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Abstract
In order to uplift the machining efficiency and accuracy of micro electrical discharge machining (micro-EDM) milling, this 
paper studied the prediction and compensation method of electrode loss and established a fixed length compensation model 
for micro-EDM milling with spiral electrodes. It was verified through experiments that the model can successfully predict 
the electrode loss of micro-EDM milling with spiral electrodes. On the basis of a single factor experiment, the influence of 
processing parameters (pulse width, pulse interval, peak current, rotating speed) on the actual relative volume loss ratio (θr) 
of micro-EDM milling with spiral electrodes was studied. Then, based on the orthogonal experiment, the optimization of 
the θr of micro-EDM milling with spiral electrodes based on fixed length compensation was studied. Through signal–noise 
ratio (SNR) analysis, the optimal processing parameter combination of θr was obtained as the pulse width of 4.2 μs, the pulse 
interval of 13 μs, the peak current of 4A, and the rotating speed of 1400r/min. Under this parameter combination, the θr of 
micro-EDM milling with spiral electrodes based on fixed length compensation could be reduced to 22.23%. Variance analyses 
were carried out on the outcomes, and a process model of θr based on fixed length compensation was established. Because 
the predicted results were consistent with the results of the validation test, the reliability of the process model was proved.

Keywords Micro-EDM · Spiral electrode · Fixed length compensation method · Processing parameters · Single-objective 
optimization · Process model

1 Introduction

In modern industry, the application of micro components 
and microstructures below millimeter level is more and more 
extensive, and the accuracy requirement is higher and higher 
[1, 2]. Micro-EDM is a processing technique that utilizes the 
electro etching effect of pulse discharge between positive 
and negative electrodes to remove excess metal, which is 
suitable for machining micro parts [3, 4].

With the proposal of microelectrode machining methods 
such as block electrode reverse copy method and line elec-
trode grinding method, micro-EDM milling has been widely 

used and developed [5]. Micro-EDM milling acts as a com-
bination of micro-EDM and NC milling, which uses a sim-
ple shape electrode to machining a three-dimensional cavity 
according to the NC predetermined milling path [6, 7]. In pro-
cessing, the layered milling method is usually used to divide 
the complex three-dimensional cavity processing into continu-
ous single-layer milling processing. When layered milling, 
each layer has a specific processing depth, so as to obtain the 
required micro three-dimensional structure. However, there 
are still many challenges in the practical application of micro-
EDM milling. Among them, the most important and urgent 
problem to be solved is electrode loss. Because the pulse dis-
charge in the micro-EDM process will cause erosion of both 
the positive electrode and the negative electrode, the loss of 
the electrode is inevitable. This will reduce the processing 
efficiency, cause the depth of the processing cavity to be inac-
curate, and generate shape errors. Therefore, electrode loss 
compensation strategy has become the key of micro-EDM 
milling micro three-dimensional cavity [8].

An effective electrode compensation strategy will uplift 
the processing efficiency and accuracy of micro-EDM 
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milling. Because of this problem, scholars have done a lot 
of researches. Many scholars develop the machining path 
of tool electrodes based on specific machining methods to 
predict and compensate for micro-EDM milling. Yu et al. 
[9] put forward the equal loss electrode compensation strat-
egy. That is, in the processing, ensure that the thickness of 
every tier is smaller than the discharge gap, to convert the 
three-dimensional wear of the electrode into linear wear. 
They successfully processed a complex three-dimensional 
cavity, but the processing efficiency was relatively low. Luan 
et al. [10] put forward the uniform loss subsection com-
pensation method on the basis of the equal loss method. 
According to the length of the machining path, they com-
pensated evenly in sections, so as to avoid the inconsistency 
of the starting point and ending point depth caused by elec-
trode loss, and obtained better machining results. Li et al. 
[11] proposed a layered machining electrode compensatory 
approach for micro-EDM milling. Based on this compen-
sation method, they machined a three-dimensional cavity, 
uplifted the processing efficiency, and decreased the tool 
wear rate (TWR). Pei et al. [12] proposed a fixed length 
compensatory approach for electrode loss as per the theory 
of electrode equal loss. They calculated the compensation 
length based on the compensation accuracy and pre-written 
it into the machining program, thus realizing continuous 
high-precision machining.

