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Abstract
In the process of ultra-precision grinding, the dynamic characteristics of the aerostatic spindle system are important factors 
affecting the machined surface morphology. In order to study the influence of the dynamic characteristics of the spindle 
system on the medium frequency waviness error of the silicon wafer surface, this paper first establishes a dynamic model 
of the aerostatic spindle system considering the grinding force and the eccentricity of the spindle rotor based on Newton’s 
law and the angular momentum law, analyzes the dynamic response and frequency characteristics of the spindle system, and 
conducts modal tests on the spindle system to verify the accuracy of the dynamic model. Then, the power spectral density 
analysis of the surface morphology of the silicon wafer after grinding is carried out, and the frequency components of the 
intermediate frequency band of the silicon wafer surface are obtained. Compared with the characteristic frequency of the 
spindle system and the vibration displacement curve of the end, it is found that the dynamic characteristics of the aerostatic 
spindle system are the main reason for the medium frequency waviness error on the surface of the silicon wafer. Finally, an 
optimization scheme for structural improvement of the aerostatic spindle system is given. Through the finite element analysis 
of the grinding machine, it is found that the vibration displacement of the spindle end after optimization is reduced by 52.8 
% compared with that before optimization, which shows that the optimization scheme is effective and provides a reference 
for the structural design of the aerostatic spindle system.
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1  Introduction

Ultra-precision grinding of silicon wafers is mainly used 
for wafer flattening during wafer preparation and back-
side thinning in the IC back-end process. With the con-
tinuous increase of IC integration, the surface of silicon 
wafer after grinding needs to have high precision and high 
surface and subsurface integrity [1]. This puts forward 
higher requirements for the dynamic characteristics and 
motion characteristics of the grinding machine structure, 
so how to further improve the surface accuracy of the sili-
con wafer after grinding has become an important issue in 
ultra-precision grinding.

There are generally three surface errors on the surface of 
the workpiece after ultra-precision grinding, namely shape 
error, surface intermediate frequency waviness error, and 
surface roughness error [2]. The shape error is caused by 
the error of the grinding machine in the operation process, 
which belongs to the low frequency error. This can be elimi-
nated by optimizing the feed system of the machine tool and 
improving the running accuracy of the machine tool. The 
surface roughness error is a high-frequency error, mainly 
caused by the size of the grinding wheel, the physical prop-
erties of the grinding material and the selection of grind-
ing parameters, and the surface roughness of the machined 
surface can be reduced by selecting different grinding 
parameters. The medium frequency waviness error of the 
grinding surface is the intermediate frequency error between 
low frequency and high frequency, which is caused by the 
mutual vibration between the diamond grinding wheel and 
the silicon wafer during the grinding process. The vibration 
of the grinding wheel and the workpiece is mainly due to 
the vibration of the main shaft system, the fluctuation of the 
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air source pressure, the fluctuation of the cutting force, the 
vibration of the machine tool structure and the vibration of 
the foundation, and the final performance is the error of the 
workpiece surface topography. The vibration between the 
grinding wheel and the workpiece is the link between the 
dynamic performance of the grinder and the surface topog-
raphy of the workpiece. In order to further improve the accu-
racy of silicon wafer grinding processing, many scholars 
have done a lot of research in recent years.

