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Abstract: In aerostatic thrust bearings (ATBs), a high-pressure gas film with a certain bearing capacity
and stiffness is formed by passing high-pressure gas between the moving surface and the static
surface. Aerostatic bearings have outstanding advantages in the following aspects: high precision,
high speed, and long service life, etc. They are widely used in many fields, such as high-speed air
spindles, precision machine tools, air-bearing guideways, turbine machinery, and high-speed drills.
With the pursuit of higher efficiency and high-precision machining machinery, there is an increasing
demand for high-performance ATBs. Much effort has been spent on the study of ATBs, such as
improvements in load capacity and stiffness, and the enhancement of stability. Some significant
progress has been achieved. In this paper, the research developments of ATBs are summarized from
several aspects, such as theoretical models and experimental methods, static performance, dynamic
performance, and applications. In addition, insights on the breakthrough and development trends
of ATBs are put forward. It is hoped that this paper can provide some guidance for the design and
application of ATBs.

Keywords: aerostatic thrust bearings; theoretical model; experimental method; static performance;
dynamic performance; applications; development trends

1. Introduction

In aerostatic thrust bearings (ATBs), high-pressure gas is introduced between the
moving surface and the static surface. A high-pressure gas film with a certain bearing
capacity and stiffness is formed between the friction pairs. Thus, aerostatic bearings have
the following advantages, such as low friction, high speed, high precision, and long service
life [1]. A schematic photograph of aerostatic thrust bearings (ATBs) is depicted in Figure 1a.
The pressurized gas is fed from an external source. It enters the bearing gap through the
restrictor and finally flows to the atmosphere at the outer boundary of the bearing, as
shown in Figure 1b. The pressure redistribution and throttling effect of gas are achieved
in this process. The pressure distribution in the gas film of the ATB is shown in Figure 1c.
The pressure near the orifice is higher, and the gas pressure gradually decreases when it is
far away from the orifice. The velocity contour near the orifice is shown in Figure 1d [1].
Along the radial direction, the velocity decreases gradually.

Aerostat thrust bearings are widely used in many fields. The typical applications are
high-speed machinery, and high-precision applications, as shown in Figure 2. In high-speed
applications, common applications are aerostatic spindles and turbo machines. For aero-
static spindles, a high rotational speed is required to maintain machine spindle speed [2,3].
Large load capacity is expected during the fly-cutter milling process. For turbomachines [4],
more gas can be processed while running at high speed. In high-precision applications,
common applications are precision machine tools, precision measuring equipment and
lithography-associated production equipment [5,6]. Aerostatic guideways are applied
to ensure precision linear motion with high repeatability and high resolution [7]. With
the development of precision machining, the accuracy of motion is required to be higher,
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even at the sub-nanometer level [8]. Therefore, higher requirements are placed on the
performance of ATBs, such as load-carrying capacity, stiffness, and stability. It is hoped to
improve the stability of ATBs while still ensuring high static performance.

Appl. Sci. 2022, 12, 11887  2  of  25 
 

 

Figure 1. Schematic of ATB, pressure distribution, and velocity distribution: (a) schematic of ATB, 

(b) operation principle of ATB, (c) pressure distribution  in ATB [1], (d) velocity contour near the 

orifice [1]. 

Aerostat thrust bearings are widely used in many fields. The typical applications are 

high‐speed machinery, and high‐precision applications, as shown  in Figure 2.  In high‐

speed applications, common applications are aerostatic spindles and turbo machines. For 

aerostatic spindles, a high rotational speed is required to maintain machine spindle speed 

[2,3].  Large  load  capacity  is  expected  during  the  fly‐cutter milling  process.  For  tur‐

bomachines [4], more gas can be processed while running at high speed. In high‐precision 

applications,  common  applications  are  precision machine  tools,  precision measuring 

equipment and lithography‐associated production equipment [5,6]. Aerostatic guideways 

are applied to ensure precision linear motion with high repeatability and high resolution 

[7]. With the development of precision machining, the accuracy of motion is required to 

be higher, even at the sub‐nanometer level [8]. Therefore, higher requirements are placed 

on the performance of ATBs, such as load‐carrying capacity, stiffness, and stability. It is 

hoped to improve the stability of ATBs while still ensuring high static performance. 

 

Figure 2. Applications of aerostatic thrust bearings [3–5,7]. 

Figure 1. Schematic of ATB, pressure distribution, and velocity distribution: (a) schematic of ATB,
(b) operation principle of ATB, (c) pressure distribution in ATB [1], (d) velocity contour near the
orifice [1].
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The performance analysis of ATBs is mainly categorized into two types, static and
dynamic characterization. In the static performance of ATBs, the main physical parameters
are load capacity, static stiffness, and the mass consumption of pressurized gas. They are
usually evaluated as a function of gas film clearance. The dynamic performance of ATBs
mainly focuses on stability study. In stability evaluation, the main physical parameters
are dynamic stiffness and damping coefficients. It is necessary to evaluate the margins of
stability of ATBs [9].
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In the static and dynamic performance of ATBs, much progress has been achieved. At
present, there are still some challenges in the application process. The first limitation is the
low stiffness and load capacity of ATBs, which are only about 1/1000 of oil bearings. The
second limitation is the dynamic performance of aerostatic bearings, which determines the
dynamic response of equipment, to a large extent. The difficulties lie in how to obtain stable
dynamic performance by designing bearings with appropriate parameters and operating
conditions. In addition, the “pneumatic hammer” is a key problem in the application of
ATBs, which has a great influence on the stability of aerostatic thrust bearings.

