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Abstract: Masked jet electrolytic machining has the advantages of high machining efficiency and
good surface morphology, giving it important applications in fields such as bionic marine animal
manufacturing. The factors affecting the electrolytic machining speed are deduced; a modeling
simulation is carried out by COMSOL software; the electrolyte potential map and current density line
map inside the microgroove are analyzed; and measurements of the actual machined microgroove
are made by a scanning microscope to carry out the experiments of electrolytic characteristics and
morphology of the microgroove under different pulse voltages, machining gaps, and machining
times. Experiments show that the pulse voltage plays a dominant role in processing, and when
the pulse voltage is increased from 50 V to 125 V, the microgroove width increases by an average
of 7.7%, and the depth increases by an average of 28.8%, which significantly improves the surface
microstructure of the bionic marine animal.

Keywords: bionic marine animals; surface microstructure; jet electrolytic processing; mask technology

1. Introduction

The jet electrolytic machining (EJM) technology is based on the electrochemical princi-
ple, which achieves material removal for machining purposes through the electrochemical
reaction of anions and cations in the electrolyte [1–3]. Compared with other electrochemical
machining technologies, EJM has the advantages of high machining efficiency, high ma-
chining accuracy, and good domain fixity [4–8]. By controlling the cathode nozzle to move
along a preset path, combined with diverse mask patterns, complex microstructures can be
fabricated on the surface of the workpiece quickly and precisely, capable of reaching the
nanometer level [9–14]. The construction of microstructures, such as grooves and textures,
is essential in the fabrication of bionic marine animal surfaces, and these microstructures
are capable of changing the physical properties of the material surface. Given the advan-
tages of EJM in fine machining, the technology shows great potential for application in the
fabrication of microstructures on bionic marine animal surfaces [15–19].

Chen et al. [20] demonstrated that an increase in the pulse duty cycle decreases the
microgroove undercutting rate and depth growth rate. Cui et al. [21] showed that the
quadrilateral crater morphology of the dung beetle-like surface was superior to the hexag-
onal crater of the desert viper-like surface regarding fatigue crack extension resistance.
Weidong Liu et al. [22] used electrolytic jet machining to generate surface textures on alu-
minum alloys surfaces and investigated the effects of machining parameters, demonstrating
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that reducing the applied current density or lowering the jet advection speed at higher
current densities will lead to an increase in the size and number of pores on the textured
surface, thus increasing the surface roughness. Ming Wu [23] proposed a mask-based
electrolyte jet machining method to fabricate microcavity array structures with good shape
consistency on the surface of metal parts using a duckbill-shaped nozzle, proving that, with
the machining-voltage increases, the size and depth-to-width ratio of the microcavities
gradually increase. Zhenghui Ge et al. [24] optimized the parameters of the microstructures
using a surface field analysis method and obtained a slit microstructure with a size of
500 µm, an area ratio of 40%, and a depth of 5 µm as the optimal parameters. Under this
parameter condition, the surface bearing capacity was effectively increased, and the friction
coefficient was decreased.

Shen Niu et al. [25] used jet electrochemical micro milling to process the materials and
experimentally verified that the use of hybrid electrolyte could significantly increase the
trans-passivation potential of the composites and effectively reduce the stray corrosion
phenomenon at the edges of the microgrooves as compared to the NaCl electrolyte. Wang
et al. [26] designed a self-powered bionic coral wave sensor based on a friction electric
nanogenerator to analyze ocean motion accurately. BaoHeimer et al. [27] compared the
drag reduction effect of underwater robots under a smooth surface and a bionic shark scale
surface and proved that the shear stress on the surface of the bionic shark scale is smaller
than that on the soft surface when the water current speed is greater than 6 m/s, and the
drag reduction rate can reach up to 2.9% when the flow speed is 8 m/s.

In terms of complex precision surface processing capability, the jet electrolytic pro-
cessing technology has the characteristics of small residual stress and safe production,
making it of great significance to research bionic marine animals. In addition, the surface
microstructure of bionic marine animals can be precisely fabricated to the nanometer level
using EJM technology, which can enhance the use properties of the workpiece, such as drag
reduction and friction resistance. By utilizing this technology, we can effectively reduce the
production cost of bionic marine animal artifacts and increase production efficiency.

