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Abstract. In this study, we explored the mask electrochemical machining parameters: electrolyte concentration, operating voltage, mask hole diameter, mask thickness and other processing parameter variability
through the screen printing mask manufacturing method, and then used Taguchi method as the analysis tool. Use
the controllable factor of the experimental parameters to explore the influence of the processing parameters on
the undercut of a single hole and the uniformity of the array, so as to obtain the best combination of processing
parameters of the experimental data. A red copper was used as the tool, and a 304 stainless steel sheet (0.1 mm)
was used as the workpiece. The experimental results show that the processing appearance is round when using
the forward flow mode and the machining shape is elliptical when the lateral flow mode is used. Therefore, the
forward flow mode is selected for subsequent experiments. For single-hole undercut and the uniformity of array
holes, the most influential experimental parameters are the diameter of mask holes and the thickness of mask,
and a set of optimal parameters are obtained smoothly from the study. The combination of optimal parameter for
the single-hole undercut experiment is A2B1C1D3, the undercut amount is 72 lm, and the combination of
optimal parameter for the uniformity of array holes in experiment is A2B1C1D3, and the average deviation is 7
lm.
Keywords. Electrochemical micromachining; Through-mask electrochemical machining; Taguchi method;
Sodium nitrate; Array holes; Electrolyte concentration.

1. Introduction
Through-Mask Electrochemical Machining (TMEMM) is
an unconventional electrochemical process in which an
insulating mask is placed over the anode workpiece and
exposed to the desired processing position. The advantage
is that the cathode tool does not have to be limited by the
shape to be machined, so that the masked electrochemical
machining can process a more diverse finished product
under the same tool through the change of the mask. An
insulating mask is often placed over the anode workpiece to
form an array of micropits [1]. By making array micro-pits
through processing parameters control, the cost can be
reduced and the processing efficiency can be improved [2].
Using dry film photoresist as a mask, sticking dry film
photoresist on a concave curved surface, and then using
mask-type electrochemical processing, using low current
density and long processing time, can make smaller diameter array micro Pit [3, 4]. When making an array pit, the
same situation as a single pit, that is, the current density
will be concentrated around, this phenomenon causes an
*For correspondence

island phenomenon to appear in each pit, and the diameter
and depth of the pit around the workpiece will be larger
than the center of the workpiece. The pits are so large that
the array pits on the circular steel plate are not uniform in
size. Therefore, by appropriately increasing the voltage of
the auxiliary electrode, the current density distribution can
be made uniform, and the aperture and depth of the array
micropits are consistent [5, 6]. Electrochemical machining
also found that the quality of processing using pulsed power
supplies is better than that of DC power supplies, and the
electrolyte concentration at fixed time has an important
effect on the processing depth [7, 8]. The cathode cutter and
the mask are burrowed, and the two are covered on the
anode aluminum alloy, and the array holes are made by
mask electrochemical processing, and the sodium nitrate
solution is used as the electrolyte solution compared with
the sodium chloride solution, and the sodium nitrate solution is used. It can effectively reduce lateral corrosion and
improve the accuracy of array holes [9, 10]. However, the
influence of the electrolyte flow field mode on the processing, the static mode and the lateral flow mode have
incomplete processing, while the forward flow mode is
deeper under the water flow. Therefore, the improved
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forward flow mode is proposed. This mode is a forward
flow mode of the porous outlet, which allows the electrolyte
to flow more evenly [11].
ECM processed D3 mold steel Inconel 718 material, and
used Taguchi method to analyze experimental data to find
the optimal parameters [12, 13]. Electrochemical etching
has also used Taguchi’s analysis to obtain the optimized
parameters of the nano-tungsten wire tip, and the nano-tip
radius is reduced by 5 times [14]. Electrochemical Discharge Machining (ECDM) processes glass materials.
According to Taguchi’s analysis, it is found that voltage is
the most important factor in the average processing depth,
followed by electrolyte concentration and rotation speed
[15]. Therefore, Taguchi’s method is to analyze limited
experimental data to obtain the best combination of
parameters. It is an efficient experimental design rule to
optimize the processing quality.
Therefore, masked electrochemical machining can fabricate different products by changing only the masks but not
the tool as shown in Figure 1. It is economical because the
design of tools in ECM is normally very time consuming
and costly. In this study, the screen printing technology was
used to make the mask. The etching ink was resistant to
acid etching and the insulator was used as the mask
material. The Taguchi method was used as the analysis tool
to analyze the influence of the longitudinal flow mode and
the lateral flow mode on the processing quality. The
influence of the hood electrochemical processing parameters on the single-hole undercut and the uniformity of the
array holes is expected to obtain the optimal combination of
parameters within the set range. In this study, the screen
printing technology was used to make the mask. The
etching ink was resistant to acid etching and the insulator
was used as the mask material. The Taguchi method was
used as the analysis tool to analyze the influence of the
longitudinal flow mode and the lateral flow mode on the
processing quality. The influence of the hood

