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1. Introduction 

The ultra-precision machine tool is an essential 

tool for achieving ultra-precision machining, which holds 

significant importance in the advancement of chip, energy, 

aerospace, and other related fields [1-4]. The spindle, being 

a critical component of ultra-precision machine tools, faces 

challenges in meeting the requirements of high velocity and 

stability using traditional rolling bearings. Gas bearings 

have gained attention from scholars worldwide due to their 

advantages such as high rotational velocity, precision, and 

durability [5-7]. The static load carrying performance of hy-

drostatic bearings was slightly insufficient when compared 

to liquid lubricated bearings. 

In order to enhance the load-carrying-capacity of 

hydrostatic gas bearings, numerous scholars have conducted 

thorough research. Sahto et al. [8] conducted modeling and 

simulation studies on different types of aerostatic thrust 

bearings, including porous, orifice, and multiple type bear-

ings. Yu et al. [9] examined the impact of various factors, 

including the thickness of the porous material, working sur-

face error, and rotational velocity, on the static characteris-

tics of circular thrust bearings. Cui et al. [10] analyzed the 

effects of various factors such as excitation amplitude, exci-

tation frequency, axial eccentricity ratio, and non-flatness 

on the dynamic performance of these bearings using a dy-

namic mesh technique. Khan et al. [11] analyzed the pres-

sure distribution, radial load, and thrust load patterns in re-

lation to the percentage of porous material, permeability, 

and eccentricity. Nishio et al. [12] conducted experimental 

and numerical studies on aerostatic annular thrust bearings 

equipped with diameters of throttle orifice below 0.05 mm. 

In the context of orifice restrictor bearings, the 

PEG serves to decrease the pressure decay rate away from 

the orifice restrictor, thereby balancing the pressure distri-

bution and ultimately improving the overall carrying-capac-

ity of the gas film. Present research primarily concentrated 

on examining the impact of individual factor modifications 

on the bearing capacity of gas bearings, with limited inves-

tigation into the combined effects of multiple structural pa-

rameters of the restrictor. ANSYS Fluent was utilized to 

comprehensively evaluate the influence of the restrictor and 

the structural parameters of PEG on the static load-carrying-

capacity of the bearing in this research. The range analysis 

and ANOVA were done to analyze the experimental data, 

with an aim to identify the optimal combinations of struc-

tural parameters that yield the best static load carrying per-

formance. The findings from this research endeavor aim to 

provide valuable insights for the advancement of annular 

hydrostatic gas thrust bearings with improved bearing ca-

pacity. 

2. Bearing model 

The orifice restrictor bearing model selected in this 

research is shown in Fig. 1. The outer diameter of the bear-

ing D = 70 mm, the position of the orifice restrictor D1 = 52 

mm and the inner diameter of the bearing D2 = 35 mm. Gas 

is introduced into the bearing through the gas supply orifice, 

and upon traversing the restrictor, a consistent gas film is 

established between the bearing and the thrust plate, effec-

tively facilitating the support of the thrust plate. 

The ANSYS Fluent 2021 software was utilized to 

carry out the fluid simulation. The fluid domain model for 

simulation was created by extracting the gas film between 

the bearing and thrust plate. This is illustrated in Fig. 2, a. 

 

Fig. 1 Bearing model 
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Fig. 2 Fluid simulation models: a – fluid domain model,  

b – boundary conditions 

The bearing comprised 12 gas supply orifice that 

were symmetrically distributed [13]. Each gas supply orifice 

corresponds to a cylindrical PEG located below. To reduce 

the simulation time, a fraction of the flow field, specifically 

1/12, was selected for simulation as shown in Fig. 2, b. The 

two sides of the flow field were designated as periodic 

boundaries to ensure accurate simulation results. The 

boundary conditions for the flow field are presented in 

Fig. 2, b. The unlabeled section was defined as the wall. 

3. Simulation Experimental Methodology and Design 

3.1. Simulation experimental methodology 

This study utilized an ideal gas as a simulated me-

dium, with simulation computational conditions and fluid 

parameters detailed in Table 1. The quality of the grid sig-

nificantly impacts the computational results. To enhance 

grid quality and ensure accuracy in calculations, a hexahe-

dral structural grid was employed. The gas film grid and 

magnified image are illustrated in Fig. 3, a, where the gas 

film is partitioned into three sections for grid generation to 

improve grid quality. The orthogonal quality of the gener-

ated grid is depicted in Fig. 3, b. 

