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Abstract: Small-sized inner intersecting holes are a common structure for large engine nozzles,
hydraulic valves, and other parts. In order to ensure the uniform and stable fluid state in the
intersecting hole, it is necessary to process the fillet at the intersecting line and accurately control the
fillet radius. Limited by the structure and size, the rounding of the small-sized inner intersecting hole
is a technical problem, and the traditional machining methods have problems, in terms of efficiency
and accuracy. In order to solve this problem, electrochemical machining technology was applied to
the rounding of small-sized inner intersecting holes. According to the structure of inner intersecting
holes, an electrochemical rounding processing scheme with built-in fixed cathode was designed.
The electric field distribution of different cathode shapes was analyzed using finite element method
software. The influence of processing voltage and processing time on the current density distribution
was studied for different cathode shapes, to determine the most reasonable cathode shape. Taking the
inner intersecting hole with a diameter of 2 mm as the research object, and according to the analysis
of the influence of processing voltage on the processing effect, a suitable control factor for controlling
the rounding was processing time, and the optimal processing voltage was obtained. The formulas of
fillet radius and processing time were obtained by regression analysis and verified using machining
examples. The results provide a feasible method for the accurate and controllable machining of
small-sized inner intersecting hole rounding.

Keywords: small-sized inner intersecting hole; electrochemical machining; rounding; simulation;
regression analysis

1. Introduction

Small intersecting holes are a common structure in large engine nozzles, hydraulic
valves, and other parts [1,2]. When the fluid medium flows through the pipeline, in
order to make the medium flow evenly and smoothly, avoid incrustation, and ensure
the stable operation of the system, it is not only necessary to remove the burrs from the
intersecting lines, but also more precise rounding is needed for some high-performance
parts, to reduce the blocking at the intersecting line of the intersecting hole, reduce the
energy loss, and improve the reliability and accuracy of the fluid system [3,4]. Restricted
by the structure and size of the inner intersecting hole, accurate and controllable rounding
of the intersecting line is a difficult problem. At present, the methods for improving
the shape of the intersecting line mainly include mechanical machining [5,6], abrasive
waterjet machining [7,8], ultrasonic machining [9], magnetic abrasive machining, and
electrochemical machining [10,11]. Electrochemical machining is non-contact machining,
which has the advantages of not being restricted by material hardness, a good surface
quality after machining, and high machining efficiency, and it is more suitable for the
machining of difficult structures, such as the intersecting line of pinholes, thin tube inner
walls, and blades [12–14]. Zhao et al. [15] used electrochemical finishing on the inner surface
of deep holes after additive manufacturing. The Ra value of the inner surface roughness
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of the deep holes decreased from 15.991 µm to 10.396 µm, and the Rz value of the surface
roughness decreased from 84.226 µm to 54.962 µm. Li et al. [16] conducted a multi-physical
field coupling simulation on electrochemical machining in film cooling holes. The results
showed that pulsed electrochemical machining improved the temperature distribution
and current density of the machining area, which improved the accuracy and stability
of electrochemical machining in the holes. Tang et al. [17] used a new pull downstream
cathode structure to process a large-diameter special-shaped inner spiral tube, effectively
improving the uniformity of the electrolyte flow field and improving the surface quality.
Wang et al. [18] improved the flow field and processing positioning using a synchronous
pulse current and low-frequency oscillations, thus reducing the stray corrosion on the side
wall of rhomboid holes. Zhang et al. [19] optimized the cathode shape of electrochemical
machining for small inner-walled ring grooves of 1J116 material, and adopted an optimized
cathode shape to effectively change the flow field distribution during the machining process
and improved the surface quality.