Tao et al. [3] of Tsinghua University conducted a dynamic 
modeling of the grinding wheel spindle and explored the 
influence of different grinding parameters and vibration fre-
quencies on the surface ripple characteristics. Yang et al. [4] 
established the dynamic finite element analysis of the air 
spindle, fitted the vibration trajectory of the tool during the 
cutting process, and improved the amplitude of the surface 
fringes by optimizing the design of the spindle. Guo et al. 
[5] proposed a frequency-domain dynamic response method 
to optimize the dynamic performance of the spindle system 
of the grinding machine from the perspective of spindle 
imbalance and frequency response function. Wu et al. [6] 
studied the influence of spindle drift error on the machined 
surface. A mechanical model of the spindle system con-
sidering mass eccentricity was established. Gao et al. [7] 
established a dynamic model of machine tools considering 
the fluid-structure interaction effect and studied the intrinsic 
relationship between the machining surface and the dynamic 
performance of the machine tool. Chen et al. [8] established 
a transient computational fluid dynamics (CFD) analysis 
simulation model to study the dynamic characteristics of 
aerostatic spindles under unstable conditions. Dong et al. 
[9] popularized the dynamic model of spindle vibration and 
studied the influence of spindle vibration on surface mor-
phology under different cutting forces. Chen et al. [10] pro-
pose a new model to analyze the relationship between axle 
vibration to surface roughness (SR) and subsurface damage 
(SSD) depth. Liu et al. [11] uses the computational fluid 
dynamics (CFD) method to give the aerodynamic forces on 
the slide and under the shank when the tool is machining 
different areas. Meng et al. [12] proposed a microstructured 
grinding wheel precision grinding kinetic modeling and dis-
cussed the influence of grinding wheel topography on the 
amplitude and frequency of grinding force. Niu et al. [13] 
studied the combined effects of cutting data, tool geometry, 
and runout on regenerative flutter behavior. Yin et al. [14] 
proposed a modal decoupling method based on running 
deflection shape (ODS) and structural sensitivity analysis 
to identify structural vibrations on surface topography dur-
ing manufacturing. Wei et al. [15] established a high-preci-
sion spindle system model and found that the intermediate 
frequency waveform of the machined surface matched the 
vibration waveform. An et al. [16] proposed a method for 
measuring the motion error of the aerostatic pressure spindle 

online using the nanoscale and discussed the main sources of 
the ripple error of the crystal processing surface. Ding et al. 
[17] used the finite element method to establish the dynamic 
model of the rotating parts and proved that the deformation 
of the flying tool head and the tool holder has a great influ-
ence on the displacement of the tool tip.

In addition, many scholars have also done a lot of 
research on the simulation of the morphology of the pro-
cessed surface and how the process parameters affect the 
processed surface. Yao et al. [18] proposed a method to 
improve the flatness of the grinding wafer by changing 
the process parameters and changing the inclination angle 
of the grinding wheel shaft. Chen et al. [19] established a 
surface topography model of the coupling effect of spin-
dle turning dynamics and analyzed the effects of spindle 
speed, cutting width, and feed rate on surface morphology. 
Tao et al. [20] considered the random distribution of the 
position and size of the grinding wheel grain, reshaped the 
grinding wheel morphology, and established a simulation 
model of the wafer surface morphology. Sun et al. [21] dis-
cusses the influence of grinding wheel grinding parameters 
on surface height by coupling the results of the grinding 
system dynamics analysis into the particle trajectory equa-
tion. Zhu et al. [22] studied the material removal mecha-
nism of TiC/Ni cermet through nanoindentation analysis 
and diamond scratch test and analyzed and explored the 
surface damage mechanism caused by grinding. Li et al. 
[23] has conducted theoretical and experimental research 
on the generation of surface morphology in freeform STS 
machining. Yin et al. [24] established a surface wavy for-
mation model, and the experimental results show that this 
study can help optimize grinding conditions to improve 
surface quality and tribological properties. Zhang et al. 
[25] established a new contact stiffness model for the 
rough surface of different processing stripes and analyzed 
the influence of different conditions on the contact stiff-
ness of the striped surface.

In summary, most of the current researchers basically 
only model and analyze the dynamic performance of silicon 
wafer grinding surfaces or silicon wafer grinding machines 
alone, and do not establish a connection between the two. In 
this paper, the wafer ultra-precision grinding machine model 
GP300 is taken as the research object. The dynamic model 
of the aerostatic spindle system of the grinding machine is 
established, and the dynamic response of the spindle sys-
tem is analyzed. The dynamic response characteristics of 
the spindle system are compared and analyzed with the char-
acteristic frequencies of the intermediate frequency band 
on the surface of the silicon wafer after grinding, and it is 
verified that the intermediate frequency waviness error of 
the surface of the silicon wafer is caused by the dynamic 
characteristics of the aerostatic pressure spindle system of 
the grinding machine.
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2 � Study of aerostatic spindle system 
dynamics

In this section, the theoretical modeling method is used to 
analyze the dynamic modeling of the aerostatic spindle sys-
tem. Firstly, the dynamic equation of the axle system in the 
error sensitive direction (Z direction) is established by using 
Newton’s second law and angular momentum law. Then, 
the second-order Runge-Kuta method is used to solve and 
analyze the model equation, and finally the dynamic charac-
teristics of the aerostatic spindle system in the error-sensitive 
direction are obtained.