At present, a significant improvement in the performance of ATBs has been achieved,
but the limitations of ATBs have not been completely overcome. In order to promote
the development of high-performance ATBs, it is necessary to make a comprehensive
summary of ATBs. In this paper, the research developments of ATBs are summarized from
several aspects, theoretical model and experimental study, static performance and dynamic
performance, and applications of ATBs. In addition, the development trends of ATBs are
discussed. It is hoped that this paper can provide guidance for the further application
of ATBs.

2. Theoretical Models and Experiment Methods
2.1. Theoretical Model

With the developments of ATBs, the theoretical model is continuously improved. In
the early stages, the simplified Reynolds equation was solved to predict the performance
of the aerostatic bearing. The steady-state pressure governing the Equation of aerostatic
bearing in dimensionless form is shown in Equation (1) [10].
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where x and z are dimensionless coordinates, h is the dimensionless thickness of the gas
film, p is the dimensionless pressure, Q is the dimensionless mass flow factor, δi is a
constant coefficient. Λx and Λz are dimensionless bearing numbers in the x and z directions.
The definitions of the above parameters are shown in Equation (2) [10].
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where h is the thickness of the gas film, hm is the reference gas film thickness, x and z are
coordinates, l is the characteristic length, p is the gas pressure, ρ is the gas density, η is the
gas dynamic viscosity, ṽ is the velocity of orifice gas flow, u and ω are the velocities.

In the solution of the Reynolds equation, how to accurately calculate the pressure and
the flow rate through the feed hole was the focus of the research. Later, it was found that the
pressure from feed holes to the outlet of the aerostatic bearings does not monotonically de-
crease. The pressure increases slightly after a sudden drop around the feed hole. Due to the
complexity of three-dimensional gas flow and some assumptions in solving the Reynolds
equation, the traditional Reynolds equation was insufficient to capture these phenomena
accurately. Gradually, more flow characteristics such as supersonic flow, turbulence, gas
vortex, and shock wave were discussed [11–14]. The flow characteristics and fluctuating
pressure of ATB are shown in Figure 3 [15]. In recent decades, the demands for the high
performance of ATBs are increasing, so it is necessary to study the flow characteristics
from a microscopic perspective. To obtain more accurate pressure distribution and its
time-dependent characteristics, solving the complete three-dimensional N-S equation has
become the most common and acceptable method. The theoretical model is introduced
from the following three aspects, gas flow in ATBs, velocity slip effect, and multi-physics
coupling.
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2.1.1. Gas Flow in ATBs

In the initial study, many scholars assumed the gas flow in the bearing was laminar.
It was gradually found that the actual gas flow was much more complex. The gas film
gap is extremely tiny compared with the bearing size, in the order of 1/1000, which leads
to complex flow in the bearing. The gas flow in ATBs has been investigated by many
scholars. Mori, H. studied the pressure distribution in the gas clearance of the parallel disk
ATBs [11]. There was a sharp pressure drop at the outlet of the orifice of the aerostatic
bearing. The pressure distribution in the gas film did not drop steadily from the outlet
of the orifice to the outlet of the bearings. It no longer followed the Reynolds lubrication
equation. An empirical model was introduced to predict this phenomenon and showed a
good agreement with experimental data [16]. The pressure variations in the region around
the inlet were accurately predicted using this model. In addition, the feeding system is
closely related to the type of restrictor. The flow characteristics through feeding systems
become more complicated considering the orifice shape. In order to predict the bearing
performance more accurately by solving the Reynolds equation, it is necessary to know the
flow characteristics and downstream pressures of the feeding system [17].

2.1.2. Velocity Slip Effect

For gas in the micro clearance of bearings, the molecular mean free path of the gas
cannot be neglected compared with the bearing clearance. Velocity slip is more prone to
occur at the solid–gas interface. This phenomenon was verified experimentally by Yang [18].
In addition, Hsia, Y. T. carried out an experimental study on gas bearings with clearances
below 0.25 microns and validated the slop-flow theory [19]. Moreover, the velocity slip
influence on bearing performance was studied in theoretical calculation. Mitsuya, Y. T.
applied the surface adjustment coefficient to the traditional gas Reynolds Equation [20].
Chen, D. J. introduced the Navier velocity slip model to improve the theoretical model of
the aerostatic guideways. It was found that the first-order velocity slip model was more
suitable to predict the performance of aerostatic guideways [21,22]. All the above results
show that it is necessary to consider the velocity slip effect in the design of ATBs.

2.1.3. Multiphysics Coupling

In ATBs, the physical parameters of the gas film are closely related to the lubricated
surface, boundary velocity slip, bearing structure thermal deformation, and other factors.
With the increasing complexity of the system including aerostatic bearings and supported
components, it is necessary to establish a more accurate numerical model considering
the coupling of multiple physics [10]. Aguirre, G. [23] established a simulation model
considering the coupling of structure flexibility, fluid dynamics, piezoelectricity, and control.
This model was in good agreement with the experimental results. Lu, L. H. proposed a fluid–
structure interaction model to predict the stiffness of an aerostatic spindle. The prediction
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error is only 2.04% [24]. Other studies on parametric optimization were also carried out
based on this model [25,26]. In addition, Gao, S. Y. [2] investigated the performance of
aerostatic spindles considering the model of the structure, fluid dynamics, thermal transfer,
and electromagnetics. Maamari, N. presented a dynamic model to investigate the damping
characteristics of aerostatic bearings considering fluid–structure coupling [27]. Yan, R. Z.
revealed the deformation law of the guideway with different materials and found the
appropriate material for guideways [28].

