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Abstract

The basis for the formation of spherical edge burrs during servo valve spool shoulder grinding and a method for eliminating these
burrs were investigated. Based on the results of this investigation, a grinding and synchronous deburring device was designed. A
geometric model of single abrasive grains was established and the formation mechanism of the valve spool edge burrs was
evaluated. Subsequently, the deburring process was analyzed via dynamic simulations, and based on the results, the aforemen-
tioned device was designed for mounting on an S20 precision cylindrical grinder. The correctness of the simulation and the
feasibility of the device were verified via experiments. The experimentally observed burr shape and size corresponded closely to
the simulated features. Moreover, the test device was effective in removing the edge burrs of the valve spool, as evidenced by the
lack of sharp edge burrs. Hence, this device could be helpful in grinding the valve spool shoulder for significant improvement in

the processing quality and efficiency.

Keywords Valve spool grinding - Single abrasive grain - Spherical edge burr - Deburring

1 Introduction

Due to its rapid response, high output power, and high mea-
surement and precision control, an electro-hydraulic servo
system plays an important role in intelligent manufacturing.
The main component of these systems, i.e., an electro-
hydraulic servo valve, is responsible for electro-hydraulic en-
ergy conversion and power amplification [1-3]. The slide
valve deputy (Fig. 1) is a key component of the valve, which
consists of a valve spool and a valve sleeve. The relative
motion of the two components can change the amount of
overlap, thereby achieving control of the liquid flow. To en-
sure the accuracy of the overlap and overflow, a sharp edge of
the valve spool (without burrs) should be maintained (overlap
precision required—on the order of microns). In general,
edges with a rounded radius of R <0.005 mm are referred to
as retained sharp edges [4]. Axis parts are typically easier to
process than hole parts, and hence, the grinding process of the
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slide valve deputy is generally based on the valve sleeve to
grind the valve spool. Therefore, the manufacturing precision
of a valve spool shoulder and the related dimensional toler-
ance requirements are very high, and will directly affect the
performance of an electro-hydraulic servo valve system. A
study focused on improving the manufacturing precision of
the valve spool shoulder is therefore warranted.

The processing of the valve spool shoulder is typically
performed on an S20 precision cylindrical grinder, capable
of both rough grinding and fine grinding. During the grinding
process, burrs are formed on the edge of the shoulder. These
burrs may reduce the processing efficiency and surface qual-
ity, and hence, must be removed or avoided. In the past, burrs
were usually removed via manual grinding, but the manual
deburring process leads to poor processing quality and low
efficiency [5]. Xu et al. proposed a magnetic grinding method
for removing burrs from the edges of precision parts, that is,
by placing different types of abrasives between the workpiece
and the magnetic pole. The abrasives generate positive pres-
sure to the workpiece end under the action of a magnetic force.
The magnetic pole drives rotation of the workpiece, resulting
in interaction between the abrasives and the workpiece, and in
turn, burr removal [6]. However, this method is relatively
inefficient, the operation is cumbersome, and the rejection rate
is high. Guo et al. proposed a thermal deburring method where
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Fig. 1 Spool valve substructure
diagram
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apartis placed in a fully sealed appliance. A high-pressure gas
is then detonated in the appliance, thereby generating a high-
energy impact force for removing burrs from the edges of the
part. However, this method is very complex and setup of the
application equipment system is difficult [7]. Li proposed a
discharge machining deburring method, where burrs are re-
moved using a discharge between the electrodes. Control of
the distance is, however, difficult. Therefore, to minimize the
occurrence of burrs, studies have focused on determining the
burr formation mechanism and predicting the processing re-
sults, with the aim of identifying the ideal grinding conditions.

Nowadays, the following general steps are performed dur-
ing the removal of edge burrs from the precision rotary parts
that maintain sharp edges: (1) the workpiece is placed on the
chuck of the special machine tool, (2) the spindle is fixed into
place and then rotated, (3) sharp edge burrs are removed with
oil stone, and (4) sandpaper is used to polish radially and
axially along the edges, and a nylon brush or polishing wheel
is used for polishing [8—10]. Although this method improves
the yield, drawbacks such as low efficiency, high labor inten-
sity, high requirements for technicians, and inability to mass
produce the valve spool have proven elusive. High production
efficiency and accuracy of the valve spool and, consequently,
automation of the valve spool production require improve-
ment in the processing technology.