Some scholars collect the data of the micro-EDM pro-
cess for real-time evaluation and control the electrode 
feed according to the evaluation results to realize the 
real-time compensation of electrode loss. Mahardika 
et al. [13] put forward a novel approach to determine 
the electrode loss by counting the quantity of discharg-
ing pulse and the gross energy. The experimental results 
verify the feasibility of real-time compensation for elec-
trode loss as per this method. Kaneko [14] used a CCD 
sensor for real-time image acquisition and then used the 
image processing approach to extract the electrode shape 
change. They calculated the loss of the fine electrode 
according to the image, obtained the value that needs to 
be compensated, and realized the real-time compensa-
tion of the electrode. But this method can only process 
some simple shapes and cannot realize the processing of 
complex three-dimensional cavities.

In recent years, many scholars have explored the 
impact of machining parameters on micro-EDM mill-
ing. Karthikeyan et  al. [15] researched the impacts of 
discharge, rotating velocity, incursion speed, and depth 
diameter ratio on the material removal rate (MRR) and 
TWR in micro-EDM milling through general factorial 
experiments. They found that the rotating speed had the 
greatest influence on the removal of etched substances and 
then established the MRR and TWR models of the pro-
cess parameter. Francesco et al. [16] studied the impact 

of electrical parameters on MRR, TWR, and depth error 
of micro-EDM milling based on UWM. By analyzing the 
main effect diagram, Pareto diagram, and interactive dia-
gram, it was concluded that the open-circuit voltage plays 
a major role. Hao et al. [17] studied the impacts of impulse 
width, peaking current, machining polarization, trajec-
tory type, trajectory overlapping, and scan speed on the 
machining efficiency, machining state, machining speed, 
and surface accuracy of micro-EDM with servo scanning 
and real-time compensation. They obtained the influence 
law of the process parameters, and successfully processed 
a typical three-dimensional microstructure according to 
the optimized process parameters. Lim et al. [18] studied 
the influence of working voltage, gap control algorithm, 
resistance, and capacitance value on MRR, TWR, and 
machining stability for micro-EDM milling based on lin-
ear compensation. They determined the suitable machin-
ing parameter range for stable and efficient micro-EDM 
milling based on linear compensation.

From the literature review, although the effectiveness 
of micro-EDM milling to process three-dimensional cav-
ity is widely known, and many scholars have conducted 
research on predictive compensation and real-time com-
pensation of electrode loss, there is still a lack of in-depth 
research on the efficient and high-precision electrode loss 
compensation scheme of micro-EDM milling with spiral 
electrodes. In this paper, the fixed length compensation 
model of micro-EDM milling with a spiral electrode was 
established, and its effectiveness was verified by single-
slot milling experiments. The effects of processing param-
eters of pulse width (1.3, 1.8, 2.4, 3.2, 4.2, and 5.6 μs), 
pulse interval (5.6, 7.5, 10, 13, 18, and 24 μs), peak cur-
rent (1.4, 1.6, 2.4, 3.2, 4, and 5.6A), and rotating speed 
(1000, 1200, 1400, 1600, 1800, and 2000r/min) on the 
θr of micro-EDM milling with spiral electrodes based on 
fixed length compensation were studied by a single fac-
tor experiment. On the basis of orthogonal experiments, 
the optimal processing parameter combination of θr was 
determined through SNR analysis. Variance analyses 
were carried out on the outcomes, and a process model 
of θr based on fixed length compensation was established. 
This article lays the foundation for the highly efficient and 
highly precise processing of micro-EDM milling with spi-
ral electrodes.

2  Fixed length compensation model 
of micro‑EDM milling with spiral electrode

2.1  Fixed length compensation model

For the spiral electrode used in this study, when the spindle 
rotates at high speed for milling, the cross section of the 
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electrode end can be approximately expressed as a trian-
gular section. The analytical model of the spiral electrode 
under the condition of single-groove milling is shown 
in Fig. 1. The surface to be machined is represented by 

y = G(x), the spiral electrode is machined according to 
the trajectory of y = g(x), and the actual machined bottom 
shape is H(x), as shown in Fig. 2. Based on the analysis 
of the relationship between H(x), G(x), and g(x), the bot-
tom profile model of micro-EDM with spiral electrodes is 
established [12].

