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1 Introduction 

The ultra precision machining machine tool is a 

type of ultra precision machining technology, which 

achieves nanometer level surface roughness and submicron 

level shape accuracy [1]. The aerostatic spindle is an im-

portant functional component, which affects machining ac-

curacy. The aerostatic spindle is widely used in the field of 

ultra precision equipment manufacturing due to its ad-

vantages of high rotational accuracy, low friction power 

consumption, wide speed range, no pollution, and long ser-

vice life [2]. The rotational trajectory of the aerostatic spin-

dle is a manifestation of the rotational accuracy. The vibra-

tion amplitude and vibration mode of the aerostatic spindle 

can be explained by the axis motion trajectory. In the actual 

machining process, the rotational speed of the aerostatic 

spindle, the unbalanced mass of the rotor, and the impact 

load have a significant impact on the rotational accuracy. 

Specifically, impact loads can cause fluctuations in the vi-

bration amplitude and equilibrium position of the rotor, re-

sulting in complex dynamic responses and severely affect-

ing the rotational accuracy of the spindle. Therefore, this 

study investigates the influence of periodic and impact loads 

on the rotational accuracy of the aerostatic spindle.  

The rotational accuracy of the aerostatic spindle is 

affected by periodic or impact loads during the actual ma-

chining process. Lei et al. [3] established a dynamic model 

of a high-speed aerostatic bearing rotor system by solving 

the transient Reynolds equation, flow balance equation, and 

rotor motion equation to analyze the nonlinear effects of op-

erating parameters on the rotor axis trajectory. Ding et al. [4] 

established a dynamic model of a rigid rotor system sup-

ported by gas static pressure bearings to study the influence 

of the number and position of small orifice throttling devices 

on the stability of the rotor system. Zhang et al. [5] studied 

supply pressure and rotational speed on the nonlinear behav-

iors of the aerostatic bearing-rotor system, based on the bi-

furcation diagram, orbit of rotor, frequency spectrum dia-

gram, Poincaré map and speed waterfall diagram. Cappa et 

al. [6] investigated the influence of several manufacturing 

errors, bearing parameters and feeding geometries on the ra-

dial error motion of an aerostatic journal bearing. Yin et al. 

[7] established the aerostatic spindle dynamic model, which 

used a finite element method and the Runge-Kutta fourth 

order method to solve the transient Reynolds equation and 

the rotor dynamics equations simultaneously for the dy-

namic response analysis of the rotor. Chen et al. [8] investi-

gated the impact of velocity effects on the vibration charac-

teristics and rotational accuracy of aerostatic spindles, a 

bearing-rotor system dynamics model based on velocity ef-

fects was established. Sun et al. [9] established a model 

based on the roundness error and unbalanced mass to ex-

plain and predict the radial synchronous error. The quanti-

tative relationship between the bearing capacity of the air 

film and roundness error of the rotor is obtained by CFD. 

Shimada et al. [10] developed a method to numerically cal-

culate the trajectory of the spindle rotator, supported by aer-

ostatic bearings. The method was developed to numerically 

investigate and determine the effects on the rotational accu-

racy of the spindle during end milling when the cutting force 

is applied to the rotating rotor. Shi et al. [11] constructed 

the dynamic model of the whole aerostatic spindle, con-

sidered the effect of shaft tilt motion due to elastic defor-

mation on the dynamic characteristics of the aerostatic 

bearing. 
The above literature has analyzed the influence of 

bearing parameters, working parameters, and machining ac-

curacy on the stability of the rotor system, but has not yet 

considered the impact of cutting loads and impact loads, on 

the rotational accuracy of spindle. In order to consider the 

analysis of the rotational accuracy under transient machin-

ing loads, a dynamic mathematical model of the aerostatic 

spindle rotor based on the transient compressible gas Reyn-

olds equation and throttling parameters would be estab-

lished. The Euler iteration method would be used to quanti-

tatively simulate the dynamic axis trajectory change process 

of the spindle. The influence of factors such as alternating 

loads, periodic loads, rotor mass, and throttle parameters on 

the spindle rotation accuracy during the machining process 

would be studied 

2. Dynamic Model of Aerostatic Spindle 

2.1. Rotor dynamics model of aerostatic spindle 

The aerostatic spindle system is shown in Fig. 1. 



