.,
2012, 7, 755–761.

133 J. T. Wang, Z. Y. Xu, J. Liu and X. J. Tang, Real-time vision-
assisted electrochemical machining with constant inter-
electrode gap, J. Manuf. Processes., 2021, 71, 384–397.

134 X. L. Chen, N. S. Qu, H. S. Li and Z. Y. Xu,
Electrochemical micromachining of micro-dimple arrays
using a polydimethylsiloxane (PDMS) mask, J. Mater.
Process. Technol., 2016, 229, 102–110.

135 X. L. Fang, X. D. Wang, W. Wang, N. S. Qu and H. S. Li,
Electrochemical drilling of multiple small holes with opti-
mized electrolyte dividing manifolds, J. Mater. Process.
Technol., 2017, 247, 40–47.

136 J. X. Luo, X. L. Fang, T. Yang and D. Zhu, Electrochemical
drilling of small holes by regulating in real-time the elec-
trolyte flowrate in multiple channels, Chin. J. Aeronaut.,
2022, 35, 470–483.

137 L. Cheng, X. L. Chen, Z. S. Ye and Y. J. Zhang, Advancing
electrochemical drilling process via coupling of flow field
and electric field in pulsating state generated by a novel
tube tool, Chin. J. Aeronaut., 2023, 37, 542–555.

138 Y. K. Sun, S. Y. Ling, D. Y. Zhao, J. Y. Liu, Z. A. Liu and
J. L. Song, Through-mask electrochemical micromachin-
ing of micro pillar arrays on aluminum, Surf. Coat.
Technol., 2020, 401, 126277.

139 M. Wu, J. W. Liu, J. F. He, X. L. Chen and Z. N. Guo,
Fabrication of surface microstructures by mask electrolyte
jet machining, Int. J. Mach. Tools Manuf., 2020, 148, 103471.

140 L. Jakob, J. Eckert, C. Podevijn, S. Kluska, M. Junginger,
C. Ranzinger and J. Bartsch, Improved uniformity and an-
isotropy of through-mask electrochemical micromachin-
ing by localized etching and homogeneous flow,
Int. J. Adv. Des. Manuf. Technol., 2024, 130, 369–383.

141 S. Mahata, S. Kunar and B. Bhattacharyya, Fabrication of
different micro patterned arrays by through mask electro-

Review Nanoscale

19966 | Nanoscale, 2024, 16, 19938–19969 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1016/j.cja.2024.04.010
https://doi.org/10.1039/d4nr02910k


chemical micromachining, J. Electrochem. Soc., 2019, 166,
F217–F225.

142 K. Zhai, F. Zhou, Y. K. Wen, W. Y. Xu and L. Q. Du,
Study on the uniformity of microgrooves in through-
mask electrochemical micromachining with moving
cathode, Int. J. Adv. Des. Manuf. Technol., 2023, 127,
2737–2744.

143 X. L. Chen, J. J. Zhu, Z. Z. Xu and G. K. Su, Modeling and
experimental research on the evolution process of micro
through-slit array generated with masked jet electro-
chemical machining, J. Mater. Process. Technol., 2021, 298,
117304.

144 X. F. Zhang, N. S. Qu and X. L. Fang, Sandwich-like
electrochemical micromachining of micro-dimples using
a porous metal cathode, Surf. Coat. Technol., 2017, 311,
357–364.

145 G. Qin, M. Li, L. Han, P. M. Ming, S. Niu, L. Yan,
X. S. Zheng, X. M. Zhang and S. W. Li, Electrochemical
machining process for micropit arrays using a rolling
device with a linear cathode and a soft mask, Int. J. Adv.
Des. Manuf. Technol., 2023, 131, 2653–2665.

146 H. S. Li, G. Q. Wang, N. S. Qu and D. Zhu, Through-mask
electrochemical machining of a large-area hole array in a
serpentine flow channel, Int. J. Adv. Des. Manuf. Technol.,
2017, 89, 933–940.

