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Deburring of high-precision components to their micrometer features without any damage is very important but of great
difficulty as the burr-to-functionality size ratio increases. To this end, this paper proposes a new deburring method in which the
micro burr should be directly removed based on ultraprecision cutting with the designed monocrystalline diamond tool. To
determine the feasibility of the proposed method, this paper applies it for deburring of the precision working edge of the servo
valve core. Firstly, the monocrystalline diamond tool is carefully designed by covering a variety of topics like rake angle,
clearance angle, edge radius. Then, the finite element (FE) simulation was conducted to characterize the deburring performance
during the removal of the micro burr produced by the single abrasive grinding. Finally, an innovative self-designed deburring
system was introduced and the deburring process was evaluated in terms of cutting forces, temperatures, tool wear mechanisms
and deburring quality of the working edges by experiments. The FE simulation results indicate the suitability of the proposed
deburring method. Meanwhile, the experimental findings agree well with simulation results and show that ultraprecision cutting
with the specialized monocrystalline diamond tool could be successfully used for deburring of servo valve core edge without any
damage. This work can provide technical guidance for similar engineering applications, and thus brings an increase to the
machining efficiency for the manufacture of precision components.
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1 Introduction

Traditional cutting processes of metals such as milling,
turning, grinding, are extensively applied for manufacturing
of the high-precision components with micrometer-sized
features in modern industries, due to their accuracy effec-
tiveness and high efficiency [1–4]. Formation of burrs is still
one of the biggest challenges faced by the conventional
manufacturing operations, which are usually yielded on the
workpiece edges owing to lack of support for the flowing

material during the cutting/grinding process [5–7]. The burrs
should have significant negative impacts on the accuracy and
even the functionality of the components. Therefore, the
development of deburring processes is of vital importance.
Currently, various deburring methods have been in-

troduced in the literature. According to the principles of the
burr removal, these methods can be basically categorized
into four types, i.e., the mechanical, electrical, chemical, and
thermal deburring operations. As for the mechanical method,
it is the typical and traditional method widely used in prac-
tical productions. Jang et al. [1] reported a deburring method
predominantly depending on the magnetorheological fluid
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with a variable yield stress, which could be controlled by an
external magnetic field. The burrs with a height of nearly
200 μm on the micro-molds were removed successfully.
Kwon et al. [8] mentioned an abrasive deburring method that
utilized a pipe with a hole to move water with an abrasive
and a pump for suction. This method could remove the small
burrs effectively at the intersecting holes inside the products,
but is inapplicable for removal of the large burrs due to the
limited deburring force. Damian et al. [9] applied the vibra-
abrasive machining for deburring the sharp edges of soft
materials, and the experimental results showed that in-
creasing treatment time caused a reduction in the length of
burrs. However, in the mechanical method, the problems of
over-machining as well as other mechanical damages still
need to be carefully avoided with much attention. As for the
electrical method, of which the electrical discharge ma-
chining (EDM) is the most extensively used. Jeong et al. [10]
used the micro EDM with a small-diameter cylindrical tool
for deburring the micro-features and achieved promising
results only for the conductive materials, such as aluminum,
copper, and stainless steels. Islam et al. [11] applied the EDM
for removal of burrs during the drilling process of carbon
fiber reinforced plastic composites (CFRP). Through the
experiments, the copper electrode was tested to perform the
best in both of the deburring time and the material removal
rate than the steel, brass, and aluminum. However, due to the
limitation of electrical discharge conditions, the electrical
method can only be used for deburring the conductive ma-
terials. As for the chemical method, it is much applicable for
removing the burrs inside the deep holes and, among this
method, the electrochemical approach is the most widely
accepted. Choi and Kim [12,13] developed an electro-
chemical deburring method by using electroplated cubic
boron nitride wheels for the removal of burrs in an internal
cross hole and obtained the optimum conditions for the de-
burring process. On the basis of the burr removal mechanism
of electrochemical dissolution, Sarkar et al. [14] developed a
mathematical model to evaluate the deburring performances
of this method and gave the parametric limits for the proper
operation. However, the deburring efficiency of this method
still needs to be improved. As for the thermal method, the
electron beam (EB) and the laser are the two main sources of
energy used for the burr removal purpose. Kim and Park [15]