electrochemical processing parameters on the single-hole
undercut and the uniformity of the array holes are expected
to obtain the optimal combination of parameters within the
set range.

Figure 1. The scheme of through-mask electrochemical
machining.

Figure 2. The schematic of undercut in TMEMM.

2. Experimental method
The Taguchi experimental planning method, also known as
robust design, aims at obtaining the most experimental
results with limited experiments and analyzing them.
Therefore, Taguchi experimental planning method is an
efficient experimental design rule. With proper design in
working parameters, the experimental data are analyzed by
signal to noise ratio to find out the relative compact factors
among parameters. Finally, the optimal combination of
parameters is given to optimize the processing quality.
In order to evaluate the quality of TMECM, several
nomenclatures need to be verified. The difference between
the diameters of drilled hole and the tool is generally
defined as overcut in electrochemical machining drilling,
while it is defined as undercut as shown in Eq. (1) and
figure 2.
undercut ¼ D  D0

ð1Þ

In the array holes drilling, the diameters among holes
will be different due to the distribution of current density.
To check the uniformity of the drilled holes, the deviation
for each hole is defined as the absolute value of each
undercut minus the averaged undercut of the array of holes
as follows:
DEV ¼ jundercut  undercutave:j
Pq
p¼1 Dp  D0p
undercutave: ¼
q

ð2Þ

where DEV means deviation, q is the number of hole in the
array and p is the numberings of holes. The uniformity of
array can be evaluated by the averaged deviation of the
array as Eq. (3) below.
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Pq

DEVave: ¼

DEVp
q

p¼1

ð3Þ

Signal to noise ratio (S/N ratio) is commonly used in
communication terminology. In the Taguchi experimental
design method, appropriate S/N ratios used to be analyzed
and discussed are based on different quality characteristics
of the experimental results. Smaller the better (STB), as
used in this paper, refers to the value of quality characteristics being the smaller the better, such as wear, defects,
surface roughness and the ideal value is ‘‘0’’. The formula
for calculating the S/N ratio is as follows:
g ¼ 10  logðMSDÞ

ð4Þ

n  
1X
1
MSD ¼
n i¼1 y2i

ð5Þ

Where MSD stands for mean square deviation, g is the
S/N ratio, and yi is the experimental data. In this orthogonal
table L9 (34) is used, where 9 represents nine experimental
groups; and 34 means four parameters with 3 levels of each
as shown in Table 1.

3. Results and discussion
3.1 Discussion on the flow direction of electrolyte
In this experiment, 10 wt% sodium nitrate was used as
electrolyte, voltage was 12 V, stainless steel thickness was
0.1 mm, and 16 array holes of 4*4 were covered on the
mask. The diameter of the mask hole was 1.2 mm, the
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thickness of the mask was 0.2 mm, and the electrolyte was
positive. Laterally, the flow rate was supplied at 20 ml/s,
and the shape of the single-row array holes was observed
with a metallographic microscope as shown in Figure 3. In
the table, the arrangement of the holes in the lateral flow
mode is parallel to the flow direction of the electrolyte (the
arrangement of the four holes in the right row, from top to
bottom for upstream to downstream). When the electrolyte
uses the forward flow mode, the shape of the hole is close to
a circle, and when the electrolyte uses the lateral flow
mode, the shape of the hole is elliptical, and the lower edge
of the hole is found to be deeper due to the flow direction of
the electrolyte. The reason is that the scouring effect at the
lower edge of the hole is the strongest, and the electrolyte
renewal speed is faster than other regions, so the material
dissolved here is taken away faster, and the polarization
resistance here is lower than other regions. The result is that
the lower edge of the hole is processed faster, and the hole
is oval. Therefore, the forward flow mode was selected as
the basis for the subsequent experiments.

