
The ultrasonic vibration-assisted polishing material
removal model of tilted cylindrical polishing tool
based on BK7 glass
Zhijie Cui  (  bonnenuit_c@163.com )

Northeastern University School of Mechanical Engineering and Automation
Yingdong Liang 
Xin Chen 
Fanwei Meng 
Zixuan Wang 
Tianbiao Yu 

https://orcid.org/0000-0002-6161-8838
Ji Zhao 

Research Article

Keywords: ultrasonic vibration-assisted polishing, material removal model, maximum removal depth,
material removal rate

Posted Date: August 10th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1915644/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1915644/v1
mailto:bonnenuit_c@163.com
https://orcid.org/0000-0002-6161-8838
https://doi.org/10.21203/rs.3.rs-1915644/v1
https://creativecommons.org/licenses/by/4.0/


 

1 
 

The ultrasonic vibration-assisted polishing material removal 

model of tilted cylindrical polishing tool based on BK7 glass 

 

Zhijie Cui a, b, Yingdong Liang a, b, Xin Chen a, b, Fanwei Meng a, b, Zixuan Wang a, b, 
Tianbiao Yu a, b, *, Ji Zhao a, b, ** 

 

a School of Mechanical Engineering and Automation, Northeastern University, Shenyang, 110819, 

PR China 

b Liaoning Provincial Key Laboratory of High-end Equipment Intelligent Design and Manufacturing 

Technology, Northeastern University, Shenyang, 110819, PR China 

* Corresponding author. Northeastern University, Shenyang, 110819, PR China 

** Corresponding author. Northeastern University, Shenyang, 110819, PR China 

 

Author E-mail 

Zhijie Cui bonnenuit_c@163.com 

Yingdong Liang 1910112@stu.neu.edu.cn 

Xin Chen northeastern_cx@163.com 

Fanwei Meng mengfanwei6699@163.com 

Zixuan Wang wangzx@mail.neu.edu.cn 

Tianbiao Yu tianbiaoyudyx@gmail.com 

Ji Zhao jzhao@mail.neu.edu.cn 

 

  



 

2 
 

Abstract: 

BK7 glass is widely used in various optical instruments as common ceramic 

material. However, there are still several difficulties in the polishing process due to its 

material properties. Ultrasonic vibration-assisted polishing (UVAP) is used widely for 

its excellent material removal properties. However, there are few researches on the 

model of UVAP material removal for tilted. Therefore, this paper investigates this 

problem. A model of UVAP material removal was established for titled column 

polishing; The pressure distribution and velocity distribution in the contact zone were 

modeled by means of experiments and geometric analysis. A series of orthogonal 

experiments were conducted, and the experimental results showed that the coefficient 

of determination was above 0.9 after fitting the actual profile to the predicted profile. 

The results of the orthogonal experiments were also analyzed by ANOVA. The predict 

error of maximum removal depth was less than 13.12%. The error of material removal 

rate (MRR) was less than 9.24%. By PSD analysis, it was found that the introduction 

of ultrasonic amplitude has a good effect on suppressing the medium and high 

frequency errors on the machined surface. The novel model can be used to optimize 

machining parameters and provide theoretical support for complex parts polishing.  

Keywords: ultrasonic vibration-assisted polishing; material removal model; maximum 

removal depth; material removal rate 

 

 

1. Introduction 
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As science and technology improve by leaps and bounds, more and more precision 

instruments are put into daily use. Hard and brittle materials [1–4] are widely used in 

these instruments for their wear resistance, corrosion resistance and excellent 

mechanical properties. The processing methods of hard and brittle materials have also 

been studied by scholars [5, 6]. BK7 is widely used as a general optical glass in the 

optical systems [7–9]. However, due to the influence of material properties, BK7 glass 

encounters many problems during processing [10]. Traditional machining methods such 

as grinding and polishing are difficult to avoid problems such as low machining 

efficiency [11], while ultrasonic vibration-assisted machining has many advantages in 

increasing machining efficiency and improving machined surface quality. Ultrasonic-

assisted grinding of BK7 glass has been studied by many scholars internationally [12, 

13], and process optimization has been performed in grinding force, grinding thickness, 

and grinding temperature [14–17]. As a ultra-precision machining method, polishing is 

an important method to achieve nano-scale machining. Many scholars have also 

conducted various studies on polishing methods [18–20]. Due to the little research on 

the mechanism of UVAP of BK7 glass, the method is not widely used in actual 

processing. Compared with traditional polishing methods, UVAP can significantly 

improve the polishing efficiency, so it is essential to conduct an intensive study on the 

polishing mechanism of UVAP. 