used the large pulsed EB to assist the abrasive deburring for
the patterned metal masks, and successfully reduced the size
of burrs to approximately 7.2 μm, much less than the results
of abrasive deburring alone 38.01 μm. Okada et al. [16]
proposed a large-area EB irradiation method with high and
uniform energy distribution for instant melting of metal
surfaces, thus removing the micro-burrs completely. Ex-
perimental results showed that the micro-burrs at the edges
of small holes could be removed at once. Besides of the EB,
the laser deburring method was also regarded to have an
extended degree for the manufacturing automation, but it
was found by Möller et al. [17] that the effects of the tem-
perature field on the deburring result were significant, and
the burning was easily caused to the material substrate.
Moreover, for the thermal method, the low controllability of
deburring area is still a big challenge.
Generally, the traditional deburring procedures mentioned

above are unsuitable for some acute cases, where the burr-to-
functionality size ratio for the precise features at micrometer
scale is too high to ignore since it would become of difficulty
to remove the burrs effectively without any damage to the
micro-features of the workpieces. For instance, the burr
height on the precision working edge of servo valve core
applied in the rockets and missiles is approximately 5 μm
shown in Figure 1 and the burr could not be removed by the
above deburring methods since overcut is likely to occur
during the deburring process. However, the high-precision
manufacturing technologies, such as ultraprecision cutting,
are expected to meet these requirements that cannot be
achieved by conventional deburring processes and open new
technological possibilities for deburring of these precision
products due to its high machining accuracy of ultraprecision
cutting. For this purpose, this paper proposed a new online
deburring method to remove the burrs on the precision
working edges of the workpieces based on the ultraprecision
cutting (monocrystalline diamond turning), which is parti-
cularly suitable for the burrs with micrometer features. This
deburring process functions by utilizing a specially designed
monocrystalline diamond tool, whose motion precision
works in micron scale under the controlling system. In this
paper, the performances of the deburring process are quan-
titatively examined and evaluated through the application for
deburring of the working edges of servo valve cores after the

Figure 1 (Color online) Burr appearance and size on the precision working edge of the servo valve core.
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end-face grinding operation. A variety of topics, including
the cutting forces, temperatures, tool wear and deburring
quality of the working edges, are concerned respectively.
Besides, the burr removal mechanism is also investigated
and explained through the finite element (FE) simulation.
The following sections of this paper will describe: (1) the
geometrical design of the monocrystalline diamond tool and
discussion on the deburring performances based on FE si-
mulation; (2) the experimental setup of the online deburring
method/system; (3) the experimental results including the
deburring forces, temperatures, tool wear mechanisms, and
deburring quality of the working edges.

2 Theoretical investigation

2.1 Geometrical design of the monocrystalline diamond
tool

The geometrical parameters of the monocrystalline diamond
tool to be designed mainly include the rake angle γ, relief
angle α, and the edge radius r. Owing to the significant in-
fluence of crystal orientation of the diamond substrate on the
cutting performances such as chipping and wear resistance
[18], the tool geometry needs to be designed corresponding
to the crystal lattice of the monocrystalline diamond. In ad-
dition, as for the tool fabrication method of the mechanical
lapping, the polishing direction of the lapped tool facet is
highly recommended to be parallel to the ‘soft’ orientation of
the diamond. As illustrated by the literatures [18–20], the
visible tool wears usually occurred on the flank face of the
diamond tool. Therefore, to improve the anti-wear perfor-
mance of the tool, the flank face should be oriented in order
to obtain the high tensile strength in the cutting direction
[21]. In this study, the rake face and flank face of the
monocrystalline diamond are elaborately designed on the
special crystal planes as shown in Figure 2. Specifically, the γ
is 6°, α is 10°, the surface roughness Ra is less than 0.01 μm,
and the r is 80 nm.

2.2 Evaluation of the deburring performance based on
FE simulation

The FE simulation has become an appropriate technique for
studying the micro-scale processes in the cutting zone at the
millisecond timescale, which cannot be studied experimen-
tally or by analytical calculations [22]. It can model the
physical properties of both the tool and the workpiece
through meshing the two objects into a large number of
discrete nodes. During the simulation, physical variables of
the nodes are changed due to the evolution of boundary
conditions, which can eventually show the mechanical and
thermal variable fields dynamically in the cutting zone as
well as the machined surface integrity and tool wear [23].

