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)e vibration of grinding tools is very essential to the performance of parts and the safety of machine tools. However, the
vibrationis rarely studied in the process of polishing aeroengine blade with abrasive cloth wheel. Polishing force is measured by
dynamometer in the process of polishing aeroengine blade with abrasive cloth wheel, and the time-domain expressions of
polishing force are obtained. Time-domain and frequency-domain vibration solutions of position at which the abrasive cloth
wheel is installed under the coupling of axial force and normal force are obtained by the simulation method.)e results show that
the total displacement is approximately equal to the displacement in the normal direction. )e frequency-domain characteristics
of axial force and normal force are similar. )e frequency-domain characteristics of vibration in x, y, and z directions are similar.
)e component frequencies of polishing force are not the same as the component frequencies of rod vibration, which means the
vibration is not stable. )e range of spindle speed to avoid resonance in polishing process is calculated.

1. Introduction

)e issue of vibration in grinding or polishing process has
received considerable attentions because it plays a key role
in surface quality on workpiece, processing efficiency and
stability of process system However, to the author’s
knowledge, very few publications can be found in the
literature that discuss the issue of vibration in the polishing
process with an abrasive cloth wheel.)is article establishes
a method for analyzing the vibration characteristics of a
polishing rod for polishing the aeroengine blade with an
abrasive cloth wheel. In 1946, Arnold considered that the
self-excited vibration caused by the decrease of the main
component of cutting force relative to the cutting speed was
a main reason for the chatter, and chatter is named as
“friction chatter” [1]. In 1954, Inoue and Hirohito pro-
posed that the instantaneous change of the horizontal
component of cutting force lagged behind the instanta-
neous change of cutting thickness, which is also a reason for
the self-excited vibration of cutting [2]. )e self-excited
vibration caused by the above lagging effect is referred to as
“hysteresis chatter.” Mode-coupled chatter is a kind of

chatter caused by the coupling of two natural modes when the
stiffness of the vibration system is similar in two directions,
which was proposed by Tlusty and Ismail [3]. In the mid-
1950s, Hahn published his paper “Regenerative Chatter
)eory of Precision Grinding.” He established the concept of
regenerative chatter. He believed that the generation of
grinding vibration was caused by regeneration of the ripple
surface after grinding. He named it “regenerative chatter,”
which was the main reason of chatter [4]. Although the deep
mechanism and exact theoretical model of chatter need to be
further studied and discussed, the theoretical system of
chatter analysis based on the above fourmechanisms has been
established. According to these theories, various chatter
phenomenon in actual processing can be understood and
explained, and it lays a theoretical foundation for suppressing
chatter in production practice.

In 1984, Hashimoto et al. proposed a dynamic modeling
method for cylindrical grinding based on the principle of
regenerative chatter. In the stability analysis of cylindrical
grinding, the effects of regenerative chatter of the workpiece
and the grinding wheel on the stability of cylindrical
grinding were considered, respectively [5].

Hindawi
Mathematical Problems in Engineering
Volume 2020, Article ID 5472502, 14 pages
https://doi.org/10.1155/2020/5472502

mailto:xianchao1994@163.com
https://orcid.org/0000-0003-0243-9212
https://orcid.org/0000-0001-5729-8782
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5472502


From 1971 to 1985, )ompson proposed to analyze
grinding stability based on the vibration equation and in-
troduced the double regeneration effect theory [6, 7], which
takes into account both the regeneration chatter of the
workpiece and the grinding wheel.

In 1977, Inasaki et al. [8] studied the influence of re-
generative chatter on the stability of the grinding system by
establishing a mechanical model of regenerative chatter in
cut-in grinding, regarding the growth rate of the surface
ripple as a stability criterion. In 1987, Wardani et al.
established a model describing regenerative chatter of
grinding and quantitatively described the influence of
grinding wheel stiffness and grinding force on grinding
stability [9]. In 1997, Biera et al. established a nonlinear
model in the time domain to analyze the stability of grinding
process [10].

In 2001, Weck et al. modeled regenerative chatter of
longitudinal grinding on the basis of the study of cut-in
grinding [11]. In the same year, Inasaki et al. studied the
causes of grinding chatter and the dynamics of restraining
and regenerating chatter in the grinding system [12].