Therefore, a method suitable for shoulder edge burr predic-
tion and online deburring is presented in the present paper. A
geometric model of single abrasive grains is established, and
the formation mechanism of valve spool edge burrs is evalu-
ated. After the burr shape and size are obtained, a dynamic
simulation of the deburring is performed in order to determine
the optimal removal parameters. Based on the deburring sim-
ulation results and the existing spool shoulder processing tech-
nology, an auxiliary device for online deburring is designed.
The feasibility and effectiveness of this device are assessed
through processing experiment and measurements.

2 Analysis of edge burr formation
and removal

The grinding method of the spool shoulder is face grinding,
i.e., both sides of the grinding wheel stick against the end
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surface of the shoulder for grinding, where the essence is the
micro-cutting process, many irregularly shaped abrasive
grains are discretely distributed on the surface of the grinding
wheel. As shown in Fig. 2, the movement during the grinding
process can be divided into three regimes. These correspond
to the high-speed rotation motion of the grinding wheel along
its axis, rotation motion of the workpiece (the valve spool),
and linear motion of the workpiece along its axis, which rep-
resent the grinding linear velocity, feed movement, and grind-
ing depth, respectively, in three cutting elements.

2.1 Mechanical analysis of burr formation

The burr of the spool shoulder is generated on the edge,
resulting from the coupling of the cutting-in and cutting-out
effect of the abrasive grains. For grinding, the burrs produced
in the cutting-out direction are considerably larger than those
generated in the cutting-in direction, and hence, the cutting-in
effect can be ignored [11-13]. Furthermore, the linear velocity
of the grinding wheel is significantly larger than the rotational
velocity of the valve spool. The formation process of burrs can
therefore be simplified to the linear cutting movement of the
abrasive grain, as shown in Fig. 3.

Immediately preceding the cutting out of the abrasive
grain, this grain will have an extrusion effect on the edge.
The cutting action of the grain on the edge material plays a
key in the formation of the burr [12]. Figure 4 shows the
cutting model of the abrasive grain during cutting.

As shown in Fig. 4, F, is the force applied on the cutting
layer in the cutting-out direction. F, and F, are two

Grinding surface

Fig. 2 Spool shoulder machining diagram
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Grinding Surface Grinding Track

Exit Direction
Fig. 3 Schematic showing shoulder burr formation

component forces of ., which induce plastic bending defor-
mation and shear-slip deformation in the cross-section, respec-
tively. For the cutting process, the force exerted on the top of
the tool is the largest and gradually decreases along the tool
edge. Therefore, the assumption is that the force of the tool on
the workpiece could be described by a triangular distribution,
and the corresponding mechanical model is

oy = op(l—x)/1 (1)

where o, is the stress applied by the tool at a distance x
from the cutting layer of the workpiece, o, is the average
stress, / is the contact length, a,, is the cutting depth, and &,
is the main declination. The cutting resultant force is obtained
by integrating the previous equation:

Fo =6 S de="L5,0, 2)
/ 2

where F,, is the cutting resultant force and 4, is the mag-
nitude of change in the cutting layer.

When the tool moves forward by Ax, the work done by the
bending component force F, is

W, = F,Axcosp = F.Axcos2y (3)
The work done by the shear slip component force F, is
Wy = FpAxsing = F.Axsing 4)

After the abrasive grain cutting, the swarfs and burrs form a
coupling effect. Edge burrs are generally classified as primary

N
abrasive grain

dp

workpiece D Fo
/\ edge

Fig. 4 Edge cutting direction burr formation model

burrs and secondary burrs. For W, > W,, during the cutting
process, the edge deformation is dominated by bending defor-
mation, resulting in primary burrs with an uneven size distri-
bution and a relatively large amount of bending. The edge
deformation is dominated by shear slip deformation when
W, < Wp, resulting in secondary burrs characterized by a uni-
form size distribution and easy removal.