Owing to the reasonable prediction accuracy for the cutting
forces and temperature fields, the FE simulation has been
widely accepted and applied in engineering and academia
[24–26].
To better understand the mechanism during the removal of

micro-burrs and provide theoretical guidance for the feasi-
bility of the proposed method, the FE simulation of the de-
burring process with a monocrystalline diamond tool is of
great significance. To characterize the effectiveness of the
deburring simulation, it is necessary to ensure that the burr
model in the simulation is in accordance with the actual
micro burr. Therefore, the simulation of burr formation in the
grinding process with a single abrasive was conducted before
the deburring simulation.

2.2.1 Simulation of burr formation
Firstly, the geometry of the single SiC grain was modeled
based on the average sizes of the abrasive grains on the
grinding wheel used in the production site. The tip radius of
the abrasive is 25 μm, and the tip angle is 72°. Secondly, the
parameters of the cutting depth and cutting speed of the grain
were given based on the actual end-face grinding process.
Thirdly, the boundary constraints were given to the work-
piece of 440C stainless steel. The process parameters of the
simulation for burr formation are: cutting speed is 30 m/s;
cutting depth is 6 μm, environment temperature is 20°C, and
with no coolant.
In this paper, both the simulation of burr formation and the

following deburring process were carried out with the
commercial FE simulation software Deform-3DTM. The
thermal-mechanical behavior of the workpiece in the present
work was described by the Johnson-Cook (JC) constitutive
model, which depicted the flow behaviors (strain hardening,
strain rate sensitivity, and thermal softening) over wide strain
and temperature range. The JC model is expressed as follows
[27]:

A B C T T
T T= ( + ) 1 + ln 1 ,n

m

0

r

m r

where , , and T represent the equivalent flow stress, the
equivalent plastic strain, the plastic strain rate, and the ab-
solute temperature respectively. The other parameters of the
JC model are n (strain hardening exponent), m (thermal
softening exponent), A (initial yield stress), B (hardening
modulus), C (strain rate sensitivity coefficient), 0 (reference
strain rate), Tr (reference temperature) and Tm (melting
temperature), respectively. The coefficients involved in the
JC model used for simulation are listed in Table 1 [28].
The simulation and experimental results of the burr for-

mation were plotted in Figure 3. As can be seen from this
figure, when the simulation of the grinding process with a
single abrasive was finished, the burr was finally acquired. In
comparison to the actual burr obtained through experiments
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with the same process parameters, it can be noted that the
length of the predicted burr is 15 μm, which is 15.4% more
than that of the actual burr, and the height of the predicted
burr is 12 μm, being 14.3% less than that of the actual burr.
Furthermore, the burr morphology obtained by the FE si-
mulation and experiment includes two parts: cutting-induced
burr and extrusion-induced burr. The length of cutting-in-
duced burr is slightly shorter in the simulation compared to
the experimental results. This phenomenon can be attributed
to the premature fracture of the burr in the simulation since
the damage parameters adopted in the simulation has in-
evitable error compared to that in the actual experiments.
Whereas the extrusion-induced burr length in the simulation

is slightly longer due to that the strain rate hardening of the
material under high linear velocity in the experiments is re-
latively stronger than that described by the FE simulation. In
general, it can be concluded that the predicted burr in the
simulation agrees well with the actual burr obtained from the
experiment. The reasonable simulation of burr formation
could contribute to the reliability of the following deburring
simulation.

2.2.2 Simulation of deburring process
In the deburring simulation, all of the geometrical parameters
of the cutting tool, the workpiece, the boundary constraints
and process parameters are identical as those used in the

Table 1 Coefficients of the JC model for the workpiece material [28]

Coefficient A (MPa) B (MPa) C M n 0 (s
−1) Tm (°C) Tr (°C)

Value 209.7 1383.2 −0.0095 0.5147 0.915 0.01 1400 20

Figure 2 (Color online) Geometrical design of the monocrystalline diamond tool.