Many researchers have investigated polishing equipment and theoretical models 

for UVAP. Zhang et al. [21] introduced the micromorphology of polishing tools during 

the study the polishing forces of UVAP. A model of the microscopic contact state during 
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UVAP was developed. The accuracy of the predicted model was verified experimentally, 

which is a guide for UVAP processing of brittle materials. Liang et al. [22] introduced 

an ultrasonic atomization device in UVAP. Taking BK7 optical glass as an example, the 

material removal mechanism of UVAP was analyzed and a material removal model was 

developed. Kang et al. [23] investigated ultrasonic vibration-assisted laser polishing 

(UVLP). A methodology for laser polishing through a lens driven by piezoelectric 

ceramics was proposed. The method of the theoretical analysis was verified by the 

comparison experiments of TLP and UVLP. The processing parameters of UVLP of 

304 stainless steel were analyzed. Qu et al. [24] developed a material removal model 

for tilted-axis UVAP with a spherical polishing tool. The correctness of the predicted 

model was verified by comparing the material removal depth, MRP, and MRR. 

Moreover, the experimental results show that larger ultrasonic amplitude and tilt angle 

can effectively improve the material removal.  

In addition to the above processing parameters, polishing tools have a significant 

impact on UVAP. Xiao et al. [25] investigated the polishing force for small inclination 

machining of circular polishing discs. The relationship between polishing force and 

contact depth, inclination angle, polishing disc, and workpiece radius of curvature was 

established. The model was validated by finite element simulations and experiments. 

This study provides a theoretical basis for achieving uniform material removal. Wang 

et al. [26] analyzed the material removal model after machining tilting polished discs. 

A material removal map was generated based on this removal model, and its correctness 

was verified by experiments. This study is essential for the selection and optimization 
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of processing parameters. Zhang et al. [27] proposed a surface profile model for UVAP 

by using a cylindrical polishing tool. The study introduced the concept of the Preston 

correction factor. It was found that the prediction results were consistent with the 

experimental results, which is an important guideline for the adjustment and selection 

of polishing parameters. Feng et al. [28] developed a corresponding material removal 

model for a tilted elastic polishing disc. The step size between polishing paths was 

investigated based on the model. The correctness of the model was verified by 

experiments. 

In previous studies, there have been sufficient theoretical studies on material 

removal models for tilted column polishing tools, but few studied the effect of 

ultrasonic on it. Predictions of the surface profile of the UVAP formed by the straight 

feed of the column polishing head have been presented, but little research has been 

conducted on the material removal characteristics of UVAP of the tilted cylindrical 

polishing tool. This paper attempts to fill this gap. 

2. The model of material removal 

The polishing tool can deform considerably due to the polishing force when the 

spherical polishing tool was performed. And this deformation can have an impact on 

the accuracy of the material removal model. However, cylindrical polishing tools have 

less deformation and greater contact zone for the same processing parameters. Linear 

trajectory is performed as the common trajectory. In this paper, the model of UVAP 

material removal for tilted column polishing tools was investigated. 
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The contact diagram between the workpiece and the polishing tool is shown in Fig. 

1. The polishing tool with radius R is mounted on the spindle of the polishing, point O 

is the critical point between the deformed and undeformed areas of the polishing tool. 

The feed direction is identical to the positive direction of the x-axis. α is the angle 

between the column polishing tool and the workpiece. The dashed part is the 

compression area of the polishing tool, whose depth h is defined as the displacement of 

the polishing tool along the normal of the workpiece surface. The spindle applies 

ultrasonic vibration of frequency f to the polishing tool. 

In the process of polishing, the function of material removal is usually described 

by the Preston equation, which is given as: 

( , )
( , ) ( , )

dh x y
kv x y p x y

dt
                         (1) 

Where the material removal depth is denoted by dh(x,y); the relative speed between the 

workpiece and the polishing tool is denoted by v(x,y); and the polishing pressure is 

denoted by p(x,y); k is the Preston coefficient, the value of k needs to be determined 

experimentally. 