The formula for the relative volume loss ratio between the 
electrode and the workpiece is as follows:

where, θ is constant, VE denotes the friction volume of the 
tool, VW denotes the workpiece friction volume.

Assuming that after processing an infinitesimal element, 
the bottom angle of the axis section of the spiral electrode 
remains unchanged, and the loss volume formula of the 
workpiece is as follows:

(1)�=VE∕VW

where, Δx is the length of an infinitesimal element 
machined in the milling direction, ΔVW is the amount of 
workpiece erosion in machining an infinitesimal element, 
d is the electrode diameter, σ is the side discharge gap, α is 
the bottom angle of the axial section at the end of the spiral 
electrode.

The loss volume formula corresponding to the electrode 
is as follows:

where, ΔVE is the amount of electrode erosion in the 
machining micro-element.

Combining formulas (1), (2), (3), and deriving, the fol-
lowing formula can be obtained:

Suppose that the initial surface of the workpiece is a 
plane, and the moving track of the electrode is a straight 
line parallel to the X-axis, so G (x) = 0, g′ (x) = 0, which 
can be obtained by solving the equation with formula 
(4):

When x = 0, H (0) = HW, the profile of workpiece bottom 
after micro-EDM milling with spiral electrodes is as follows:

where, HW is the initial machining depth, which is a negative 
number, and

During milling, when the electrode loss reaches the preset 
compensation accuracy, compensation will be performed, 
and the compensation amount is γ. According to formula 
(6), the compensation length L corresponding to γ can be 
obtained; the formula is as follows [12]:

(2)

ΔVW=Δx ⋅

[

(d + 2�) ⋅ [G(x) − H(x)] −
(d + 2�)2 ⋅ tan �

4

]

(3)ΔVE=
�d2

4
⋅

[
dH(x)

dx
Δx −
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dx
Δx

]

(4)dH(x)

dx
= g�(x) +
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4HW+(d+2�)⋅tan �
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4� ⋅ (d + 2�)
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Fig. 1  Cross-sectional equivalent diagram of micro-EDM milling 
with spiral electrodes

Fig. 2  Profile view of the bottom surface of the groove
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2.2  Single‑slot milling experiment of fixed length 
compensation model

2.2.1  Experimental equipment

The experiment of micro-EDM milling is completed on 
AgieCharmilles micro-EDM machine shown in Fig. 3.

The workpiece is the Ti-6Al-4 V titanium alloy. Before 
the experiment, the workpiece needs to be retreated to ensure 
the flatness of the whole surface below 0.001. The diameter 
of the spiral electrode is 0.2 mm, the bottom angle of the 
shaft section is 18.5°, and the ingredient is tubular carbide 
alloy UF10, as presented by Fig. 4.

2.2.2  Experimental method

The validity of the fixed length compensation model is veri-
fied by the single-slot milling experiments of micro-EDM. 
The processing parameters of the experiment are listed in 
Table 1. After the preliminary micro-EDM hole machining 

test, it is measured that the θ is 25% and the σ is 50 μm under 
the machining parameters.

According to formula (8), when γ is 2 μm, the corre-
sponding L is 35 μm.

The first stage of micro-EDM milling is the hole pro-
cessing, and the depth of the hole is |HW|. Due to the dis-
charge gap and electrode loss in micro-EDM machining, 
if there is no electrode compensation for hole machining, 
it will lead to the error of the bottom profile of the groove. 
Therefore, it is necessary to establish the prediction and 
compensation model of electrode feed depth in the drill-
ing stage.

The formula of the electrode loss length Δl is as follows:

The formula of electrode feed depth H in the drilling 
stage is as follows:

According to formula (10), the H under the processing 
conditions can be calculated to be 43 μm.