147 G. Q. Wang, H. S. Li, N. S. Qu and D. Zhu, Improvement
of electrolyte flow field during through-mask electro-
chemical machining by changing mask wall angle,
J. Manuf. Processes., 2017, 25, 246–252.

148 T. H. Tsai, M. Y. Lin, Z. W. Fan and H. L. Lin, Three-
dimensional simulation of performance in through-mask
electrochemical micromachining, Proc. Inst. Mech. Eng.,
Part E, 2020, 234, 523–532.

149 K. H. Chun, D. S. Jin, S. H. Kim and E. S. Lee,
Comparison between wire mesh and plate electrodes
during wide-pattern machining on invar fine sheet using
through-mask electrochemical micromachining, J. Mech.
Sci. Technol., 2017, 31, 1851–1859.

150 D. S. Jin, K. H. Chun and E. S. Lee, Analysis of the current
density characteristics in through-mask electrochemical
micromachining (TMEMM) for fabrication of micro-hole
arrays on invar alloy film, Chin. J. Aeronaut., 2017, 30,
1231–1241.

151 H. S. Li, G. Q. Wang, L. W. Li, C. P. Gao, N. S. Qu and
D. Zhu, Through-mask electrochemical machining of hole
arrays on molybdenum sheets, Int. J. Adv. Des. Manuf.
Technol., 2017, 93, 2393–2401.

152 H. S. Li, C. P. Gao, G. Q. Wang, N. S. Qu and D. Zhu, A
Study of Electrochemical Machining of Ti-6Al-4 V in
NaNO3 solution, Sci. Rep., 2016, 6, 35013.

153 J. F. He, Z. Wang, J. J. Wang, H. Z. Liang and H. S. Lian,
Investigation of the microhole arrays generated by masked
jet electrochemical machining with polyaluminum chlor-
ide electrolyte, Precis. Eng., 2023, 82, 370–382.

154 J. F. He, Z. Wang, W. J. Zhou, Y. Jian and L. Zhou,
Electrolytic Characteristics of Microhole Array

Manufacturing Using Polyacrylamide Electrolyte in 304
Stainless Steel, Micromachines, 2023, 14, 1808.

155 D. Deconinck, S. Van Damme, C. Albu, L. Hotoiu and
J. Deconinck, Study of the effects of heat removal on the
copying accuracy of the electrochemical machining
process, Electrochim. Acta, 2011, 56, 5642–5649.

156 G. Q. Wang, H. S. Li, C. Zhang and D. Zhu, Improvement
of machining consistency during through-mask electro-
chemical large-area machining, Chin. J. Aeronaut., 2019,
32, 1051–1058.

157 G. Q. Wang, D. Zhu and H. S. Li, Fabrication of semi-cir-
cular micro-groove on titanium alloy surface by through-
mask electrochemical micromachining, J. Mater. Process.
Technol., 2018, 258, 22–28.

158 H. S. Li, C. Zhang, G. Q. Wang and N. S. Qu, Study of the
hole-formation process with different mask diameters via
through-mask electrochemical machining,
Int. J. Electrochem. Sci., 2018, 13, 3006–3022.

159 G. Q. Wang, H. S. Li, N. S. Qu and D. Zhu, Investigation of
the hole-formation process during double-sided through-
mask electrochemical machining, J. Mater. Process.
Technol., 2016, 234, 95–101.

160 M. Harugade, S. Waigaonkar, G. Kulkarni and M. Diering,
Experimental investigations of magnetic field-assisted
high-speed electrochemical discharge drilling, Mater.
Manuf. Processes, 2023, 38, 1243–1254.

161 R. K. Arya and A. Dvivedi, Improving the electrochemical
discharge machining (ECDM) process for deep-micro-hole
drilling on glass by application of the electrolyte-air injec-
tion, Ceram. Int., 2023, 49, 8916–8935.

162 D. C. Feng and H. Shen, Hole quality control in under-
water drilling of yttria-stabilized zirconia using a pico-
second laser, Opt. Laser Technol., 2019, 113, 141–149.