468 

The aerostatic bearings have dual row throttling to provide 

a certain pressure gas. The aerostatic spindle is subjected to 

gravity, unbalanced load, nonlinear load, and nonlinear film 

force during operation. The force model of the aerostatic 

spindle is shown in the Fig. 2. 
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Fig. 1 Schematic diagram of the aerostatic spindle system 
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Fig. 2 Aerostatic spindle force model 

The motion equation of the aerostatic spindle at 

any time is expressed as Eq. (1): 

c x x

c y y

mx F q

my F q mg

= +


= + −




, (1) 

where M is the mass of the rotor, Fx and Fy are the x-direc-

tion and y-direction air film force components, respectively, 

qx and qy are the unbalanced loads in the x and y directions, 

x and y are the displacement components of the rotor in the 

x and y directions, respectively. 

When the quality of the spindle is uneven, the spin-

dle generates periodic unbalanced loads due to rotation. The 

unbalance eccentricity eg is used to represent the unbalanced 

load, which is shown in Eq. (2) 
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The above models are processed into dimension-

less form. The following dimensionless parameters are in-

troduced: 

(x, y) = h0(X,Y), (ẍ, ÿ) = h0
2
(Ẍ,Ÿ), g = eg/h0,  = t, 

(Fx, Fy) = RBPa(F̅x, F̅y), g = Gh0
2
,  = (RBPa)/(Mh0

2
). 

The dimensionless form of the spindle motion 

equation is shown in Eq. (3) 
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2.2. Transient Reynolds equation for orifice throttling 

The pressure distribution of the gas film can be 

solved by the transient Reynolds equation, assuming that the 

gas flow in the gas film gap is laminar. The transient gas 

Reynolds equation for orifice throttling is expressed as 

Eq. (4) [7]. 
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where h is the thickness of the gas film, p is a gas pressure, 

 is a gas viscosity,  ̃ is gas flow velocity at the throttle hole. 

 is rotor angular velocity, pa is atmospheric pressure, a is 

atmospheric density, i is the Dirichlet function 

0      position of  non throttle hole

1       position with throttle hole
i


= 


.

 
For radial sliding bearings, the transient Reynolds 

equation can be represented in cylindrical coordinates with-

out dimensional processing x = R, z = bz̅,  = t, p = p̅pa, 

h = h̅h0. 

Therefore, the dimensionless transient Reynolds 

equation is expressed as Eq. (5). 
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where R is rotor radius, b is bearing length; 
2
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The calculation of gas mass flow rate from a single 

orifice outlet [12] is shown in Eq. (6) 

2 a
orifice s

a

m p A
p


 = , (6) 

where orifice is the flow coefficient, usually taken as 0.8, A 

is the area of the throttle hole, k is gas specific heat ratio, 

usually taken as 1.4 for air, k is the critical pressure ratio 
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The expression for the film thickness of the rotor 

at any given time is shown in Eq. (7) 

0h h x sin y cos = + − . (7) 

The dimensionless form of Eq. (7) is as shown in 

Eq. (8) 

0

1hH X sin Y cos
h

 = = + − . (8) 

3. Numerical Solution of Axial Motion Trajectory of 

Aerostatic Spindle 

3.1. Boundary conditions 

The air film gap is generally in the micro meter 

range, would be ignored relative to the bearing size. There-

fore, in the numerical calculation process, the bearing can 

be unfolded into a plane, as shown in Fig. 3. 
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Fig. 3 Schematic diagram of grid division and boundary 

conditions 

The boundary conditions: 

The two end faces of the bearing are connected to 

the atmosphere: p = pa. 

Gas film pressure boundary at the orifice: p = pd. 

Where pd is the outlet pressure of the throttle hole. 