 

Fig. 1 Polishing tool contact schematic 
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2.1 Polishing pressure distribution model 

As shown in Fig. 2, during the plane polishing process, when the compression of 

the polishing tool is E, the graphics enclosed by the line CB and the arc BGC can be 

represented as the polished contact zone. Where CB denotes the contact zone width 2W 

and OG denotes the contact zone length L, the geometric relationship gives: 

'

sin

E
L


                                 (2) 

 22
W R R L                             (3) 

When ultrasonic vibration is introduced, E’ can be expressed as: 

' sin(2 )E E A ft                          (4) 

Where A and f are the ultrasonic amplitude and ultrasonic frequency; φ is the initial 

phase of ultrasonic vibration, in this study 0  . Substituting Eq. (4) into Eq. (2): 

sin(2 )

sin

E A ft
L

 


 
                       (5) 

 

Fig. 2 Schematic diagram of contact zone 

Due to the specificity of the contact zone in this paper, the Hertzian contact theory 

does not apply to this model. In this paper, the pressure distribution in the contact zone 

is analyzed by Feng's method [28]. Assume that the contact pressure at any position 

within the contact zone is directly proportional to the deformation variable, the specific 
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relationship is as follows: 

( , ) ( , )p x y K e x y                               (6) 

K is a constant that needs to be calculated by subsequent experiments. Considering 

the characteristics of ultrasonic vibrations, the pressure at any point in the contact zone 

can be expressed as: 

sin(2 )
( )

tan cos

x A ft
p t K

 
 

     
                   (7) 

In the modeling of polishing pressure distribution, the relationship between 

polishing pressure and compression needs to be analyzed first. This process is mainly 

realized by polishing force experiments. The polishing force is measured by a 

dynamometer (Kistler 9257B). The experiment chose 8 mm diameter column polishing 

tool, the inclination angle was set to 5°, 10°, 15° and 20° respectively, and the uniform 

compression amount was taken each time. The compression and polishing force curves 

are shown in Fig. 3. When the inclination angle is 5° and the ultrasonic amplitude is 0, 

the force-compression expression is: 

3 244.25 54.14 20.77 0.4285F x x x                   (8) 

According to the polishing force equation: 

( )

0
( , ) ( , )

y f y

S y
F p x y dS dy p x y dx


                   (9) 

The value of the coefficient K can be calculated from different angles. 

'
2

'
sin sin(2

cos

1
( ( ) ) ( ))
2

y

y

F
K

yA ft f yf y d  




 



 g
         (10) 

Where y’ is the longitudinal coordinate of point C in Fig. 2,  22'y R R L   ;  

f(y) represents the arc BCG, and 2 2( )f y R y R L    . 
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(a)                                      (b) 

     

(c)                                      (d) 
Fig. 3 Compression-force relationship curves: (a) polishing tool inclination of 5° (b) polishing tool 

inclination of 10° (c) polishing tool inclination of 15° (d) polishing tool inclination of 20° 

When the polishing tool makes a linear feed motion on the workpiece, take a 

point P on the workpiece as an example. As shown in Fig. 4, position 1 is the polished 

contact zone just touching point P, which is the critical position for point P to produce 

material removal. When the polishing tool moves to position 2, point P is completely 

within the polishing area. Position 3 indicates that the polished contact zone is 

completely leaving point P. As shown in Fig. 5, to analyze the distribution of 

polishing pressure, the coordinate system x-o-y is established. The coordinate of point 

P1 is (L, y), and the coordinates of point P2 is 2 2( ( ), )R y R L y    , when the 

polishing tool feed speed is vf: 

2 2

2 2

1

2

2

( )

f

f

t
L R y R

R y R

v

v

L
t










 

 






                         (11) 

When point P moves between P1 and P2, it is not subjected to pressure. The 



 

10 
 

pressure distribution in the stage from P2 to P3 is shown in Eq. (7). When the 

polishing tool moves from P1 to P3, the polishing pressure can be indicated as: 

 
1

1 2

0 0
( , )

tan sin(2 )cos

t t
p x y

K x A ft t t t   
       

          (12) 