163 X. M. Sun, X. Dong, K. D. Wang, R. J. Wang, Z. J. Fan and
W. Q. Duan, Experimental investigation on thermal
effects in picosecond laser drilling of thermal barrier
coated In718, Opt. Laser Technol., 2019, 113, 150–158.

164 R. J. Wang, X. Dong, K. D. Wang, X. M. Sun, Z. J. Fan and
W. Q. Duan, Two-step approach to improving the quality
of laser micro-hole drilling on thermal barrier coated
nickel base alloys, Opt. Lasers Eng., 2019, 121, 406–415.

165 J. S. Wang, J. G. Fu, J. L. Wang, F. M. Du, P. J. Liew and
K. Shimada, Processing capabilities of micro ultrasonic
machining for hard and brittle materials: SPH analysis
and experimental verification, Precis. Eng., 2020, 63, 159–
169.

166 J. F. He, Z. N. Guo, H. S. Lian, J. J. Wang, J. W. Liu and
X. L. Chen, Study on manufacturing quality of micro-ultra-
sonic machining with force control, Int. J. Adv. Des.
Manuf. Technol., 2019, 105, 3137–3146.

167 H. Pandey, T. Singh and P. Dixit, Formation of high aspect
ratio through-glass vias by the combination of ultrasonic
micromachining and copper electroplating, J. Manuf.
Processes., 2022, 82, 569–584.

168 S. S. Xu, Q. Wang and N. Wang, Chemical fabrication
strategies for achieving bioinspired superhydrophobic sur-

Nanoscale Review

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 19938–19969 | 19967

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d4nr02910k


faces with micro and nanostructures: a review, Adv. Eng.
Mater., 2021, 23, 2001083.

169 S. Zou, L. Xu, C. K. Wu, J. M. Ding, L. Zhu, H. Sun,
X. Y. Ye, X. S. Wang, X. H. Zhang and X. D. Su, Metal-cata-
lyzed chemical etching using DIO3 as a hole injection
agent for efficient submicron-textured multicrystalline
silicon solar cells, Sol. Energy Mater. Sol. Cells, 2021, 227,
111104.

170 D. Agrawal and D. Kamble, Effect and optimization of
photochemical machining process parameters for manu-
facturing array of micro-hole, J. Braz. Soc. Mech. Sci. Eng.,
2019, 41, 178.

171 J. A. Michaels, L. Janavicius, X. H. Wu, C. Chan,
H. C. Huang, S. Namiki, M. Kim, D. Sievers and X. L. Li,
Producing silicon carbide micro and nanostructures by
plasma–free metal–assisted chemical etching, Adv. Funct.
Mater., 2021, 31, 2103298.

172 Y. K. Liao, S. H. Shin and M. Kim, Ultraviolet antireflective
porous nanoscale periodic hole array of 4H-SiC by
photon-enhanced metal-assisted chemical etching, Appl.
Surf. Sci., 2022, 581, 152387.

173 Y. Chen, Z. J. Li, D. C. Shi, S. K. Dong, X. Chen and J. Gao,
Silicon carbide nano-via arrays fabricated by double-sided
metal-assisted photochemical etching, Mater. Today
Commun., 2023, 35, 105519.

174 H. Kawamura, R. Okuda, S. Matsusaka, K. Nomoto,
H. Kodaka, H. Hidai, A. Chiba and N. Morita, Fine hole
drilling of alkali-containing silicate glass substrate using
preferential penetration of etchants around silver precipi-
tates, Precis. Eng., 2022, 76, 141–148.

175 J. X. Luo, X. X. Qi, X. L. Fang, X. L. Chen and D. Zhu,
Electrochemical machining of microgrooves on flexible
metallic foil using a tungsten arrayed microtool, CIRP
J. Manuf. Sci. Technol., 2021, 35, 604–614.

176 P. P. Harane, S. Wojciechowski and D. R. Unune,
Investigating the effect of different tool electrodes in elec-
tric discharge drilling of Waspaloy on process responses,
J. Mater. Res. Technol., 2022, 20, 2542–2557.