2.2. Experimental Methods

Experimental methods are vital approaches to studying the performance of ATBs. In
the early period, the experimental method was the principal method due to some limita-
tions of theoretical modeling methods. Many phenomena are found in the experimental
process, which also inspired scholars to explore the mechanism of ATBs in depth theo-
retically. With the development of experimental technology, experimental methods are
continuously improving [29]. Experimental methods are introduced from the following
aspects: measurement of pressure distribution, measurement of load capacity and gas film,
measurement of dynamic characteristics, and the experimental facilities of ATBs.

2.2.1. Measurement of Pressure Distribution

The gas film clearance is extremely tiny, usually at the level of 10 µm. It is relatively
difficult to obtain accurate measurements of pressure distribution in the bearing clearance.
There are two main methods of pressure distribution measurement.

The first method is to connect the pressure sensor to the orifice to measure the pressure
distribution in the gas film. The orifice is drilled on one of the pad’s surfaces [30,31]. This
small hole is called the flow intake (dp = 0.2 mm) in the literature [32]. The detail of flow
intake is shown in Figure 4a. The pressure distribution using this method shows a good
agreement with the numerical simulation result, as shown in Figure 4b. However, the
method of connecting the pressure sensor to the orifice plate still has some disadvantages.
Firstly, non-negligible disturbances to the airflow in the thin gap appear and considerable
measurement errors occur. In addition, the amount of experimental data obtained by this
method is limited, both in terms of location and quantity. This method has been improved
in the literature [33–36]. The supporting element has been replaced by a linear guideway
with position control capability. More pressure data of bearing clearance can be obtained in
one single experiment.
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Another measurement method of pressure distribution was proposed by Zhou, Y.J. [37],
named the pressure-sensitive film measurement method. With the application of pressure,
the pressure-sensitive films produce a visible response on the surface in the form of a stain
or imprint, as shown in Figure 5. It consists of the A-film and the C-film. The A-film
is attached with a micro-encapsulated color-forming layer, and the C-film is made of a
color-developing layer. There are numerous microscopic bubbles (2~26 µm diameter) in the
color-forming layer, which enclose the colorless liquid. A number of these bubbles burst
depending on the magnitude of the applied pressure. Then, these bubbles react with the
color-developing layer, producing a pink stain. With increasing pressure, more bubbles
burst and a deeper stain occurs. This property is very conducive to the measurement of
stain intensity and 2D pressure distribution. In addition, this experimental measurement
method has the merits of easy operation, high spatial resolution, and high accuracy. This
method demonstrates effectiveness when applied to different forms of bearings. However,
this method has strict requirements for calibration, process, and recognition of the image.
The roughness of the film surface is strictly required to avoid additional errors.
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Figure 5. Measurement of pressure distribution with the pressure-sensitive film [37].

2.2.2. Measurement of Load Capacity and Gas Film

It is relatively difficult to test the load capacity of the bearing under moving conditions,
especially at ultra-high speed. Therefore, most tests are currently carried out under static
conditions. Vahdati, M. [38] applied different loads to the guideway. The film gaps in
the X and Y directions were measured using an indicator clock, as shown in Figure 6a.
Bhat, N. [39] adopted two pressure transducers to measure the load capacity, as shown in
Figure 6b. Four displacement sensors were used to measure the gas film thickness between
the bearing and the reaction plate. Similar to the method in the literature [39], Cui, H. L.
measured the load capacity of the aerostatic thrust pad bearing using the load transducer,
as shown in Figure 6c. The gas film thickness was measured by a displacement sensor
(TESATRONONIC-TT80) [40].

2.2.3. Measurement of Dynamic Characteristics

The measurement of dynamic characteristics is achieved by measuring the dynamic
force generated in the bearing film. The dynamic forces are the results of harmonic variation,
either (i) in the film thickness, at constant supply pressure, or (ii) in the supply pressure, at a
constant film thickness. The measurement of the dynamic characteristics is also a challenge,
owing to the small gap sizes involved. In general, the first type of measurement is more
convenient and suitable considering the measurement procedure and error estimation [41].

2.2.4. Experimental Facilities of ATBs

At present, many novel experimental techniques have been applied in the research
of aerostatic bearings, especially visualization technology. Yoshimura, T. manufactured
a visualization apparatus to investigate the flow behavior around the outlet of the bear-
ings [42]. The test bench and visual flow results are shown in Figure 7a,b. The tracer gas
was added to the feeding system and exhausted into the atmosphere. A 2D planar YAG
laser and a high-speed digital camera were applied to observe the flow characteristics
around the bearing outlet. The results showed that the flow around the bearing outlet
turned into turbulence. The turbulence intensity was enhanced with a higher Reynolds
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number. This phenomenon provided strong evidence to explain the pressure fluctuation
and nano-fluctuation of aerostatic bearings. To determine the performance of aerostatic
spindles, Gao, S. Y. applied a thermal imager to measure the temperature of the shaft [2], as
depicted in Figure 7c.
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Figure 7. Visualization technology applied in the experiment of ATBs. (a) the test bench [42].
(b) visual flow with a 2D planar YAG laser and high-speed digital CCD camera [42]. (c) temperature
of shaft nose using a thermal imager [2].
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3. Advances in Static Performance
3.1. Parametric Research and Optimization

To improve the static performance of ATBs, many investigations have been carried out
on the structural parameters, operating conditions, restrictor types, etc. Some research con-
tents of the past few decades are listed in Table 1, including bearing parameters, evaluation
index, methodology, bearing type, restrictor type, and major findings. From the presented
literature, the focus on ATBs in recent years is still on load capacity and bearing stiffness.
This indicates that the design of ATBs with large bearing capacity and high stiffness is still a
research hotspot. With the development of computer technology, the numerical simulation
methods of ATBs are more abundant, and the application of CFD and other simulation
technologies in ATBs has become more extensive.

