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Abstract. The face grinding process depends on high-precision rotary table spindle with a large 
axial load capacity. This paper develops an ultra-precision rotary table spindle with externally 
pressurized air bearings consisting of a double-pad thrust bearing and a journal bearing; a vacuum 
clamp system is designed to locate and hold the workpiece. The dynamic model for the 
rotor-bearing system has been established by using the Reynolds equation and the rigid-body 
dynamic theory considering five degrees of freedom (DOF). The effects of static and dynamic 
behaviors of the spindle with the bearing’s key parameters are analyzed systematically. Finally, 
an experiment study is conducted to verify the theoretical model. 
Keywords: rotary table motorized spindle, air bearing, dynamic characteristics, static 
characteristics. 

1. Introduction 

The ultra-precise face grinding is a widely-used processing method in mechanical industry. 
Fig. 1 shows the schematic view of the face grinding process, the workpiece is held by the porous 
ceramic vacuum chuck and driven by the rotary table spindle; the diamond cup grinding wheel is 
driven by the inverted motorized spindle. During grinding process, the grinding wheel and the 
workpiece rotate around their rotational axes simultaneously [1-3]. Compared with the wheel 
motorized spindle, the rotary table spindle has a strict technical requirement including a larger 
axial load capacity and a more complex configuration. 

 
Fig. 1. Illustration of face grinding by diamond cup grinding wheel 

The rotary table spindle usually consists of a rotor supported by bearing, a motor, a workpiece 
chuck, a coolant system, an electronic control and measurement system, etc. According to type of 
bearing, the rotary table spindle can be classified into three categories: the spindle with rolling 
bearing, the spindle with fluid bearing and the spindle with air bearing. The rolling bearing spindle 
[4-6] is simple in structure, easy for maintenance, but low in rotation accuracy, limited in working 
life and moderate in loading capacity. Compared with the rolling bearing spindle, the fluid spindle 
[7, 8] has higher loading capacity, higher rotation accuracy and longer working life, but more 
complicated construction and higher manufacture cost. Among three rotary tables, the air bearing 
spindle [9-11] is highest in the rotation accuracy, lowest in friction loss, lowest in heat generation 
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and longest in working life. Despite of being less favorable in loading capacity, the air bearing 
spindle can also be used to carry a large load by increasing the diameter and decreasing the 
clearance of the bearing. Based on the assessment of three types of bearing, the air bearing is 
preferred to meet the requirement of the ultra-precise face grinding. 

This study develops the rotary table spindle with externally pressurized air bearings for the 
ultra-precise face grinding process. To increase the axial loading capacity, a thrust plate with a 
large effective area is employed to support the rotor, while, a short radial bearing is used as the 
radial locating of the spindle’s rotor. A vacuum clamp system is developed to locate and clamp 
the work piece. The static Reynolds equations and the finite element method are used to analyze 
the static performances of the rotary table spindle. The perturbation equations and the equations 
of motion for the rotor-bearing system considering 5 degrees of freedom (DOF) are employed to 
analyze the dynamic performance of the spindle. Finally, an experiment study is conducted to 
verify the theoretical model for the rotary table spindle. 

2. The rotary table spindle 

Fig. 2 is the schematic view of the rotary table spindle with externally pressurized air bearings. 
The workpiece is located on the porous chuck (1), which is mounted on the table (2) and connected 
with the rotor (11). The rotor (11) is a step-shaped hollow shaft supported by a journal bearing 
with a short length and a double-pad thrust bearing with a large effective area. The bearing bush 
(5) consists of the lower pad thrust bearing and the journal bearing. The journal bearing has one 
row of the orifice restrictors (14) uniformly distributed along circumference to supply compressed 
air to the bearing clearance, and each pad of the thrust bearing has one row of orifice restrictors 
(16). A framed DC brushless type motor, including the motor stator (8) and the motor rotor (13), 
is controlled by the revolver (9) to drive the rotary table spindle; this motor has high power density, 
low temperature rises and good speed regulation performance. The cooling water jacket (7) is 
installed outside of the motor stator (8) to take away heat generated by the rotor.  

A vacuum clamp system is specially designed to locate and clamp the work piece. The vacuum 
pump is to pump out the air in the center hole (12), so that the work piece can be located on the 
porous chuck (1) and clamped by the atmospheric pressure. A water pump is used to pour water 
into the center hole (12) and then flow through the porous chuck (1) for cleaning the vacuum 
clamp system. A rotary joint (10) is used to connect the rotor (11) with two pumps and controlled 
by a switch.  