2.1 � Aerostatic spindle system dynamics modeling

Wafer ultra-precision grinding machine is mainly com-
posed of air static pressure spindle, grinding wheel adapter 
plate, cup diamond grinding wheel, granite bed, column, 
etc. The grinder has sufficient stiffness and good vibration 
resistance. Among them, the aerostatic spindle, the grinding 

wheel adapter plate and the cup diamond grinding wheel 
constitute a grinding system, and its dynamic characteris-
tics have an important influence on the surface quality and 
morphology of the silicon wafer. Figure 1 is the structure of 
the wafer ultra-precision grinding machine and the grinding 
principle of silicon wafer. In the grinding process, the silicon 
wafer is first adsorbed on the vacuum sucker by vacuum. 
The cup-shaped diamond grinding wheel is connected to the 
aerostatic spindle through the grinding wheel adapter plate. 
The workpiece spindle and the grinding wheel rotate around 
their respective rotation axes, and the grinding wheel moves 
continuously along the axis.

In order to study the dynamic characteristics of the 
grinding machine aerostatic spindle system in the grinding 
error sensitive direction. The grinding wheel, the grinding 
wheel adapter, and the aerostatic spindle are simplified into 
a multi-spring-mass-damping system, as shown in Fig. 2. 
Among them, since the spindle rotor is supported by an 
aerostatic bearing, the stiffness of the spindle rotor is much 
higher than the stiffness of the air film in the air bearing. 
Therefore, the rotor can be regarded as a single point mass 

Fig. 1   Ultra-precision wafer 
grinding. a Wafer grinding 
machine structure diagram. 
b Principle of wafer grinding

Fig. 2   Equivalent dynamic 
model of an aerostatic spindle 
system
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with a certain eccentricity, and the aerostatic bearing can 
be regarded as a spring damper with constant stiffness and 
damping placed along the X and Y directions. In addition, 
the grinding wheel and the adapter plate, the adapter plate 
and the spindle rotor are all connected by bolts, so the joint 
surface of the three can be equivalent to a spring damper that 
extends the axial direction.

In the actual grinding process, due to the uneven qual-
ity of the spindle rotor, the center of mass of the rotor is 
not fixed on the ideal rotation center line of the spindle. 
Moreover, there are some factors such as grinding force dur-
ing grinding, so the grinding wheel will have translational 
motion in the three directions of X, Y, and Z and tilt motion 
in the three directions during the rotation process. However, 
because the grinding wheel is grinding in the Z direction, the 
vibration of the grinding wheel during the rotation process 
only affects the translational motion in the Z direction and 
the tilt motion around the X axis and the Y axis, as shown 
in Fig. 3.

For the Z-direction translational vibration motion of 
the grinding wheel in the actual grinding process. The 

Z-direction force analysis of the grinding wheel, the adapter 
plate and the spindle rotor is carried out separately, as shown 
in Fig. 4. According to Newton’s second law, the accelera-
tion of the translational motion of an object is related to the 
force it is subjected to:

Therefore, according to the model of grinding force estab-
lished by Zhu’s work [26] and the force of each component 
of the spindle system, the dynamic equation of the Z direc-
tion of the spindle system is established, as shown in Eq. (2).

In addition, in order to derive the vibration displacement 
equation of the tilt motion of the spindle system in the error 
sensitive direction. Firstly, an inertial coordinate system O 
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Fig. 3   Vibration form of spindle 
system. a The grinding wheel 
spindle is translated in the Z 
direction. b The rotation of the 
grinding wheel spindle around 
the X and Y axes

Fig. 4   Force analysis of aero-
static spindle system. a Transla-
tional motion analysis of spindle 
systems. b Spindle system tilt 
motion analysis
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(xyz) is defined on the ideal geometric center of the spindle 
rotor. Since the grinding wheel spindle rotor is regarded as 
a single point mass with a certain eccentricity, the center of 
mass of the rotor is not fixed on the ideal coordinate system 
in the process of grinding rotation. Therefore, a fixed coor-
dinate system C (xyz) is defined on the center of mass of the 
rotor, as shown in Fig. 5. The stationary coordinate system C 
(xyz) is obtained by the translational motion and tilt motion 
of the inertial coordinate system O (xyz).

Equation (3) is the equation derived from the Euler angle 
to obtain the transformation of the fixed coordinate system 
C (xyz) with the three axes of the inertial coordinate system 
O (xyz) [3]. where θ, ∅, and Ω are the rotation angles around 
the three coordinate axes of X, Y, and Z, where Ω = ωt, ω 
represents the angular velocity of the grinding wheel spindle 
rotor, and t represents the time of rotation.