3.2 The parametric analysis for single-hole
undercut
Table 1 shows the experimental values, which are converted into factor response diagrams by the formula, as
shown in figure 4. It can be found that the influence of
electrolyte concentration and operating voltage on the
undercut is minimal, and the influence of the diameter of
the mask hole and the thickness of the mask has a greater
influence. In addition, from the analysis of the variation of
undercut of the single-hole in table 2, it can be found that

Table 1. Orthogonal table for TMECM.
Experimental numbering
1
2
3
4
5
6
7
8
9

Electrolyte concentration (wt%)

Applied voltage (V)

Mask hole diameter (mm)

Mask thickness (mm)

7
(A1)
7
(A1)
7
(A1)
10
(A2)
10
(A2)
10
(A2)
13
(A3)
13
(A3)
13
(A3)

9
(B1)
12
(B2)
15
(B3)
9
(B1)
12
(B2)
15
(B3)
9
(B1)
12
(B2)
15
(B3)

0.4
(C1)
0.8
(C2)
1.2
(C3)
0.8
(C2)
1.2
(C3)
0.4
(C1)
1.2
(C3)
0.4
(C1)
0.8
(C2)

0.1
(D1)
0.2
(D2)
0.3
(D3)
0.3
(D3)
0.1
(D1)
0.2
(D2)
0.2
(D2)
0.3
(D3)
0.1
(D1)
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Figure 3. Effect of electrolyte flow on the appearance of the
process.

the ratio of the electrolyte concentration to the operating
voltage is relatively small (F value), which are 0.848 and
1.152, respectively, which is the operating voltage and
electrolyte concentration. If it is increased, the processing
time is short; if the operating voltage and the electrolyte
concentration are lowered, the processing time is long.
On the other hand, the ratio of the variation of the
diameter of the mask hole to the thickness of the mask (F
value) is 82.889 and 19.120, respectively, which indicates
that the two experimental parameters are most effective in
affecting the undercut effect. And as can be seen from
Figure 4, the smaller the diameter of the mask holes and the
thicker the thickness of the mask are, the larger the S/N
ratio is. In this paper, the smaller-the-better characteristic of
Taguchi method is adopted. The larger the S/N ratio is, the
smaller the undercut amount is. The reason for this is the
shielding property of the mask. The smaller the diameter of
the mask hole is, the smaller the exposed area is. The better
the shielding property is, and the thicker the mask thickness
is, the more the shielding property can be increased.
Thence, the optimum electrolyte concentration is 10 wt%,
the optimum operating voltage is 9 V, the optimum hole
diameter is 0.4 mm, and the optimum mask thickness is 0.3
mm. Therefore, the optimum parameter level is A2B1C1D3.
Finally, the best parameters of this group are combined
with the actual experiment, and the results are shown in
Figure 5. The left column is for the A1B1C1D1 before and
after machining, and the undercut is 99 lm. The right
column is for the A2B1C1D3 before and after machining,
and the undercut is 72 lm. It can be seen that the undercut
of the optimal parameter combination is reduced compared
to the first set of experiments in the orthogonal table.

Figure 4. Response graph of single hole experiment.
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Table 2. Table of analysis of variance for single-hole experiment.
Factor

Square sum

A: Electrolyte concentration
(wt%)
B: Applied voltage
(V)
C: Hole diameter in mask
(mm)
D: Thickness of mask
(mm)
Error
Total

Degree of freedom

Root mean square

Variance ratio (F)

Obvious factor

0.317

2

0.159

0.848

no

0.431

2

0.215

1.152

no

30.996

2

15.498

82.889

yes

7.150

2

3.575

19.120

yes

0.748
38.894

4
8

0.187
4.862

Figure 5. Drilled holes of test A1B1C1D1 and the optimal combination (A2B1C1D3).