Based on the electrochemical theory, the key factors affecting the efficiency of elec-
trolytic machining are deduced, and a set of experimental equipment for jet electrolytic
machining using a mask to cover the workpiece is constructed. Simulation experiments
of the electrolysis process are carried out using COMSOL 6.2 software, and electrolyte
potential and current density line graphs are plotted. The dimensional data of microgrooves
are obtained by measuring the workpiece, and the influence of jet electrolytic machining
parameters on the machining quality and efficiency is analyzed to provide theoretical
guidance and process optimization routes for the application of jet electrolytic machining
technology in the field of biomimetic marine animal manufacturing.

2. Experimental Design
2.1. Theoretical Analysis of Processing Efficiency

The material processing efficiency of jet electrolytic machining is related to the material
removal rate, MRR, as shown in Figure 1, and the expression of the volume (Q) of the
removed material in the processing time (t) is shown in Equation (1).

Q = S · H =S · v·t (1)

where v is the electrolytic processing speed; and S is the microgroove cross-sectional area.
Therefore, the material removal rate is shown in Equation (2).

MRR =
Q
t
=S·v (2)
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In practice, the pulse duty cycle has an effect on electrolytic processing, so the effective
material removal rate, MRRe, in the effective time, T, is shown in Equation (3).

MRRe =
Q
T

=
S · v · t

T
=

S · v
a

(3)

where a is the electrolytic processing efficiency.
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Figure 1. Schematic diagram of the calculation of the material removal rate of microgroove.

In the actual electrolytic processing, the actual material removal differs from the
theoretically calculated value due to the existence of side reactions. Therefore, the factor of
current efficiency must be considered in electrolytic processing. The current efficiency can
be expressed by the following formula, where MRR represents the actual material removal
rate, and MRRa represents the theoretical material removal rate:

η =
MRR
MRRa

(4)

In MRRa is the volumetric electrochemical equivalent of the material, and I is the
average current value during processing.

MRRa =
Q
t
=

ω · I · t
t

= ω · I (5)

Combining Equations (4) and (5), the current efficiency in electrolytic processing can
be expressed as Equation (6).

η =
MRR
MRRa

=
v · S
ω · I

(6)

From Equation (6), it can be seen that the current efficiency is not only related to the
electrolytic processing speed and microgroove cross-sectional area but also affected by the
volumetric electrochemical equivalent and the average current value during processing.

2.2. Experimental Design Scheme

The experimental setup for jet electrolytic machining is shown in Figure 2. The setup
mainly consists of a linear module, a servomotor-driven work feeder, and a worktable. The
machine is fixed on a rigid marble base, which is designed to be vibration-resistant and has
a low thermal conductivity and coefficient of thermal expansion. Adjustable damping pads
have been added under the base to isolate the machine from environmental vibrations. The
electromechanical control section incorporates Mitsubishi servo motors (Mitsubishi Electric
Corporation, Tokyo, Japan), a Renishaw micro-encoder system (Renishaw plc, London,
UK), and a motion control card from Shenzhen Raytheon (Leadshine Technology Co., Ltd.,
Shenzhen, China).
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Figure 2. Physical diagram of the experimental device for jet electrolytic processing.

The main parameters of the jet mask electrolytic processing experimental device are
shown in Table 1. The X-axis and Y-axis travel range is 200 mm, with a repeatability of
5 µm, while the Z-axis travel range is 300 mm, with a repeatability of 5 µm.

Table 1. Main parameters of the jet mask electrolytic processing experimental equipment.

Name Description Unit

X/Y/Z-axis positioning accuracy 5 µm
Z travel 300 mm

X/Y travel 200 × 200 mm
External dimensions 1000 × 750 × 2230 mm

Control system software LabVIEW 2024 Q1

Mask jet electrolytic processing utilizes a NaNO3 electrolyte for processing and high-
voltage electrolyte from the cathode nozzle shot. In the mask hollow anode part of the
reaction, the mask cover part does not participate in the reaction; As machining pro-
ceeds, the machined workpiece moves left and the mask does not move, dissolving the
microgrooves in the machined workpiece. Changing the pulse voltage, jet diameter, pro-
cessing gap, and processing time can change the surface microstructure morphology. The
processing-principle diagram is shown in Figure 3.
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Figure 3. Schematic diagram of mask jet electrolytic processing.