177 Z. X. Lian, Y. Cheng, Z. M. Liu, Q. Q. Cai, J. Tao, J. K. Xu,
Y. L. Tian and H. D. Yu, Scalable fabrication of superhy-
drophobic armor microstructure arrays with enhanced tri-
bocorrosion performance via maskless electrochemical
machining, Surf. Coat. Technol., 2023, 461, 129427.

178 G. D. Liu, M. R. Karim, M. H. Arshad, K. K. Saxena,
W. Liang, H. Tong, Y. Li, Y. X. Yang, C. J. Li and
D. Reynaerts, Tooling aspects of micro electrochemical
machining (ECM) technology: design, functionality, and
fabrication routes, J. Mater. Process. Technol., 2023, 320,
118098.

179 M. H. Wang, R. Y. Zhang, Y. C. Shang, J. S. Zheng,
X. D. Wang and X. F. Xu, Micro-milling microstructures in
air-shielding ultrasonic assisted electrochemical machin-
ing, J. Manuf. Processes., 2023, 97, 171–184.

180 Q. W. Wang, P. Yao, D. K. Chu, S. S. Qu, W. Y. He,
X. Y. Xu, H. T. Zhu, B. Zou, H. L. Liu and C. Z. Huang,
Array structure of monocrystalline silicon surface pro-

cessed by femtosecond laser machining assisted with an-
isotropic chemical etching, Opt. Laser Technol., 2024, 169,
110165.

181 R. Davis, A. Singh, M. J. Jackson, R. T. Coelho, D. Prakash,
C. P. Charalambous, W. Ahmed, L. R. R. da Silva and
A. A. Lawrence, A comprehensive review on metallic
implant biomaterials and their subtractive manufactur-
ing, Int. J. Adv. Des. Manuf. Technol., 2022, 120, 1473–1530.

182 S. Skoczypiec, Research on ultrasonically assisted electro-
chemical machining process, Int. J. Adv. Des. Manuf.
Technol., 2011, 52, 565–574.

183 H. El-Hofy, Vibration-assisted electrochemical machining:
a review, Int. J. Adv. Des. Manuf. Technol., 2019, 105, 579–
593.

184 X. M. Zhu, Y. Liu, J. H. Zhang, K. Wang and H. H. Kong,
Ultrasonic-assisted electrochemical drill-grinding of small
holes with high-quality, J. Adv. Res., 2020, 23, 151–161.

185 Q. D. Wang, X. X. Cai, L. Wang, P. Y. Li, J. M. Xiao and
Y. Li, Investigation of the influence of ultrasonic stirring
on mass transfer in the through-mask electrochemical
micromachining process, Sci. China: Technol. Sci., 2018,
61, 250–256.

186 K. Zhai, L. Q. Du, Y. K. Wen, S. X. Wang, Q. Cao, X. Zhang
and J. S. Liu, Fabrication of micro pits based on megaso-
nic assisted through-mask electrochemical micromachin-
ing, Ultrasonics, 2020, 100, 105990.

187 M. X. Yu, L. Q. Du, K. Zhai, H. H. Cheng, F. L. Wang,
A. Q. Li and Z. M. Wang, Towards understanding uniform-
ity of megasonic-assisted through-mask electrochemical
micromachining based on bubble dynamics, J. Manuf.
Processes., 2023, 96, 125–137.

188 Y. X. Wen, Y. Zhao, Z. Y. Zhang, Y. C. Wu, H. Zhu, K. Xu
and Y. Liu, Electrodeposition of NiMo alloys and compo-
site coatings: A review and future directions, J. Manuf.
Processes., 2024, 119, 929–951.

189 G. Q. Wang, Y. Zhang, H. S. Li and J. Tang, Ultrasound-
assisted through-mask electrochemical machining of hole
arrays in ODS superalloy, Materials, 2020, 13, 5780.

190 C. Z. Wang, Y. Liu, T. B. Wang, H. C. Xu and K. Wang, A
green and precision compound machining method for
glass micro components – Ultrasonic assisted electro-
chemical discharge grinding with multi-hole tube elec-
trode, CIRP J. Manuf. Sci. Technol., 2024, 52, 129–148.