2.2 Geometric model of single abrasive grain

The micro-cutting motion of a single abrasive grain occurs
during the grinding process of the spool shoulder. Therefore,
the simulation process can be simplified to the single-grain
micro-cutting process. Through the simulation analysis of a
single abrasive grain, theoretical support is provided for study-
ing the formation mechanism of edge burrs. The shape of the
abrasive grain distributed on the grinding wheel is relatively
complex. In studies of grinding processes, this shape is usually
simplified to a conical shape with a spherical top [14-16]. The
main geometric parameters are the top diameter d, taper angle
6, and radius of the sphere 7 (the shape is shown in Fig. 5). The
geometric relationship between the parameters is given as fol-
lows:

1
0= ! +98 (6)
35"

The empirical conversion formula for the number of
meshes and the particle size is

M = 14832.4/n (7)

d

Fig. 5 Single abrasive grain geometry
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where M represents the particle size and n represents the
mesh number. The grinding wheel material for the spool
shoulder grinding process is 128 mesh of green corundum.
According to this formula, the top diameter of the abrasive
grain, radius of the sphere, and the cone angle are 116 um,
9 um, and 49.13°, respectively.

The valve spool is fabricated from 440c, which is a high
carbon and high chromium tool steel with good hardenability,
high hardness, and good wear resistance at medium
temperatures.

In the grinding process of the valve spool, the main pro-
cessing parameters are the line speed of the grinding wheel
(25-40 m/s) and the axial movement speed of the valve spool
(1-5 um/s). Simulations of single abrasive grain micro-cutting
were performed using these parameters. In addition to setting
the geometric motion parameters of the cutting process, for
close correspondence between the simulation model and the
actual effect, the separation criterion, damage failure model,
and friction model are selected. In this work, a separation
criterion based on the equivalent plastic strain is used to reflect
the nature of material fracture deformation. The value of the
measure reflecting the fracture parameter is determined as
follows:

A

3

W=>|—r (8)
gf

where 27/ is the strain at material fracture failure and AZ” is
the increment of equivalent plastic strain in each load incre-
ment step. The incremental steps of the entire cutting process
are cumulatively superimposed. When the value of w accu-
mulates to 1, the fracture failure of the material is determined.

The flexible damage model [17] is selected as the damage
failure model of the material. The model assumes that the
equivalent plastic strain at the time of damage initiation is a
function of the triaxial stress and strain rate. The relevant
parameters are the fracture strain, stress triaxiality, and strain
rate. In addition, the damage evolution model uses displace-
ment to determine the damage variable. The setting of the
damage displacement value is based on the fracture strain
and the mesh size of the material, which is equal to the fracture
strain multiplied by the characteristic size of an element. This
parameter plays a key role in the fracture and formation of
swarfs.

During the cutting process, a slip zone and a bonding zone
are generated in the contact area between the abrasive grain
and the workpiece. The frictional force of the blade contact
area can be defined as follows:

71 (%) = kswarf » 10, (X) 2 Ksrwary (OSxSlP) 9)

77 (x) = po,, w0y, (%) <kgyary ([, <x<l.) (10)
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where 7(x) is the friction shear stress, K,y is the critical
shear flow stress, o, is the normal stress, and y is the friction
coefficient.

A geometric model that incorporates material parameters,
motion parameters, a damage model, and a contact friction
model of single abrasive grain micro-cutting was established.
Afterward, ABAQUS was used to simulate the cutting process
in order to determine the formation principle of edge burrs.

2.3 Simulation analysis of burr formation

Based on the simulation results of ABAQUS, the cutting pro-
cess can be divided into five phases: initial cutting, continuous
cutting, edge rotation deformation, burr development, and fi-
nal forming. The last three phases are directly related to edge
burr formation, and the study of these phases will be helpful in
determining the principle of this formation.

During the entire cutting process, as the abrasive grain
continues to advance, the distance between the grain and the
edges decreases, and the elastic deformation regions continue
to expand toward the edge. The edge rotation deformation
phase is shown in Fig. 6. In the initial phase, the edge support
stiffness decreases gradually as the abrasive grain approaches,
under the action of the cutting force. Consequently, the edge
begins to elastically deform around point D. This point is
referred to as the fulcrum, and the distance between the

S, Mises

2022.024
1897.170
1755.163
1560.609
1365.756

586.341
389.616
216.634
95.872
0.000

Initial phase of rotational deformation

Mises

1755.026
1560.032
1365.037
1170.043
975.049
780.054
585.060
390.065
217.289
96.744
0.000