Since the grinding wheel spindle is a symmetrical struc-
ture. Therefore, the inertia tensor of the grinding wheel spin-
dle rotor in the stator coordinate system can be expressed 
as shown in Eq. 4 [27], where Jx, Jy, and Jz respectively 
represent the moment of inertia of the fixed body coordi-
nate system C (xyz) around the X, Y, and Z axes in the ideal 
coordinate system O (xyz), e represents the distance of the 
spindle rotor mass extension radial eccentricity, l1 and l2 
represent the distance of the ideal geometric center from 
the bearings at both ends of the aerostatic spindle, and m 
represents the mass of the spindle rotor.

In the actual grinding process, the grinding wheel spindle 
system will be subjected to the external torque caused by the 
external force. Among them, the servo motor will generate 
the driving torque Mm around the Z axis. The cutting forces 
along the Y and Z axes at the end of the grinding wheel will 
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create a cutting moment around the X direction of the spindle 
system, and the cutting forces along the X axis will create a 
cutting moment in the Y and Z directions of the system. In 
addition, due to the existence of friction, there will also be fric-
tion torque Mf inside the system, as shown in Eq. (5), where d 
(i = x, y, z) is the air viscous Angle damping. Finally, the static 
bearing will also produce external torque Mb on the main shaft 
rotor in the X and Y directions, and the numerical value is the 
product of the deflection angle of the main shaft rotor and the 
bearing force on the rotor [24].

In addition, because the grinding wheel rotor is regarded 
as a single point mass with eccentricity, the dynamic unbal-
ance force caused by the asymmetry of mass distribution will 
also occur during the rotation process. The dynamic unbalance 
force increases linearly with the square of unbalance and rota-
tional speed, as shown in Eq. (6). Among them, m represents 
the mass of the spindle rotor, e represents the eccentricity of 
the rotor, U is the unbalance of the rotor, Fu represents the 
dynamic unbalance force, ω is the angular velocity of the spin-
dle rotation, and MU is the dynamic unbalance moment caused 
by the uneven mass distribution of the spindle.

Combining the above factors, according to the law of angular 
momentum, the angle of rotation of the grinding wheel spindle 
system around the X and Y axes can be expressed as [24]:

Finally, the combined Eqs. (2) and (7) can be further 
derived from the translational motion equation of the 
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Fig. 5   The form of motion of a 
fixed coordinate system relative 
to an inertial coordinate system
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grinding wheel spindle system in the sensitive direction 
and the tilting motion equation around the X and Y axes, as 
shown in Eq. (8):

Among them, m1, m2, and m3 are the masses of the grind-
ing wheel, adapter plate and grinding wheel spindle, k1, k2, 
and k3 are the stiffness of the joint surface between the three 
in the Z direction, c1, c2, and c3 are the linear viscous damp-
ers between the three, Fz represents the grinding force of 
the grinding wheel in the error-sensitive direction during 
the grinding process, θ, ∅ respectively indicate the angle 
of deflection of the rotor around the X axis and Y axis, by 
consulting the grinding machine design manual, you can 
obtain the performance parameters related to the grinding 
machine GP300 as shown in Table 1.

2.2 � Dynamic response of the aerostatic spindle 
system

The second-order Runge-Kutta method is used to solve 
the dynamic equation of the air spindle system established 
above. In addition, since the vibration trajectory reflected on 
the silicon wafer in the actual grinding process is the synthe-
sis of the translational displacement in the delay difference 
sensitive direction of the spindle system and the swing angle 
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around the X and Y axes, the total synthetic displacement Zb 
of each component of the aerostatic spindle system can be 
expressed as follows:

where Z is the displacement of the translational motion in 
the delay sensitive direction of the spindle system, Rw is 
the radius of the grinding wheel, and ∅ is the angle of the 
spindle swinging around the X and Y axes.