The accuracy of calculation results was influenced 

by the mesh quality. Increasing the density of the mesh led 

to  more  precise  calculation  results;  however,  this also  

Table 1 

Computational conditions and fluid parameters 

Parameters Value 

Supply pressure 0.6 MPa 

Outlet pressure 0.1 MPa 

Atmospheric pressure 101.325 kPa 

Temperature 300 K 

Method of solution Simple C 

Solution standardization Standard initialization 

Fluid Ideal gas 

Viscosity flow Laminar 

Density 1.225 kg/m3 

Specific heat 1006.34 J/(kg·K) 

Thermal conductivity 0.0242 W/(m·K) 

Dynamic viscosity 1.7894e-5 kg/(m·s) 

 

Fig. 3 Mesh model of aerostatic thrust bearing: a – gas film 

grid, b – orthogonal quality of the generated grid 

resulted in a considerable increase in workload and calcula-

tion time. Therefore, it was not advisable to solely rely on 

increasing mesh density as a means to enhance calculation 

accuracy. It was more prudent to select an appropriate num-

ber of meshes that correspond to the actual model. This 

strategy not only saved computation time but also ensured 

accurate results. In this study, mesh independence was ver-

ified based on the actual bearing model, as shown in Fig. 4. 

As the number of meshes increased, the LCC of the gas 

bearing gradually decreased. However, once the number of 

meshes surpassed 1.2 million, the LCC stabilized, with the 

variation being controlled within 1%. Consequently, it can 

be inferred that the impact of the number of meshes on cal-

culation accuracy was minimal at this juncture. It was deter-

mined that approximately 1.2 million meshes should be uti-

lized in the simulation process. 

 

Fig. 4 Mesh-independent verification 

3.2. Simulation experimental design 

Diameter of orifices d1, thickness of gas film h1, 

PEG diameter d2, and PEG depth h2 were selected as exper-

imental factors. Table 2 displays the specific parameters and 

corresponding levels. The Taguchi method was used to ar-

range the L16 orthogonal test to explore the influence of  

Table 2 

Input parameters and their levels for restrictors 

Parameters Level 1 Level 2 Level 3 Level 4 

Diameter of orifices d1 0.10 mm 0.15 mm 0.20 mm 0.25 mm 

Thickness of gas film h1 0.010 mm 0.015 mm 0.020 mm 0.025 mm 

PEG diameter d2 2 mm 3 mm 4 mm 5 mm 

PEG depth h2 0.03 mm 0.05 mm 0.07 mm 0.09 mm 
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Table 3 

L-16 orthogonal array 

Run 

Processing parameters Response indicators 

d1 

mm 

h1 

mm 

d2 

mm 

h2 

mm 

LCC 

N 

MFR 

g/s 

1 0.10 0.010 2 0.03 166.955 0.0697 

2 0.10 0.015 3 0.05 78.167 0.0866 

3 0.10 0.020 4 0.07 58.407 0.0946 

4 0.10 0.025 5 0.09 21.089 0.1006 

5 0.15 0.010 3 0.07 395.840 0.1456 

6 0.15 0.015 2 0.09 192.726 0.1633 

7 0.15 0.020 5 0.03 87.186 0.1904 

8 0.15 0.025 4 0.05 55.941 0.2010 

9 0.20 0.010 4 0.09 516.247 0.2108 

10 0.20 0.015 5 0.07 374.811 0.2914 

11 0.20 0.020 2 0.05 152.498 0.2933 

12 0.20 0.025 3 0.03 81.275 0.3390 

13 0.25 0.010 5 0.05 656.922 0.2676 

14 0.25 0.015 4 0.03 321.838 0.3346 

15 0.25 0.020 3 0.09 250.826 0.4645 

16 0.25 0.025 2 0.07 188.252 0.5046 

 

various parameter combinations on LCC and MFR. The im-

plementation of orthogonal Taguchi design proved to be an 

effective strategy for enhancing experimental efficiency and 

upholding the precision of the experiment, all the while min-

imizing the experimental size [14-16]. The impact of differ-

ent combinations of parameters on the LCC and MFR was 

investigated by analyzing the simulation results using the 

Fluent post. It was important to note that, while conducting 

the simulations, all other parameters remained constant. The 

simulation test program and the corresponding results are 

provided in Table 3. The LCC and MFR were output from 

the fluent post-processor. 