Before each experiment, a reference tool setting point is 
set on the workpiece through the contact sensing function 
of the machine tool. After the electrode loss compensa-
tion in the hole processing stage, the milling is started. In 

(9)Δl=
4�

d2
⋅

[(
d + 2�

2

)2

⋅
||HW

|| −
2

3
⋅

(
d + 2�

2

)3

⋅ tan �

]

(10)

H=||HW
|| − � ⋅ tan� +

4�

d2
⋅

[(
d + 2�

2

)2

⋅
||HW

|| −
2

3
⋅

(
d + 2�

2

)3

⋅ tan�

]

Fig. 3  AgieCharmilles micro-EDM machine

Fig. 4  Schematic diagram of the 
spiral electrode

Table 1  Processing parameters of single-slot milling experiments

Machining parameters Values

Processing polarity Positive polarity
Pulse width (ton/μs) 3.2
Pulse interval (toff/μs) 13
Peak current (IP/A) 3.2
Rotating speed (R/r/min) 1200
Length of single groove (μm) 4900
Processing depth (μm) 50
Accuracy of machine tool (μm) 2
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the process of milling, every 10 times of compensation, 
the spiral electrode is moved to the reference tool setting 
point and the loss length of the electrode at this time is 
recorded, and then the processing is continued. After pro-
cessing, use the KEYENCE 3D laser scanning microscope 
to measure the bottom profile curve at the centerline of 
the single slot. To ensure the accuracy of the study, three 
single slots were processed, and the average value was 
used as the final value.

2.3  Experimental results and analysis

The single slot obtained by micro-EDM milling with spiral 
electrode based on fixed length compensation is shown in 
Fig. 5.

The data of electrode axial loss during processing are 
analyzed and presented by Fig. 6. In the micro-EDM mill-
ing with spiral electrodes as per the fixed length compen-
sation model, there is an error between the actual elec-
trode abrasive length and the theoretical value. When the 
number of compensations is 140 times, the actual loss 
length of the electrode is 20 μm longer than the theo-
retical value, and the error is about 7%. The fixed-length 
compensation model at this time cannot predict the actual 
wear of the electrode well, resulting in reduced machin-
ing accuracy.

Figure 7a is the bottom profile curve at the centreline 
of the single slot, and Fig. 7b is the cross-sectional sche-
matic diagram of the single slot at 4000 μm. As shown in 
the figure, after a certain distance of micro-EDM milling, 
the bottom profile of the machining groove will reach 
a stable groove depth. The average groove depth after 
3500 µm is 43.8 µm, which is less than the HW. This is 
because the relative volume loss ratio of electrodes used 
in fixed length compensation model is measured by the 

preliminary micro-EDM hole machining test. It is not 
the θr of micro-EDM milling, which leads to the error of 
the compensation model. Therefore, studying the θr of 
micro-EDM milling is of great significance for improving 
machining accuracy.

3  Effect of process parameters on electrode 
loss

Determine the electrode loss law of micro-EDM milling 
with spiral electrodes by studying the impact of process-
ing variables on electrode loss. Here, the electrode loss is 
described by θr.

Fig. 5  Top view of single slot

Fig. 6  Relation diagram of electrode loss length and compensation 
times
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Through the single-slot machining experiment in the pre-
vious chapter, it is found that no matter how large the meas-
urement error of θ is, the micro-EDM milling based on the 
fixed length compensation will finally get a stable groove 
depth Hd. The L obtained by the parameters Hd and θr is 
exactly equal to the L obtained by the HW and θ, as shown 
in formula (11):

Therefore, a method for measuring θr of micro-EDM 
milling can be obtained. Estimate a θ before performing 
single-slot milling, and then perform milling process-
ing according to the fixed-length compensation method. 
After processing, measure the stable groove depth of the 
single-channel groove. The formula for θr is as follows 
[19].

(11)

−
�d2 ⋅ ln

[
(d+2�)⋅tan �+4Hd+4�

4Hd+(d+2�)⋅tan �

]

4�r ⋅ (d + 2�)
= −

�d2 ⋅ ln
[
(d+2�)⋅tan �+4HW+4�

4HW+(d+2�)⋅tan �

]

4� ⋅ (d + 2�)

3.1  Single‑factor experiments

The impact of process parameters on electrode loss was stud-
ied by a single factor experiment. After many preliminary 
tests, the range of processing parameters was determined. 
Process parameters are shown in Table 2. At the same time, 
θ = 25%, HW = 50 μm, γ = 2 μm, σ = 50 μm, and the length 
of single groove is 4900 μm. According to formula (8), the 
compensation length is 35 μm. According to the measured 
stable groove depth after machining, the formula (12) is sub-
stituted to calculate θr. Three experiments were finished for 
every group of parameters, and the mean value was taken 
as the final value.