As shown in Fig. 6, the displacement vibration curve of 
each component after comprehensive consideration of trans-
lation and rotation after the solution is solved. It can be seen 
from the diagram that the motion forms of grinding wheel, 
adapter plate and spindle rotor are almost the same when 
considering the participation of grinding force. At the begin-
ning, the movement reaches a larger position, then gradu-
ally decreases, and finally tends to be stable. Moreover, the 
vibration displacement of each component in the Z direc-
tion after stabilization shows the law of sinusoidal curve 
change. From the perspective of the displacement changes 
after the three are stabilized, the displacement of the grind-
ing wheel changes greatly, the maximum vibration displace-
ment is 0.15 μm, the change of the adapter plate is second, 
the maximum vibration displacement is 0.13 μm, and the 
vibration displacement of the spindle rotor changes The 
smallest, the difference between the highest point and the 
lowest point is 0.09 μm. In addition, it can be seen from the 
figure that the grinding wheel spindle system vibrates vio-
lently at the beginning, then gradually decreases, and tends 
to stabilize after 40 s. The reason for this result is that when 
the grinding wheel is just in contact with the silicon wafer, 
the axial grinding force of the grinding wheel is the largest, 
and then the grinding wheel begins to contact the silicon 

(9)Zb = Z ± Rw�

Table 1   Wafer ultra-precision 
grinding machine GP300 
performance parameters

Spindle system performance parameters Numeric value

Grinding wheel quality m1 (kg) 4.75
Adapter plate quality m2 (kg) 10.24
Spindle rotor quality m3 (kg) 12
Spindle rotor eccentricity distance e (μm) 2
The distance from the bearing to the center of mass of the rotor (l1/l2) (mm) 125/120
The distance from the end of the grinding wheel to the center of mass of the rotor (l3) (mm) 180
Bonding surface connection stiffness (k1/k2) (N/μm) 430
Rotor connection stiffness (k3) (N/μm) 580
Spindle rotor radius Rm (mm) 70
Grinding wheel radius Rw (mm) 150
The inertia tensor of the spindle rotor around the X and Y axes (Jx/Jy) (gm2) 5.4
The inertia tensor of the spindle rotor around the Z axis (Jz) (gm2) 0.19
Angular damping ratio (ε) 0.00005
Linear damping ratio (μ) 0.025
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wafer. At this time, the grinding force of the grinding wheel 
gradually decreases and tends to be stable with the stability 
of the processing state. By calculating the power spectral 
density of the displacement vibration curve, the vibration 
frequencies of the grinding wheel, adapter plate and spindle 
rotor in the error-sensitive direction during the processing 
process are analyzed to be 483 Hz, 777.06 Hz, and 1090.3 
Hz, respectively.

3 � Experiment on vibration response 
of wafer ultra‑precision grinder

For the wafer ultra-precision grinding and polishing machine 
studied in this paper, in the actual grinding process, the 
grinding wheel and the end of the workpiece spindle are 
the weakest links of the whole grinding machine. There-
fore, the modal test principle of multi-point excitation and 
single-point vibration picking is selected in this test. The 
force hammer is used to knock each measuring point of the 
grinding machine, and then the sensor is fixed at the posi-
tion close to the grinding wheel to pick up the vibration 
signal from each measuring point. Finally, the impact force 
of the hammer and the vibration response of the grinding 
wheel end are comprehensively analyzed, and the dynamic 

amplitude-frequency response of the vibration of the whole 
machine to the grinding wheel and the workpiece end is 
obtained

3.1 � Whole machine mode test

This modal test uses a high-performance dynamic data 
acquisition instrument and a corresponding dynamic sig-
nal test and analysis system. Before the start of the test, 
the grinding machine is divided into excitation points in 
the vibration analysis system software. In this experiment, 
a total of 309 measuring points are divided for the whole 
grinding machine. Among them, the point marked with the 
digital position is taken as the excitation point of the modal 
test, and the measuring point near the wheel end is taken as 
the pick point of the modal test. Figure 7 is the division of 
the measuring points of the whole grinding machine and the 
selection of the picking points. Since the grinding wheel is 
fed in the Z direction during grinding, and the Z direction 
is the error-sensitive direction of the grinding machine. In 
order to reflect the real processing state, when the force ham-
mer hits the measuring point, the force hammer needs to be 
struck vertically along the error sensitive direction.

After the hammer strikes each excitation point on the 
bed in turn, the hammering force of the hammer and the 

Fig. 6   Aerostatic spindle system dynamics. a Grinding wheel synthesis vibration displacement. b The adapter plate synthesizes vibration dis-
placement. c Spindle rotor synthesizes vibration displacement. d Dynamic response frequency of the spindle system
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vibration response of the grinding wheel spindle end are 
analyzed. The amplitude-frequency response of the vibration 
of the grinding machine to the spindle end of the grinding 
wheel is obtained by using the PolyLSCF modal param-
eter identification method in the dynamic test and analysis 
system. In addition, in order to ensure the accuracy of the 
modal test, the modal coherence coefficient after each knock 
is greater than 0.862, as shown in Fig. 8.