Figure 3 (Color online) The comparison of burr size between simulation and experimental results.
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experiments. The room temperature is set as 20°C in the
deburring simulation. The cutting speed of the deburring tool
was 94 mm/s, which was determined by the linear velocity of
the rotating working edge of the servo valve. Upon com-
pleteness of simulation, the results could be demonstrated
through the postprocessor. In this work, the fundamental
physical properties of cutting forces and temperatures in the
cutting zone were carefully captured since the cutting force is
a most important factor in determining the micro chipping
and abrasive wear of tool edges and the temperature is
usually the reason of diffusion wear on the tool edges.
Detailed views of the temperature rise field and effective

flow stresses field in the cutting region are shown in Figures
4 and 5, respectively. It can be seen from Figure 4 that higher
temperature rise existed in the entire burr body than the
workpiece substrate, with the highest one on the burr surface
that contacted with the tool. The gradient distribution of the
temperature rise on the workpiece was obvious, which de-
creased from the side near the cutting zone to the opposite
side due to the heat conduction. As for the effective flow
stresses drawn from Figure 5, they only existed in the plastic
flowing materials, inducing the cutting force acting on the
moving tool. Meanwhile, Figure 5 obviously shows that the
effective flow stresses were mainly generated in the burr

body, with a concentration at the burr root connecting with
the workpiece substrate. Furthermore, the variation of ef-
fective flow stress during the deburring process is plotted in
Figure 6, in which the flow stress field corresponding to
different deburring moments can be characterized clearly.
To determine the evolution of the cutting forces involved

in the deburring process, the three-dimensional cutting forces
in the deburring simulation were summarized in Figure 7. It
is clear that the forces in the three orthogonal coordinates,
regardless of the magnitudes, have a similar variation trend.
Overall, the whole procedure could be divided into three
phases: before deburring, in deburring and after deburring,
respectively. The first was an air-cut period. However, the
weak fluctuation of cutting forces still occurred in this period
due to the friction between the tool flank face and the side
face of the workpiece when the tool was moving forward.
The second was the cutting period during which the tool
contacts directly with the overhanging burr. The cutting force
along with the feed direction increased firstly to the max-
imum of 0.32 N and then decreased with the increment of
simulation time. Periodically, the third was also an air-cut
period with a small residual force caused by the friction,
which was similar to the first period. In particular, the major
cutting force Fz was much larger than Fy and Fx, which in-

Figure 4 (Color online) Temperature field during the deburring process.

Figure 5 (Color online) Effective flow stresses field during the deburring process.
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dicates the tangential force perpendicular to the burr plays an
essential role during the deburring process. Besides, the
variation of the cutting temperatures as a function of the
simulation step is shown in Figure 8. As can be seen, the
temperature exhibited a consistent variation trend with the
cutting forces, including three categorical periods as well.
This phenomenon indicates that there was a close internal
relevance between the two physical quantities. In the first

period, the temperature presented a linear growth. In the
second period, the temperature increased to a maximum of
about 38.1°C and then decreased. In the third period, the
temperature showed a linear downward trend with versus
simulation step. According to the results, it could be con-
cluded that the temperature was too low to cause chemical
reactions to the diamond tool during the deburring process.
Indeed, the deburring process is a special case of intermittent

Figure 6 (Color online) The variation of effective flow stress during the deburring process.

Figure 7 (Color online) Variation of the three-dimensional cutting forces
in the deburring simulation. Figure 8 (Color online) Variation of the cutting temperature in the de-

burring simulation.
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cutting. It can be speculated that the cutting temperature will
change in a periodical variation with the alteration of the
real-cut and air-cut periods, which will be aggravated in the
real-cut periods but moderated in the air-cut periods. Due to
this rapid alteration, the duration of the contact between the
diamond tool and the workpiece could be limited properly.
Therefore, the cutting temperature could be kept below the
threshold value, thus the diamond tool wear could be sup-
pressed effectively.
Figure 9 shows the FE simulation results of the 3D

morphologies of the machined surface before and after the
deburring process. It can be seen that the burr was removed
successfully with the monocrystalline diamond tool designed
in this paper. This phenomenon also demonstrates the fea-
sibility of cutting with the specialized diamond tool for the
removal of micro burrs on the working edges.

3 Experimental validation and discussion

After conducting the simulation of the deburring process, it
was shown that the micro burrs can be cut off with the dia-
mond tool. In this section, the experimental validation based
on the self-designed online deburring system will be in-
troduced. Avariety of deburring experiments for the working
edges of servo valve cores were conducted, in which both the
cutting forces and temperatures during the deburring process
were carefully recorded. Furthermore, the tool wear me-
chanisms, tool life and the machined surface quality of the
working edges of servo valve cores were analyzed.