In 2004, Altintas et al. and Weng et al. studied the
mechanics model of regenerative chatter in longitudinal
grinding and surface waviness [13, 14]. In 2005, Zhang et al.
established a dynamic grinding force model to analyze the
relationship between grinding force and stability by
resecting the geometric characteristics of the material [15].
In 2006, Li and Shin described the effect of regenerative
chatter on the surface quality of the grinding wheel based on
grinding stability analysis theory [16].

Li and Shin [17, 18] established several dynamic models
for cylindrical grinding and then analyzed the chatter
characteristics of grinding process. Yan et al. [19–25]
established corresponding dynamic models for various
grinding processes and analyzed grinding stability and
chatter characteristics.

Li et al. [26] presented a chatter model for contour
grinding. )e factors affecting contour grinding, including
workpiece material, Preston coefficient, and change of
cutting depth during multipass grinding, were studied.
Frequency response function of the machine tool structure
was obtained by experiment. )en, the modal analysis was
applied to the frequency response function to obtain the
modal parameters which represent the mechanical structure
in the chatter model.

Kabini et al. [27] established a theoretical model for
predicting chatter in cylindrical grinding.)emodel is based
on the geometric and dynamic interaction between the
workpiece and the grinding wheel. )e correctness of the
model was verified by a series of experiments.

Entwistle and Stone [28] considered that the modeling of
grinding chatter was more complex than metal cutting. )is
is because the number of parameters affecting the occur-
rence of grinding chatter is very large. In addition, unlike
metal cutting, the growth of chatter in grinding may take a
long time, so the growth rate is also crucial.

Hesterman and Stone [29] considered that the effect of
torsional vibration on grinding chatter has been largely
neglected so far. However, recent studies on cylindrical cut-in

grinding show that the torsional characteristics can significantly
change the system behavior and can prevent the occurrence of
chatter in some cases. In order to study this problem in more
detail, the frequency-domain and time-domain solutions of the
cylindrical grinding model were established and these methods
are described and their results are compared.

Yu et al. [30] analyzed and studied the nonlinear chatter
in the grinding machine system. )ey regarded the grinding
machine as a nonlinear multidegree-of-freedom system, and
a low-dimensional system and the corresponding average
equation were obtained. On the basis of deriving the average
equation, the stability and bifurcation of the chatter system
were discussed. It was proved that the chatter occurs in the
form of Hopf bifurcation produced by the steady state of the
system origin.

Cong et al. [31] studied the relationship between the
dynamic characteristics of the system and the surface to-
pography of the workpiece and established a two-degree-of-
freedom (DOF) dynamic model with time-delay charac-
teristics. )en, the Monte Carlo method and the first-order
secondmoment method were used to analyze the fluctuation
of dynamic parameters, and the reliability analysis was in-
troduced into the flutter analysis.

Drew et al. [32] did the experiment of force change
caused by the velocity oscillation of the workpiece. )e
results of the experiment show that the torsional vibration of
the workpiece has a great influence on grinding chatter.
According to the change of grinding force with workpiece
speed, the change of workpiece high-frequency speed can be
used to reduce chatter. Aiming at the rub-impact phe-
nomenon of main components in the normal operation of
an aeroengine, Wang et al. [33–36] studied the dynamic
response of the main components in the time and frequency
domains by theoretical analysis, simulation, and experi-
mental methods.

References [37–39] gave a method to detect grinding
chatter by using entropy technology.

Considering that abrasive cloth wheels have certain
flexibility and can avoid underpolishing or overpolishing,
Zhao et al. [40], Huai et al. [41, 42], and Xian et al. [43, 44]
have proposed a method of polishing the aeroengine blade
by using abrasive cloth wheels. Xiao et al. [45] presented that
abrasive belt polishing was a flexible approach to polish the
workpiece. However, the equipment of abrasive belt pol-
ishing is complex in mechanical structure and control.

On the one hand, because the abrasive cloth wheel is at a
rotating state in polishing process, it is impossible to directly
measure the vibration in all directions by using the sensor.
On the other hand, it is very complicated to solve the vi-
bration differential equation. In this paper, the polishing
force for polishing aeroengine blades with abrasive cloth
wheel is measured by dynamometer, and the time domain
expression of polishing force is obtained by fitting. )en, the
vibration solution can be obtained by simulation.