3.2. Numerical calculation 

The axial position of the aerostatic spindle is con-

stantly changed by external load excitation. To calculate the 

trajectory of the spindle axis, it is necessary to simultane-

ously solve the Reynolds equation and the rotor dynamics 

equation to obtain the corresponding axis acceleration, ve-

locity, and displacement. Then calculate the axial accelera-

tion, velocity, and displacement at the next moment based 

on the Euler algorithm. The specific calculation process is 

shown in Fig. 4. 
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Fig. 4 Flow chart for calculation of axis trajectory of aerostatic spindle 

The transient Reynolds equation is solved through 

continuous iteration, and the gas film field is obtained when 

the gas film pressure reaches convergence accuracy. The it-

erative convergence condition is shown in Eq. (9) 

1
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k k
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p p
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−
−
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. (9) 
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By integrating the entire gas film pressure field, the 

gas film force is obtained as shown in Eq. (10) 

( )
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4. Analysis of the rotational accuracy laws of the aero-

static spindle 

In order to verify the correctness of the paper, the 

program written by oneself is used to simulate the data in 

the reference [13] for result comparison. The structural pa-

rameters in reference [13] are shown in Table 1. 

Table 1 

Structural parameters of aerostatic spindle system in reference [13] 

Parameter Value Parameter Value 

Bearing diameter 16 mm Rotor length 90 mm 

Bearing length 24 mm Rotor mass 0.14 kg 

Orifice diameter 0.3 mm Unbalanced mass 1 mg, 3mg 

Distance between the orifice and the end 6 mm Eccentric distance 8 mm 

Bearing nominal clearance 15 mm Turbine mass 5 g 

Supply pressure 7.5 bar Compressor 8 g 

 

The comparison of simulation results is shown in 

the Fig. 5. The bearing structure parameters, gas parameters, 

and operating parameters of the aerostatic spindle simulated 

in this article are shown in Table 2. From the comparisons 

of the axis trajectories in Fig. 5, a and Fig. 5, b, it can be 

seen that the final stable position of the axis trajectory is 

highly consistent. Simultaneously, the vibration pattern of 

the rotor is enormously consistent. The vibration amplitudes 

in the x and y directions are extremely close. Therefore, the 

comparison results validate the correctness of the program. 

4.1. The influence of periodic load on rotation accuracy 

Periodic loads are mainly caused by the unbalance 

eccentricity of the spindle. The numerical calculations in 

this article are based on the parameters listed in Table 1. Un-

der the conditions of only self gravity and a rotational speed 

of 6000 rpm, the rotational accuracy of the aerostatic spindle 

is investigated under the conditions of rotor mass eccen-

tricity of 0.4 um, 0.6 um, 0.8 um, and 1 um, respectively. 

Table 2 

Parameters of aerostatic spindle system 

Structure parameters Numerical value 

Bearing length B, mm 80 

Bearing radius R, mm 40 

The diameter of the small hole d, mm 0.15 

Initial film thickness h0, m 14 

Air supply pressure Ps, MPa 0.6 

Gas viscosity , Pas  1.8210−5 

Gas density , kgm−3  1.29 

Rotor mass m, kg 13 
 

   

a b 

Fig. 5 Verification of axis trajectory model: a – the calculation results of the present program, b – literature results [13] 
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a b 

    

c d 

Fig. 6 The influence of rotor unbalance eccentricity on rotational accuracy: a – unbalance eccentricity 0.4 m, b – unbalance 
eccentricity 0.6 m, c – unbalance eccentricity 0.8 m, d – unbalance eccentricity 1 m 

Table 3 

Comparison of spindle vibration amplitudes under  

different unbalance eccentricities 

Unbalance  

eccentricities，m 

Vibration ampli-

tude in the X di-

rection, nm 

Vibration ampli-

tude in the Y di-

rection, nm 

0.4 12.53 12.37 

0.6 18.80 18.54 

0.8 25.07 24.72 

1.0 31.33 30.92 

 

According to the analysis in Fig. 6, the vibration 

amplitude of the aerostatic spindle increases with the in-

crease of the unbalance eccentricity, which seriously affects 

the rotational accuracy. According to the data in Fig. 6 and 

Table 3, the final stable shape of the spindle is elliptical, and 

the vibration amplitude in the x direction is very close to that 

in the y direction. This indicates that the spindle is in peri-

odic motion and in a stable state. The rotational accuracy 

increases as the unbalance eccentricity decreases. There-

fore, in the design and processing of spindle, it is necessary 

to perform multi-faceted dynamic balancing to ensure that 

the spindle has high dynamic balancing accuracy, thereby 

improving the rotational accuracy. 