191 H. H. Kong, Y. Liu, X. M. Zhu and T. F. Peng, Study on
ultrasonic assisted electrochemical drill-grinding of
superalloy, Chemosensors, 2020, 8, 62.

192 M. H. Li, Y. Liu, S. Y. Ling, K. Wang and Y. Jiang,
Theoretical and experimental study on micro ultrasonic-
assisted electrochemical drilling with high speed elec-
trode, Int. J. Adv. Des. Manuf. Technol., 2020, 107, 815–826.

193 M. T. Shervani-Tabar and N. Mobadersany, Numerical
study of the dielectric liquid around an electrical dis-
charge generated vapor bubble in ultrasonic assisted
EDM, Ultrasonics, 2013, 53, 943–955.

194 S. T. Kumaran, T. J. Ko and R. Kurniawan, Grey fuzzy
optimization of ultrasonic-assisted EDM process para-

Review Nanoscale

19968 | Nanoscale, 2024, 16, 19938–19969 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d4nr02910k


meters for deburring CFRP composites, Measurement,
2018, 123, 203–212.

195 J. T. Che, T. F. Zhou, X. J. Zhu, W. J. Kong, Z. B. Wang and
X. D. Xie, Experimental study on horizontal ultrasonic
electrical discharge machining, J. Mater. Process. Technol.,
2016, 231, 312–318.

196 P. Zhang, Z. Yin, C. W. Dai, Z. Y. Cao, Q. Miao and
K. Zhang, The effect of ultrasonic amplitude on the per-
formance of ultrasonic vibration-assisted EDM micro-hole
machining, Int. J. Adv. Des. Manuf. Technol., 2022, 122,
1513–1524.

197 B. C. Xie, J. G. Liu and H. X. Cui, Investigation of debris
particles distribution in electrical discharge machining of
micro-holes array, Dig. J. Nanomater. Bios., 2020, 15, 15–
23.

198 Y. Zhang and B. C. Xie, Investigation on hole diameter
non-uniformity of hole arrays by ultrasonic vibration-
assisted EDM, Int. J. Adv. Des. Manuf. Technol., 2021, 112,
3083–3091.

199 S. J. Hou and J. C. Bai, A novel ultrasonic vibration-
assisted micro-EDM method to improve debris removal
performance using relative three-dimensional ultrasonic
vibration (RTDUV), Int. J. Adv. Des. Manuf. Technol., 2023,
127, 5711–5727.

200 T. Singh and A. Dvivedi, Developments in electrochemical
discharge machining: a review on electrochemical dis-
charge machining, process variants and their hybrid
methods, Int. J. Mach. Tools Manuf., 2016, 105, 1–13.

201 A. K. Tiwari and S. S. Panda, Optimization of process para-
meters in ECDM machining using Taguchi based grey
relation analysis, Measurement, 2023, 216, 112971.

202 T. Singh and A. Dvivedi, Fabrication of micro holes in
Yttria-stabilized zirconia (Y-SZ) by hybrid process of
electrochemical discharge machining (ECDM), Ceram.
Int., 2021, 47, 23677–23681.

203 M. Singh, S. Singh and S. Kumar, Investigating the impact
of laser assistance on the accuracy of micro-holes gener-
ated in carbon fiber reinforced polymer composite by
electrochemical discharge machining, J. Manuf. Processes.,
2020, 60, 586–595.

204 J. Arab and P. Dixit, Influence of tool electrode feed rate
in the electrochemical discharge drilling of a glass sub-
strate, Mater. Manuf. Processes, 2020, 35, 1749–1760.

205 T. Singh, A. Dvivedi, A. Shanu and P. Dixit, Experimental
investigations of energy channelization behavior in ultra-
sonic assisted electrochemical discharge machining,
J. Mater. Process. Technol., 2021, 293, 117084.

206 T. Singh, D. K. Mishra and P. Dixit, Effect of pulse fre-
quency and duty cycle on electrochemical dissolution be-
havior of multi-tip array tool electrode for reusability in
the ECDM process, J. Appl. Electrochem., 2022, 52, 667–
682.