2. Experiment Device and Scheme

2.1. Experiment Equipment andMaterials. In order to polish
the free-form surface of the blade, the five-axis CNC
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polishing machine developed by our laboratory in the ex-
periment is designed to the five-axis linkage motion with five
axes including three linear axes X, Y, and Z and two rotating
axes A and C.

)e channel of blisk is narrow and poor open, with
mutual occlusion and wide chord curving.)e tool (abrasive
cloth wheel + polishing rod tool) has a good accessibility,
which means the tool can process the places that other tools
cannot reach. Considering that the abrasive cloth wheel can
avoid underpolishing or overpolishing near the area of large
curvature, the value of the wheel radius should be smaller
than other occasions. So, the wheels diameter is 13.5mm and
width is 12mm. )e wheels are made of laminated adhesive
resin and sand cloth whose abrasive particles are brown
corundum of which the main component is alumina. )e
material of the polishing rod is stainless steel. )e section
view of the polishing rod is shown in Figure 1. )e units of
dimensions in the drawing are mm.

GH4169 are widely used in the aerospace industry be-
cause they have excellent comprehensive properties such as
high strength, good thermal stability, strong corrosion re-
sistance, and excellent thermal fatigue properties at high
temperature, and they can work effectively for a long time at
high temperature. Hence, the workpiece material of this
experiment is nickel-based superalloy GH4169, and the
surface of the blade was milled with a ball end milling cutter
before polishing.

2.2. Experimental Principles and Procedures. Figure 2 indi-
cates the principle of the test system. )e polishing force is
transmitted to the kistler 9257B-type three-direction dy-
namometer through the workpiece, and then the dyna-
mometer converts the force signals into voltage signals and
then inputs them into the computer through the signal
amplifier and the data acquisition instrument. )e dyna-
mometer can collect the time-varying signals of force.

)e rotating wheel moves transversely along a geodesic
curve track of the blade surface with the workpiece fixed,
which belongs to drying down polishing. Figure 3 shows the
field test drawing. )e dynamometer coordinate system
defined with its origin located at the center of the dyna-
mometer surface is shown in the left bottom of Figure 3. )e
right bottom of Figure 3 shows the polishing force signal,
which is the X, Y, and Z direction polishing force signal from
top to bottom on the computer screen. )e acquisition
frequency of the dynamometer is set to 20000Hz.

2.3. Determination of Process Parameters. )ere are so many
factors affecting polishing force that the effect mechanism is
complicated. In this paper, the obvious effects including the
spindle speed, compression depth, feed speed, and size of the
abrasive cloth wheel are considered with other factors kept
constant.

)e maximum spindle speed of the machine tool in this
experiment is 10000 r/min. For sake of the polishing effi-
ciency and including a wide range of spindle speed, the
spindle speed is selected between 4000 r/min and 8000 r/
min.

Abrasive cloth wheels have certain flexibility, and the
variation of the wheel radius with spindle speed is shown in
Figure 4.

According to Figure 4, it can be seen that the incremental
value of the wheel radius is in the range of 1mm∼ 1.7mm.
Considering small compression depth resulting in low
polishing efficiency and large compression depth making the
polishing process become rigid polishing, the compression
depth is selected between 0.6mm and 1.4mm. )e feed
speed is set to the range of 100mm/min∼ 300mm/min so
that a stable polishing force signal can be acquired, and
polishing effect and efficiency can be improved. )e size of
the abrasive cloth wheel is selected between 240# and 600# to
obtain high efficiency and surface quality. )e level of four
factors selected in this experiment is shown in Table 1.

3. Determination of the Expression of
Polishing Force

Considering the blade as the research object, FX, FY, and FZ
represent theX, Y, and Z direction forces acting on the blade,
respectively. )e direction of FY is perpendicular to the
paper and points to the inside of the paper.

)e normal polishing force direction is the normal di-
rection of the contact surface center in the blade surface.
According to differential geometry theory, because MN is a
geodesic curve, the normal line of MN coincides with the
normal line of the surface. )ereby, the normal polishing
force direction is the normal direction of the polishing point
on MN, and the tangential polishing force direction is the
tangential direction of the polishing point on MN. )e
normal polishing force is Fn, and the tangential polishing
force is Ft as shown in Figure 5. According to the composition
and decomposition of forces, normal polishing force Fn,
tangential polishing force Ft, and axial force Fa can be given as

Ft � FX cos α − FZ sin α, (1)

Fn � FX sin α + FZ cos α, (2)

Fa � FY. (3)

According to equations (1)–(3), time-domain signals of
FX, FY, and FZ can be converted to time-domain signals of Ft,
Fa, and Fn. Because FX, FY, and FZ are periodic signals, Ft, Fa,
and Fn are also periodic signals. Figure 6 shows one-cycle
signals of Ft, Fa, and Fn under certain process parameters.