       

Fig. 4 Diagram of contact zone      Fig. 5 Straight path polishing pressure distribution 

2.2 Polishing area linear velocity distribution model 

When the feed speed of polishing tool is 0, the velocity at any point of the 

polished area can be denoted: 

 22

s tv x R L y                             (13) 

The angular velocity of the spindle can be expressed as   . The velocity 

distribution function in the polished contact zone can be represented by the linear 

velocity vs of the polishing tool and the feed velocity vf along the trajectory direction: 

2 2 2 cosr s f s fv v v v v                             (14) 

Where,   is the angle between vs and vf, and 0 < θ < π. Fig. 6 shows a schematic 

diagram of the velocity along a straight line polished when the contact point is located 

in the positive direction of the y-axis. 

 
2 2

cos cos
y

x y
    


                       (15) 
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When the contact point is in the negative direction of the y-axis: 

2 2
cos

y

x y
  


                            (16) 

Combined with Eqs. (13) - (16), the linear velocity distribution function in the 

contact zone can be represented: 

   2 22 2 2 2

t t
2 2

2r f f

y
v y R L x v y R L x v

x y
         

 


     (17) 

 

Fig. 6 Polishing area speed distribution 

2.3 Material removal modeling 

According to Eq. (7), the effect of ultrasonic vibration working time t was 

considered in this model. Combined with Eq. (1), the MRP at any point in the 

polished area can be written as a function of the ultrasonic vibration working time t: 

   2 22 2 2 2

t t
2 2

sin(2 )
2

tan co
( ,

s
) f f

y
dh x y k y R L x v y R L x v dt

t

y
K

x

x A f   
 

 
    



            
 
 

  (18) 

Assume that the distance of polishing tool movement in dt time is dl, then: 

l
t

f

d
d

v
                                (19) 

According to Fig. 4, for any point in the polishing area, the relationship between 
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the working time dt of ultrasonic vibration and the feed rate vf can be expressed as: 

f

x
t

v
                                (20) 

Substituting Eqs. (19) and (20) into Eq (18): 

   2 22 2 2 2

t t
2 2

sin(2 )

2
tan cos

( , )
f

f f

f

vk y
dh x y y R L x v y R L x v dl

A

v x y

x
f

x
K 

 

 


  
 



     

 
      




 



 

    
 

 

 (21) 

The material removal model can be expressed as: 

   
2 2

2 22 2 2 2

t
0

t
2 2

sin(2 )

( ) 2
tan cos

R y R L f

f f

f

vk y
y R L x v y R L x v dx

v x y

x
A f

x
H y K


 



 
  

 
           

 
  

  
        

 
 

 (22) 

3 Polishing experiments 

3.1 Experimental workpiece and experimental equipment 

The experimental workpiece is a 50cm*50cm*5cm BK7 optical glass. Before 

experimenting, the workpiece was placed in an ultrasonic cleaner with alcohol for 10 

min to ensure the cleanliness of the workpiece. 

The polishing experiment was performed on the five-axis CNC polishing machine 

tool. The specific parameters of the polishing machine tool can be found in the previous 

research [29]. Different from the previous studies, a dynamometer was used to measure 

the polishing force during the experiments in this paper. The specific machine structure 

is shown in Fig. 7. 
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Fig. 7 Five-axis polishing machine tool 

3.2 Determination of experimental parameters 

The Preston coefficients in this paper were determined by pre-experiment prior to 

each group of experiments. By substituting Eq. (7) and Eq. (13) into Eq. (1): 

 22

t( , ) ( )x R td L yh x y k p t d                     (23) 

Assuming that the total polishing time is Td, the material removal function can be 

given as: 

 
0

22

t( , ) ( )
dT

x RH Lx y k p t dty                    (24) 

In a further derivation of Eq. (24), taking the contact zone as the integration zone， 

the following formula can be obtained: 

 22

t( , )
d

H x y dxdy k KLT yx xdR dL y                  (25) 

In Eq. (25), volume V can be used to represent ( , )H x y dxdy  , then the Preston 

coefficient k can be denoted as: 

 22

td

V
k

KLT dxdyx R L y   



                  (26) 
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To ensure the accuracy of the measured Preston coefficients, the removal volumes 

used in this paper were obtained by 3D laser microscopy measurements. To verify the 

correctness of the material removal model established in this study, a series of polishing 

experiments were performed. The experiments variables and parameters were selected 

as shown in Table 1. 