Figure 9 shows the vibration mode test of ultra-preci-
sion grinding machine, in which Fig. 9b is the steady-state 
diagram of the mode test. By finding the steady-state pole 
marked with s in the diagram, the natural frequencies of 
each order of the system obtained by the mode test can be 

calculated. For comparison with the results obtained from 
the hammer test, the modal analysis software is used to cal-
culate the modal analysis of the grinding machine. After 
the model material and the applied load are given, the first 
eight natural frequencies of the delay error sensitive direc-
tion (Z direction) in the modal analysis software are com-
pared with the first eight natural frequencies of the hammer 
test, as shown in Table 2.

It is found that except for the natural frequency error of the 
2nd and 6th modes is greater than 6%; the error of the other 
modal test parameters is less than 6%. In addition, it can be 
seen from the vibration mode diagram of the whole machine 
that the vibration effect of the aerostatic spindle and the adapter 

Fig. 7   The whole machine 
measurement point division and 
vibration picking point selection

Fig. 8   Coherence function 
curve of modal test

Fig. 9   Wafer ultra-precision grinding machine vibration response experiment. a Hammer mode test. b Modal test results
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plate is more significant, which is manifested in the 4th, 6th, 
and 8th modes. Among them, the 4th order is manifested as 
the up and down vibration of the adapter plate, the 6th order is 
manifested as the Z-direction reverse translation of the adapter 
plate and the spindle, and the 8th order is manifested as the 
torsional vibration of the adapter disk and the grinding wheel 
spindle feed system. The motion of these vibration modes is 
in the error sensitive direction during the grinding process, 
which will cause great error to the silicon wafer after grind-
ing, as shown in Fig. 10.

4 � The influence mechanism of aerostatic 
spindle system dynamics on the waviness 
error of medium frequency

4.1 � Medium frequency waviness feature frequency 
extraction

In order to extract the characteristic frequency of the inter-
mediate frequency band of the silicon wafer surface after 
grinding, and to avoid the influence of the change of grind-
ing parameters on the contour frequency of the silicon wafer 
surface. On the wafer ultra-precision grinding machine with 
2000 r/min, 2399 r/min, and 3000 r/min, three different 
spindle speeds to grind the silicon wafer with a diameter of 
300 mm, the silicon wafer grinding test is shown in Fig. 11; 
the specific grinding parameters are shown in Table 3. 

The vibration acceleration signal in the cutting process is 
obtained by the acceleration sensor.

The three-dimensional optical surface profiler is used to 
measure the surface of the silicon wafer after grinding with 
three grinding parameters, and the frequency band with a 

Table 2   Comparison of modal experiments and computational pattern recognition parameters

Modal order Mode shape description Modal natural frequency

Modal testing Calculate modalities Error

1 The whole machine is translated up and down 116.3 Hz 121.98 Hz 4.65%
2 The bed and spindle vibrate in the same direction 183.3 Hz 195.35 Hz 6.16%
3 The beam vibrates in reverse 358.7 Hz 368.9 Hz 2.76%
4 The adapter plate vibrates up and down 443.4 Hz 452.17 Hz 1.97%
5 The spindle is torsional from side to side 562.5 Hz 562.23 Hz 0.04%
6 The adapter plate and the spindle are translated in the 

opposite direction of Z
732.6 Hz 800.69 Hz 8.5%

7 The spindle is translated left and right 852 Hz 899.37 Hz 5.56%
8 The adapter plate is torsional 973.3 Hz 958.41 Hz 4.7%

Fig. 10   Modal experimental 
mode shape. a The 4th mode 
shapes. b The 6th mode shapes. 
c The 8th mode shapes

Fig. 11   Wafer grinding test
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spatial period of 2.5 ~ 33 mm is extracted. The power spec-
trum calculation is carried out to obtain the spatial frequency 
components of the surface topography of the three silicon 
wafers. The spatial frequency of the silicon wafer surface 
profile has the following corresponding relationship with 
the time domain vibration frequency [2]:

(10)
� = vf

v = N�D∕60

where f represents the spatial frequency of the surface profile 
curve of the silicon wafer, the unit is 1/mm, v is the tangen-
tial speed of the grinding wheel, the unit is mm/s, N is the 
speed of the grinding wheel spindle, the unit is r/min, D is 
the diameter of the cup grinding wheel, the unit is mm, ω is 
the time domain conversion frequency, and the unit is Hz.