3.3 The analysis of parameter of array holes
in uniformity
It can be seen from Figure 6 that the influence of the
electrolyte concentration and the operating voltage on the
average deviation amount is the smallest, and the influence
of the mask holes diameter and the mask thickness on the
average deviation amount is large. The optimum electrolyte
concentration is 10 wt%, the optimum operating voltage is
15 V, the optimum hole diameter is 0.4 mm, and the
optimum mask thickness is 0.3 mm. Therefore, the optimum parameter level combination is the actual processing

drawing of A2B3C1D3 and A1B1C1D1. The average deviation is reduced from 12 lm in the first group in the
orthogonal table to 7 lm in the optimal parameter level
combination, so the uniformity of the optimal parameter
combination is increased. Therefore, in the actual machining diagram of A2B3C1D3 and A1B1C1D1, the average
deviation is reduced from 12 lm in the first group in the
orthogonal table to 7 lm in the optimal parameter level
combination, so the uniformity of the optimal parameter
combination is increased. In addition, it can be found from
the variation number analysis table 3 that the ratio of the
electrolyte concentration to the operating voltage is
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Figure 6. Response graph of array holes.

Table 3. Table of analysis of variance for array holes.
Factor
A.electrolyte concentration
(wt%)
B. applied voltage
(V)
C. hole diameter in mask
(mm)
D. thickness of mask
(mm)
error
total

Square sum

Degree of freedom

Root mean square

Variance ratio (F)

Obvious factor

0.266

2

0.133

0.384

no

1.116

2

0.558

1.616

no

46.255

2

23.127

66.973

yes

16.542

2

8.271

23.951

yes

1.381
64.178

4
8

0.345
8.022

relatively small, 0.384 and 1.616, respectively, and the ratio
of the variation of the mask holes diameter to the mask
thickness is 66.973 and 23.951. In the processing of array
circular holes, if the diameter of the mask hole is larger and
the thickness of the mask is thinner, the shielding effect is
the worst, so that the hole around the array hole is processed faster than the center. Therefore, the difference in
the size of the holes is generated, and the array holes are
made uneven. However, as the diameter of the mask holes
shrinks or the thickness of the mask increases, the shielding
effect is better. At this time, the current density of the
surrounding hole is no longer larger than the center, and the
processing speed of each hole is the same, so the size of the
array holes will be more consistent.

4. Conclusions
Through mask electrochemical machining is investigated
by Taguchi method to explore the influence of working
parameters on the machining undercut of single hole and

uniformity of array holes. The working parameters include
electrolyte concentration, applied voltage, the diameter of
mask holes, and the thickness of mask. Several conclusions
can be drawn as follows.
1. Low-cost screen-printing technology can be used to
produce mask, but the accuracy is only up to 0.3 mm.
2. Electrolyte flow will affect the shape of the drilled hole.
Forward electrolyte flow yields hole shape closer to the
circular.
3. As the electrolyte concentration and applied voltage is
increased, the processing time becomes shorter.
4. From Taguchi method and variance analysis for undercut
of a single-hole and uniformity of hole-array, the
electrolyte concentration and applied voltage have less
influence, while the mask hole diameter and the mask
thickness have a higher influence.
5. The optimal combination of parameters for the undercut
of a single-hole undercut is A2B1C1D3, which corresponds to electrolyte concentration of 10 wt.%, applied
voltage of 9 V, mask hole diameter of 0.4 mm, and mask
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thickness of 0.3 mm. The corresponding undercut is
reduced to 72 lm.
6. The optimal combination of parameters for the uniformity of hole-array is A2B3C1D3, which corresponds to
electrolyte concentration of 10 wt.%, the applied voltage
of 15 V, mask hole diameter of 0.4 mm, and mask
thickness is 0.3 mm and the average deviation is 7 lm.
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