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	 In this work, we designed a novel cross-process matching method and technology through 
sensing signals and dimensional fitting. Specifically, we mixed the electrochemical machining 
and sinking electrical discharge machining methods with intelligently designed special-shaped 
electrodes to effectively enable virtual measurement and dimension maintenance by developing 
intelligent electrode-processing technology for nickel-based superalloy special-shaped 
electrodes. The technique can help directly adjust the product accuracy of special-shaped holes 
on the basis of the relationship between the amount of material removed and the current by 
revealing errors across processing, obtaining feedback, and maintaining accuracy through 
matching methods without offline measurement. With a lot of time and design adjustment 
parameters, this method can provide more accurate and faster results than the traditional method. 
The electrode wear after 17 h of continuous processing is ≤10%. Processing accuracy control 
during discharge is ≤±0.5 µm. The processing time of the rough/medium machining process is 
≤24 h, which is an increase of ≥40%. Moreover, the electrical machining process optimization 
improved aerospace diffuser processing efficiency by 30%.

1.	 Introduction

	 The Ni-based alloy has a number of outstanding properties such as attractive strength, 
oxidation resistance at high temperatures, gas corrosion resistance,(1–5) resistance to high-
temperature fatigue, and free of creep;(6–8) it is highly attractive for aerospace engine applications 
(accounting for about 50 wt% of materials used in an aerospace engine)(9) and industrial gas 
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turbine blades, and as part of jet engines with a high-temperature strength of 1000 ℃.(10–12) 
Nickel-based superalloy components are designed as additives manufactured for aerospace 
applications and are independently developed into vehicles to strengthen aerospace parts’ 
processing and postprocessing technologies.(13–15) The Nickel-based alloy is viable for long 
periods of high-temperature exposure to oxidative environments and high-pressure turbine 
applications.(16)

	 Electrochemical machining (ECM) is a unique manufacturing method that operates through 
anodic dissolution, in which material removal appears at an ionic level. In this manufacturing 
process, the workpiece functions as the anode and the tool as the cathode, and the flow of a 
compatible electrolyte solution creates an electrolytic cell. According to Faraday’s law of 
electrolysis, material removal occurs when a stable voltage is put between the workpiece and the 
tool electrode.(17–19) Moreover, ECM is an economical and effective technique for cutting high-
strength, heat-resistant materials with convoluted shapes without causing mechanical distortion, 
compressive stresses, cracks, or thermal distortion.(20–22) However, this technique is affected by 
the hydrodynamic instability of the anode boundary layer due to the surface roughness.(23) 
	 Sinking electrical discharge machining (EDM) operates by repetitive electric sparks in the 
electrode region that usually acts as a cathode, and the workpiece usually acts as an anode.(24–27) 
EDM can be applied to a complicated geometry with precise tolerance and reproducibility in 
hard materials.(28–31) It meets the stringent requirements in high-tech industries such as 
aerospace, automotive, die and mold, medical, and electronics industries.(32–36) It still has many 
difficulties in precisely predicting the properties of machined surfaces based on discharge 
parameters. At the beginning of the EDM technique development, the EDM process produced 
toxic pollutants because of the release of hydrocarbon and mineral dielectric liquids.(37,38) 
However, many researchers have successfully found eco-friendly machining techniques to 
protect the living environment. By increasing the use of natural resources and reducing the use 
of hazardous liquid dielectric fluids, Boopathi et al. have enhanced EDM’s ecological research 
activities.(39) Alternatively, changing the traditional mineral dielectric liquids to pure air or gas 
as dielectric fluids helps to reduce the amount of debris and environmental impact and improve 
the results of near-dry EDM.(40–42)

	 In this study, we used technology integration to supplement the information required for the 
digitalization and intelligence of the aerospace industry to enable original equipment 
manufacture (OEM) with the transformation to upgrade to the field of high-value-added metal 
product processing. We mixed the ECM and EDM methods with intelligently designed special-
shaped electrodes to effectively enable virtual measurement and dimension maintenance. This 
plan is based on the process requirements of EVA Aerospace’s end customers.