The above research shows that electrochemical machining can effectively improve the
surface quality and shape accuracy of special-shaped parts, but it has strict requirements for the
design of the cathode structure and the distribution of the flow field in the machining [20,21].
The electrochemical machining processes of intersecting holes, deep holes, and through-
holes are affected by physical fields, such as the flow field and electric field [22]. The finite
element simulation method has been used to explore the physical field characteristics in the
machining process, to predict the workpiece formation condition, which can shorten the
cathode development cycle and reduce the manufacturing cost [23–25]. Lin et al. [26] used
finite element simulation to optimize the design of a cathode for machining complex parts
with multi-stage internal cone holes and verified through experiments that the gap and flow
field of the cathode with a cone angle of 2◦ were evenly distributed during the machining
process. Chai et al. [27] developed and analyzed the flow path of the gap flow field
geometry model based on a CFD simulation of electrolyte flow state, and determined the
influence of the flow field on the accuracy and stability of the cooling hole manufacturing
process. Jia et al. [28] used COMSOL simulation software to optimize the cathode shape in
the electrochemical machining process of square deep holes and optimized the combination
of processing parameters through gray relational analysis, which successfully solved the
technical problem of electrochemical machining of square deep holes. The intersecting hole
was a typically shaped hole, and the electrochemical machining of the inner intersecting
hole could be generally divided into two categories: one is deburring, the other is shape
machining. Choi et al. [29] inserted a cylindrical cathode into a small hole intersecting
with a large hole, and proposed an automatic electrolytic deburring method based on
current detection, to deburr the intersecting hole with a diameter of 5 mm, and reducing
the burr height of 0.9 mm to 0.15 mm. Zhang et al. [30] analyzed the deburring effect of
different shapes of cathodes using a finite element method, and thickened the spherical
and cylindrical tangent parts of hemispherical cathodes, to remove burrs in the intersecting
holes with a diameter of 5 mm, which improved the machining efficiency and quality. Wang
et al. [31] proposed a localized electrochemical deburring process using gel electrolytes,
to reduce the burr height from 473.832 µm to 178.643 µm, effectively solving the problem
of stray corrosion during electrochemical deburring. Kong [32] proposed a nested circle
fitting method for the centering of micro-holes, aiming at the accuracy and stability of
centering during the secondary processing of micro-holes, which could effectively remove
the edge and surface burrs of micro-holes. Deburring can effectively improve the flow field
characteristics of intersecting holes, but for some parts with special requirements, it cannot
fully meet the requirements of use. Thus, it is necessary to round the intersection line of the
intersecting holes. The processing of a fillet requires the cathode to form a special shape
to meet the electric field distribution required for fillet formation. Shen et al. [33] used a
cathode with an intersecting structure to study the deburring and arc modification of the
intersecting line of the intersecting hole in a fuel injector. The radius of the transition arc
was controlled to be 2 mm, and the radius error of the arc contour was about 10%.
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At present, theoretical and experimental research on the electrochemical machining
of intersecting lines of small intersecting holes has carried out beneficial explorations of
deburring and formation, and some research has great application value. However, it
remains a challenge to achieve accurate control of the fillet shape. The difficulties include
the following: (1) In order to ensure the fillet shape, it is necessary to design a cathode with
a special shape, to ensure a uniform and stable flow field in a small space. (2) The diameter
of the intersecting hole restricts the size of the cathode. The current processing method is
to insert the cathode from the small hole, and it is difficult to make a small-sized cathode
with a special shape. (3) The gap state changes in real time during the machining process,
and there is a linkage relationship between the machining gap, current density, and current
efficiency. How to accurately consider the electric field distribution law is also a difficult
problem.

In order to solve the above problems, this paper proposes a built-in fixed cathode
electrochemical rounding technical scheme. By arranging the cathode opposite to the
outside of the small intersecting hole, restriction of the diameter of the small intersecting
hole on the shape of the cathode is removed from the processing method, and this is also
conducive to the formation of a uniform and stable electrolyte flow field. Aiming at a
dynamic change of the electric field distribution under the condition of a variable gap, the
finite element method was used to simulate the electric field, and the influence law of the
shape of the cathode and the machining voltage on the rounding process was obtained,
and the appropriate shape of the cathode was selected accordingly. Taking a 304 steel
material and small intersecting-hole parts with a diameter of 2 mm as research objects,
the variation law of the fillet radius with the processing time was experimentally studied,
and a mathematical model was established and verified using experiments. The research
results provide a feasible solution for the controllable machining of the inner fillet of
small intersecting holes, and also provide a reference for the electrochemically-controllable
removal of materials under the condition of a variable gap.