The experimental object is a 304L stainless steel workpiece. In order to reduce the
mutual interference between grooves and grooves during the machining process and to
facilitate the measurement, the initial length of the grooves was set to 5 mm, and the width
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to 0.5 mm, as shown in Figure 4a. For each group of single-factor experiments, five rep-
etitions of experiments were conducted, and the average value was taken after counting
the depth and width of microgrooves. Chance was reduced by randomly measuring
multiple microgrooves.
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Figure 4. Masked artifact diagram. (a) Dimensional drawing of slot mask processing. (b) Display of
micro-groove workpiece diagram.

The experiment was carried out using the scanning machining method, where the
Y-axis and Z-axis of the machining platform were not moving, the X-axis was moving
at a constant speed, and the jet was machining the workpiece from left to right. Repeat
the experiment independently for each single factor to ensure the reliability of the data.
The experimental results were analyzed to summarize the process rules. Using the pho-
tolithography process technology, a blue oil mask with a thickness of 50 µm was prepared
on the surface of the stainless-steel workpiece, as shown in Figure 4b. The mask can cover
the surface of the workpiece well, without deformation bubbles and other undesirable
phenomena, laying the foundation for the next process experiment.

3. Modeling and Simulation Analysis

COMSOL 6.2 software is used to establish a simulation model to realize the dynamic
process of forming micro-grooves by mask jet electrolytic processing and study the effects
of pulse voltage, processing gap, jet diameter, and processing time on the simulation results
of micro-grooves in electrolytic processing. We explored the processing law under different
experimental conditions to provide a basis for the optimization of experimental parameters.

3.1. Multi-Physical Field Coupling

In the simulation analysis using two-dimensional modeling, the simulation model of
the jet was achieved with a negative pole, the machining workpiece with a positive level,
the mask, and the nozzle inside the insulator. In the processing process, the workpiece
moves at a constant speed from right to left, and the electrolyte is shot from the nozzle to
the surface of the workpiece for processing and then flows out from the gap on both sides.

After the completion of the model, the initial simulation parameters are set as shown
in Table 2. The electrolyte material and deformation interval domain are added to the
model, and the primary current distribution and dilute matter transfer function are set.
It is assumed that the following parameters do not change during the experiment: tem-
perature, conductivity, concentration of the electrolyte, and the electrolyte is a continuous
incompressible fluid.
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Table 2. Simulation parameters.

Parameter Name Numerical Values Unit

Machining clearance 0.5, 1, 1.5, 2 Mm
Pulse voltages 50, 75, 100, 125 V
Jet diameter 1, 1.5, 2 Mm

Mask diameter 500 Mm
Mask thickness 60 Mm

Stainless steel molar quality 54.94 g/mol
Density of stainless steel 7.77 g/cm3

Conductivity 7.00 S/m
Faraday’s constant 96,486 C/mol

Electrochemical equivalent 2.1 × 10−3 cm3(A·min)
Number of electrons in solution 2.7 Pcs

Processing time 1, 2, 3, 4 S

Based on the above assumptions, the electric field is set to be a constant electric field,
and the electric field at any point, I (x,y), in the machining region, h, conforms to the
Laplace equation, as shown in Equation (7).

∂2 φ

∂x2 +
∂2 φ

∂y2 = 0 (7)

where φ is the potential at each point of the processed region.
Laplace equation boundary conditions are shown in Equation (8).

φ|Γa = E φ|Γb = 0
∂φ

∂n

∣∣∣∣Γc = 0 (8)

where E is the anode surface potential, n is the normal phase coordinates, Γa is the anode
boundary, Γb is the cathode boundary, and Γc is the insulation boundary.

To improve the simulation efficiency, the model is meshed with a layer mesh to
delineate the boundary region and a free triangle mesh for other regions. The surface of
the electrolytically machined workpiece is refined to improve the quality of meshing. The
average cell mass of the grid was 0.12, and the grid area was 0.03 mm2. The simulation
model meshing is shown in Figure 5.
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After the simulation calculation is completed, the electrolyte potential map and current
density line graph electrolyte map show the distribution of potential in different areas and
its change rule, and the current density line graph shows the electrolysis reaction rate of
the processed workpiece.

3.2. Microgroove Simulation Analysis
3.2.1. Simulation Analysis of Microgroove with Different Pulse Voltages

The pulse voltage is set to 50 V, 75 V, 100 V, and 125 V; the processing gap is 1 mm; and
the processing time is 1 s. The electric field simulation model under different pulse voltages
is established, and the electric field simulation analysis is carried out. In the analysis results,
the corresponding electrolyte potential map and the current density line map for the 0.25 s
time interval are selected, as shown in Figure 6.
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From the electrolyte potential map, it can be seen that the middle position of the
microgroove has the darkest color, and the color along the direction of the electric field
line transitions from dark to light; thus, the potential decreases gradually. The potential
distribution inside the microgroove is uniform and shows a decreasing trend along the
direction of the electric field lines, and the adjustment of the pulse voltage does not affect
the uniformity of the potential distribution. The potential reaches its maximum value at the
anode workpiece, close to the applied external voltage, while the potential at the cathode
nozzle is 0 V.