4.2. The influence of rotational speed on rotation accuracy 

The rotational speed has a significant impact on the 

rotational accuracy of the aerostatic spindle. The air film ex-

citation and unbalanced centrifugal force caused by increas-

ing of spindle speed will reduce the rotational accuracy. Un-

der the condition of unbalance eccentricity of 0.6 um, the 

laws of the rotational accuracy of the spindle are investi-

gated at speeds of 4000 rpm, 5000 rpm, 6000 rpm, and 

7000 rpm. 

Through the analysis of Fig. 7 and Table 4, the ro-

tational speed of the aerostatic spindle directly affects the 

rotational accuracy. The vibration amplitude of the spindle 

increases with the increase of the rotational speed, because 

as the speed increases, the centrifugal force caused by the 

unbalance eccentricity increases, leading to a decrease in the 

rotational accuracy. As the rotational speed increases, the 

balance position of the spindle moves towards the center of 

the bearing. Due to the increase in rotational speed, the gas 

dynamic pressure effect is significant, resulting in an in-

crease in gas film force and a decrease in rotor eccentricity. 

Based on the above data, to achieve high rotational accu-

racy, it is necessary  to ensure  the matching relationship 
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a b 

   

c d 

Fig. 7 The influence of different spindle speeds on rotation accuracy: a—rotational speed 4000 rpm, b – rotational speed 

5000 rpm, c – rotational speed 6000 rpm, d – rotational speed 7000 rpm  

Table 4 

Comparison of spindle vibration amplitudes  

at different speeds 

Rotational speed, 

rpm 

Vibration ampli-

tude in the X direc-

tion, nm 

Vibration ampli-

tude in the Y direc-

tion, nm 

4000 9.55 9.39 

5000 13.96 13.76 

6000 18.80 18.54 

7000 23.98 23.68 

 

between the structural parameters of the bearing and rotor 

and the rotational speed in designing the aerostatic bearing 

rotor system. 

4.3. The influence of impact load on rotation accuracy 

The aerostatic spindle is not only affected by its 

own gravity during the actual machining process, but also 

subjected to certain impact loads and cutting force loads 

This section sets a fixed load along the direction of gravity, 

with a magnitude equivalent to the rotor's own gravity. The 

cutting load simulation is a periodic load. According to en-

gineering cutting experience, the cutting force of a single 

point diamond lathe is relatively small, so the size of the 

simulated cutting load is 15% of the rotor gravity. The tran-

sition process of the axis trajectory under only cutting load 

is shown in Fig. 8. The transition process of the axis trajec-

tory under both impact load and cutting load is shown in 

Fig. 9. 

Through the analysis of Fig. 8 and Fig. 9, it is found 

that the spindle is subjected to impact or cutting loads after 

initial stability. Next, the trajectory of the spindle axis un-

dergoes dynamic response and then stabilizes at the new 

equilibrium position. According to the analysis in Fig. 8, the 

axis balance position of the spindle does not change when 

only subjected to periodic cutting loads. The vibration am-

plitudes in the x and y directions increased by 61.98% and 

61.95%, respectively. According to the analysis in Fig. 9, 

when the spindle is subjected to both vertical downward im-

pact load and periodic cutting load, the balance position of 

the rotor axis would deviate from the center of the bearing 

and  downward  movement.  Moreover, as the vibration 
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a b 

Fig. 8 Transition process of axial trajectory change of spindle under cutting load: a – evolution process of trajectory under 
cutting load, b – stable trajectory under cutting load 

   

a b 

Fig. 9 Transition process of axis trajectory change under impact load and cutting load on the spindle: a – evolution process 
of trajectory under cutting load and impact load, b – stable trajectory under cutting load and impact load 

amplitude increases in both the x and y directions, the rota-

tional accuracy decreases. Therefore, through the above 

analysis, accurately calculating the impact load and cutting 

load on the aerostatic spindle during the actual machining 

process can effectively simulate the rotational accuracy and 

stable form. It has accurate guidance significance for the de-

sign of ultra precision aerostatic spindle. At the same time, 

it is possible to predict the threshold of the maximum load 

that the spindle can withstand. 