4. Result and Discussion 

The impact of restrictor structural parameters on 

the response index was conducted through the analysis of 

test results using ANOVA methods. LCC, in general, per-

tains to the static load-carrying-capacity of the bearing, 

while MFR signifies the gas consumption experienced dur-

ing the operational procedure. Consequently, a gas bearing 

restrictor that exhibits a high LCC and a low MFR assumes 

significance as it serves as a crucial factor in augmenting the 

overall performance of the bearings. 

4.1. Effect of different parameters on LCC 

Range analysis and ANOVA tables of LCC mode 

are presented in Tables 4 and 5, respectively. Table 4 re-

vealed that the order of precedence for the four factors in-

fluencing LCC was as follows: thickness of gas film, diam-

eter of orifices, PEG diameter, and PEG depth. According 

to the findings presented in Table 5, it was evident that the 

LCC model held great significance. Additionally, the im-

pacts of variables such as diameter of orifices, thickness of 

gas film, and PEG diameter on LCC were also found to be 

significant. However, the effect of PEG depth on LCC was 

not deemed significant. Interestingly, the LCC reached its 

peak value when the diameter of orifices measured 0.25 

mm, the thickness of gas film was 0.01 mm, the PEG diam-

eter was 5 mm, and the PEG depth was 0.07 mm. Fig. 5 de-

picts the impact of various structural parameters of the re-

strictor on the LCC. It revealed that as the diameter of ori-

fices and the PEG diameter increased, the LCC exhibited 

consistent linear growth. Moreover, the rate of LCC in-

creased due to changes in diameter of orifices was found to 

be higher. However, when the thickness of gas film in-

creased, the LCC demonstrated a linear decline. Addition-

ally, the LCC displayed an initial increase followed by a de-

crease as the PEG depth increased, reaching its maximum 

value at a depth of 0.07 mm. 

The impact of the interplay between the thickness 

of gas film and the remaining three factors on the LCC is 

demonstrated in Fig. 6. Notably, Fig. 6 illustrated that the 

thickness of the gas film exerted a substantial influence on 

the LCC, with a distinct downward trajectory observed as 

the gas film thickness increased. This can be attributed to 

 

Fig. 5 Effect of different factors on LCC 

Table 4 

Range for LCC 

LCC 

 d1 h1 d2 h2 

K1 324.618 1735.964 700.431 657.254 

K2 731.693 967.542 806.108 943.528 

K3 1124.831 548.917 952.433 1017.310 

K4 1417.838 346.557 1140.008 980.888 

R 1093.220 1389.407 439.577 360.056 

 

Table 5 

ANOVA for LCC 

Source Adj SS df Adj MS F value P value Significance 

Model 5.003E+005 12 41691.11 43.08 0.0051 * 

A-d1 1.695E+005 3 56508.05 58.39 0.0037 * 

B-h1 2.832E+005 3 94412.99 97.55 0.0017 * 

C-d2 27249.07 3 9083.02 9.39 0.0492 * 

D-h2 20281.14 3 6760.38 6.99 0.0723  

Residual error 2903.41 3 967.80    

Total 5.032E+005 15     

‘*’ - 0.0001 ≤ P ≤ 0.05, significant. P ≥ 0.05, not significant 
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a b c 

Fig. 6 Interaction of different factors on LCC. a – LCC versus h1 and d1 under d2=5 mm and h2=0.05 mm, b – LCC versus 

h1 and d2 under d1 = 0.25 mm and h2 = 0.05 mm, c – LCC versus h1 and h2 under d1 = 0.25 mm and d2 = 5 mm 

the expanding gap between the bearings and the consequent 

enlargement of the compressed gas flow space, resulting in 

an elevated pressure drop. Consequently, there was a dis-

cernible decline in the LCC. Fig. 6, a exhibited a positive 

correlation between the bearing capacity and the diameter 

of orifices, indicating an increasing trend. Conversely, Fig. 