According to the characteristics of these signals, they can
be decomposed into the sum of trigonometric series signals.
Fa and Fn can be expressed as

Fa � 
∞

i�1
ai sin bit + ci( , (4)

Fn � 
∞

i�1
αi sin βit + ci( , (5)

where ai, bi, ci, αi, βi, ci, (i � 1, 2, . . .) are the coefficients.
When the first eight terms of the series are taken, the

fitting accuracy is relatively high. So, the first eight terms of

Mathematical Problems in Engineering 3



the series are taken as the expression of the force Fa and Fn.
)e fitting curve of Fa and Fn is shown in Figures 7 and 8.

)e fitting curve equations of Fa and Fn are given as

Fa � 
8

i�1
ai sin bit + ci( 

� 14.5 sin(9492t + 1.255) + 11.78 sin(12580t + 0.0007)

+ 15 sin(10510t + 2.635) + 7.521 sin(10120t + 1.934)

+ 6.661 sin(8042t − 0.8875)

+ 7.298 sin(13060t + 0.9207)

+ 5.961 sin(12040t − 2.501) + 3.771 sin(9018t + 2.18),

(6)

Fn � 
8

i�1
αi sin βit + ci( 

� 9.912 sin(12480t + 1.611) + 4.97 sin(211.6t + 0.2851)

+ 10.18 sin(10420t − 1.598) + 5.492 sin(10110t + 2.221)

+ 9.062 sin(9461t − 2.628) + 4.463 sin(11760t − 0.1892)

+ 3.826 sin(11100t − 0.08997) + 3.248 sin(8040t + 1.191).
(7)

)e right bottom of Figures 7 and 8 displays the fit
goodness of Fa and Fn.)e R2 and adjusted R2 are very close
to 1, which shows that the fitting equation has a very good
fitting degree and high validity.
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Figure 1: Section view of the part of the polishing rod hanging out.
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Figure 2: Schematic diagram of the test system.
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Figure 4: Variation of the radius of the abrasive cloth wheel with
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Table 1: Test factors and horizontal distribution.

Factors Levels
1 2 3

1 N 4000 6000 8000
2 ap 0.6 1.0 1.4
3 vw 100 200 300
4 P 240 400 600
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4. Establishment of Vibration
Differential Equation

In the experiment, the vibration of the abrasive cloth wheel is
considered as the vibration at the midpoint on BC as in
Figure 1. )e polishing rod can be regarded as a cantilever
beam, and the vibration model rod and the coordinate
system o-xyz are established, which is shown in Figure 9.

)e axial forced vibration equation of the polishing rod
is expressed by

z

zx
EA(x)

zu(x, t)

zx
  + Fa(x, t) � ρA(x)

z2u(x, t)

zt2
. (8)

)e normal forced vibration equation of the polishing
rod is

z2

zx2 EI(x)
z2w(x, t)

zx2  + ρA(x)
z2w(x, t)

zt2
� Fn(x, t).

(9)
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Figure 7: Fitting curve of Fa.
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Submitting equations (6) and (7) into equations (8) and
(9), the vibration equation can be derived as

z

zx
EA(x)

zu(x, t)

zx
  + 

∞

i�1
ai sin bit + ci(  � ρA(x)

z2u(x, t)

zt2
,

(10)

z2

zx2 EI(x)
z2w(x, t)

zx2  + ρA(x)
z2w(x, t)

zt2
� 
∞

i�1
αi sin βit + ci( .

(11)

For one thing, the expressions of axial polishing force
and normal polishing force are complex and the cross-
section of the polishing rod is not equal, and solving
equations (10) and (11) is very complex. For another thing, it
is difficult to obtain the vibration solution under the cou-
pling of axial force and normal force by the analytical
method. So, the simulation method can be used for solving
the vibration of the polishing rod.