3.1 Build-up of the experimental equipment

With respect to the manufacturing processes of the servo
valve cores, the finish grinding of the end-faces is the last but
the most important procedure since it directly determines the
machined quality of the components. However, a number of
micro burrs are easily to occur on the high-precision working
edges along the radial direction of the valve cores when
conducting the finish grinding operation of the end-faces. In
order to avoid the failure of the functional components, it is
urgent to remove the burrs effectively and keep the precise
edges intact.
The schematic diagram of the online deburring system

with a monocrystalline diamond tool for deburring of the
precise working edge of a servo valve core is illustrated in
Figure 10. In this investigation, the length of the burrs on the
working edges used for the experiment was about 14 μm
measured by the contour graph software (Think Focus SM-
1000 3D) as shown in Figure 11. Therefore, the effectiveness
and reliability of the deburring process depended not only on
the cutting tool but also on the positioning accuracy of the
involved equipment. Due to the high positioning accuracy of
0.1 μm of the deburring system designed in this paper, the
burrs should be removed precisely by ultraprecision cutting
with the monocrystalline diamond tool. The cantilever force
sensor (FUTEK LBB200) with a measuring accuracy of
0.005 N and measuring range of ±4.5 N can be fully quali-
fied for measuring the deburring force accurately. The on-
site experimental setup of the automatic online deburring
system for the precision working edges of the servo valve
cores during the end-face grinding process is shown in Fig-
ure 12.
It should be noted that the ultraprecision cutting used for

deburring proposed in this paper is similar to the diamond
turning process. When conducting the deburring process, the
diamond tool will be moved to contact with the workpiece
edge where burrs exist. During the rotation of the workpiece,
the burrs on the working edges could be directly cut off by
the designed diamond tool, thus realizing the successful re-
moval of the burrs. This method could assure the availability
of the deburring process, especially for the micro burrs.

Figure 9 (Color online) Machined surface topographies before and after deburring.

Figure 10 (Color online) Schematic diagram of the online deburring
process with a monocrystalline diamond tool.
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3.2 Results of cutting forces and temperatures

Based on the specialized monocrystalline diamond tool and
the established deburring system, a series of deburring trials
were carried out. It should be noted that the deburring ex-
periments were conducted in the room that has a constant
temperature of 20°C, which is the same as the simulated
condition. During the deburring process, the cutting force
was measured by the cantilever force sensor attached to the
tool. Besides, the deburring temperature was measured by a
high-precision infrared thermograph (FLIR A65). Due to the
extremely short duration of the engagement between the tool
and the burrs, the maximum force, as well as the maximum
temperature in the period of deburring, were recorded out of
an entire working edge for evaluating the deburring perfor-
mance. In this way, the recorded maximum cutting forces in
deburring 10 working edges were shown in Figure 13, in
comparison with the predicted ones obtained through the FE
simulation. It can be seen that the average value of the ex-
perimental cutting forces is 0.47 N, while the maximum
predicted force is 0.32 N, being about 32% lower than the
experimental one. The reason accounting for this distinction
between the simulation and experiment result could be that
the forces measured in experiments may contain not only the
deburring force but also the additional force caused by the

extrusion and friction of the tool flank face with the ma-
chined surface of the workpiece. Moreover, the boundary
condition set in the FE simulation was likely to be in-
completely identical with the actual experimental situations.
In Figure 14, the average value of the measured cutting
temperatures recorded in experiments is 34.5°C, while the
maximum predicted cutting temperature is 38.1°C being just
about 10% higher than the experimental one. Considerably,
the experimental results have confirmed the reasonability of
the simulation results.

3.3 Tool life and tool wear mechanisms

Through a series of deburring experiments, the tool life of the
designed monocrystalline diamond tool was tested. It was
found that the tool could cut off the burrs effectively with a
cumulative number of approximately 400 working edges of
servo valve cores, until any overcut, undercut, or even
scrapping occurred. After the experiments, the tool was
cleaned by acetone and the wear features were taken to be
observed by the optical microscope (Keyence VHX-600).
The OM photographs of the tool rake face before and after
deburring 100 working edges are shown in Figure 15(a) and
(b), respectively.
Apparently, few damages appeared on both the tool cutting

edge and rake face after the deburring process of 100

Figure 11 (Color online) Characterization of the burr sizes existed on the working edge of the servo valve core.