Table 1 Experimental parameter settings 

Parameter Value 

Amplitude of ultrasonic generator (μm) 0-9 

Polishing tool compression amount (mm) 0.2-0.5 

Spindle speed (rpm) 6000-12000 

Oblique angle of polishing-tool (°) 5-20 

Feed rate of polishing tool (mm/s) 0.015 

Polishing-tool dimension (mm) 10 

Frequency of ultrasonic generator (Hz) 25000 

4. Analysis of experiments results 

The experiments workpieces were examined with a 3D laser electron microscope. 

The measurement results will be compared with the prediction model in four aspects: 

MRP, MRR, maximum removal depth and surface roughness (SR). The specific 

measurement results are shown in Table 2.
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Table 2 Predicted and experimentally values 

No. 
Amplitude 

(μm) 

Compression 

Volume 

(mm) 

Rotational 

Speed 

(rpm) 

Inclination 

Angle (°) 

Maximum removal 

depth (μm) Error (%) 

MRR (×10-3×

mm3/min) Error (%) 

Surface 

roughness 

(nm) Calculated Measured  Calculated Measured  

1 0 0.2 6 5 40.70 41.49 1.93 2.736 2.512 8.20 38 

2 0 0.4 8 10 26.07 26.32 0.96 1.766 1.871 5.94 51 

3 0 0.3 10 15 28.49 28.70 0.73 1.391 1.402 0.76 53 

4 0 0.5 12 20 33.02 34.42 4.23 0.949 1.002 5.63 50 

5 3 0.2 8 15 40.01 40.62 1.52 1.602 1.422 11.25 45 

6 3 0.4 6 20 36.87 38.95 5.63 1.833 1.652 9.87 78 

7 3 0.3 12 5 10.62 11.25 5.87 0.748 0.831 11.12 56 

8 3 0.5 10 10 15.04 15.30 1.73 0.924 1.031 11.58 47 

9 6 0.2 10 20 27.64 26.53 4.03 0.978 0.956 2.29 70 

10 6 0.4 12 15 43.52 43.69 0.38 2.079 1.918 7.76 82 

11 6 0.3 6 10 34.01 34.99 2.88 1.999 1.737 13.12 72 

12 6 0.5 8 5 14.47 14.54 0.52 1.021 1.048 2.61 53 

13 9 0.2 12 10 39.71 39.40 0.78 1.915 1.978 3.29 54 

14 9 0.4 10 5 19.04 20.80 9.24 1.437 1.415 1.53 46 

15 9 0.3 8 20 37.22 37.67 1.21 1.447 1.294 10.56 58 

16 9 0.5 6 15 40.61 42.92 5.71 1.947 1.696 12.91 85 
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4.1 MRP analysis 

Fig. 8 (a) - (p) shows the results of experiments measured MRP compared with the 

predicted profiles. The comparison chart shows that the material removal model 

developed in this paper can accurately predict the polishing profile. To evaluate the 

prediction effect more intuitively, the Fréchet Distance of the simulated and 

experimental profile curves was calculated, and the results are shown in Table 3. 

However, certain evaluation criteria are missing when using Fréchet Distance as the 

evaluation index, so the determination coefficients of the two curves were calculated in 

this paper using linear interpolation and linear fitting methods. According to the 

calculated results, the determination coefficient of both simulated and experimental 

removal profile curves can reach above 0.9, which proves that the two curves are well 

fitted. Combined with the above analysis, the prediction model can accurately predict 

the MRP for tilted UVAP of columnar polishing tools. 