Table 1. Static performance of ATBs.

Year
Author

Focus
Parameters

Evaluation
Criteria Methodology Bearing Type Restrictor

Type Major Conclusions

1978
Andrisano, A.

[43]

Bearing number,
gas film

Load capacity,
stiffness, mass

flow rate

Theoretical and
experimental

analysis

Porous
bearing Porous

The effectiveness of the
lumped parameters method

was confirmed by the
comparison of experimental

and theoretical results.

2008
Bhat, N. [34] Multi-variable

Load capacity,
stiffness, mass

flow rate

Finite-element
model and
experiment

Rectangular
pads

Annular
orifices

Experimentally
demonstrated the Pareto

optimal method

2010
Bhat, N. [44]

Surface error
variations

Load capacity,
stiffness, mass

flow rate
Numerical model Rectangular

pads
Annular
orifices

Multi-orifice aerostatic flat
pad bearings are highly

sensitive to surface profile
variations

2012
Bhat, N. [39]

Orifice diameter,
gap height,

supply pressure,
L/B ratio

Load capacity Experiments and
FEM model

Rectangular
pads

Annular
orifices

Provide guidelines to
manufacture more stable

inherently compensated air
bearings

2013
Jeng, Y. R. [45]

Supply pressure,
pocket size,

orifice design,
and applied load

Stiffness Numerical model
Double

rectangular
pads

Orifice
restrictor

Double-pad aerostatic
bearings have higher

stiffness than the single-pad
aerostatic bearings

2014
Chang, S. H. [46] Multi-variable Load capacity,

stiffness
Particle swarm

algorithm
Rectangular
double-pad

Orifice
restrictor

Maximum stiffness can be
obtained by using a small

orifice diameter, large
supply pressure, and large

pocket size in the upper
bearing

2015
Huang, T. Y.

[47]
Rotational speed

The pressure
distributed,

load-carrying
capacity,

The finite
volume method

Porous
bearing Porous

The averaged pressure on
the surface and load
capacity of the thrust

bearing with compressible
air flow was higher than

that with incompressible air
flow.

2016
Wang, N.

[48]

Width, location,
the permeability

of the film

Bearing stiffness,
load capacity,

mass flow

A two-stage GIF
method for

multi-objective
optimization

Porous
bearing Porous

This study provided a
potent alternative for design

problems with multiple
objectives.

2018
Chen, D. J. [49]

Clearance, the
diameter of the
restrict orifice,
and the supply

pressure

Load capacity,
stiffness

Experiments and
numerical model

Rectangular
pad

Orifice
restrictor

Calculated static
performance of bearings

and predicted higher
stiffness beyond the

measurement range by BP
neural network
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Table 1. Cont.

Year
Author

Focus
Parameters

Evaluation
Criteria Methodology Bearing Type Restrictor

Type Major Conclusions

2018
Colombo, F. [9]

Orifice diameter
and position,

supply pressure

Load capacity, air
consumption

Experiments and
numerical model

Rectangular
pad

Annular
orifices

Experimentally
demonstrated the numerical

model; investigated the
performance of rectangular

aerostatic pads

2018
Cui, H. L. [40]

Restrictor type,
film thickness,

orifice diameter,
and material
parameters

Load capacity,
stiffness

Experiments and
CFD simulation Circular pad

Orifice,
porous,

multiple
restrictor

The stiffness and stability of
thrust pad aerostatic

bearings are significantly
influenced by the geometric

and material parameters

2018
Gao, Q. [1]

Parameter of
restrictor

Load capacity,
stiffness, mass

flow rate

Experiments and
CFD simulation

Annular
bearing

Orifice
restrictor

Proved the reliability of
proposed parametric
computational fluid
dynamics model and
genetic optimization

algorithm

2019
Lai, T. [50]

Structure, supply
pressure, film

thickness

Load capacity,
stiffness, and
straightness

Experiments and
FDM model

Aerostatic
bearing

guideways

Orifice
restrictor

Optimized the structural
parameter of two-, three-,

and four-orifice gas bearings

2019
Moradi, M. [51]

Geometrical
parameters

Load carrying
capacity, stiffness,

and mass flow
rate

Experiments and
lumped

parameters model

Rectangular
pads

Annular
orifices

Analyzed the effect of
geometrical parameters on

the pad’s behavior

2019
Zhuang, H. [52]

Eccentricity ratio,
design

parameters

Load capacity,
pressure

distribution, air
consumption,

stiffness

FDM model and
CFD simulation

Double-pad
annular ATB

Annular
orifices

Calculated the load-carrying
capacity (LCC) of bearing;
analyzed the relationship
between eccentricity ratio,

design parameters, and
static stiffness

2020
Colombo, F. [53]

Supply hole
position, number,

and diameter,
supply pressure

Load capacity, air
consumption Genetic algorithm Rectangular

pad
Annular
orifices

Presents an optimization
approach for multiple
orifice aerostatic pad

3.2. The Discharge Coefficient

The discharge coefficient is related to geometric parameters and gas flow parame-
ters. Some researchers simply assumed the discharge coefficient as one constant number
(ranging from 0.6 to 0.8) [54], while others used empirical formulas [55,56]. The numbers
and empirical formulas were derived in certain limited conditions. Some errors may be
introduced in these formulas due to simplified assumptions.