As can be seen from the current density line graph, the average current density of the
jet electrolyte increases significantly by 154.2% when the voltage is increased from 50 V
to 125 V. Under constant voltage conditions, the current density at the edge of the mask
peaks at the beginning of the simulation calculation, and the average current density in
other regions is relatively low. As the simulation time continues to progress, the mask
nozzle gradually moves away from the microgroove start end, the area under the mask
edge near the microgroove start end has experienced longer processing time than the area
far away from the microgroove start end, and the microgroove is formed faster, resulting
in the increased distance between the electrodes; and at the same time, the contact area
between the electrolyte and the workpiece is increased, so the current density exhibits
a gradual decrease in the trend of the electrolysis capacity decreases. With the relative
movement of the mask nozzle and the workpiece, the mask edge that is situated away
from the workpiece area under the start of the microgroove has been in the initial stage of
processing, and its edge current density is almost unchanged. The region of the mask edge
close to and under the start of the microtrench experienced a longer processing time than
the region away from the start of the microtrench.

3.2.2. Simulation Analysis of Microgroove with Different Machining Gap

The machining gap is set to 0.5 mm, 1 mm, 1.5 mm, and 2 mm; the voltage is 125 V;
and the machining time is 1 s. The electric field simulation models with different machining
gaps are established and analyzed in the electric field simulation. In the analysis results,
the corresponding electrolyte potential maps and current density line maps for 0.25 s time
intervals are selected, as shown in Figure 7.
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From the electrolyte potential maps, it can be seen that the potential distribution inside
the microtrench is consistent and decreases gradually with the direction of the electric
field lines. Due to the insulating property of the mask, the electrochemical reaction occurs
between the charged workpiece surface and the electrolyte only in the uncovered area of
the mask. At the position of the anode workpiece, the potential is close to the maximum
value of 125 V. At the position of the cathode nozzle, the potential decreases to 0 V. The
variation in the machining gap does not affect the consistency of the potential distribution.
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From the current density line graph, it can be seen that the average current density
inside the microgroove decreases by 42.8% as the machining gap increases from 0.5 mm
to 2 mm, and the peak-to-valley difference in current density gradually decreases. The
machining gap is constant, and the average current density reaches its maximum value at
the beginning of the machining. The simulation calculations continued, the current density
in the processed region under the mask edge near the microtrench initiation gradually
decreased, and the overall electrolytic capacity weakened. The processing area under the
edge of the mask away from the microtrench initiation is still undergoing electrolysis in the
width and depth directions, and the change in electrolysis capacity is small.

3.2.3. Simulation Analysis of Electric Field with Different Processing Times

The processing time is set to 1 s, 2 s, 3 s, and 4 s; the processing voltage is 125 V; and
the processing gap is 1 mm. The current density line graphs for the 0.5 s time interval are
shown in Figure 8.
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Figure 8. Current density line graph.

As can be seen from Figure 8, the average current density decreases from
2.29 × 106 A/m2 to 2.10 × 106 A/m2, with a decrease of 8.3%, as the processing time
continues, leveling off after 1.5 s, and the current densities in each part of the microgroove
are unchanged. The current density of the processed area under the edge of the mask
near the start end of the microtrench gradually decreases, and the current density of the
processed area under the edge of the mask away from the start end of the microtrench
remains relatively constant.

4. Experimental Research

In this study, we aimed to build the experimental platform for jet electrolytic process-
ing; complete the preparation of the blue oil mask workpiece; conduct experiments on
processing parameters such as pulse voltage, processing gap, and processing time; analyze
the experimental data; and summarize the processing characteristic laws.

4.1. Impact of Pulse Voltage on Microgroove Structure

The pulse voltage is set to 50 V, 75 V, 100 V, and 125 V; the processing gap is 1 mm;
the diameter of the jet is 1 mm; the initial width of the mask is 500 µm, and the length of
the mask is 5 mm; and the effects of different pulse voltages on the width and depth of the
processed microgroove are shown in Table 3.