2. Electrochemical Machining Scheme of an Inner Fillet

At present, the commonly used electrochemical rounding method for intersecting
holes is shown in Figure 1a. The cylindrical cathode is inserted into the blind hole, and
the part near the chamfer is in contact with the electrolyte, while the other parts are
insulated. The cathode shape of this scheme is simple and easy to manufacture, but the
problem is that, due to the limitation of the diameter of the intersecting hole, the rigidity
of the cathode is insufficient, and it is difficult to process into a specific cathode shape.
In addition, the cathode occupies the space in the small hole, which affects the flow of
the electrolyte, making it difficult to accurately control the shape of the fillet. Therefore,
a built-in fixed cathode electrochemical rounding scheme is proposed in this paper, as
shown in Figure 1b. In this built-in fixed cathode electrochemical machining scheme, the
cathode is outside the small hole, and the size is not limited by the hole diameter, which
strengthens the rigidity of the cathode. In addition, if the insoluble electrolytic products
generated in the machining process accumulate in the machining gap, this may cause a
short circuit or even make it difficult to continue the processing, and the uneven flow field
will lead to stray corrosion. A built-in fixed cathode electrochemical machining scheme
can make the electrolytic products discharged in time, make the electrolyte flow field
relatively uniform, and reduce the interference between the cathode position and the flow
field, which can improve the processing stability and the molding accuracy of the fillet. A
comparison of the two processing schemes is shown in Table 1. Using the built-in fixed
cathode electrochemical rounding scheme to process the inner fillet of a small intersecting
hole can avoid the shortcomings of the existing processing methods and is conducive to
the realization of controllable processing.
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Figure 1. Electrochemical chamfering schemes for small-sized inner intersecting holes. (a) Conven-
tional electrochemical intersecting hole chamfering scheme; (b) built-in fixed cathode electrochemical
intersecting hole chamfering scheme.

Table 1. Comparison of the two processing schemes.

Comparison Items
Conventional Electrochemical
Machining Solution for
Intersecting-Hole Chamfering

Built-In Fixed Cathode
Electrochemical Machining
Solution for Intersecting-Hole
Chamfering

Small hole diameter

Limited by the diameter of the
cathode, the rigidity of the
cathode is insufficient, and it is
suitable for processing
intersecting holes with larger
diameters.

The cathode is outside the small
hole, the rigidity of the cathode is
not limited by the diameter size,
and the processing stability is
good.

Flow field state
The cathode occupies small holes,
and the uniformity of the
electrolyte flow field is affected.

The electrolyte flow field is
uniform, which is beneficial for
improving the processing quality.

Electric field state

The manufacturing process of the
cathode is poor, the processing
part is difficult to form into a
specific shape, and the electric
field distribution state is not
conducive to the formation of
fillets.

The manufacturing process of the
cathode is good, the processing
part is easy to form into a specific
shape, and the electric field
distribution state is conducive to
the formation of fillets.

Rounded shape
The gap of the electrolyte outlet
changes, and the shape of the
fillet is not easy to control.

The machining gap is
symmetrical on both sides of the
intersecting line, and the shape of
the fillet is easily controllable.

3. Simulation Study of Cathode Shape
3.1. Cathode Shape Design

According to the requirements of fillet processing of inner intersecting hole, the ideal
cathode shape is a concave shape that is opposite to the fillet shape. However, during
the formation process of the fillet, the shape and size are constantly changing, and the
state of the machining gap changes accordingly; thus, the final shape of the fillet is only
approximate to the ideal shape. To achieve precise control of the radius of the fillet, the key
is that the distribution of the electric field is conducive to the formation and control of the
fillet during processing. At the same time, the electrode shape should also be considered
for ease of processing. Therefore, four cathode shapes: cylindrical, conical, hemispherical,
and concave, are designed in this paper, as shown in Figure 2 (only the chamfered parts of
the workpiece are drawn in the figure). A reasonable cathode shape was determined by
finite element simulation, as follows:
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(c) conical cathode; (d) concave cathode.

3.2. Influence of Cathode Shape on Machining

In this section, COMSOL Multiphysic software was used to analyze the electric field
distributions corresponding to the four cathode structures, and the cathode shapes suitable
for electrochemically controllable machining were obtained. Then, simulation analyses
of the current density at different times and different voltages were carried out, and
the variation law of the electrochemical fillet machining efficiency was obtained, which
provided a reference for experimental research. The simulation parameters were as follows:
the electrolyte temperature was 25 ◦C; the processing voltage was 10 V; the anode material
was 304 stainless steel; the volume electrochemical equivalent was 2.09 mm3/A·min [34];
the mass fraction of NaNO3 electrolyte was 15%, and its initial conductivity was 11.6 s/m;
considering the influence of bubbles on electrical conductivity, the influence index was
taken as 1.5 [35]; the current efficiency η and current density i satisfy Formula (1).