Table 3 Fréchet Distance and R2 values 

No. 1 2 3 4 

Fréchet Distance 5.0254 3.0076 3.0143 3.026 

R2 0.9314 0.9586 0.9385 0.9349 

 

No. 5 6 7 8 

Fréchet Distance 3.0861 3.0065 3.3123 3.0155 

R2 0.9739 0.9086 0.9521 0.9117 

 

No. 9 10 11 12 

Fréchet Distance 3.7212 3.5772 4.0664 3.8567 

R2 0.9782 0.9174 0.927 0.9411 

 

No. 13 14 15 16 

Fréchet Distance 5.1593 2.5287 5.0004 3.24 

R2 0.9892 0.9892 0.9451 0.9251 

In the experiments, it was found that the feeding direction and rotation direction 
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of the polishing tool would have a significant impact on the utilization rate of the 

polishing solution. Reasonable choice of feed direction and rotation direction can 

effectively prevent polishing solution splash. During the polishing process, the impact 

of the abrasive grains in the polishing solution on the surface of the workpiece can have 

a significant impact on the material removal. The splashing of the polishing solution 

reduces the number of effective abrasive grains, which is one of the main reasons for 

the difference between the theoretical model and the actual situation. In addition, 

machining errors and deformation of polishing tools are also important factors that lead 

to errors in the prediction model. 

    

 (a)                     (b)                    (c) 

   

(d)                     (e)                    (f)

   

(g)                     (h)                    (i)
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(g)                    (k)                    (l) 

    

(m)                   (n)                    (o) 

   

(p) 
Fig. 8 Comparison between the predicted and experimental results 

4.2 MRR analysis 

According to the experimental data in Table 2 and Fig. 9, it can be found that the 

MRR errors of simulations and experiments range from 0.76% to 13.12%. The 

maximum error is for the 11th experimental group; the minimum error is for the 3rd 

experimental group. The prediction model is in better agreement with the actual 

processing. The experimental MRR was used as response data for ANOVA of the 

experimental results. The mean response table and main effects plot are shown in Table 

4 and Fig. 10, respectively. The results of the analysis showed that the four variables of 

the experiment affected the MRR in the order of the rotational speed, compression 

volume, ultrasonic amplitude and inclination angle. To improve the processing 
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efficiency, the polishing process should maximize the MRR, so the optimal level is 

reached when the speed is 6000 rpm, the compression is 0.2 mm, the amplitude is 0 μm, 

and the tilt angle is 10°. 

Table 4 Response Table for Means (MRR) 

Level Amplitude 
Compression 

Volume 

Rotational 

Speed 

Inclination 

Angle 

1 1.697 1.717 1.899 1.452 

2 1.234 1.714 1.409 1.654 

3 1.415 1.316 1.201 1.609 

4 1.596 1.194 1.432 1.226 

Delta 0.463 0.523 0.698 0.428 

Rank 3 2 1 4 

       

     Fig. 9 MRR data comparison chart       Fig. 10 Main Effects Plot for Means (MRR) 

4.3 Maximum removal depth analysis 

According to the experimental data in Table 2 and Fig. 11, it can be found that the 

errors between the predicted and experimental values range from 0.38% to 9.24%. The 

largest error was found in group 14; the smallest error was found in group 10. The 

prediction model is in better agreement with the actual situation. The experimental 

results were analyzed by ANOVA using the experimental maximum depth of removal 

as response data. The mean response table and main effects plot are shown in Table 5 
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and Fig. 12, respectively. The results of the analysis showed that the four variables of 

the experiment influenced the maximum removal depth in the order of inclination angle, 

rotational speed, compression volume and ultrasonic amplitude. The optimum level for 

maximum removal depth is when the inclination angle is 15°, the speed is 6000 rpm, 

the compression is 0.2 mm and the amplitude is 9 μm. 

Table 5 Response Table for Means (Maximum removal depth) 

Level Amplitude 
Compression 

Volume 

Rotational 

Speed 

Inclination 

Angle 

1 32.73 37.01 39.59 22.02 

2 26.53 32.44 29.79 29.00 

3 29.94 28.15 22.83 38.98 

4 35.20 26.80 32.19 34.39 

Delta 8.67 10.21 16.75 16.96 

Rank 4 3 2 1 

  
Fig. 11 Maximum removal depth analysis data comparison chart       
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Fig. 12 Main Effects Plot for Means (Maximum removal depth) 
4.4 Surface roughness (SR) analysis 

According to the experimental data in Table 2, it can be found that the SR of the 

polished workpiece is 38 nm - 85 nm. ANOVA was performed on the experimental 

results using the SR of the machined workpiece as response data. The mean response 

table is shown in Table 6, and the SR main effects plot is shown in Fig. 13. The analysis 

results show that the four variables in the experiment affect the SR of the machined 

workpiece in the order of ultrasonic amplitude, inclination angle, rotational speed and 

compression. Considering the need to reduce the SR of the workpiece, the optimum 

level is reached when the amplitude is 0 μm, the inclination angle is 5°, the speed is 

8000 rpm and the compression is 0.2 mm. Fig. 14 is a schematic diagram of part of the 

measurement area. 