Table 3. Average values of width and depth of microgrooves at different pulse voltages.

Pulse Voltage (V) 50 75 100 125

Breath (µm) 532 552 565 573
Depth (µm) 45 49 53 58
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The average width and depth corresponding to the above pulse voltages were plotted
as a relationship using Origin, as shown in Figure 9. The left vertical coordinate represents
the width of the microgroove in the form of a bar graph, and the right vertical coordinate
represents the depth of the microgroove in the form of a line graph.
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From Table 3 and Figure 9, it can be seen that the increase in machining voltage
increases the material removal rate on the surface of the workpiece, and the width and
depth of the microgrooves gradually increase. The average width of the microgroove
increases from 532 µm at 50 V to 573 µm at 125 V, an increase of 7.7%. The average depth of
microgrooves increases from 45 µm at 50 V to 58 µm at 125 V, with an increase of 28.8%.
The depth of microgrooves tends to increase more than the width, and the mask plays
a good role in restraining the shape of the workpiece. The depth-to-width ratio of the
microgrooves increased from 0.084 at 50 V to 0.101 at 125 V, an increase of 20.2%, and the
electrolytic processing capability was improved. The increase in pulse voltage leads to
an increase in the average current density and an increase in the electrolytic reaction rate,
which is corroborated by the voltage group simulation experiments.

The two-dimensional structure of microgrooves was analyzed using laser
confocal microscopy.

As shown in Figure 10, the increase in pulse voltage has less effect on the microgroove
shape, the groove shape is square, the flatness around the mask is good, the rectangular
replication accuracy is high, and the mask is well constrained. A schematic diagram of the
microtrench cross-section measurement is drawn, as shown in Figure 11.
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Figure 11. Cross-section of microgroove.

From Figure 11, it can be seen that the microgrooves at 100 V machining voltage
have more pronounced side etching, higher verticality of the inner wall, better machining
definiteness, and better machining quality compared to 75 V. The bottom of the groove of
the microgroove at 75 V machining voltage is smoother, and the island height is lower.

4.2. Effect of Machining Gap on Microgroove Structure

The processing gap is set to 0.5 mm, 1 mm, and 1.5 mm; the pulse voltage is 125 V; the
diameter of the jet is 1 mm; the initial width of the mask is 500 µm, and the length is 5 mm;
and the processing time is 1 s. The effects of the different processing gaps on the processed
microgrooves’ width and depth are shown in Table 4.

Table 4. Mean values of width and depth of microgrooves at different machining gaps.

Machining Gap (mm) 0.5 1 1.5

Breath (µm) 573 565 560
Depth (µm) 50 46 41

The widths and depths corresponding to the above machining gaps were plotted as a
relationship graph using Origin, as shown in Figure 12. The left vertical coordinate repre-
sents the microgroove width in the form of a bar graph, and the right vertical coordinate
represents the microgroove depth in the form of a line graph.
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From Table 4 and Figure 12, it can be seen that the width and depth of the microgrooves
decrease gradually with the increase in the machining gap. The average width of mi-
crogrooves decreases from 573 µm at 0.5 mm to 560 µm at 1.5 mm, a decrease of 2.2%.
The average depth of microgrooves decreases from 50 µm at 0.5 mm to 41 µm at 1.5 mm,
a reduction of 18.0%, with good mask constraints. The depth-to-width ratio of the mi-
crogrooves decreases from 0.087 at 0.5 mm to 0.073 at 1.5 mm, a reduction of 16.1%, and
the processing efficiency decreases. This verifies the findings of the machining-gap group
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simulations that the average current density decreases with increasing machining gap,
which diminishes the electrolytic capacity.

To further investigate the machining morphology, we analyzed the two-dimensional
structure of the microgrooves using laser confocal microscopy, as shown in Figure 13.
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The machining gap is reduced, but the mask can still play a constraining role, espe-
cially if the microgroove width can be effectively controlled. The groove shape is regular,
the machining accuracy is high, and the machining interval has a small effect on the mor-
phology replication accuracy of the microgroove. A schematic diagram of the microgroove
cross-section measurement is drawn, as shown in Figure 14.
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As can be seen from Figure 14, compared with 0.5 mm, the 1 mm machining gap has a
small change in the amount of side erosion and perpendicularity, an increase in the peak
of the silo, and an increase in the silo effect. The machining gap has a large effect on the
islanding effect and a small effect on the fixed domain.