(b) Rotational deformation phase

(a)

S5

2022.010
% 1897.021

Fig. 6 Edge rotation deformation phase. (a) Initial phase of rotational
deformation. (b) Rotational deformation phase
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fulcrum and the machined plane determines the thickness of
the burr. In this phase, the region near the edge produces a
negative deformation angle «, i.e., the angle between AC and
AD, where the deformation direction of the material lies be-
low the edge. Under the action of the cutting force, the stress
of the workpiece edge increases gradually, eventually exceed-
ing the yield limit of the material, and the deformation changes
from elastic deformation to plastic deformation [18]. The edge
also undergoes plastic deformation around point D (see
Fig. 6). A high stress zone is generated at the fulcrum (D),
and the maximum stress is 2022 MPa. In this phase, the inter-
nal material of the workpiece gives rise to a shear slip zone
(i.e., a negative shear zone) along the machined face. As the
abrasive grain advances, the negative shear zone gradually
expands toward the edge. The direction of the stress gradient
in this area will directly determine the final shape and size of
the burr, which is key to the formation of the burr. The gen-
eration and expansion of the negative shear zone represent the
most significant features of this phase.

When the rotational deformation phase begins, the work-
piece edge undergoes increasingly severe deformation.
Figure 7 shows the development phase of the burr. In this
phase, the stress value of the edge region decreases, and the
plastic deformation is restored to the elastic deformation level,
but the deformation value of the plastic segment is retained.
The contact area between the abrasive grain and the workpiece
is gradually reduced, and the corresponding pressing de-
creases. Similarly, the stress at the joint of the workpiece
end and the swarfs decreases continuously. The edge curva-
ture gradually exceeds the critical value, resulting eventually
in the shedding of swarfs and the formation of burrs. In this
phase, the root area of the cutting layer will generate a bending
moment around point D under the cutting action of the abra-
sive grain. The bending magnitude of the material around the
edge of the workpiece increases continuously and deviates
gradually from the movement path of the abrasive grain along
the cutting direction. Upon reaching a certain point, the work-
piece will be completely detached from the front cutting edge
of the abrasive grain. Subsequently, the abrasive grain

S, Mises

1992.324
1852.874
1716.973
1526.523
1336.072
1170.043
955.172
764.721
574.271
383.821
208.370
88.741
0.000

Fig. 7 Burr development phase

S, Mises
1052.702
987.254
832.262
707.742
658.259
565.302
489.381
390.341
301.904
225.421
135.874
75.254
0.000

burr

Fig. 8 Final forming phase

becomes separated from the workpiece and involvement of
this grain in workpiece cutting ceases. The bending deforma-
tion of the edge root material represents a distinct feature of
the rotational deformation phase.

Figure 8 shows the final forming phase of the burr. In this
process, when the bending stress of the cut edge (rotational
deformation region) exceeds its critical value, the edge falls
off and forms swarfs. The stress value in the residual area of
the workpiece edge decreases sharply, and the deformation is
gradually restored. However, due to the large prior plastic
deformation, complete restoration of the original shape is im-
possible; there is still some residual deformation. The element
deformation around the edge accumulates and interacts, even-
tually resulting in the formation of burrs. At the end of burr
formation, a small amount of residual stress persists on the
workpiece edge, and this stress must be eliminated.

Simulations of burr formation revealed that the formation
of edge burrs is induced mainly by the plastic yield flow gen-
erated by the root material in the cutting layer along the neg-
ative shear direction. In the process of abrasive cutting, the
material deforms at the workpiece edge, flows and accumu-
lates gradually, and produces burrs under the superposition
effect of deformation. The formation of a negative shear zone
and, consequently, the formation of burrs are affected by sev-
eral factors including the cutting depth and the shear angle
between the abrasive grain and the workpiece. The results of
this simulation suggested that plastic bending deformation
plays the key role in burr formation, and secondary burrs with
relatively uniform size are formed.