 
Fig. 2. Schematic view of the rotary table spindle: 1 – porous chuck, 2 – table, 3 –upper pad of the thrust 

bearing, 4 – regulating plate, 5 – bearing bush, 6 – housing, 7 – cooling water jacket, 8 – motor stator,  
9 – revolver, 10 – rotary joint, 11 – rotor, 12 – center hole, 13 – motor rotor, 14 – orifice restrictor of 

journal bearing, 15 – thrust plate, 16 – orifice restrictor of thrust bearing 
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3. Analysis method 

3.1. Bearing modeling 

The dynamic analysis of the rotary table is conducted based on the lubrication theory and the 
rotor dynamic theory. The Reynolds equations for the journal bearing and the thrust bearing are 
respectively given as [12, 13]: 1 ℎ ⋅ + ℎ ⋅ = 24 ℎ + 12 ℎ , (1)ℎ + ℎ = 12 ℎ + 24 ℎ , (2)

where  is the radius of the journal bearing, h is the gas film thickness,  is the dynamic viscosity 
of air, and  is the angular velocity of rotor. 

The static Reynolds equation and the perturbation equations are obtained by the perturbation 
method [13-19] and solved by the finite difference method [20-22]. Taking the thrust bearing as 
an example, the nondimensional static Reynolds equation can be written as: 

̅ ̅ ℎ ⋅ ̅ ⋅ ̅ ̅ + ℎ ⋅ ̅ = 2Λ ̅ ⋅ ℎ + 4 Λ ̅ ⋅ ℎ , (3)

where ̅ = /  and  is the radius at the restrictor position, ℎ = ℎ/c , ℎ is the film thickness and 
 is the bearing clearance, ̅ = Δ /  and Δ  is the displacement of the thrust pad,  Λ = 6 ⁄  is the bearing number,  is the dynamic viscosity of the air,  is the angular 

velocity of rotor and  is the atmospheric pressure. 

 
Fig. 3. Meshes of the gas film 

The gas film is meshed by the finite difference method, as shown in Fig. 3. The pressure of 
node ( , ) can be approximated with the following difference equations: 

= , − 2 , + ,Δ ,= , − ,2Δ ,= , − ,2Δ ,  (4)

where, = , , = . Then, the pressure of node ( , ) can be written as: 
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, , + , , + , , + , , + , , − , = 0, (5)

where, the coefficients of , , , ,  and  are: 

, = ̅ ⋅ ℎ ,Δ ̅ + 3 ̅ ⋅ ℎ , ⋅ sin − cos + ̅ ⋅ ℎ ,2Δ ̅ ,
, = ̅ ⋅ ℎ ,Δ ̅ − 3 ̅ ⋅ ℎ , ⋅ sin − cos + ̅ ⋅ ℎ ,2Δ ̅ ,

, = − 2 ̅ ⋅ ℎ ,Δ ̅ − 2ℎ ,Δ ,
, = ℎ ,Δ + 3 ̅ ⋅ ℎ , ⋅ cos + sin2Δ ,
, = ℎ ,Δ − 3 ̅ ⋅ ℎ , ⋅ cos + sin2Δ ,
, = 2 ̅ ⋅ ̅ , ⋅ Λ sin + cos + ℎ , ⋅ Λ ̅ , − ̅ ,Δ ,

 

Using Eq. (5), the static Reynolds equation can be approximated as a nonlinear equation, which 
can be solved by the Newton iteration method. Fig. 4 shows the flow chart to solve the static 
Reynolds equation. 

 
Fig. 4. The flow chart of solving the Reynolds equation 
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3.2. Spindle dynamic model 

Fig. 5 shows the dynamic model of the rotary table spindle. To simplify modeling, the 
following assumptions are introduced: 

1) The journal bearing and thrust bearing are simplified as springs and dampers with linear 
stiffness coefficients and damping coefficients; 

2) The rotor of the rotary table is a rigid body, and the unbalance of the rotor is in the cross-
section passing the mass center. 

 
Fig. 5. The dynamic model of the rotary table 

Thus, the motion equations for the rotary table spindle are as follows [14]: = − ⋅ − ⋅ ,
= − ⋅ − ⋅ ,
= − ⋅ − ⋅ ,

+ = − ⋅ − ⋅ − ⋅ − ⋅ ,
− = − ⋅ − ⋅ − ⋅ − ⋅ ,

 (6)

where,  is the mass of the rotor,  is the stiffness of the air bearing and  is the damping of the 
air bearing, the superscript  is for journal bearing and  is for thrust bearing.  