The wafer ultra-precision grinding machine uses a cup-
shaped diamond grinding wheel with a diameter of 300 
mm. According to Eq. (10), the spatial frequency of the 
silicon wafer surface after three sets of grinding param-
eters are calculated, as shown in Fig. 12. When the grind-
ing wheel spindle speed is 2000 r/min, there will be three 
sets of space frequencies of 0.0154 1/mm, 0.0231 1/mm, 
and 0.0309 1/mm on the silicon wafer grinding surface 
PSD1; when the grinding wheel spindle speed is 2399 r/
min, the silicon wafer grinding surface PSD1 will have 
three sets of space frequencies of 0.0128 1/mm, 0.0192 1/
mm, and 0.0257 1/mm; when the grinding wheel spindle 

Fig. 12   Frequency distribution of silicon wafer in intermediate frequency band; a 2000 r/min silicon wafer surface; b 2399 r/min silicon wafer 
surface; c 3000r/min silicon wafer surface

Table 3   Wafer grinding experimental parameters

Grinding parameters Numeric value

Grinding wheel spindle speed 2000 r/min, 2399 r/
min, 3000 r/min

Workpiece spindle speed 110 r/min
Grinding wheel feed speed 5 μm/min
Grinding wheel grinding depth 80 μm
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speed is 3000 r/min, the silicon wafer grinding surface 
PSD1 will have three sets of spatial frequencies: 0.0103 
1/mm, 0.0154 1/mm, and 0.0205 1/mm. By converting 
the spatial frequency into the corresponding time domain 
frequency by Eq. (10), it can be concluded that when the 
speed of the grinding wheel spindle increases, the surface 
space frequency of the silicon wafer decreases after grind-
ing of the three sets of grinding parameters, but the time 
domain frequency remains unchanged, which is 483 Hz, 
725 Hz, and 966 Hz, respectively.

4.2 � Medium frequency waviness error traceability 
analysis

Table 4 compares the characteristic frequencies of the 
intermediate frequency on the surface of the silicon wafer 
with the natural frequencies of the 4th, 6th, and 8th order 
of the mode shape of the grinding wheel spindle system 
and the characteristic frequencies of the grinding wheel 
spindle dynamics modeling. From the table, it can be 
seen that the characteristic frequencies obtained by the 
dynamic modeling of the grinding wheel spindle system 
are in good agreement with the experimental results, 
which proves the correctness of the dynamic model of 
the aerostatic spindle system. Moreover, the dynamic 
response frequency of the test and simulation is in good 
agreement with the intermediate frequency characteristic 
frequency of the silicon wafer, which proves that the char-
acteristic frequency of the intermediate frequency band of 
the silicon wafer surface is caused by the dynamic char-
acteristics of the aerostatic spindle system.

In addition, the acceleration signal collected by the 
accelerometer is calculated by double integration to 
obtain the vibration displacement curve of the end of the 
grinding wheel spindle under the actual cutting force. 
Figure 13 shows the surface topography of the IF band 
obtained by bandwidth filtering of the ground silicon 
wafer at this speed. By comparing the surface profile in 
the grinding direction with the vibration displacement 
curve of the grinding wheel end, it is found that the peaks 
of 1, 2, 3, 4, and 5 positions in the frequency band of 
the silicon wafer are almost the same as the vibration 
displacement peaks of the grinding wheel end, and the 

curves of the two are almost consistent. It is proved that 
the intermediate frequency error of silicon wafer is mainly 
caused by the dynamic vibration of grinding machine on 
the surface of silicon wafer.

5 � Wafer ultra‑precision grinding machine 
structure improvement

From the results of the second modal experimental mode 
shape, it can be seen that during the vibration process of the 
aerostatic spindle system, the vibration deformation of the 
aerostatic pressure spindle and the grinding wheel adapter 
plate is more serious. However, since the structure and size 
parameters of the spindle have been fixed, if you want to 
reduce the amplitude of the grinding wheel vibration, you 
can only enhance the stiffness of the adapter by changing the 
material of the adapter plate or optimizing the structure of 
the adapter plate, thereby changing the vibration frequency 
of the aerostatic spindle system, and then reducing the influ-
ence of the vibration displacement of the grinding wheel 
spindle system on the amplitude of the medium frequency 
ripple error on the silicon wafer processing surface.