Many investigations have been carried out to improve the accuracy of discharge coef-
ficient formulas. In the literature, the discharge coefficient empirical formula of aerostatic
bearings was proposed [36]. This empirical formula was in good agreement with exper-
iment data both in simple holes and circumferential grooves. Belforte, G. [57] analyzed
the properties of mass flow rate on aerostatic bearings with an annular orifice restrictor
numerically and experimentally. The results indicated that the pressure distribution near
the supply hole was seriously affected by a fillet or a chamfer between the supply hole and
the pad surface, which had a large influence on the bearing characteristics. In addition, an
experimental formula of discharge coefficients was proposed for both the annular restrictor
and orifice restrictor in the literature [31,58]. The coefficients were a function of the geomet-
ric parameters and Reynolds number. The detailed identification methods and results of
the discharge coefficients are given in the literature [59].

The structures of the feed hole and the restrictor are various. There are some dif-
ferences between them in the flow rate characteristics. Renn, J. C. carried out a series of
CFD simulations and experiments on the mass flow rate characteristic of the orifice-type
restrictor [60]. A new model was proposed to calculate the mass flow rate through an
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orifice. The results showed that the major difference was the value of the critical pressure
ratio between the conventional model and this model. For an orifice-type restrictor, the
recommended value of the critical pressure ratio was between 0.35 and 0.4.

3.3. Structure Improvements
3.3.1. Introduction of Restrictors

The restrictors in ATBs are mainly classified into four types: orifice restrictors, porous
restrictors, annular restrictors, and slot restrictors, as shown in Figure 8 [61]. The orifice
restrictor and annular restrictor are the most common types. The annular restrictor (or
called the inherently compensated restrictor) is formed by the feed hole. The orifice
restrictor is formed with a feed pocket. The orifice is produced with a twist drill and its
diameter commonly ranges from 0.15 to 0.4 mm.
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1. Micro feed holes

Recently, with the development of laser beam machining and micro drills, it is possible
to manufacture feed holes with less than 0.1 mm diameter. The use of micro holes is
beneficial to improving the performance of aerostatic bearings. There are two main reasons
for adopting micro-holes:

• The pressure can be improved, and the gas flow can remain stable. The load capacity
of the bearing is enhanced.

• A restricted area independent of the gas clearance is formed.

Aerostatic thrust bearings with micro holes show great potential in improving static
performance. Fan, K. C. fabricated an aerostatic bearing using microfabrication technol-
ogy [33]. The configuration of the several different forms is shown in Figure 9a, and the
number of holes is 25,100 and 400, respectively. The surface pressure distribution of the
bearing with 25 micro holes is shown in Figure 9b. The cross-sectional area of each mi-
cropore is 30 µm2. The gas film pressure is symmetrically distributed. The pressure in
the central region is relatively high, showing a diamond distribution. Aerostatic thrust
bearings with micro holes have a smooth and uniform pressure distribution. The load
capacity has been greatly improved. Miyatake, M. [62] conducted research on small feed
holes of less than 0.05 mm diameter with CFD and DFM models. The results indicated
that higher stiffness could be obtained by adopting micro feed holes. Belforte, G. [63]
investigated the static performance of ATBs with micro feed holes of less than 0.1 mm
diameter. The results showed that the load capacity and stiffness of the aerostatic bearings
can be optimized by modifying the number and diameter of aerostatic bearings. In order to
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reduce the nano-scale vibration of aerostatic bearings, Chen, X. D. [64] proposed a novel
design scheme for an array micro hole restrictor (AMR). Different from the traditional
orifice restrictor, the AMR had uniformly distributed micron-sized holes distributed in the
form of arrays, so that the total restricted area was the same as the single-hole restrictor.
For a more uniform aperture, AMRs were manufactured with laser drilling technology.
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2. Multi-orifice series

Compared with the traditional orifice-type restrictor, the static performance of the
bearing can be improved by adopting the multi-orifice type restrictor. Zheng, Y. Q. proposed
a novel pocket orifice-type restrictor with multi-orifice series [65]. The aerostatic bearings
with this restrictor had higher maximal bearing stiffness than the traditional bearings. The
bearing stiffness increased by 11% with the restrictor of four sub-orifices in the series.

3. Multi-loop Coupling Pocket

Yu, J. [66] proposed an aerostatic bearing with a double-loop coupling pocket and
studied the performance of this bearing. It was found that this type of aerostatic bearing
had a higher static load capacity, which provided practical guidance for the design of
high-performance aerostatic bearings.

3.3.2. Introduction of Surface Structures

The static performance of the ATBs is not only closely related to the type of restrictor
but also the surface structure. Scholars have found that the static performance of bearings
can be improved by changing the surface profile of ATBs. Among these surface structures,
the most widely used is the pressure-equalizing groove structure [67,68], as depicted in
Figure 10. The studies of surface structures are introduced separately below.