2.4 Simulation analysis of burr removal

The burr-edge size of the spool shoulder has a direct effect on
the accuracy of the spool stack, and hence, burrs must be
removed during subsequent processing. Burr removal can be
performed via many methods, such as turning and grinding,
which occur during the micro-cutting removal process of ma-
terials [19, 20]. In this work, the ABAQUS software was used
to perform dynamic simulations of burr removal and to deter-
mine the cutting force values. Figure 9 shows the burr simu-
lation model and the final removal effect. In this simulation,
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tool

workpiece

| refine the grid

(a) Simulation model

HERECRRE

(b) Removal result

Fig. 9 Burr removal dynamic simulation. (a) Simulation model. (b)
Removal result

the tool is set to a rigid body and follows reference point
motion.

The reaction force of the tool reference point is the feed-
back force for cutting the burr (see Fig. 10 for the correspond-
ing time-dependence of the force). As shown in the figure, the
cutting force increases to ~ 1 N in ~0.13 s and remains at this
value for ~0.32 s. The deburring device can be designed based

1.2

O 4 A1 L L
0 0.01 0.02 0.03 0.04 0.05

Time/s
Fig. 10 Time-dependent changes in the cutting force
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on the deburring cutting force determined from the simulation
results.

3 Design of test device

The processing of the valve spool shoulder is generally per-
formed by grinding with a S20 precision cylindrical grinder,
and then completed by manual grinding, leading to a relatively
low efficiency. To improve the processing efficiency, in this
work, an online deburring device combined with an S20
grinder is designed to achieve online real-time deburring and
improvements in the processing precision and efficiency of
the valve spool.

3.1 Overall scheme design of the device

To meet the processing requirements, the entire device is com-
posed of four modules: micro-drive platform, grinding detec-
tion process, deburring process, and control box [21], which
can be directly mounted on the S20 precision cylindrical
grinder and can be installed on demand. Among them, the
micro-drive platform realizes the automatic control of the
micro-feed connected to the axial dimension of the grinding
device through the detachable external servo motor structure.
This module is connected to the micro-feed handwheel
through screws (thereby preventing damage to the original
part of the machine), is easily assembled and disassembled,
and can meet the axial driving requirements of the valve spool.

The device must be suspended on the S20 grinder. An
extremely small and lightweight device is desired.
Therefore, the grinding detection module is integrated with
the deburring module. The movement along the spool axial
direction can occur on a common a platform. Due to the dif-
ferent distance and method of radial movement, however, a
separate platform is needed for movement of the device along
the spool radial direction. Here, the axial movement platform
can be used as the bottom platform for carrying the grinding
detection module and deburring module. The radial move-
ment platform is mounted on the axial platform, which is
capable of following the entire device during axial movement.

For real-time grinding detection of the valve spool shoul-
der, an inductive single-point measuring instrument can be
used, where detection is performed via a contact-type relative
measurement. During these measurements, the single-point
measuring instrument probe is positioned close to the end
surface of the shoulder, and a preload is applied prior to grind-
ing. In the grinding process, this preload will change with
changes in the axial dimension of the end face changes. The
corresponding grinding amount of the shoulder end face can
be obtained from the deflection amount of the probe.
Moreover, the feedback force of deburring is detected by a
parallel beam force sensor mounted on the side of the
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pneumatic motor. In addition, the manual fine-tuning structure
of the deburring device can adjust the radial distance to an
appropriate value, thereby maintaining a feedback force of ~

1 N for the optimum deburring effect. The mechanical part of
the entire device can be clamped in the slot of the S20 grinder
by a wedge block, and hence, can be easily assembled and
disassembled, and the parallelism requirements are satisfied.
A schematic showing the design of the system is presented in
Fig. 11.

After the grinding displacement of the valve spool shoulder
is measured by the probe of the single-point measuring instru-
ment, the data are transmitted to the control system in real
time. The system estimates the subsequent grinding displace-
ment by comparing the test result and the overlap amount. The
data are then fed back to the micro-drive platform for driving
axial movement of the valve spool until the spool is processed
to a qualified position. After the grinding is completed, the
pneumatic grinding pen drives high-speed rotation of the
grinding head and the resulting grinding process removes
the generated edge burrs. The entire system constitutes a
high-precision closed-loop control system that employs the
LabVIEW software for full automation of the grinding and
deburring process.

3.2 Structure design of the device

The device consists of three parts, namely the supporting part,
grinding detection part, and deburring part (the overall me-
chanical structure of the device is shown in Fig. 12). The
supporting part serves as a connection to the machine tool,
positioning, and bearing. The other two parts perform func-
tions such as grinding-amount detection and deburring. A di-
agram showing the system structure and a picture of the actual
device are shown in Fig. 12.