4.3. Effect of Machining Time on Microgroove Structure

The processing time is set to 1 s, 2 s, and 3 s; the processing gap is 1 mm; the diameter
of the jet is 1 mm; the initial width of the mask is 500 µm, and the length is 5 mm; and
the pulse voltage is 125 V. The width and depth of the microgroove corresponding to the
different processing times are shown in Table 5.

The average width and depth corresponding to the above machining times were
plotted as a relationship using Origin, as shown in Figure 15. The left vertical coordinate
represents the width of the microgroove in the form of a bar graph, and the right vertical
coordinate represents the depth of the microgroove in the form of a line graph.
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Table 5. Mean values of microgroove width and depth for different processing times.

Processing Times (s) 1 2 3

Breath (µm) 522 565 593
Depth (µm) 47 52 58
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Figure 15. Comparison of microgroove dimensions at different machining times.

As shown in Table 5 and Figure 15, the width and depth of the microgrooves gradually
increase with the extension of the processing time and the material removal, and the
average width of the microgrooves increases from 522 µm under 1s to 593 µm under 3 s, an
increase of 13.6%. The average depth of microgrooves increases from 47 µm under 1 s to
58 µm under 3 s, an increase of 23.4%, and the width is constrained by the mask, which is
more conducive to processing and shaping. The depth-to-width ratio of the microgroove
increases from 0.090 under 1 s to 0.098 under 3 s, an increase of 8.8%, and the processing
efficiency is greatly improved. However, if the processing time is too short, it will make the
electrolytic processing effect not obvious, and it can even make the groove shape not clear,
resulting in the groove not meeting the processing requirements.

The two-dimensional structure of the microgroove was analyzed using laser confocal
microscopy, as shown in Figure 16.
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Figure 16. Comparison of the 2D profile of microgroove: (a) 1 s and (b) 2 s.

As can be seen in Figure 16, the processing time changes, the microgroove shape
is obvious, the rectangular replication accuracy changes little, and the mask effectively
controls the processing shape. A schematic diagram of the microgroove cross-section
measurement is drawn, as shown in Figure 17.
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Figure 17. Cross-sectional view of microgroove.

As can be seen from Figure 17, compared with 1 s, the depth of the microgroove under
2 s machining time increases significantly, the magnitude of lateral erosion increases, the
degree of convexity and concavity of the bottom increases, the island effect increases, and
the machining definiteness increases. Under 1 s, the island is close to disappearing, and the
shorter the processing time, the smaller the width of the microgroove, and the shallower
the processing depth, i.e., the machining domain reduces. As shown in Tables 3–5; and
Figures 11, 14 and 17, with the electrolytic processing technology used in this experiment,
the depth of the microgroove can reach more than 41 um, and the deterministic domain
shape is good, compared with the literature [20], as it has a more obvious processing effect.

5. Conclusions

In this paper, we used jet electrolytic processing technology and conducted
bionic marine animal surface microstructure experimental research, reaching the
following conclusions:

(1) Based on the COMSOL 6.2 software to construct the electric field simulation model of
different processing parameters (pulse voltage, processing gap, and processing time),
the results show that increasing the pulse voltage and reducing the processing gap
can improve the electrolytic processing speed.

(2) The contribution of 125 V pulse voltage to the depth of the microgroove is increased
by 28.8%, and the contribution to the width is increased by 7.7% compared with
that of 50 V. Reasonably increasing the pulse voltage can improve the microgroove
replication accuracy and enhance the machining efficiency.

(3) The contribution of the 1.5 mm machining gap to the microgroove depth decreases by
18.0%, and the contribution to the width decreases by 2.2% compared with 0.5 mm.
It is concluded that by reducing the machining gap, the microgroove shape is well
maintained, and the material removal rate is greatly improved.

(4) The contribution of the 3 s machining time to the microgroove depth increased by
23.4%, and the contribution to the width increased by 13.6% compared with that of 1 s.
By prolonging the processing time, the current efficiency can be effectively adjusted
to achieve precise control of material removal, which is especially critical for fields
such as the fabrication of microstructures on the surface of bionic marine animals.

Among the three machining parameters in this experiment, the parameter pulse
voltage has the most significant effect on the machining effect, which determines the
retention of the machined shape, the increase in the machining depth, and the material
removal ability more than the machining gap and the machining time. This study has
achieved some results, but there are still some limitations; the next stage of work will study
the effect of different processing parameters on various types of mask processing.
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