4. Pressure-equalizing Grooves

Compared with the traditional ATBs, the static performance of ATBs with pressure-
equalizing grooves has been greatly improved. Qiao, Y. J. investigated the static per-
formance of aerostatic bearings with trapezoidal pressure-equalizing grooves. The load
capacity of the bearing was enhanced by 18% [67]. Zhao, X. L. designed an aerostatic
bearing with an elastic equalizing pressure groove. The bearing stiffness was enhanced
by 59% compared to bearings without equalizing pressure grooves [68]. Yan, R. Z. carried
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out numerical simulations on the shapes of pressure-equalizing grooves and studied the
static performance of bearings [69]. Six kinds of pressure-equalizing grooves were com-
pared, including the line-shape, the extended-shape, the S-shape, the oblong-shape, the
X-shape, and the reticular-shape. The load capacity and stiffness of the bearings can be
greatly improved after optimizing the structure of the pressure-equalizing groove, and the
pressure-averaging effect can be strengthened. Among the six shapes of pressure-equalizing
groove, the reticular shape had the best static performance.
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5. Concave surface texture

The concave surface texture can also improve the static performance of ATBs. Colombo,
F. presented an investigation of concave surfaces on the static performance of aerostatic
bearings numerically [70]. The results showed that concave aerostatic pads exhibited a
higher stiffness than flat aerostatic pads.

4. Advances in Dynamic Performance
4.1. Parametric Research and Optimization

The dynamic performance of aerostatic bearings is related to bearing types, restrictor
types, and corresponding operating conditions. A lot of research has been conducted
by scholars on the dynamic performance of bearings. Bhat, N. studied the dynamic
performance of a compensated flat pad aerostatic bearing, as shown in Figure 11 [39].
When the thickness of the gas film gap was relatively large (greater than 20 µm), negative
damping was observed. There was no negative stiffness with the variation of gap height. At
low perturbation frequencies, the stiffness coefficient maintained a low constant value. The
damping coefficient decreased at a larger gap height. At high perturbation frequencies, the
stiffness coefficient increased with higher gap height. The damping coefficient gradually
approached zero.

Other detailed research contents are listed in Table 2. From the presented literature,
research on the dynamic performance of ATBs is still focused on the dynamic stiffness
damping coefficient and stability analysis. Stability analysis mainly includes dynamic
response analysis, vibration signal analysis, air hammer phenomena, and so on. With the
development of computer technology, the numerical simulation methods and experiment
methods of ATBs have become more abundant. At present, more attention is placed on the
annular restrictor type and orifice restrictor type. Research on the porous restrictor type
and other types is relatively less.
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Table 2. Dynamic performance of ATBs.

Year
Author

Focus
Parameters

Evaluation
Index Methodology Bearing Type Restrictor

Type Major Conclusions

2001
Yoshimoto, S. [71]

The annular
groove supply
and the hole

supply

Dynamic stiffness
and damping

Experiments and
numerical model

Circular
aerostatic thrust

Porous
restrictor

Theoretically and
experimentally

investigated the static
and dynamic

characteristics of
aerostatic porous

bearing with different
air supply methods

2002
Chen, M. F. [72]

Initial film
thickness, bearing
width, X-shaped

groove width

Dynamic
response

Experiments and
modified the

resistance
network method

(RNM)

Aerostatic
bearing

(X-shaped
grooves)

Annular
orifices

The vibrations are
absorbed by the

disk-spring
compensator and the
table can maintain a

small vibration around
the equilibrium position

2002
Fan, K. C. [33] Supply pressure Stability,

straightness error
Experiments and
CFD simulation

Aerostatic
slider

Orifice
Restrictor

The prototype exhibited
good mechanical

characteristics

2009
Fan, K. C. [73] / Motion error

Experiments and
Spectral Element

Method

Aerostatic
slider

Annular
orifices

The prototype exhibited
good mechanical

performance.

2009
Vahdati, M. [38]

External Load, air
Pressure Linear stiffness Experimental Aerostatic table Orifice

restriction

Found that with the
increase in pressure, the
stability and stiffness of
the table are enhanced.

2011
Chen, D. J. [8] Gas fluctuation Vibration signals Experiments and

numerical model
Rectangular

thrust bearing
Orifice

Restrictor

Diagnosed the basic
frequency and the

errors of the guideway
system

2012
Belforte, G. [74]

Air film
thickness, Time response Lumped

parameters model
Aerostatic
guideways

Porous
restrictor

The stiffness can be
optimized in

correspondence with
the operating conditions

using lumped
parameters model.
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Table 2. Cont.

Year
Author

Focus
Parameters

Evaluation
Index Methodology Bearing Type Restrictor

Type Major Conclusions

2012
Bhat, N. [39]

Orifice diameter,
gap height,

supply pressure,
perturbation
amount, L/B

ratio

Dynamic stiffness
and damping,
load capacity

Experiments and
FEM model

Rectangular
thrust bearing

Annular
orifices

Provided guidelines to
manufacture more
stable inherently
compensated air
bearings, a novel