Figure 12 (Color online) The high-precision automatic online deburring equipment.
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working edges. Furthermore, Figure 16 demonstrates the
enlarged views of the rake face and the flank face of the
diamond tool after the deburring of 400 working edges, re-
spectively. On one hand, it can be seen that there were only a
few small diffusion spots induced by the excessive cutting
temperature in both the rake face and the flank face, in-
dicating that the temperatures during the deburring process
were relatively low. On the other hand, it is clear that the
main wear mechanism of the tool was micro-chipping. Be-

sides, no significant signs of the mechanical abrasion due to
the friction between the tool and workpiece existed on the
diamond tool. This phenomenon could be attributed to the
favorable wear-resistance of the diamond material. Suffering
the repeated impact of the deburring forces, the sharp tool
edge used in the deburring system was prone to micro-
chipping. In addition, more diffusion spots were generated
on the tool rake face than that on the flank face. This beha-
vior can be attributed to the fact that the temperature in the
rake face was higher than that in the flank face during the
deburring process. Much more heat was generated in the
primary deformation zone of the burr near the rake face due
to the shear stress in the workpiece material, than that in the
second deformation zone near the flank face due to the
friction between the tool flank face and the machined surface
of the workpiece.

3.4 Deburring quality of working edges

The working edges of servo valve cores selected from the
experiments between before and after the deburring process
are shown in Figure 17. Note that the micro burrs are suc-
cessfully removed and the qualified edges are obtained by

Figure 13 (Color online) Comparison of cutting forces between experi-
ments and simulation.

Figure 14 (Color online) Comparison of cutting temperature between
experiments and simulation.

Figure 15 (Color online) Microphotographs of the tool rake face (a)
before and (b) after deburring 100 working edges.

Figure 16 (Color online) Microphotographs of tool face after deburring tests. (a) Rake face; (b) flank face.
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ultraprecision cutting with the designed monocrystalline
diamond tool. Meanwhile, a typical working edge of the
servo valve core randomly selected from the deburred ones
was characterized by the 3D profile software as shown in
Figure 18. It is clear that there were no overcut or any micro
burrs left on the edge, which could meet the machining re-

quirements. The designed monocrystalline diamond tool
successfully utilized for deburring of about 400 working
edges tested in this study was applicable for the practical
deburring procedure of servo valve cores in factories, which
could definitely decrease the cost of the deburring process.
Furthermore, the efficiency of the deburring method pro-

Figure 17 (Color online) Comparison of working edges between before and after the deburring process.

Figure 18 (Color online) Confocal image showing the morphology of the servo valve core after deburring.
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posed in this study is proved to be 70% higher than that of the
traditional manual deburring method in factories, showing a
promising application for practical productions.

4 Conclusions

This paper presents a new deburring approach for removing
the micro burrs based on the ultraprecision cutting with the
specialized monocrystalline diamond tool. Both the FE si-
mulations and experimental validations were carried out to
investigate the feasibility of the proposed deburring method.
Through the application for deburring the precise working
edges of servo valve cores after the end-face grinding op-
eration, the performances of the deburring process were
quantitatively examined and evaluated. Based on the ob-
tained results, some significant conclusions are drawn as
follows.
(1) The FE simulation results explained that the alteration

of the real-cut and air-cut periods of the diamond tool kept
the cutting temperature under the threshold value and con-
tributed to the suppression of tool wear.
(2) Experimental results gained in deburring of the work-

ing edges of servo valve cores after the end-face grinding
process showed that the deburring force was about 0.47 N,
the temperature was about 34.5°C, the primary mechanism
of tool wear was micro-chipping, and the designed mono-
crystalline tool could be used for deburring of approximate
400 working edges of servo valve cores successfully.
(3) The experimental findings coincide well with the si-

mulation result in terms of the cutting forces and tempera-
tures. Both the simulation and experimental results illustrate
the feasibility of ultraprecision cutting with the designed
monocrystalline diamond tool used for deburring of servo
valve core edges.
Besides, it should be noted that the deburring method

along with the online deburring system based on the spe-
cialized monocrystalline diamond tool proposed in this paper
could improve the deburring efficiency greatly, and bring an
increase to the machining quality of precise components.

This work was supported by the National Key R&D Program of China
(Grant No. 2018YFB2002200).
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