Table 6 Response Table for Means (Surface roughness) 

Level Amplitude 
Compression 

Volume 

Rotational 

Speed 

Inclination 

Angle 

1 48.00 51.75 68.25 48.25 

2 56.50 64.25 51.75 56.00 
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3 69.25 59.75 54.00 66.25 

4 60.75 58.75 60.50 64.00 

Delta 21.25 12.50 16.50 18.00 

Rank 1 4 3 2 

 

Fig. 13 Main Effects Plot for Means (Surface roughness) 

 

Fig. 14 Image of part of the measurement area 
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4.5 PSD analysis 

In order to further investigate the surface condition after polishing, the polished 

surface was analyzed with the original surface for power spectral density (PSD) 

analysis, and the results of the analysis are shown in Fig. 15. The results of the original 

surface PSD analysis are shown in the red curve in this figure. The analysis results show 

that ultrasonic vibration-assisted polishing can have an effective reduction of medium 

and high frequency errors, and has an extremely significant effect on reducing high 

frequency errors. 

 

Fig. 15 PSD comparison analysis of machined surface and original surface 

To further investigate the surface evolution mechanism during UVAP, BK7 glass 

was polished using different ultrasonic amplitudes, respectively, and the results of the 

PSD analysis are shown in Fig. 16. It can be found that when the frequency is low 

(frequency is less than the position of X point marked in this figure) ultrasonic vibration 
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has less effect on the spatial frequency error; with the increase of spatial frequency, 

ultrasonic vibration plays a certain effect on reducing the error. With the increase of 

ultrasonic amplitude, the spatial frequency error has a tendency to gradually decrease. 

Therefore, ultrasonic vibration-assisted polishing can reduce the high-frequency error 

in the processed workpiece surface and help improve the optical properties of processed 

BK7 glass, and the processing effect will become better with the increase of amplitude. 

 

Fig. 16 Comparative analysis of PSD on machined surfaces with different amplitudes 

 

5. Conclusion 

1. An effective UVAP model of material removal for a tilted column polishing tool 

was developed. The distribution model of polishing pressure within the contact zone 

was determined by normal loading tests on BK7 glass. The distribution of linear 
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velocity within the contact zone was also investigated using geometric analysis. 

Compared with previous material removal models, this model takes into account the 

effect of ultrasonic vibrations. 

2. A series of experiments were conducted to verify the reliability of the prediction 

model from several aspects. The experimental results showed that the coefficient of 

determination between the predicted curve and the actual removal profile was above 

0.9. The MRR error values ranged from 0.76% to 13.12%, and most of the error values 

were below 10%. The maximum removal depth error values are in the range of 0.37% 

- 9.24%. The surface roughness of the machined workpiece is 38nm - 85nm. 

3. The ANOVA was performed based on the results of an orthogonal test. It shows 

that the four variables chosen in the experiment influence the MRR in the order of 

rotational speed, compression volume, ultrasonic amplitude and inclination angle. The 

degree of influence on the maximum removal depth was in the order of inclination angle, 

rotational speed, compression volume and amplitude. The degree of influence on the 

SR of the machined workpiece was determined in the order of amplitude, inclination 

angle, rotational speed and compression volume. And the optimal level of each factor 

was determined. 

4. PSD analysis of the experimental results was conducted. The analysis results 

show that UVAP can effectively reduce the medium frequency and high frequency 

errors on the processed workpiece surface. And the processing effect gradually 

improves with the increase of ultrasonic amplitude. 

Based on the above, this paper establishes a UVAP model of material removal for 
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tilted column polishing tools, which can effectively predict the surface profile after 

UVAP processing. It is a good guide to achieving material deterministic removal by 

UVAP. In future work, curved surfaces will be studied as objects for more in-depth 

material removal models. 
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