6, b suggested that the widening of the PEG diameter did 

not significantly affect the increase in the LCC within the 

selected parameter range. Furthermore, Fig. 6, c illustrates 

that the LCC initially rose and then declined as the PEG 

depth increased, with an inflection point occurring at 

h2 = 0.07 mm. The behavior may be attributed to the for-

mation of eddy currents within the PEG, resulting in a re-

duction of the LCC when the depth was excessively large. 

4.2. Effect of different parameters on MFR 

Tables 6 and 7 present the range analysis and 

ANOVA tables, respectively, for the MFR model. Accord-

ing to the findings in Table 6, the four factors that impacted 

the MFR were ranked in the following order of priority: di-

ameter of orifices, thickness of gas film, PEG diameter, and 

PEG depth. Table 7 revealed that the MFR model was sta-

tistically significant, with the diameter of orifices having a 

significant effect on MFR. However, the effects of thickness 

of gas film, PEG diameter, and PEG depth on MFR were 

not statistically significant. The MFR was minimized when 

the diameter of orifices was 0.1 mm, the thickness of gas 

film was 0.01 mm, the PEG diameter was 4 mm, and the 

PEG depth was 0.05 mm. The results presented in Fig. 7 

demonstrated the impact of various structural parameters of 

the restrictor on the MFR. As the diameter of orifices and 

thickness of gas film increased, the MFR exhibited a con-

sistent linear growth. However, it was worth noting that 

changes in the diameter of orifices resulted in a more pro-

nounced rate of MFR increase. In contrast, PEG diameter 

and PEG depth led to a relatively negligible effect on the 

MFR, as evidenced by the floating trend within a specific 

range. These findings suggested that the influence of the di-

ameter and depth of PEG on the MFR was of limited signif-

icance. 

The influence of the diameter of orifices, in con-

junction with the remaining three variables, on the mass 

flow rate MFR was depicted in Fig. 8. It was evident from 

Fig. 8 that the diameter of orifices had a significant impact 

on the MFR. Specifically, as the diameter of orifices in-

creased, there was a distinct upward trajectory observed in 

the MFR. This can be attributed to the fact that the enlarge-

ment of the diameter of orifices augmented the cross-sec-

tional area through which the gas passed per unit time, con-

sequently leading to an amplified MFR. Fig. 8, a demon-

strated that the MFR exhibited an increase as the thickness 

of gas film increased. This can be attributed to the fact that  

 

Fig. 7 Effect of different factors on MFR 

Table 6 

Range for MFR 

MFR 

 d1 h1 d2 h2 

K1 0.3514 0.6937 1.0309 0.9337 

K2 0.7003 0.8758 1.0356 0.8484 

K3 1.1345 1.0428 0.8410 1.0361 

K4 1.5713 1.1451 0.8500 0.9392 

R 1.2199 0.4514 0.1946 0.1877 

 

Table 7 

ANOVA for MFR 

Source Adj SS df Adj MS F value P value Significance 

Model 0.25 12 0.021 12.44 0.0306 * 

A-d1 0.21 3 0.070 41.36 0.0061 * 

B-h1 0.029 3 9.786E-003 5.78 0.0918  

C-d2 8.832E-003 3 2.944E-003 1.74 0.3303  

D-h2 4.415E-003 3 1.472E-003 0.87 0.5445  

Residual error 5.078E-003 3 1.693E-003    

Total 0.26 15     

‘*’ - 0.0001 ≤ P ≤ 0.05, significant. P ≥ 0.05, not significant 
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a b c 

Fig. 8 Interaction of different factors on MRF: a – MRF versus d1 and h1 under d2 = 4 mm and h2 = 0.05 mm, b – MRF versus 

d1 and d2 under h1 = 0.01 mm and h2 = 0.05 mm, c – MRF versus d1, h2 under h1 = 0.01 mm and d2 = 4 mm 

an increase in the gas film thickness led to a wider gap be-

tween the bearings, resulting in a larger space for high pres-

sure gas within the bearings. Consequently, the MFR dis-

played an upward trend. In Fig. 8, b, c, it can be observed 

that the MFR experienced minor fluctuations within a cer-

tain range as the diameter and depth of PEG increased. 