In this paper, according to the deformation of the grind-
ing wheel adapter plate during the vibration process of the 
whole machine, a scheme for optimizing the structure of 
the adapter plate is given, as shown in Fig. 14. The grinding 
wheel adapter plate is a uniform disk, the waist-shaped hole 
on the outer edge is used to fix the grinding wheel, and the 
internal threaded hole is bolted to the spindle rotor, so two 
vertically crossed crossbar plates can be added on the upper 
surface of the adapter plate to enhance the stiffness of the 
adapter plate, so as to achieve the purpose of reducing the 
amplitude.

The optimized machine is re-analyzed for modality. 
Figure 15 shows the modal simulation result of the whole 
machine after optimization and the displacement vibration 
curve from the center of the grinding wheel to the edge posi-
tion of the grinding wheel before and after optimization in 
the error-sensitive direction of grinding. From the results, 
it can be seen that the vibration displacement amplitude of 
the grinding wheel center is larger than the amplitude of the 
edge, and the displacement amplitude of the center of the 
grinding wheel after optimization is reduced from 71.68 to 

Table 4   Characteristic frequency traceability analysis of medium frequency ripple error on silicon wafer surface

Order Characteristic frequencies in the 
mid-frequency band

Grinding machine 
natural frequency

Spindle dynamic 
response frequency

Modal shape

4 483 Hz 443.4 Hz 483 Hz The adapter plate vibrates up and down
6 725 Hz 732.6 Hz 777.06 Hz Transfer disk and spindle reverse translational
8 966 Hz 973.3 Hz 1090.3 Hz The adapter plate is torsional
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Fig. 13   Grinding wheel vibra-
tion displacement curve and 
silicon wafer medium frequency 
profile curve extraction. a 
Vibration acceleration signal. b 
Grinding wheel vibration dis-
placement. c Surface topogra-
phy of silicon wafers. d Surface 
profile curve

Fig. 14   Optimize the compari-
son of the structure of the front 
and rear adapter plate

Fig. 15   Grinding machine calculation modal analysis. a Modal mode shape results. b Optimize the comparison of vibration displacement at the 
end of the grinding wheel before and after

2598 The International Journal of Advanced Manufacturing Technology (2024) 130:2587–2600



1 3

42.93 μm, and the maximum displacement change of the 
grinding wheel from the center to the edge Z direction before 
optimization is 64.38 μm, and the displacement change after 
optimization is 33.18 μm, which is 52.8% lower than that 
before optimization. It shows that changing the structure of 
the adapter plate can reduce the vibration displacement at 
the end of the grinding wheel spindle, and the optimization 
effect is remarkable.

6 � Conclusions

This paper reveals the influence of the dynamic charac-
teristics of wafer ultra-precision grinding machine on the 
medium frequency waviness error of silicon wafer surface 
from three aspects: modal test, theoretical modeling and 
simulation analysis, and the specific conclusions are as 
follows:

1)	 The vibration displacement curve of the delay differ-
ence sensitive direction of the aerostatic pressure spin-
dle system was obtained by theoretical modeling and 
modal test, and the vibration response frequencies of 
the spindle system were obtained by power spectrum 
analysis, which were 483 Hz, 777.06 Hz, and 1090.3 
Hz, respectively.

2)	 The characteristic frequencies of the intermediate fre-
quency band on the surface of the silicon wafer dur-
ing processing were extracted, and it was found that the 
characteristic frequency of the intermediate frequency 
on the surface of the silicon wafer was consistent with 
the frequency of the dynamic response of the grinding 
machine. The vibration curve of the end of the grinding 
wheel spindle during the grinding process is compared 
with the intermediate frequency contour curve of the 
silicon wafer surface. The two curves are almost consist-
ent, which proves that the intermediate frequency ripple 
on the silicon wafer surface is caused by the dynamic 
characteristics of the grinding machine.

3)	 A scheme for improving the structure of the adapter 
plate was proposed, and the amplitude change of vibra-
tion displacement at the end of the grinding wheel after 
the improvement was reduced by 52.8% compared with 
the previous one, indicating that the improved scheme 
was effective.
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