(12)�r =
ln
[
(d+2�)⋅tan �+4Hd+4�

4Hd+(d+2�)⋅tan �

]

ln
[
(d+2�)⋅tan �+4HW+4�

4HW+(d+2�)⋅tan �

] ⋅ �

Fig. 7  Laser scanning profile of a single slot. a Bottom profile curve diagram at the centreline of a single slot. b Schematic diagram of cross sec-
tion at 4000 μm

Table 2  Processing parameters of single factor experiment

No. Pulse width (ton/μs) Pulse interval (toff/μs) Peak current (IP/A) Rotating speed (R/r/min)

1 1.3,1.8,2.4,3.2,4.2,5.6 13 3.2 1200
2 3.2 5.6,7.5,10,13,18,24 3.2 1200
3 3.2 13 1.4,1.6,2.4,3.2,4,5.6 1200
4 3.2 13 3.2 1000,1200,1400,1600,1800,2000

4016 The International Journal of Advanced Manufacturing Technology (2022) 121:4011–4021



1 3

3.2  Effects of processing parameters on θr

In the process of micro-EDM milling with spiral electrode 
based on fixed length compensation, the increase in pulse 
width extends the discharge duration of a single pulse and 
elevates the discharge energy. The electrode loss increases, 
resulting in the increase of θr. When the pulse width is 
between 3.2 μs and 4.2 μs, due to the increasing propor-
tion of energy distributed by the positive electrode, the 
increase rate of the MRR of the workpiece is higher than 
the electrode loss rate, and θr shows a downward trend. 
However, the too large pulse width will lead to too large 
duty cycle. The removal of corrosion particles becomes dif-
ficult, abnormal discharge occurs frequently, and electrode 
loss is more serious. At this time, θr becomes larger again. 
Therefore, as the pulse width increases, θr first increases, 
then decreases, and then increases, as shown in Fig. 8a. 
Francesco et al. [16] achieved similar results in the pro-
cessing of micro-channels on Ni–Cr–Mo steel by micro-
EDM. However, they lack the research on the influence of 

pulse width greater than 4 μs, which is supplemented in 
this paper.

Pulse interval influences the duty cycle to realize the 
deionization of the inter-electrode medium during the 
machining process, thereby affecting the energy actually 
obtained by the tool electrode in the machining. With the 
increase of the pulse interval, the erosions can be dis-
charged smoothly, and the fresh working fluid can fully 
enter the discharge gap to reduce the generation of abnor-
mal discharge phenomenon, and θr shows a decreasing 
trend. However, when the duty cycle is too small, the dis-
charge energy in the unit pulse decreases. At this time, the 
thermal breakdown process is not obvious, the discharge 
points are relatively dispersed, and the effective discharge 
times are reduced, resulting in the reduction of machining 
efficiency. Because the decreasing rate of MRR is higher 
than that of electrode loss, θr shows an upward trend. 
Therefore, as the pulse interval increases, θr first decreases 
and then increases, as shown in Fig. 8b. Parmar and Patel 
[20] obtained approximate conclusions about the influence 

Fig. 8  Effect of process parameters on θr. a Effect of pulse width on θr. b Effect of pulse interval on θr. c Effect of peak current on θr. d Effect of 
rotating speed on θr
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law of pulse interval on RTWR when processing on carbide 
(K20) materials using micro-EDM.

The peak current affects θr by changing the discharge 
energy. With the increase of the peak current, the discharge 
density increases, the discharge process becomes more fre-
quent, the energy obtained by the electrode per unit dis-
charge time increases, and the electrode loss is serious. 
However, because the workpiece is connected to the posi-
tive electrode and the electrode is connected to the negative 
electrode, the increase rate of the electrode loss volume is 
slower than the increase rate of the material removal vol-
ume of the workpiece, so θr always decreases. However, 
with the increase of peak current, the removal of corro-
sion particles becomes difficult, abnormal discharge occurs 
frequently, the growth rate of workpiece material removal 
slows down, and the electrode loss is more serious. There-
fore, the falling speed of θr slows down, and the absolute 
value of the slope of the curve becomes smaller. Therefore, 
as the peak current increases, θr has been decreasing, as 
shown in Fig. 8c. Jahan et al. [21] obtained approximate 
results in the study of process parameters for micro-EDM 
of tungsten carbide.