To solve the motion Eq. (6), Laplace transform is employed, thus, Eq. (6) can be written in 
matrix form: = − − . (7)

where, the coefficient matrixes are: 

= , 
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=
0 + +0 + +0 0+ + + + ++ + + − +

, 

=
0 + +0 + +0 0+ + + ++ + + +

, 
= ,     = . 
Introducing the following parameters: = = ,     = , = − − ,     = ,     = . 
The state equations of the rotary table spindle can be obtained: = + ,     = , (8)

where,  is a five-order null matrix,  is a five-order unit matrix, and  is the output. 
For the original state of the rotary table spindle, assuming = 0 = , after Laplace 

transform, the state equations can be written as: = − ⋅ + − . (9)

When = 0, the transfer function of the spindle can be obtained: = ⋅ ,= − , (10)

where,  is the transfer function,  is the input and  is the output. When 0 ≠ 0, the 
output of the spindle is = − . When the inputs are the unbalanced force and the 
grinding force respectively, the outputs are the unbalance response and the force response of the 
spindle under the grinding force. 

4. Static behavior of the air bearing 

The specifications of the ultra-precision rotary table motorized spindle are listed in Table 1, 
and the structural and running parameters of the air bearings used are listed in Table 2. 

Table 1. The specifications of the rotary table spindle 
Items Values 

Axial stiffness [N/μm] 1000 
Radial stiffness [N/μm] 100 
Axial load capacity [N] 3000 
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Table 2. Structure and running parameters of the air bearings 
Journal bearing Thrust bearing 

Items Values Items Values 
Radius [mm] 85 Outer radius of the thrust bearing [mm] 140 
Length [mm] 28 Inner radius of the thrust Bearing [mm] 85 
Row of the restrictor 1 Row of the restrictor 1 
Clearance [μm] Undefined Clearance [μm] Undefined 
Number of the restrictor Undefined Number of restrictors Undefined 
Inner diameter of the restrictor [mm] 0.2 Inner diameter of the restrictor [mm] 0.2 
Supplied pressure of air [MPa] 0.6 Supplied pressure of air [MPa] 0.6 
Ambient pressure [MPa] 0.1 Ambient pressure [MPa] 0.1 
Dynamic viscosity of the air [Ns/m2] 18.4×10-6 Dynamic viscosity of the air [Ns/m2] 18.4×10-6 

Considering the performance of the rotary table spindle is mainly influenced by the static and 
dynamic characteristics of the air bearings, the variations of axial load capacity, axial stiffness and 
radial stiffness of the table with the number of the restrictors and the bearing clearance are 
discussed in this section. 

4.1. Axial load capacity 

Fig. 6 shows the variation of the axial load capacity with the bearing clearance and the number 
of restrictors. In this section, the axial load capacity is obtained with the eccentricity ratio  = 0.3. It can be seen from Fig. 6 that for any given number of restrictors, there is an optimum 
clearance so that the bearing has the maximum axial load capacity, and this optimum clearance 
increases with the number of restrictors. 

4.2. Axial stiffness 

Fig. 7 shows the variation of the axial static stiffness with the bearing clearance and the number 
of the orifice restrictors. The results show that the trend of axial static stiffness is similar with the 
axial load capacity. When the number of restrictor remains constant, there is an optimum clearance 
such that the bearing has the maximum axial stiffness, and this optimum clearance increases with 
the number of orifice restrictors. 

 
Fig. 6. The axial loading capacity vs. the bearing 

clearance and the number of restrictors 

 
Fig. 7. The axial stiffness vs. the bearing  
clearance and the number of restrictors 

4.3. Radial stiffness 

Fig. 8 shows the static radial stiffness with the clearance ranging from 10 μm to 30 μm. To 
simplify the manufacture of the orifice restrictors, the inner diameter of the restrictor used in the 
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journal is equal to the thrust bearing. The results show that the radial static stiffness will reach a 
maximum value of 107.89 N/μm when the clearance is 12 μm.  

It should be mentioned that the radial stiffness of the spindle is less than the axial stiffness; 
this can be attributed to the fact that a short radial journal bearing employed decrease the radial 
stiffness. Since the spindle is used to carry out the axial load mainly, the short radial journal 
bearing is served as a radial locating element for the spindle. It is rather intuitive that the shorter 
the radial journal bearing, the smaller the perpendicularity between the thrust plate and the radial 
journal bearing. Thus, the double-pad thrust bearing with large effective area employed in the 
spindle can carry out the large axial external load, meanwhile, the journal bearing with short length 
used decrease the spindle manufacturing cost greatly. 

Based on the above analysis, the appropriate parameters for the journal bearing and the thrust 
bearing are list in Table 3. 