5. Solutions of Finite Element Simulation

)e simulation steps are shown in Figure 10. First, the three-
dimensionalmodel of the polishing rod is established. Second,
meshing is applied and grid size is 1mm. )ird, constraint is
imposed on themodel, which is fixing the right end face of the
polishing rod. )e loads comprise of Fa and Fn, which are
imposed simultaneously. Imposing axial force Fa is shown in
Figure 11, and imposing normal force Fn is shown in Fig-
ure 12. Lastly, solving is proceeded.)en, the solutions can be
obtained under the coupling of the two loads by simulation.

Abrasive cloth wheel is installed on the BC section as in
Figure 1 by thread, and the vibration characteristics at the
midpoint on BC can reflect the vibration characteristics of
the abrasive cloth wheel. )e solution in the x direction at
the midpoint on BC is displayed in Figure 13, and solution in
the z direction is displayed in Figure 14, and solution in the y
direction is displayed in Figure 15. )e vibration displace-
ment curve at the midpoint on BC is shown in Figure 16.

Figure 16 shows that displacement in the normal di-
rection (z direction) reaches 10−4m, which is mainly caused
by the normal force. )e displacement in the axial direction
(x direction) reaches 10−5m, which is mainly caused by the

axial force. )e displacement in the y direction is 10−7m,
which is caused by the axial force and normal force.

)e total displacement is expressed as

d �

�����������

d2
x + w2 + u2



. (12)

)e order of the displacement magnitude in the normal
direction (z direction) is 10−4m, and the order of the dis-
placement magnitude in the axial direction (x direction) is
10−5m. )e order of the displacement magnitude in the y
direction is 10−7m. So, the total amplitude is simplified as

d ≈ w. (13)

So, the total displacement is approximately equal to the
displacement in the z direction.

6. Frequency-Domain Analysis

According to equations (6) and (7), the component fre-
quencies of axial and normal force expression can be ob-
tained, which are listed in Table 2.

)e frequency-domain distributions of the axial force
and normal force can be obtained by Fourier transform of
equations (6) and (7), as shown in Figure 17.

It is shown in Figure 17 that pulse values of power
spectral density occur when frequencies are equal to com-
ponent frequencies of axial force and normal force. )e
frequency-domain characteristics of axial force and normal
force are similar, which means both of them have pulse
values at the same frequency value.

)e frequency-domain solution at the midpoint on BC
as in Figure 1 can be obtained by Fourier transform of the

Establishing 3D model

Setting material

Meshing

Applying loads

Solving step settings

Solving

Applying constraint 

Figure 10: Simulation steps.
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Figure 9: Vibration model.
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Figure 11: Imposing axial force Fa.

Figure 12: Imposing normal force Fn.
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Figure 13: )e solution in the x direction at the midpoint on BC.

Figure 14: )e solution in the z direction at the midpoint on BC.
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Figure 15: )e solution in the y direction at the midpoint on BC.
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signal as shown in Figure 16. )e results are shown in
Figure 18.

)e frequencies of the inflection point as in Figure 18 are
component frequencies of rod vibration. )ey are listed in
Table 3.

)e frequency-domain characteristics of vibration in x,
y, and z direction are similar, which means they occur with a
peak value at the same frequency value. According to Ta-
bles 2 and 3, it is concluded that component frequencies of
axial force and normal force are inconsistent with compo-
nent frequencies of rod displacement vibration, which
means the vibration is not stable.

By the aid of the ANSYS Workbench, modal frequencies
can be obtained as shown in Table 4.

)e number of abrasive belt blades of the wheel selected
in this experiment is 25. In the polishing process, whenever

the abrasive belt blade contacts the blade once, the polishing
force signal will have a peak. So, the theoretical frequency of
the force signal should be as follows:

fz �
n

60
× 25. (14)

Figures 6 and 7 show the polishing force signals under
certain process parameters, whose spindle speed is 4000 r/
min and its frequency is 1666.67Hz according to equation
(14). Due to various errors, the frequency of the force signal
is not 1666.67Hz, but the force signal is the sum of sine
components and the frequencies of all sine components are
close to 1666.67Hz.

When the frequency of the driving force is close to the
modal frequency of the object, it is easy to produce reso-
nance. In order to avoid resonance, the absolute value of the

Table 2: Component frequencies of polishing force (Hz).