η =
0.85

1 + e(10−i)/6
− 0.1 (1)

3.2.1. Influence of Cathode Shape on the Electric Field Distribution

In order to explore the electric field distribution during processing, simulations of
current density distributions at different processing times were performed for the four
cathode structures shown in Figure 2, and the results are shown in Table 2. With cylindrical
and hemispherical cathodes, the anode surface was equipotential at the beginning of
machining, and the electric field lines passed vertically through the surface of the anode.
The curvature radius of the sharp corner at the intersecting line of the holes was small, and
the density of the electric field line perpendicular to the surface was higher, which resulted
in the greater electric field intensity and higher current density in this area. Therefore, at the
beginning of processing, the current density as highly concentrated in the sharp corners of
the workpiece, and the sharp corners were removed at a fastest rate, which was beneficial
for improving the processing efficiency. However, after the fillets were formed, the current
density distribution on the surface of the fillets was excessively concentrated in the middle
of the fillets, and the formed fillets gradually became oblique corners. Using conical and
concave cathodes, the current density was less concentrated on the chamfered part than
with cylindrical and hemispherical cathodes. With machining, the sharp corners of the
workpiece gradually formed fillets. With this process, the curvature radius of the chamfered
part increased gradually, and the density of the electric field lines perpendicular to the



Appl. Sci. 2022, 12, 10666 6 of 14

surface decreased uniformly. As a result, the current density distribution on the surface of
the formed fillets gradually became sparse and uniform, and the material removal speed
of the chamfered parts was slowed, which was beneficial to accurately control the change
of the fillet size during processing. Therefore, concave cathodes and conical cathodes are
more suitable for electrochemically controllable machining of small intersecting-hole fillets.

Table 2. Variation of current density distribution with processing time for different cathode shapes.

Processing Time Cylindrical Cathode Hemispherical Cathode Conical Cathode Concave Cathode

0 s
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gap during machining. The simulation of the current density variation with time at the 
minimum gap of the machined surface under different voltage conditions was carried 
out, and the results are shown in Figure 4. In general, the efficiency was high at the be-
ginning of the process and gradually decreased. At the beginning of processing, the cur-
rent density of the conical cathode was higher, and the processing efficiency was slightly 
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the two tended to become consistent, and the processing efficiencies were basically the 
same. 
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3.2.2. Influence of Cathode Shape on Machining Efficiency

The machining efficiency of a fillet can be expressed by the maximum current density
of the machined surface. As shown in Figure 3, for the conical and concave cathodes,
the maximum current density on the surface of the workpiece is always at the minimum
gap during machining. The simulation of the current density variation with time at the
minimum gap of the machined surface under different voltage conditions was carried out,
and the results are shown in Figure 4. In general, the efficiency was high at the beginning of
the process and gradually decreased. At the beginning of processing, the current density of
the conical cathode was higher, and the processing efficiency was slightly higher than that
of the concave cathode. With continued processing, the changing laws of the two tended to
become consistent, and the processing efficiencies were basically the same.

Considering the electric field distribution of different shapes of cathodes and the
changes with time, conical cathodes and concave cathodes are suitable for the electrochemi-
cally controllable machining of small intersecting-hole fillets, and the machining efficiency
of conical cathodes is slightly higher. At the same time, considering the manufacturing
process, the conical cathodes are easier to process, so a conical cathode was used for the
experimental research.
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4. Experimental Research on the Electrochemical Machining of an Inner Fillet
4.1. Cathode Shape Design

The experimental setup is shown in Figure 5. During processing, the workpiece
was connected to the positive pole of the power supply, the tool was connected to the
negative pole of the power supply, and the cathode was arranged opposite to the fillet to
be processed. The electrolyte flows into the processing area from the central hole of the
cathode positioning block, and flows uniformly from the periphery of the cathode, ensuring
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the stability of the flow field. The cathode part corresponding to the non-processed area of
the workpiece was insulated by the insulating sleeve, and at the same time, it can fix the
cathode and avoid cathode jitter.
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4.2. Experimental Conditions

The experimental conditions were determined with reference to the process parameters
obtained from the simulation, as shown in Table 3. In order to reduce the number of
workpieces, the workpiece was designed as a multi-intersecting-hole structure, as shown
in Figure 6a. An actual picture of the workpiece is shown in Figure 7. Electrochemical
rounding with different machining times and machining voltages was performed on the
intersection of small holes in the workpiece. After machining was completed, it was cut
along the central axis of the holes, and the radius values were obtained.