3.2.1 Supporting part

The supporting part can be directly suspended on the S20
precision cylindrical grinder (Fig. 13). The lower end surface
of the bottom plate comes into contact with the upper end
surface of the grinder guide rail and a positioning relationship
is formed. The wedge block is stuck in the slot of the machine
tool guide rail and is connected to the slider by screws.
Furthermore, the bottom plate is fixed by pre-tightening the
screws between the slider and the bottom plate. The relative
radial position of the device and the machine tool is deter-
mined by the side surface beside the pre-tightening screws
of the bottom plate. Therefore, this structure can be easily
disassembled and assembled on demand.

3.2.2 Grinding detection part

The spool axial direction is the mounting direction of the
grinding probe (which requires high precision) and, therefore,
a linear motor (model AXD90S-L.200-C-0.001) is used (Fig.
14). Consider the dimensions of the overall structure. To re-
duce the volume and weight of the entire device and meet the
height requirements, the radial movement is completed by a
telescopic biaxial cylinder (stroke 50 mm), and the guide rail
supporting the radial movement uses a THK cross roller guide
rail. The probe is composed of industrial corundum ruby,
which is suitable for contact detection of the valve spool
shoulder displacement. The bearing seat serves as the base
carrier of the single-point measuring instrument, and is con-
nected (via screws) to the extended end of the cylinder and the
guide rail. In addition, the movement of the entire grinding-
amount detection part along the spool axial direction is driven
by a linear motor. Moreover, the single-point measurement
instrument moves along the spool radial direction under the

= Drive spool Micro dive

' = axial movement platform
Grinding head Probe

- Data feedback

The bottom platform moves

axially along the spool

Data communication

' '

Deburring motion platform

moves radially along the spool

The grinding amount detection platform

moves radially along the spool

Fig. 11 System design schematic
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Pneumatic motor

Force sensor

Fig. 12 System structure design diagram and an actual device picture

action of the cylinder, thereby meeting the usage
requirements.

Wedge block
Briquetting

|
|
2

b) Two-dimensional structure diagram

Fig. 13 Structural design diagram of the supporting part. (a) Three-
dimensional structure diagram. (b) Two-dimensional structure diagram
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3.2.3 Deburring part

The movement mode of the deburring part is the same as that
of the grinding detection part. That is, the movement along the
spool axial direction and the movement along the spool radial
direction is performed by a linear motor and a telescopic bi-
axial cylinder, respectively. The pneumatic grinding pen
drives high-speed rotation of the grinding head, thereby lead-
ing to deburring. Compared with the deburring technique per-
formed by means of turning, no edge burr phenomena occur
and the spool yield can be improved. The deburring feedback
force is measured by a parallel beam force sensor (measure-
ment range, 5 N; resolution, 1 mN), which allows fulfillment
of the usage requirements. Furthermore, the distance between
the shoulder edge and the grinding head differs among differ-
ent types of valve spools, and hence, the radial motion posi-
tion must be adjusted with a fine-tuning mechanism. A screw
seat lies on the side of the force sensor (see Fig. 15) and the
radial distance can be adjusted by using the screw and the
screw seat (screw pitch 1 mm).

3.3 Electrical system design of the device

After the device structure design is completed, to realize the
automatic processing of the valve spool shoulder, it is neces-
sary to design the electrical part of the system and integrate the

Bearing seat

Cylinder
Single point

measuring instrument . .
Guide rail

Fig. 14 Structural design diagram of the grinding detection part
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Screw seat
Screw
Cylinder

Fig. 15 Structural design diagram of the deburring part

control functions of each part, thereby allowing the control of
various devices, as well as data collection and feedback. The
electrical system consists of two parts, namely the pneumatic
part and the electrical part.

3.3.1 Pneumatic design

The pneumatic driving part consists of a pneumatic
grinding pen and two radial moving cylinders. In the
structural design, the pneumatic grinding pen can with-
stand a rotation speed of ~65,000 rpm, which can be
adjusted by the knob at the end of the pen. An inlet
pressure of >0.15 MPa is required for high-speed rota-
tional grinding. The selected pneumatic grinding pen
must be connected to an air inlet, but an external con-
nection to the top air outlet is unnecessary. However, the
cylinders in the grinding-amount detection part and the
deburring part undergo bidirectional movement, which
requires an external air inlet and air outlet.