Component frequencies of Fa Component frequencies of Fn

1510.7 1986.3
2002.2 33.7
1672.7 1658.4
1610.6 1609.1
1279.9 1505.8
2078.6 1871.7
1916.2 1766.6
1435.3 1279.6
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Figure 17: Frequency-domain distributions of the axial force and the normal force.
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difference between the frequency of the force and the modal
frequency of the object must be greater than a certain value,
which can be expressed as

fd − fm


>fc. (15)

As mentioned above, when the spindle speed is 4000 r/
min, the theoretical frequency of the polishing force is
1666.67 Hz, while the actual component frequencies of the
polishing force are approximately 1280 Hz–2000Hz, and
the absolute value of the difference between the theoretical
frequency and the actual frequencies is approximately
400 Hz. So, fc � 400 Hz. It is shown that the minimum

values in the low-order modal frequencies are 1411 Hz,
1411.1 Hz, and 1478.2 Hz in Table 4. In order to avoid
resonance, the frequencies of polishing force fd should
conform to the inequality (15). If fc � 400 Hz, the fre-
quencies range of polishing force can be obtained as
fd > 1878.2 Hz or fd < 1011Hz. According to equation (14),
the spindle speed range corresponding to the frequency
range of polishing force is n < 2426.4 r/min or
n > 4507.68 r/min. In the actual polishing process, in order
to improve the polishing efficiency, the spindle speed
should not be too low, so the spindle speed should be
greater than 4507.68 r/min.
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Figure 18: Frequency-domain solution at the midpoint on BC by simulation.

Table 3: Component frequencies of rod vibration (Hz).

Component frequencies of vibration in x
direction

Component frequencies of vibration in y
direction

Component frequencies of vibration in z
direction

1250 1250 1250
1328 1328 1328
1406 1406 1406
1484 1484 1484
1641 1641
1719 1719

Table 4: Modal frequencies in all directions (Hz).

Mode x direction z direction xy direction yz direction Arbitrary direction
1 21353 11215 1478.2 11214 1411
2 66468 35066 8863.7 11214 1411.1
3 112560 59901 17584 12269 8530.7
4 135650 74115 19116 35055 8533.4
5 163370 90534 25805 35056 12269
6 163370 116020 42388 37124 16933
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Figure 19 shows the blade after milling with a ball end
milling cutter, and Figure 20 shows the blade after polishing
with the process parameters in the verification experiment
shown in Table 5.

7. Conclusions

It is of great significance to study polishing vibration for
improving polishing process, shortening processing time,
ensuring safe operation of equipment, and reducing noise
pollution. In this paper, it is found that polishing vibration is
not stable in the process of polishing the aeroengine blade
with the abrasive cloth wheel. )erefore, it is very important
to study the polishing vibration characteristics. )e vibra-
tion of the polishing rod is obtained by simulation. To start
with, polishing force was measured by dynamometer and it
is found that polishing forces in the time domain can be
expressed as the sum of sine components accurately, as
equations (4) and (5). Next, time-domain and frequency-
domain vibration solutions of position at which the abrasive
cloth wheel is installed under the coupling of axial force and
normal force are obtained by the ANSYS Workbench. )e
solutions show that component frequencies of polishing

force are inconsistent with component frequencies of rod
displacement vibration, which means the vibration is not
stable. Finally, the range of spindle speed to avoid resonance
in polishing process is obtained.

Nomenclature

n: Spindle speed, r/min
ap: Compression depth, mm
vw: Feed speed, mm/min
P: Size of the abrasive cloth wheel, #
FX: X direction force as shown in Figure 5, N
FY: Y direction force as shown in Figure 5, N
FZ: Z direction force as shown in Figure 5, N
Fn: Normal polishing force as shown in Figure 5, N
Ft: Tangential polishing force as shown in Figure 5, N
Fa: Axial polishing force as shown in Figure 5, N
t: Time, s
ρ: Density of the polishing rod, kg/m3

A(x): Cross-section area of the polished rod, m2

I(x): Inertia moment of the polishing rod to the x-axis in
Figure 9, m4

E: Elasticity modulus, Pa
u: Axial vibration displacement, m
w: Normal vibration displacement, m
d: Total vibration displacement, m
dx: )e vibration displacement in the x direction, m
fz: )eoretical frequency of polishing force, Hz
fd: Actual frequency of polishing force, Hz
fm: Modal frequency of the object, Hz
fc: Certain frequency value, Hz.
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