2.	 Methodology

	 The process accuracy monitoring system used includes electrochemical processing 
equipment and storage and processing units. Electrochemical processing equipment is used to 
perform electrochemical processing on the workpiece. The storage unit is used to store the linear 
regression model. The processing unit is coupled to the electrochemical processing equipment 



Sensors and Materials, Vol. 37, No. 1 (2025)	 143

and the storage unit. The processing unit detects the operating voltage and current of the ECM 
equipment during the ECM process and applies the linear regression model. The processing unit 
inputs the working voltage and current into the linear regression model so that the linear 
regression model estimates the processing quality parameters of the workpiece. 
	 To achieve high-accuracy machining, we designed a precision composite electrical machining 
matching process, as shown in Fig. 1. The current in the designed ECDM machine is estimated 
using Eqs. (1)–(3),(43) where IECM is the current of the electrochemical process, IECM is the 
current of the discharge process, H is the width of the electrode tool, b is the electrode tool 
length, v is the electrode feed rate, AECM is the electrochemical dissolution surface, kECM is the 
factor that estimates the electrochemical dissolution rate, and kEDM is the spark factor of EDM.

	 f
ECM ECM

ECM

v
I A

k
= 	 (1)
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EDM EDM ECM

EDM EDM

v v
I A Hb A

k k
= = − 	 (2)

	 The total amount of material removed can be regarded as the total current (Itotal) of the 
electrochemical and EDM currents.

	 total ECM EDMI I I= − 	 (3)

	 To estimate the amount of material removed during the connection between two processes, 
the initial material (before processing) is defined as xi, the amount removed by the ECM process 
is described as AECM, and the volume after processing by the EDM process is defined as xd.

	  ECM
c i ECM i ECM

f

kx x A x I
v

= − = − 	 (4)

Fig. 1.	 (Color online) Precision composite electrical machining matching process.
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	  EDM
d c EDM c EDM

f

kx x A x I
v

= − = − 	 (5)

Equations (3)–(5) show a proportional relationship between the current and the amount of 
material removed. They illustrate that even if IECM rises, xc will decrease. To ensure the final xd 
accuracy, the current value of IEDM can be adjusted according to changes in xc.
	 In terms of actual control, to achieve precise composite electrical machining matching 
technology, the voltage and current of ECM and EDM are collected, respectively. The electrical 
signals and dimensions are fitted through the machine learning model, the errors of the two 
processes are matched simultaneously, and feedback is provided.

3	 Results and Discussion

	 In this work, we concentrated on optimizing the electrochemical processing of special-
shaped holes in diffusion grooves to enhance the electrode lifespan. Figure 2(a) shows the outlet 
hole of the water of the electrode processed by drilling, which can reduce processing costs. 
However, its flow field distribution indicates that there is eddy current distribution between the 
water outlets, which makes it difficult for the processing products to be discharged, causing 
short circuits and reducing the lifespan of the electrodes, as shown in Fig. 2(b). Figure 2(c) shows 

Fig. 2.	 (Color online) Water outlet and flow field distribution of the electrode model: (a, b) traditional and (c, d) 
special-shaped electrode models.
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that the water outlet hole is changed into a water outlet model, which must be processed with 
special tools or EDM, increasing the electrode production cost. Figure 2(c) also shows that the 
water outlet does not exist in the distribution of eddy currents, which improves the unstable flow 
field condition in the traditional electrode model in Fig. 2(a). When the electrolyte is discharged 
from the electrode’s processed surface, the flow field’s distribution can be referred to in Figs. 
2(b) and 2(d). Figure 2(b) shows that the flow field does not readily have good flow velocity 
distribution at the four corners of the electrode surface, so it is a reasonable design to round the 
four corners of the electrode surface. It can also be found from Fig. 2(d) that after the overall 
design of the electrode is optimized, the flow rate on the electrode surface becomes even. After 
actual lifespan testing, the optimized electrode design has markedly improved the electrode’s 
service life.
	 Since the diffusion groove channel is not a simple straight channel, an interference check of 
the entire electrode must be carried out through the planned processing route after completing 
the design. The path traveled by the electrode surface forms a thin layer, as shown in Fig. 3(a). 
The correct processing path must not interfere with the diffusion groove channel, and the 
electrode body must not interfere with the thin shell. The measurement position of the diffusion 
groove is shown in Fig. 3(b). The cross section taken is the AE–AE cross section, as shown in 
Fig. 3(c), and other measurement cross sections are taken parallel to AE–AE cross sections, as 
shown in Fig. 4(b). 