An electromagnetic exchange valve is needed for au-
tomatic processing of the system (see Fig. 16 for the
design of the pneumatic circuit). The pressure of the air
source is 0.7 MPa. If directly connected to the cylinder,
this source will cause overly rapid biaxial movement of
the cylinder, and shocks when the cylinder stretches out
and draws back, thereby affecting the performance of the
device. Therefore, a pressure-reducing valve should be

installed in front of the air inlets of the two cylinders
in order to properly reduce the pressure of the air inlets.
This ensures that the cylinder can slowly extend and
lessen the shocks.

3.3.2 Electrical design

The electrical circuit includes a linear motor control, valve
spool axial displacement drive motor control, pressure signal
detection, displacement signal detection, and an electromag-
netic valve. The linear motor and the micro-drive motor are
controlled by their respective drivers. Furthermore, the motion
control card (Altai USB1010) is connected to the driver for
communication, which can output high-frequency pulses for
controlling the operation of the biaxis motor.

In the deburring device, the parallel beam force sensor,
SUP2, collects the grinding feedback force. The voltage am-
plification and A/D conversion circuit of the force sensor em-
ploy a modular digital integrated circuit. The ZL101 force
measurement display is used to convert the force signal into
a digital communication signal and display it, with small size
and high stability.

The inner structure of the single-point measuring instru-
ment is a solenoid differential inductance sensor. The second-
ary instrument circuit of this sensor requires an AC oscillation
circuit for applying the generated AC sinusoidal voltage to the
supply bridge of the sensor.

When the probe of the sensor is biased, the iron core inside
the solenoid moves with this sensor, and an AC output signal
is generated. The signal is then amplified, and subsequently
processed by means of phase-sensitive detection and demod-
ulation, thereby yielding a DC output signal. An ICL7135
A/D converter is used to convert this signal into digital quan-
tity for output. In addition, the power supply of the circuit uses
a voltage regulator, which ensures that a highly reliable output
voltage is generated.

The opening and closing of the three electromagnetic
valves in the pneumatic circuit must be controlled.
Therefore, the four-way relay module is used to complete
the on-off circuit by controlling the high and low levels. The
selected USB1010 motion control card has four universal

Two-position three-way
electromagnetic exchange valve

»| Pneumatic grindir 1
‘I Pneumatic grinding pen

Air source ==l | Pneumatic master switch I

Two-position five-way
electromagnetic exchange valve |«

—)| Pressure-reducing valve l—)

CXSM6-50

Two-position five-way
electromagnetic exchange valve

——>| Pressure-reducing valve '—)

" CXSM10-50

Fig. 16 Pneumatic circuit design
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Fig. 17 Overall circuit control block diagram

input/output interfaces that can be used as the control signal
output of the relay module. That is, the above circuits are
integrated (see Fig. 17 for the overall circuit control block
diagram).

As shown in Fig. 17, the displacement signal is collected
by the single-point measuring instrument and the force sensor,
processed by the secondary instrument circuit, and then input
into the industrial personal computer. Subsequently, the in-
dustrial personal computer outputs the signal to the motion
control card, which completes the control of the two motors
and three electromagnetic valves. The industrial personal
computer uses an industrial small touch control all-in-one ma-
chine, which operates rapidly and contains a total of four USB
interfaces capable of meeting the communication require-
ments of the system.

4 Deburring test and result analysis

4.1 Spool shoulder grinding and deburring process
experiment

The entire device was mounted on a S20 precision cylindrical

grinder in preparation for the valve spool shoulder processing
experiment (line speed of selected grinding wheel, 35 m/s;

B C D

A

Fig. 18 Experimental spool
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grinding depth, 0.005 mm). Four shoulders, as shown in
Fig. 18, were considered in the model. To verify the deburring
effect of the device, two shoulders (A and B) were subjected
only to grinding during the grinding process. The remaining
two shoulders, C and D, were subjected to grinding and syn-
chronous deburring.