Thiscan be attributed to the fact that the incremental changes 

in the width and depth of the homogenizing groove were 

relatively small, thus having a negligible impact on the 

MFR. 

4.3. Optimization of parameters 

The optimal configuration of restrictor structural 

parameters to achieve the best LCC, as identified in the pre-

ceding section, consisted of diameter of orifices d1 = 0.25 

mm, thickness of gas film h1 = 0.01 mm, PEG diameter 

d2 = 5 mm, and PEG depth h2 = 0.07 mm. Additionally, the 

most favorable combination of restrictor structure parame-

ters for achieving the optimum MFR entailed diameter of 

orifices d1 = 0.10 mm, thickness of gas film h1 = 0.01 mm, 

PEG diameter d2 = 4 mm, and PEG depth h2 = 0.05 mm. 

The enhancement of bearing static load capacity is 

primarily manifested by the increase in LCC. However, the 

increase in LCC inevitably leads to an increase in gas con-

sumption, resulting in an elevation of MFR. Since LCC 

serves as a vital indicator for evaluating the bearing load ca-

pacity, selecting the optimal LCC as the parameter optimi-

zation target is crucial. Nonetheless, it is imperative to en-

sure that MFR exhibits a minimal growth rate to guarantee 

lower gas consumption. This study models the restricted pa-

rameter combination under the optimal conditions of LCC 

and conducts simulated verification tests. The results of the 

simulation tests are presented in Table 8. By comparing the 

optimal value of the index obtained in the orthogonal test 

before parameter optimization, it was observed that the LCC 

increased by 8% after the parameter optimization, while the 

MFR only experienced a 3% rise. This suggested that there 

was no significant increase in gas consumption. The cloud 

diagram of the gas film pressure distribution shown in Fig. 

9 illustrates the changes before and after parameter optimi-

zation. It is evident that the pressure decreases in a gradient 

manner from the air supply orifice towards both sides. The 

peak pressure of gas film after optimization shows a certain 

level of improvement compared to the pressure before opti-

mization. Fig. 10, on the other hand, demonstrates the pres-

sure distribution curve along a straight line at the bottom of 

the gas film. It can be inferred that the parameter optimiza-

tion led to an increase in pressure values at various points 

within the cross-section. This increase in pressure was also  

Table 7 

ANOVA for MFR 

Indicator LCC MFR 

before optimization 656.922 N 0.0655 g/s 

after optimization 709.476 N 0.0674 g/s 

percentage 8% 3% 

 

responsible for the observed rise in LCC. By employing the 

best LCC as the guiding principle for optimization, the ulti-

mate choice for the thickness of gas film of the bearing was 

determined to be h1=0.01 mm. In addition, the structural pa-

rameters of the restrictor were determined as follows: diam-

eter of orifices d1=0.25 mm, PEG diameter d2=5 mm, and 

PEG depth h2=0.07 mm. These specific parameters were 

found to enable the bearing to achieve its optimal static 

load-carrying-capacity. 

 

Fig. 9 Gas film pressure distribution. a – before optimiza-

tion; d1 = 0.25 mm, h1 = 0.01 mm, d2 = 5 mm, 

h2 = 0.05 mm, b – after optimization; d1 = 0.25 mm, 

h1 = 0.01 mm, d2 = 5 mm, h2 = 0.07 mm 

 

Fig. 10 Pressure distribution curve: before optimization: 

d1 = 0.25 mm, h1 = 0.01 mm, d2 = 5 mm, 

h2 = 0.05 mm, after optimization: d1=0.25 mm, 

h1 = 0.01 mm, d2 = 5 mm, h2=0.07 mm 
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5. Conclusions 

The paper explored the impact of various structural 

parameters of the orifice restrictor on the static load-carry-

ing-capacity of hydrostatic gas bearings. The diameter of or-

ifices, thickness of gas film, PEG diameter, and PEG depth 

were chosen as the experimental factors. The orthogonal test 

employed the LCC and the MFR as the test indicators. The 

following conclusions were drawn: 

1. The thickness of gas film emerged as the primary 

test factor influencing the LCC, with the diameter of ori-

fices, PEG diameter, and PEG depth following suit. In terms 

of the MFR, the diameter of orifices exerted the most sub-

stantial impact, followed by the thickness of gas film, while 

the diameter and depth of PEG exerted lesser influences. 