The rotation of the electrode can effectively cut off 
the arc, reduce the probability of short circuit and arc 
discharge, and improve the state of discharge between 
electrodes. And the rotation of the electrode can effec-
tively drive the flow of the working fluid medium, so as 
to better remove the eroded particles out of the discharge 
gap. As the rotating speed increases, the machining pro-
cess becomes more stable, and θr shows a decreasing 
trend. However, when the rotating speed continues to 
increase, the discharge point moves too fast, and the 
excessive discharge energy will be taken away by the 
working fluid medium, and the processing efficiency will 
be reduced instead. At this time, the rate of decrease of 
MRR is higher than the rate of decrease of electrode loss, 
and θr shows an upward trend. Therefore, as the rotating 
speed increases, θr first decreases and then increases, 
as shown in Fig. 8d [22]. At present, there is still a lack 
of research on the influence of electrode rotating speed 
between 1000r/min and 2000r/min on the relative elec-
trode loss rate of micro-EDM milling. This paper fills 
the gap in this field.

4  Process optimization of θr in micro‑EDM 
milling

4.1  Orthogonal experiment

The process parameters of the orthogonal experiment 
are shown in Table 3. According to Taguchi’s design, the 
orthogonal experimental machining parameter combination 
of micro-EDM milling with spiral electrode based on fixed 
length compensation is shown in Table 4. Three experiments 
were finished for every group of parameters, and the mean 
value was taken as the final value.

In the process of micro-EDM milling, there are many 
factors that affect electrode loss. The SNR analysis method 
is adopted, and the corresponding SNR value is used as the 
analysis index of the θr, so as to find the optimal process 
parameter combination that meets the electrode loss evalu-
ation index.

For micro-EDM milling with spiral electrodes based on 
fixed length compensation, the smaller θr is, the better. So, 
we need to use Lower the Better (LB), and the formula is 
as follows [23]:

Table 3  Processing parameters of orthogonal experiment

Processing parameters Parameter level

1 2 3

Pulse width (ton/μs) 1.3 1.8 2.4
Pulse interval (toff/μs) 10 13 18
Peak current (IP/A) 3.2 4.0 5.6
Rotating speed (R/r/min) 1400 1600 1800

Table 4  Orthogonal experimental scheme

No. Pulse width 
(ton/μs)

Pulse interval 
(toff/μs)

Peak current 
(IP/A)

Rotating 
speed (R/r/
min)

1 1.3 10 3.2 1400
2 1.3 13 4.0 1600
3 1.3 18 5.6 1800
4 1.8 10 4.0 1800
5 1.8 13 5.6 1400
6 1.8 18 3.2 1600
7 2.4 10 5.6 1600
8 2.4 13 3.2 1800
9 2.4 18 4.0 1400

Table 5  Orthogonal experimental results and SNR of θr

Parameter 
group

θr of each experiment Mean value SNR

1st 2nd 3rd

1 0.2990 0.2686 0.2835 0.2837 10.9345
2 0.2265 0.2195 0.2245 0.2235 13.0137
3 0.2525 0.2717 0.2684 0.2642 11.5570
4 0.3493 0.3193 0.3295 0.3327 9.5528
5 0.2158 0.2522 0.2293 0.2324 12.6571
6 0.2565 0.2860 0.2771 0.2732 11.2615
7 0.3079 0.2675 0.2772 0.2842 10.9116
8 0.3112 0.2779 0.3178 0.3023 10.3768
9 0.2788 0.2936 0.2769 0.2831 10.9582
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where, S / N is the SNR of the θr, n is the number of experi-
ments under the same parameters, yi is the value of θr in the 
i-th experiment.

4.2  The single‑objective optimization of the θr

The SNR of θr is computed as per Eq. (13); the outcomes 
are shown in Table 5. Figure 9 shows the variation law of 
the average SNR of θr under different process parameters.

According to Fig. 9, as the pulse width increases, the θr 
always increases. As the pulse interval increases, the θr first 
decreases and then increases. As the peak current increases, 
the θr always decreases. When the rotating speed rises, the 
θr first decreases and then increases. The influence law of 
process parameters on θr obtained by orthogonal experiment 
is consistent with the conclusion in Sect. 3.2. According to 
the results of SNR analysis, the optimal process parameter 
combination of θr can be obtained. That is, the pulse width 
is set to the first level, the pulse interval and the rotating 
speed are set to the second level, and the peak current is set 
to the third level.