bearing manufacturing
technology

2012
Oiwa, N. [75]

Air film thickness,
the inclination

angle of the sheet

Deformation
behavior and the

orbit of the
flying height

Experiments and
numerical model

Aerostatic
guideways

Porous
restrictor

Investigated the
deformation behavior

and the orbit of the
flying height

2014
Liu, Z. [76] / Stability criteria Experiments and

numerical model
Circular thrust

bearing
Orifice

restriction

Analyzed the
generation mechanism

and stability
discriminant of air

hammer, and proposed
preventive methods

2014
Qiao, Y. J. [67]

Type of pressure-
equalizing

groove

Bearing capacity
and static
stiffness

CFD simulation Annular
bearing

Annular
orifices

The airflow field
resistance was reduced

2014
Chen, D. J. [6] Gas fluctuation Vibration signals Experiments and

FEM model
Rectangular

thrust bearing
Orifice

Restrictor

Diagnosed the basic
frequency of the

guideway system
according to the
vibration signals

2015
Gao, S. Y. [77]

Orifice chamber
configurations

Pressure
distributions, gas
vortices, and the

turbulent
intensity

Experiments and
CFD simulation

Annular
bearing

Orifice
Restrictor

Investigated the
influences of six orifice

chamber shapes on
performance

characteristics of ATBs

2017
Colombo, F. [78] Air film thickness Dynamic stiffness Lumped

parameters model
Rectangular

thrust bearing
Annular
orifices

Developed and
validated a lumped

parameters model to
simulate the bearing in

dynamic conditions

2017
Li, Y. F. [79]

Film thickness,
supply holes,

frequency

Pressure
distributions,

equivalent
acceleration

CFD simulation Circular pad Annular
orifices

Numerically revealed
the mechanism of

vortex forming, and
verified the rationality
of using the maximum

Mach number to
represent the

dynamic stability

2018
Chen, D. J. [80]

Pressure
fluctuation Vibration signals Experiments Aerostatic

slider
Orifice

Restrictor

Provided a basis for the
identification of slider

errors

2018
Colombo, F. [9]

Orifice position
and the supply

pressure

Dynamic stiffness
and damping

Experiments and
numerical model

Rectangular
pad

Annular
orifices

Experimentally
demonstrated the
numerical model,
investigated the
performance of

rectangular
aerostatic pads

2019
Lai, T. [50]

Structure, supply
pressure, film

thickness
Straightness Experiments and

FDM model
Aerostatic

slider
Orifice

Restrictor

Optimized the
structural parameter of

two-, three-, and
four-orifice gas bearings
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Table 2. Cont.

Year
Author

Focus
Parameters

Evaluation
Index Methodology Bearing Type Restrictor

Type Major Conclusions

2019
Federico, C. [81]

Dynamic pressure
force and air gap

Step response,
dynamic stiffness

Experiments and
lumped

parameters model

Rectangular
pads (grooved)

Orifice
Restrictor

Presented and
experimentally

validated a lumped
model of a rectangular

grooved air pad

2019
Colombo, F. [82]

Film thickness,
frequency

Dynamic stiffness
and damping

Experiments and
a lumped

parameter model

Rectangular
pads (grooved)

Orifice
Restrictor

Simulation results
showed a high accuracy

both in static and
dynamic conditions

2019
Zhuang, H. [52]

Eccentricity ratio,
design

parameters

Pressure
distribution and

step response

FDM model and
CFD simulation

Double-Pad
Annular ATB

Annular
orifices

Analyzed the
relationship between

eccentricity ratio, design
parameters, and

stiffness

2019
Moradi, M. [51]

Geometrical
parameters

Dynamic stiffness
and damping

Experiments and
lumped

parameters model

Rectangular
pads

Annular
orifices

Analyzed the effect of
geometrical parameters
on the pad’s behavior

2020
Ghodsiyeh, D.

[83]

Film thickness,
supply pressure

Step force
response

Experiments and
lumped

parameters model

Rectangular
pads (grooved)

Orifice
restrictor

Once an optimal initial
set-up is defined, the

integrated valve makes
it possible to obtain

bearings with
quasi-static infinite

stiffness

2020
Zheng, Y. Q. [84]

Film thickness,
supply pressure

Dynamic stiffness
and damping,

stability

Experiments and
numerical model

Rectangular
aerostatic
bearing

Orifice
restrictor

The delay effect is an
important reason for the

pneumatic hammer
phenomenon

2020
Li, M. Y. [85]

Vacuity, area ratio,
and positive

pressure
Stiffness volatility

Numerical model
and Orthogonal

method
Circular pad Annular

orifices

Obtained optimized
performance of VPL
pad under operating

conditions

2021
Chen, D. J. [22] Film thickness Stiffness,

dynamic response
Experiments and
CFD simulation

Aerostatic
bearing

Orifice
Restrictor

The model considering
the velocity slip in the
gas film flow is more

accurate

2021
Colombo, F. [86]

Film thickness,
frequency

Dynamic stiffness
and damping

A lumped
parameter model

Rectangular
pads (grooved)

Annular
orifices

The compensated one
exhibits significantly

higher performance for
quasi-static applications

2021
Colombo, F. [87]

Film thickness,
frequency

Dynamic stiffness
and damping A lumped model Rectangular

pads (grooved)
Annular
orifices

Demonstrates that the
proposed method is

very effective when the
system works with

excitation frequencies
below 10 Hz.

2022
Yao, J. H. [88]

Structure and
working

conditions

Dynamic stiffness
and damping CFD simulation

Annular
aerostatic
bearing

Orifice
restriction

Orifice diameter, air-gap
clearance, and supply
pressure have a great

influence on the
dynamic performance
of the precision stage

4.2. Structure Improvement
4.2.1. Optimizations of Restrictors

In the study of restrictor optimization, an array of micro-orifice restrictor (AMR) was
proposed in the literature [64], as shown in Figure 12. Through fluid dynamics analysis,
the transient flow characteristics of aerostatic bearings with an AMR and conventional
restrictors were studied. The vibration intensity of the bearing was tested experimentally,
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which verified the effectiveness of the auto-disturbance rejection method. Under the
condition of constant bearing capacity and stiffness, the vortex shedding of the recess can
be effectively suppressed by the AMR. The bearing vibration can be effectively reduced.
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4.2.2. Structural Optimization