5 Conclusions 

This article first has established a dynamic model 

of the aerostatic spindle. The transient gas Reynolds equa-

tion was solved to obtain the gas film pressure. Then, the 

Euler iterative algorithm was used to obtain the main axis 

position at each time step. Finally, the influence of unbal-

ance eccentricity, rotational speed, and non periodic loads 

on the spindle rotation accuracy was analyzed. The conclu-

sions are as follows: 

1. The influence of rotor mass imbalance on spin-

dle rotation accuracy has been studied. Research has found 

that the vibration amplitude of the aerostatic spindle in-

creases with the increase of unbalance eccentricity. When 

considering only the gravity of the spindle, the vibration am-

plitude of the spindle in the x and y directions increased by 

14.4 nm and 14.29 nm, respectively, as the spindle unbal-

ance eccentricity increased from 0.4 um to 1um. For the de-

sign and processing of ultra precision spindles, it is neces-

sary to perform multi-faceted dynamic balancing on the ro-

tor to maximize the dynamic balancing accuracy, thereby 

improving the rotational accuracy of the aerostatic spindle. 

2. The influence of rotor speed on spindle rotation 

accuracy has been studied. Research has found that as the 

rotational speed increases, the vibration amplitude of the 

spindle gradually increases. When considering only the 

gravity of the spindle, the vibration amplitude of the spindle 

in the x and y directions increased by 14.4 nm and 14.29 nm, 

respectively, as the spindle speed increased from 4000 rpm 

to 7000 rpm. Therefore, when designing a high-speed aero-

static spindle with high rotational accuracy, it is necessary 

to quantitatively simulate the matching relationship between 

the structural parameters of the aerostatic bearing and the 

rotor with the rotational speed. 
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3. The influence of impact load and cutting load on 

the spindle rotation accuracy and stable form has been stud-

ied. Research has found that applying impact and cutting 

loads to the aerostatic spindle resulted in dynamic response 

of the spindle axis trajectory. Furthermore, the maximum 

cutting load should not exceed 15% of the rotor's gravity as 

much as possible. Ultimately, it led to a change in the bal-

ance position of the spindle and a decrease in rotational ac-

curacy. Therefore, accurately simulating the influence of 

nonlinear loads on the axis trajectory of the aerostatic spin-

dle during actual machining process had guiding signifi-

cance for improving the spindle rotation accuracy and the 

maximum load that the spindle can withstand. 
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J. Yang, T. Gong, L. Guo, H. Li, J. Wang, M. Zhao, Z. Li 

RESEARCH ON THE ROTATIONAL ACCURACY OF 

AEROSTATIC SPINDLE UNDER VARIABLE LOAD 

CONDITIONS 

S u m m a r y 

This study aimed to study the influence of variable 

load conditions on the rotational accuracy of the aerostatic 

spindle. The dynamic model of aerostatic spindle was estab-

lished considering the gravity of the spindle, nonlinear air 

film force, and external applied loads. By solving the dy-

namic model, the motion trajectory of the spindle axis was 

obtained. Finally, a quantitative explanation was provided 

for the rotational accuracy laws of the aerostatic spindle. As 

the speed and eccentricity of the spindle increase, the vibra-

tion of the spindle in the x and y directions gradually in-

creased, and the rotational accuracy of the spindle de-

creased. The periodic load of simulating cutting load was 

superimposed on the spindle, which increased the amplitude 

of spindle vibration and reduced the rotational accuracy of 

the spindle, but did not affect the balance position of the 

spindle. The impact load changed the balance position of the 

spindle without generating rotational errors. 

Keywords: aerostatic spindle, dynamic model, periodic 

load, impact loads, rotational accuracy. 
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