When the processing parameters are the optimal process 
parameter combination, that is, the pulse width is 1.3 μs, 

(13)LB ∶ S∕N = −10 lg

(
1

n

n∑

i=1

y2
i

)

(db)

the pulse interval is 13 μs, the peak current is 5.6A, and the 
rotating speed is 1600r/min, the verification test of single-
objective optimization is implemented. The three experi-
mental results of the verification experiment are shown 
in Table 6, and the SNR of θr is 13.7916. Contrasting the 
SNR of θr under the optimal process parameter combina-
tion with the SNR in Table 5, the results verify that the 
single-objective optimization obtains the optimal process-
ing parameter combination.

4.3  Process model of θr

The regression model of θr of micro-EDM milling with 
spiral electrodes based on fixed length compensation is as 
follow:

where, Y is the mean value of θr,  K1 to  K9 are undetermined 
coefficients.

Perform a general linear regression analysis on θr, and 
substitute the orthogonal experiment results in Table 5 
into formula (14) to obtain the regression equation of θr as 
follows:

(14)
Y = K1 + K2ton + K3toff + K4IP + K5R

+ K6t
2
on
+ K7t

2
off

+ K8I
2
P
+ K9R

2

Fig. 9  Effect of process param-
eters on the mean SNR of θr

Table 6  The experimental results under the optimal processing param-
eters combination

θr Mean value SNR

1st 2nd 3rd

0.1988 0.2117 0.2024 0.2043 13.7916 

Table 7  One-way analysis of variance for the regression equation of 
θr

Source Seq SS DF Adj MS F P

Regression 
equation

0.026647 8 0.0033309 14.0013 *

Error 0.004282 18 0.0002379
Total 0.030929 26
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A one-way analysis of variance was finished on the 
regression equation of θr, and the outcomes are shown in 
Table 7.

Take the confidence level as 95%, F0.05(8,18) = 2.51. The 
F ratio of the regression equation of θr is 14.0013, which is 
above 2.51, so the regressive formula of θr is significant.

Substituting the optimal process parameter combination 
of θr for micro-EDM milling with spiral electrodes based 
on fixed length compensation into formula (15), the pre-
dicted result of the regression equation of θr is obtained, 
which is 0.2040. The prediction result is very close to the 
verification test result, which proves the accurateness of 
the process model of θr.

5  Conclusions

In this paper, a fixed length compensation model for 
micro-EDM milling with spiral electrodes was estab-
lished, and the impact of machining parameters on θr was 
explored and obtained. For different combinations of pro-
cessing parameters, single-objective optimization of θr 
was finished, and the optimal processing parameter com-
bination of θr was obtained. Then, regression analysis and 
variance analysis were performed on θr; a process model 
of θr for micro-EDM milling with spiral electrodes based 
on fixed length compensation was established. The conclu-
sions are as follows:

1. As the pulse width increases, θr first increases, then 
decreases, and then increases. As the pulse interval 
increases, θr first decreases and then increases. As the 
peak current increases, θr keeps decreasing. As the rotat-
ing speed increases, θr first decreases and then increases.

2. The optimal processing parameter combination of θr is 
the pulse width of 1.3 μs, the pulse interval of 13 μs, 
the peak current of 5.6A, and the rotating speed of 
1600r/min. Under this parameter combination, the θr 
of micro-EDM milling with spiral electrodes based on 
fixed length compensation can be reduced to 20.43%.

3. Through the regression analysis and variance analysis 
of the orthogonal experimental results of θr, the pro-
cess model of θr is established. The reliability of the 
process model is proved by the comparative analysis of 
the prediction result and the verification test result. This 
process model lays a foundation for accurately predict-
ing the electrode loss of micro-EDM milling with spiral 
electrodes based on fixed length compensation.

(15)

�r = 1.974048 + 0.121286ton − 0.073252toff + 0.003396IP − 0.001738R

− 0.024737ton2 + 0.002497toff 2 − 0.001623IP2 + 0.00000056917R2

4. According to the single-objective optimization result of 
this study, the high-precision machining of microgroove 
can be achieved through micro-EDM milling with spiral 
electrodes based on fixed length compensation.
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