Fig. 3.	 (Color online) (a) Electrode path and interference, (b) measurement position of the diffusion groove, and (c) 
cross section of the diffusion groove.



146	 Sensors and Materials, Vol. 37, No. 1 (2025)

	 Figure 4(a) shows a trial processing of the optimized electrode on the Inconel 718 plus 
diffusion tank. Under the processing voltage of 18 V, the electrode feed speed of 15 μm/s, the 
electrolyte pressure of 3 kgf/cm², and continuous processing for 17 h, the electrode weight before 
and after processing was reduced by 64 mg. There was no apparent damage to the electrode 
surface after processing. It is speculated that the weight loss may be due to the decrease in the 
thickness of the insulation film and the loss of the internal and external burrs of the electrode. 
This optimized electrode also passed a 17 h processing test using the material SUS304, and there 
was no apparent damage to the electrode surface in the early stage of electrode optimization. 
The lifespan of SUS304 does not exceed 3 h, mainly because the flow field is blocked by the 
products, causing short-circuit discharge during the processing and shortening of the service life 
of the electrode. Therefore, before and after electrode optimization, the service life of the 
electrode is considerably improved. The diffusion groove was measured in 3D according to the 
measurement position specified by the manufacturer and tested under the ECM-optimized 
electrode, as shown in Fig. 4(b). Figure 4(c) shows a measured section in a 2D manner. After 
comparing the measured points (the number of samples for a single section is about 180 points) 
with the finished picture of the diffusion tank, the average of ECM after calculation error is 
about 0.7 mm. In the ECM method, the electrodes and workpiece are immersed in electrolyte. 
The workpiece material is connected to the positive electrode, the tool electrode is connected to 
the negative electrode, and a DC continuous or pulse voltage is applied between the two 
electrodes. The applied working voltage causes the positive and negative ions in the electrolyte 
to flow to the positive and negative electrodes, causing oxidation and reduction and then 
dissolving the anode material.(44) Reality indicates that voltage and current are closely related to 
processing quality. ECM has many advantages: it is not affected by mechanical stress, has 
excellent performance without the effect of thermal stress, and has unique processing 
characteristics due to material hardness and brittleness, especially with almost no tool loss.(45) 

ECM tools still have advantages in processing, but ECM is complex and challenging to use to 

Fig. 4.	 (Color online) (a) The diffusion groove is processed and tested under the ECM-optimized electrode, (b) the 
3D measurement of diffusion groove processing, and (c) material allowance.
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control accuracy. Because of this, how to monitor its quality has become a significant issue. 
Furthermore, feedback on the quality of ECM compensation in EDM and its structure is shown 
in Fig. 5.
	 An experimental parameter is designed to establish the compensation model, the voltage (V) 
is fixed, and the feed (Fr) condition is changed. The raw data collected from five experiments 
are shown in Table 1. As the probability of follow-up increases, the current increases, and the 
processing time shortens.
	 The workpiece dimensions measured five times on a 3D machine are summarized in Table 1. 
As shown in the result, the behavior trends of test 1 are relatively different, so only the results of 
tests 2–5 are included to build the model. Since the EDM discussion focuses on the contact area, 
the measured area is used for subsequent model building.
	 An experimental parameter is designed to establish the compensation model, the voltage (V) 
is fixed, and the feed (Fr) condition is changed. The raw data collected from five experiments 
are presented in Fig. 6. The probability of follow-up increases, the current increases, and the 
processing time shortens.

Table 1
Workpiece dimensions on a 3D machine.

Test 1 (mm2) Test 2 (mm2) Test 3 (mm2) Test 4 (mm2) Test 5 (mm2)
Tier 1 186.737 184.648 182.246 182.633 179.452
Tier 2 174.828 170.764 167.566 167.369 163.481
Tier 3 173.274 162.794 166.293 166.121 169.486
Tier 4 167.916 168.147 165.297 165.208 161.791
Tier 5 165.757 169.146 167.441 167.067 164.066
Tier 6 171.004 168.132 164.518 164.154 161.284