207 S. K. Patro, D. K. Mishra, J. Arab and P. Dixit, Numerical
and experimental analysis of high-aspect-ratio micro-tool
electrode fabrication using controlled electrochemical
machining, J. Appl. Electrochem., 2020, 50, 169–184.

208 J. Arab, D. K. Mishra, H. K. Kannojia, P. Adhale and
P. Dixit, Fabrication of multiple through-holes in non-con-
ductive materials by electrochemical discharge machining
for RF MEMS Packaging, J. Mater. Process. Technol., 2019,
271, 542–553.

209 J. Arab and P. Dixit, Gas bubbles entrapment mechanism
in the electrochemical discharge machining involving multi-
tip array electrodes, J. Manuf. Processes., 2023, 99, 38–52.

210 H. K. Kannojia, J. Arab, B. J. Pegu and P. Dixit, Fabrication
and characterization of through-glass vias by the ECDM
process, J. Electrochem. Soc., 2019, 166, D531–D538.

211 D. K. Mishra, T. Singh and P. Dixit, Cathode shape predic-
tion for uniform electrochemical dissolution of array tools
for ECDM applications, Mater. Manuf. Processes, 2022, 37,
1463–1473.

212 Y. Liu, C. Zhang, S. S. Li, C. S. Guo and Z. Y. Wei,
Experimental study of micro electrochemical discharge
machining of ultra-clear glass with a rotating helical tool,
Processes, 2019, 7, 195.

213 Z. X. Zou, K. C. Chan, S. Z. Qiao, K. Zhang, T. M. Yue,
Z. N. Guo and J. W. Liu, Electrochemical discharge
machining of a high-precision micro-holes array in a glass
wafer using a damping and confinement technique,
J. Manuf. Processes., 2023, 99, 152–J.167.

214 J. W. Shen, W. J. Kong, Z. Y. Xu and Y. B. Zeng, Improving
surface integrity of micro-holes in ECDM using ultrahigh-
speed rotary of tool cathode and non-water-based electro-
lyte, Chin. J. Aeronaut., 2024, 37, 506–519.

215 T. Y. Geng, Z. Y. Xu, C. X. Zhang and J. Ning,
Breakthrough detection in electrochemical discharge dril-
ling to enhance machining stability, Chin. J. Aeronaut.,
2023, 36, 460–475.

216 N. Jain and J. K. Jain, Implementation of tool and electro-
lyte-based development in the ultrasonic-assisted ECDM
process: a review, J. Braz. Soc. Mech. Sci. Eng., 2022, 44, 248.

217 T. B. Wang, Y. Liu, Z. Lv and K. Wang, Theoretical and
experimental study on localization improvement in ultra-
sonic vibration-assisted spark-assisted electrochemical
drilling process, Int. J. Adv. Des. Manuf. Technol., 2022,
121, 5311–5328.

218 C. H. Yang, T. C. Wang, J. C. Hung and H. P. Tsui,
Ultrasonic Vibration-assisted Electrochemical Discharge
Machining of Quartz Wafer Micro-Hole Arrays, Processes,
2023, 11, 3300.

219 C. H. Jia, Y. Liu, T. B. Wang, C. Z. Wang and K. Wang,
Study on electrochemical discharge machining of small
holes array on glass with ultrasonic vibrating tube elec-
trode, Int. J. Adv. Des. Manuf. Technol., 2023, 129, 547–562.

220 P. Sharma, J. Arab and P. Dixit, Through-holes microma-
chining of alumina using a combined pulse-feed
approach in ECDM, Mater. Manuf. Processes, 2021, 36,
1501–1512.

221 J. C. Hung and Y. W. Zhang, Ultrasonic-assisted electro-
chemical discharge grinding and broaching for machin-
ing quartz square microholes, J. Mater. Res. Technol.,
2023, 25, 1782–1799.

Nanoscale Review

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 19938–19969 | 19969

Pu
bl

is
he

d 
on

 2
5 

Se
pt

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 4
/2

0/
20

26
 9

:2
0:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d4nr02910k

	Button 1: 