Table 3. Experimental conditions.

Experimental Conditions Parameters/Units Value

Cathode
Material 304 stainless steel
Size (mm) Figure 6b

Power Supply Voltage range (V) 0~36
Current range (A) 0~200

Workpiece Material 304 stainless steel
Size (mm) Figure 6a

Electrolyte Main components NaNO3 + Water
Mass fraction 15%

Main parameter
Initial machining clearance (mm) 0.7
Processing time (s) 0~480
Processing voltage (V) 4~14

Measuring instrument Industrial camera UV20S
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Figure 7. Physical section of the cathode and workpiece.

4.3. Experimental Results and Discussion
4.3.1. Influence of Machining Voltage on the Machining Effect

The controlling factors of electrochemical rounding machining include the machining
voltage (current) and machining time. First, the influence of machining voltage (current)
on the machining effect was studied under the condition of a constant machining time.
The machining time was set to 120 s, and the machining voltage was changed to carry out
electrochemical rounding machining experiments. The experimental results are shown in
Table 4. It can be seen from the table that when the voltage was increased to more than
10 V, the machining effect was too sensitive to changes in machining voltage, indicating
that it would be difficult to realize the precise control of the rounded shape by adjusting
the machining voltage. Under the premise of stable and controllable machining process
and guaranteeing machining quality, the higher the machining voltage, the higher the
machining efficiency of the fillets. Therefore, the selected machining voltage was 10 V, and
the radius of the fillets was controlled by changing the machining time.

4.3.2. Fillet Radius as a Function of Processing Time

Under a 10 V machining voltage, the experimental results of the fillet radius for differ-
ent machining times are shown in Figure 8. At the beginning of the processing, the fillet
radius changed rapidly. As the processing progressed, the corner radius further increased,
but the growth rate slowed down. The experimental law is basically consistent with the
change law of the chamfering radius obtained from the simulation. At the beginning of pro-
cessing, the tip effect at the intersecting line was significant, and the workpiece dissolved
quickly. As the processing progressed, the intersecting lines formed fillets, the tip effect
was weakened, the electrolytic product reduced the conductivity of the electrolyte, and the
dissolution rate of the workpiece slowed down. When the processing time increased to
420 s, the fillet radius was greater than 1 mm, the chamfering processing efficiency became
very low, and the fillet radius basically did not increase.
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Table 4. Influence of machining voltage on the machining effect.

Machining
Voltage (V) Processing Phenomenon

4 Few bubbles appear; electrolysis products can be discharged in time; fillets are
regular in shape.

6 Small amounts of bubbles appear; electrolysis products can be discharged in
time; fillets are regular in shape.

8 Small amounts of bubbles appear; electrolysis products can be discharged in
time; fillets are regular in shape.

10
Many bubbles appear; small amounts of electrolysis products remain between
the insulating sleeves and the workpiece, which does not affect normal
processing; fillets are regular in shape.

12
Many bubbles appear; small amounts of electrolysis products remain between
the insulating sleeves and the workpiece; the shape of the fillet is deformed,
and the hole walls on both sides of the fillet are unevenly corroded.

14
A large number of bubbles appear; a large number of electrolysis products
remain between the insulating sleeves and the workpiece; the shape of the fillet
is deformed, and the hole walls on both sides of the fillet are severely corroded.
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According to the variation law of the fillet radius with the processing time in Figure 8,
it is speculated that the fillet radius may be approximately a quadratic function of the
processing time. A 95% confidence was used, the experimental results were analyzed
by quadratic regression, and the results are shown in Table 5. For univariate quadratic
regression, this can be treated as a polynomial regression and the significance can be
validated using an F-test. According to Table 5, the calculated F-statistic value is 1017.89. By
querying the F-distribution function, when the significance level was 0.05, the first degree of
freedom was 2, and the second degree of freedom was 13 and the standard F-statistic value
was 3.81. The calculated F-statistic value of 1017.89 was much higher than the standard
F-statistic value of 3.81, and the results of the regression analysis passed the F-test. The
significance of the regression results was validated, and it can be seen that the fillet radius
and the processing time satisfy the quadratic regression equation. The quadratic fitting
relationship between the fillet radius R (mm) and the processing time t (s) is shown in
Formula (2). According to the Formula (2), the processing time of the expected radius can
be calculated, and a controllable chamfering processing of the small intersecting hole can
be realized.