Fig. 5.	 (Color online) ECM compensation discharge machining flow chart.
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	 When connecting the two processes, the measurement results of the sixth layer are used for 
comparison. Owing to the different design areas, the contact areas are different. As shown in 
Fig. 7, an electrical machining (ECM + EDM) matching method is developed. The machining 
accuracy is maintained by connecting the rough and postprocessing finishing processes, 
shortening the process connection processing time, analyzing the correlation across processes, 
and achieving process matching using electrical signals and removal area calculation 
mechanisms.
	 Figure 8(a) shows the correlation among voltage, current, and area at postprocessing 
measurement values by assigning a score from −1 to 1 to each variable. The result shows that the 
current and area have an extremely high compatibility, whereas the voltage with current and area 
show poor compatibility. Figure 8(b) shows the heat map analysis of voltage and current 
dimensions. The heat map uses a pair plot to analyze the distribution relationship between the 
two, showing all distributions between variables. Figure 8(b) also shows that the current and size 
are linear (green box), while the voltage and size (red box) are grouped. 

Fig. 6.	 (Color online) Raw data of ECM: (a) voltage and (b) current. 
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Fig. 7.	 (Color online) Connection measurement between two processes. (c) The current and size are linear (green 
box), whereas the voltage and size (red box) are grouped.

Fig. 8.	 (Color online) Heat map analysis of voltage and current dimensions: (a) variable distribution relationship 
analysis and (b) voltage and current size distribution analysis.
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	 We calculated the size change (ΔArea) of the tool inlet and outlet, as shown in Fig. 9(a). The 
results are that the ΔArea of test 1 is the smallest and that of test 4 is the largest. Figure 9(b) 
indicates that ΔArea and Fr have a concurrent relationship with time (T ), where 
Area (outlet) = f(V, I), then Area (inlet) = f(V, I) × c, and c is the gradient variable.
	 The total number of samples is 200, and the model is implemented with 90% (20) random 
cuts. The mean absolute error (MAE) is used to evaluate the difference between the regression 
results and the actual situation. If there is no difference between the two, the MAE is 0. The 
linear regression model results are shown in Fig. 10. After the test, six points are cut out 
according to the proportion and compared with the actual value, as shown in Fig. 11. The 
statistical table shows actual measurements and predictions. The error between points in a single 
layer is expressed as MAE. As shown in Fig. 11, the minimum MAE is 0.124 mm2 for test 2, and 
the minimum error of a single point is 0.02 mm2 at the six-floor tier of test 5. Its model can be 
used for online real-time measurement (monitoring). The processing quality per second can be 
known and fed back to EDM with “predicted size and time” information to facilitate the series 
connection of the two processes.
	 Table 2 shows the surface roughness (Ra) values determined by the traditional method 
(ECM) and our new machining method. The Ra value in this study is about 0.5 µm, which is 
smaller than those determined in previous studies.(43,46,47)

Fig. 9.	 (Color online) Analysis of dimensional change: (a) dimensional change and (b) relationship between 
dimensional change and time.



Sensors and Materials, Vol. 37, No. 1 (2025)	 151

Fig. 10.	 (Color online) Linear regression model results.

Fig. 11.	 (Color online) Actual measurements and model results.



152	 Sensors and Materials, Vol. 37, No. 1 (2025)

4.	 Conclusions

	 In this study, we have completed the establishment of the electrical machining (ECM + 
EDM) matching method, maintained the machining accuracy of the rough and finishing process, 
shortened the process connection processing time, and analyzed their correlation across 
processes using electrical signals and removal area calculation mechanisms to achieve process 
matching. Moreover, the contact area and time information can be fed back to EDM to facilitate 
the series connection of the two processes. We also completed the sensor installation and signal 
acquisition of the EDM process, established the monitoring module for the feature extraction of 
voltage and current signals, and established an equivalent area estimation model of the actual 
product. Some vital results are listed below.
	 After continuous processing for 17 h, the special-shaped hole ECM electrode consumption is 
≤10%. The electrical machining line sensing mold with processing accuracy control during 
discharge is ≤±0.5 µm, and the processing time of the rough/medium machining process is less 
than 24 h, which is an increase of ≥40%. 
	 The electrode correction estimation model has an equivalent area estimation function with 
the processing analysis accuracy of more than 80%, the discharge electrode consumption 
estimation error of smaller than 15%, and the identification speed of only 10 min. The electrical 
machining process optimization improved the aerospace diffuser processing efficiency by 30%.
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