After processing the valve spool shoulder, to conveniently
observe the processing status of each shoulder edge, sections
of the spool are obtained by cutting the valve spool along its
axis using a DK77 linear cutting tool (sectional views after
cutting are shown in Fig. 19). The shoulders of A, B, C, and D
(Fig. 20) were observed by using a SK2008H microscope.

During the experiment, the industrial personal computer
collected the grinding feedback force during the burr removal
process. The time dependence of the grinding force (see
Fig. 21) was then plotted from the collected data.

4.2 Result analysis

A comparison of the four groups (see Fig. 20) shows that
sharp burrs formed on the shoulders of A and B, whereas
the edges comprising the shoulders of C and D are relatively
smooth.

Fig. 19 Sectional drawing of the valve spool. (a) Shoulder A. (b)
Shoulder B. (¢) Shoulder C. (d) Shoulder D
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Fig. 20 Microscopic state of each
valve spool shoulder

l (c) Shoulder C

As shown in Fig. 20a and b, secondary burrs formed on the
shoulders of A and B. Consistent with theory, the formation of
edge burrs during the grinding process is induced mainly by
the plastic yield flow in the negative shear direction of the
cutting layer root material. The calculated burr dimensions
are as follows: height, 0.012 mm; width, 0.027 mm. For the
same cutting parameters, the simulated dimensions are as fol-
lows: height, 0.009 mm; width, 0.023 mm. The maximum
error is 21.7%, indicating that the simulation results are cred-
ible. As shown in Fig. 20c and d, the shoulder edges of C and
D are smooth, i.e., sharp burrs are absent.

Moreover, as shown in Fig. 21, during the deburring pro-
cess, the grinding force varies only slightly (i.e., within +
0.01 N). This suggests that the burr size varies slightly in the

14

1.2 1.2+0.01

Force/N
o
o

0 0.2 0.4 0.6 0.8 1 12
Time/s

Fig. 21 Time dependence of the grinding force

(d) Shoulder D

radial range of the shoulder, and the distribution of the burrs
on the edge is relatively uniform. The results also indicate that
the rotating vibration of the pneumatic grinding pen has little
influence on the vibration of the deburring structure.
Furthermore, no resonance phenomenon is induced, consis-
tent with the results of the modal analysis (see Fig. 10).

The analysis indicates that the designed deburring device is
effective, feasible, and reliable. Compared with the traditional
processing method, the device can yield significant improve-
ment in the processing efficiency and surface quality of the
valve spool.

5 Conclusions

The edge burr problem associated with the grinding process of
a servo valve spool shoulder was considered in this work. To
resolve this problem, a cutting model of the burrs was
established and the critical conditions required for the forma-
tion of different burr types were evaluated. A single abrasive
grain micro-cutting model was established and the mechanism
of burr formation was analyzed. Furthermore, the main cutting
parameters were determined via simulations of the deburring
process. A grinding and simultaneous deburring device was
designed and corresponding experiments were performed on
an S20 grinder. The conclusions of the present study are sum-
marized as follows:
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e The formation of primary burrs and secondary burrs is
related to bending deformation and shear slip deformation.
During grinding, short secondary burrs with a relatively
uniform size result mainly from plastic yield flow of the
cutting layer root material in the direction of negative
shear.

* A single abrasive grain micro-cutting model was
established, and a 128 mesh of green corundum was se-
lected as the modeling material. The top diameter of the
abrasive grain model, radius of the sphere, and cone angle
are 116 um, 9 um, and 49.13°, respectively.

» Appropriate grinding parameters, including the grinding
speed (35 m/s), grinding depth (0.005 mm), and grinding
wheel particle size (128), were obtained via the single
factor analysis method used for the simulations. In actual
processing, the largest possible granularity values are
desired.

The correctness of the single abrasive grain micro-cutting
simulation was verified by means of the valve-edge edge
grinding experiment. The deburring experiment was per-
formed using the device. The results revealed that the device
is effective in removing the burrs from the shoulder of the
valve spool and the design of the device is feasible. Due to
the burr formation mechanism and the flexibility of the burr
removal device, the model established in this work is univer-
sally applicable. Moreover, the research results and conclu-
sions can be used to guide the analysis of actual burr removal.
Future work will include use of the simulation model for the
prediction of grinding burrs, and the realization of burr remov-
al and intelligent optimization.
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