Table 3. The structure parameters of the air bearings 
Journal bearing Thrust bearing 
Items Values Items Values 

Clearance [μm] 12 Clearance [μm] 12 
Number of the restrictor 24 Number of restrictors 24 

 

 
Fig. 8. The radial stiffness vs. the bearing clearance 

and the number of restrictors 
Fig. 9. Unbalance response of the rotor 

 

5. Unbalance response of the rotary table spindle 

The structure and running parameters are as follows: 
(1) The mass of the rotor is = 27.42 kg, and the moments of inertia are = 1.253 kgm2 

and = 0.6472 kgm2; 
(2) The running speed of the table is 300 rpm; 
(3) The grade of the balance quality of the rotor is G2.5, so that the eccentricity is about 

83.3 μm. 
Fig. 9 shows the unbalanced response of the rotary table spindle within the rotational speed of 

500 rpm, and the vibration amplitude is about 31.6 nm at 300 rpm, which is less than the allowed 
rotation error of 50 nm. 

6. Forced response of the rotary table spindle 

The analysis method of forced response of the rotary table spindle under grinding force refers 
to [14]. Table 4 shows the maximum values of the displacement and tilt angle of the rotary table 
spindle under the grinding force. The maximum displacements of the rotor in ,  and  directions 
are 0.1653 μm, 0.1649 μm and 0.271 μm respectively. It should be noted that the displacements 
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of the rotor are much smaller than the clearance of the air bearings. 

Table 4. Forced response of the motorized spindle 
Items Values 

Maximum displacement in  direction [m] 1.653×10-7 
Maximum displacement in  direction [m] 1.649×10-7 
Maximum displacement in  direction [m] 2.710×10-7 

7. Experiment 

Fig. 10 shows the experimental system for measuring the axial static stiffness of the rotary 
table. The rotary Table (3) is mounted on the test stand (4). The spring-loaded method [14] consists 
of the upper load-applying block (6), the lower load-applying block (9), the load-applying bolt (1), 
the guide bar (2), and the spring (7). The test force  is measured by the force sensor (8), and the 
axial displacement Δ  of spindle top due to the air film deformation is measured by the micrometer 
(5). Therefore, the axial static stiffness can be calculated by = Δ⁄ . The relationship of the 
axial displacement of the spindle top with the applied force in axial direction is list in Table 5, the 
result shows that the test value of the axial static stiffness of the rotary table is about 950 N/μm, 
which is close to the theoretical value 1000 N/μm.  

Table 5. The relationship of the air film deformation with the applied force in axial direction 
Axial applied force , N  Air film displacement Δ , μm 

1000 2.5-2.6 
2000 3.6-3.7 
3000 4.6-4.8 

The unbalance response of the rotary table spindle was measured by a capacitance 
micro-displacement sensor with a detectable minimum value of 100 nm, and the signal is sampled 
and analyzed by the Spindle Error Analyzer from Lion Precision in American. However, when 
the spindle reaches the running speed of 300 rpm, the amplitude of the unbalance response is too 
small to be detected, indicating that the unbalance response of the spindle is less than 100 nm.  

 
a) Schematic diagram 

 
b) Photograph 

Fig. 10. Test rig for measuring the axial stiffness of the spindle (1 – load-applying bolt, 2 – guide bar,  
3 – rotary table, 4 – test stand, 5 – micrometer, 6 – upper load-applying block,  

7 – spring, 8 – force sensor, 9 – lower load-applying block) 

8. Conclusions 

An ultra-precision rotary table spindle for the face grinding process has been developed, 
including an externally pressurized air axial bearing with a large diameter to carry the axial load, 
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an externally pressurized air radial bearing with a short length to serve as a radial locating surface, 
a vacuum clamp system to locate and clamp the work piece, a framed DC brushless type motor to 
drive the spindle. This support can not only meet the demand of the face grinding, but also reduce 
the manufacturing cost of the spindle greatly. 

Reynolds equations for the journal bearing and the thrust bearing are used to model the air 
bearing, and the static Reynolds equation and the perturbation equations are obtained by the 
perturbation method and solved by the finite difference method. The rotor dynamic model for the 
spindle is established by the rigid-body dynamic theory to predict the dynamic response.  

For the air bearing of the rotary table spindle, there exists an optimum clearance for a given 
number of restrictors such that the table has the maximum axial loading capacity, maximum axial 
stiffness, and the optimum clearance increases with the number of restrictor. The axial load 
capacity of the rotary table spindle can be greatly increased by increasing the effective area and 
decreasing the clearance of the thrust bearing. The dynamic analysis results under cutting force 
show that the developed rotary table spindle has a vibration displacement amplitude of 0.1-0.3 μm, 
indicating that the spindle can be used for high-precision face grinding.  
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