R = −0.0000046t2 + 0.0044t + 0.0122 (2)
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Table 5. Regression analysis of the fillet radius and processing time with a 10 V voltage.

df SS MS F Significance F

Regression analysis 2 1.4675 0.7338 1017.89 5.2 × 10−15

Residuals 13 0.0094 0.0007
Total 15 1.4769

Coefficients Standard Error t Stat p-Value Lower 95.0% Upper 95.0%

Intercept 0.0122 0.0229 −0.5327 0.6032 −0.037 0.062
t2 −4.6 × 10−6 3.9 ×10−7 −11.567 3.2 × 10−8 −5.4 × 10−6 −3.7 × 10−6

t 0.0044 2.1 × 10−4 21.467 1.6 × 10−11 0.004 0.005

4.4. Processing Example

For the experimental workpiece shown in Figure 6a, the actual processing effect was
verified according to the target fillet radius of 0.4 mm, 0.5 mm, 0.6 mm, 0.8 mm, and 1 mm.
According to Formula (2), the processing time required for the corresponding fillet radius
was calculated and rounded, as shown in Table 6.

Table 6. Experimental condition.

Intersecting Hole Fillet
Radius R (mm)

Processing Time t (s)

Calculated Value Test Value

0.4 98.22 98
0.5 127.99 128
0.6 160.53 161
0.8 238.53 239
1.0 359.96 360

According to the processing time in Table 6, the experiment was repeated three times,
and the experimental results and errors are shown in Table 7. The processing effect of the
first experiment is shown in Figure 9. During actual machining, due to the different burr
states of the intersecting hole and the influence of cathode positioning errors, there was a
certain error between the actual machining radius and the target radius. The maximum
value of the error was 4.2%, the minimum value was 2.1%, and the average value was 2.9%.

Table 7. Actual machining results and errors.

Intersecting
Hole Fillet

Radius R (mm)

Calculated
Processing

Time (s)

Radius Value of
Three Repeated

Experiments (mm)
Error (%) Average Error

(%)

0.4 98
0.415 3.8

2.10.410 2.5
0.400 0

0.5 128
0.510 2

3.30.480 4
0.520 4

0.6 161
0.620 3.3

4.20.570 5
0.625 4.5

0.8 239
0.810 1.3

2.70.775 3.1
0.830 3.8

1.0 360
1.005 0.5 2.2
0.980 2
1.040 4

Notes: Error = (actual radius − target radius)/target radius × 100%.
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5. Conclusions

Regarding the issue of small-sized inner intersecting hole fillet processing, this paper
explored the influence law of machining parameters on the fillet radius through simula-
tions and experimental research; based on which, a feasible method of electrochemically
controllable chamfering was proposed. The main conclusions of this study are as follows:

(1) A built-in fixed cathode machining method is more suitable for the electrochemical
rounding machining of small intersecting holes, which is conducive to forming a specific
cathode shape and improving the stability of the flow field.

(2) A conical cathode not only has a good manufacturing process, but the law of
electric field distribution change with time is also conducive to the formation and accurate
control of fillets. At the beginning of processing, the concentration of the current density
at the sharp corners of the workpiece is beneficial for improving the processing efficiency;
and after the fillet is formed, the uniformity of the current density distribution is beneficial
for accurately controlling of the fillet size.

(3) A built-in conical fixed cathode was adopted, and the radius of the small in-
tersecting hole could be precisely controlled by adjusting the processing time. For the
experimental specimens in this paper, using the processing parameters obtained by the
established regression equation, the maximum error between the experimental value and
the predicted value for different fillet radius within 1 mm was 4.2%. The minimum value
as 2.1%, and the average value was 2.9%.

In further research, we will analyze the surface quality of the parts built with built-in
conical fixed cathode for electrochemical chamfering, and adjust the processing parameters
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under the condition of considering both the roughness and processing size, to further
optimize the machining scheme.
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