2. The LCC exhibited a direct correlation with the 

enlargement of both the diameter of orifices and the PEG 

diameter. Conversely, LCC experienced a reduction when 

the thickness of gas film was increased. Moreover, LCC un-

derwent an initial increase followed by a subsequent de-

crease as the PEG depth was augmented. The optimization 

of LCC was achieved by employing throttle parameters that 

encompass diameter of orifices of 0.25 mm, thickness of gas 

film of 0.01 mm, PEG diameter of 5 mm, and PEG depth of 

0.07 mm. 

3. The MFR showed a gradual increase as the di-

ameter of orifices and thickness of gas film increased. How-

ever, the impact of the diameter and depth of PEG on the 

MFR was not significant. By expanding the diameter and 

depth of PEG, the MFR experienced a limited range of in-

crease and decrease. The optimized combination of restric-

tor parameters, in terms of MFR, consisted of diameter of 

orifices of 0.10 mm, thickness of gas film of 0.01 mm, PEG 

diameter of 4 mm, and PEG depth of 0.05 mm. 

4. Based on the aforementioned findings, the sim-

ulation verification experiments were conducted utilizing 

the ideal parameter configuration of LCC. The results illus-

trated an increase in LCC by 8% to 709.476 N subsequent 

to the optimization of the throttle parameters. Furthermore, 

the MFR experienced a mere 3% growth, reaching 0.0674 

g/s. After careful consideration, the most suitable combina-

tion of restrictor structure parameters was determined to be 

as follows: thickness of gas film h1 = 0.01 mm, diameter of 

orifices d1 = 0.25 mm, PEG diameter d2 = 5 mm, and PEG 

depth h2 = 0.07 mm. 

The paper focused on conducting a simulation 

study to optimize the structural parameters of the restrictor 

for hydrostatic gas thrust bearings. Additionally, an experi-

mental setup will be constructed to validate the findings. Fu-

ture research will aim to enhance the dynamic bearing ca-

pacity of gas bearings. 
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Y. Chen, X. Wen, Y. Wang, M. Wu, J. Zhou, S. Wanyan 

OPTIMIZATION OF RESTRICTOR PARAMETERS 

AND STATIC CHARACTERISTICS STUDY ON 

ORIFICE TYPE HYDROSTATIC THRUST BEARING 

S u m m a r y 

Gas bearings play a crucial role in maintaining the 

precision of ultra-precision machine tools. However, the 

bearing capacity is inferior to that of rolling bearings. The 

bearing capacity of gas bearings is directly influenced by 

restrictor structural parameters. To clarify the combined ef-

fect of restrictor structural parameters on the static bearing 

capacity of gas bearings and enhance the bearing capacity. 

The orthogonal test method was used to investigate the im-

pact of various combinations of parameter levels (e.g. diam-

eter of orifices d1, thickness of gas film h1, diameter d2 of 

pressure-equalizing groove (PEG), and PEG depth h2 on the 

static load-carrying-capacity of the bearings). The load-car-

rying-capacity (LCC) and mass flow rate (MFR) were se-

lected as the experimental indicators. Results showed that 

gas film thickness, orifice diameter, PEG diameter and PEG 

depth dominated LCC. Additionally, it was observed that 

diameter of orifices has the most significant impact on 

MFR, followed by thickness of gas film, PEG diameter, and 

PEG depth having the smallest influence on MFR. LCC 

serves as a critical manifestation of the static bearing capac-

ity of bearings. However, this increase in LCC unavoidably 

resulted in higher gas consumption, leading to an elevated 

MFR. Consequently, the structural parameters of restrictor 

were optimized based on the principle of optimal LCC, 

while also ensuring that there was no significant rise in 

MFR. The optimized parameter combinations were thick-

ness of gas film h1 = 0.01 mm, diameter of orifices d1 = 0.25 

mm, PEG diameter d2 = 5 mm, and PEG depth h2 = 0.07 

mm. This study can contribute to a profound understanding 

of the nonlinear dynamic mechanism and structural optimi-

zation design application of air bearing. 

Keywords: restrictor, hydrostatic gas bearings, orthogonal 

test, analysis of variance, LCC. 
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