The optimization of the bearing structure is a key step to improving the dynamic
performance of ATBs. Aoyama, T. studied the vortex flow in the bearing clearance nu-
merically with a rounded corner near the outlet of the orifice restrictor [89]. The results
showed that vortex flow caused small vibrations in aerostatic guideways. The proposed
geometrical arrangements can effectively suppress small vibrations. Feng, K. proposed
several novel orifice structures of the aerostatic bearing, including the round hole bearing
(RHB), inclined hole bearing (IHB), and arc hole bearing (AHB) [90]. Both theoretical pre-
dictions and experimental tests showed that changing the orifice structure can significantly
reduce pressure fluctuations and improve the stability of the bearing. Among the above
bearings, the AHB had the best performance and vortices were extremely small in the recess.
The flow field disturbance structure (FFDS) of the aerostatic thrust bearing was designed
to change the microscopic flow field inside the bearing. The influence of the flow field
disturbance on the micro-vibration was analyzed by the experiment method. The gas flow
characteristics of the local field near the outlet of the orifice were greatly optimized due
to the flow field disturbance structure. The pulsating pressure on the bearing surface was
significantly reduced. The micro-vibration of the bearing with the flow field disturbance
structure was suppressed.

Vortices are inevitably caused, due to the fixed flow channels from the feed pocket to
the bearing outlet for pressurized gas. The back-flow channels connecting the recess and
low-pressure region inside the bearing clearance were designed to provide an additional
channel for pressurized gas to be exhausted into the atmosphere [91]. The simulation
results showed that the back channels can prevent gas from depositing in the recess. The
vortex was greatly eliminated. The bearing stiffness and stability of the aerostatic bearings
with the back-flow channel increased simultaneously compared to traditional ATBs.

4.3. Flow Characteristics of ATBs

The performance of ATBs is closely related to the gas flow characteristics. It is necessary
to investigate flow characteristics from a microscopic perspective. Kawai, T. found that
aerostatic bearings inherently have small vibrations in the order of nanometers. These
vibrations have a very negative impact on the accuracy and stability of the bearing [92].
To study the mechanism of this phenomenon and suppress the harmful vibration, a more
accurate and real-time solution of the flow field needs to be obtained. Chen, X. D. applied
RANS simulation to the research. The numerical results validated adequate accuracy in
predicting flow characteristics [93]. Yoshimoto, S. investigated the flow characteristics
of a circular ATB by solving the Navier–Stokes equations directly [30]. Eleshaky solved
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the Navier–Stokes equation for the three-dimensional turbulent flow in a circular ATB
by RANS simulation [94]. The results showed that the pressure drop phenomenon was
caused by the interaction between compression waves and the boundary layer, as depicted
in Figure 13. The pressure recovered due to the flow separation at the upper wall. The
flow state turned from laminar to turbulence in the region where rapid pressure recovery
occurred. Zhu, J. C. applied the large eddy simulation to investigate the transient flow field
and the vortex shedding phenomenon in ATBs [95], as shown in Figure 14. Although many
investigations have been carried out on various phenomena in the flow field of ATBs, there
has not been a consensus on the mechanisms of the flow characteristics in ATBs.
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4.4. Pneumatic Hammer Phenomenon

The pneumatic hammer is a high-frequency vibration phenomenon when the bearing
is in an abnormal working state [96]. It was found that pneumatic hammer may occur
under certain working conditions. As a result, the aerostatic bearing will become unstable
and fail. In the bearing design process, static and dynamic characteristics are difficult to
take into account at the same time. When the static performance is strengthened, the air
pneumatic hammer is more obvious [6]. Dynamic stability is an additional design criterion
for bearing design optimization [41]. Talukdar, H. M. conducted an experimental study
on pneumatic hammer in aerostatic bearings [97]. Various influencing factors affecting
pneumatic hammer were studied, including the depth of the supply recess, the diameter of
the orifice, and the bearing mass. The experimental results show that pneumatic hammer
can be greatly avoided when the bearing operates under low supply pressure, high load
conditions, a small supply hole, and appropriate external damping. Liu et al. analyzed
the mechanism of the pneumatic hammer of the air bearing slider [76]. The vibration
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equation based on the mathematical model of the aerostatic slider was established, and the
stability discriminant of the aerostatic slider was obtained. In addition, effective measures
to prevent pneumatic hammer vibration were proposed, including reducing the volume of
the air chamber, improving the flatness and parallelism of the rail plane, controlling the air
support pressure, etc. Considering the delay effect, Zheng, Y. Q. [84] studied the pneumatic
hammer phenomenon of the single-pad aerostatic thrust bearing. The combination of air
compressibility and volume effect led to the delay of the pocket pressure variation, which
led to the delay of the bearing force change. In the larger film thickness region, the delay of
the bearing force variation resulted in negative bearing damping, which led to pneumatic
hammer. Wu, Y. K. revealed the mechanism of the pneumatic hammer by analyzing the
molecular kinetic energy and phase difference between the variations of air film thickness
and the load capacity of bearing [98]. The results showed that pneumatic hammer vibration
tended to occur when the mass and supply gas pressure were greater than a critical value.

5. The Applications of ATBs
5.1. High Precision Applications

High-precision applications using ATBs mainly include precision machine tools and
precision flotation equipment. A large number of mature products have been developed
and produced. Moore and Precitch in the United States, Fanuc in Japan, the Loxham
Precision Company, Cranfield University in the United Kingdom, the Harbin Institute of
Technology in China, and other institutions have developed a variety of high-precision
machine tools and mature commercial products.

The Nanotech 250 UPL and Nanotech 450 UPL ultra-precision machine tools were
developed by the Moore company, adopting impact-resistant air bearing spindles, as shown
in Figure 15 [99,100]. The motion accuracy of machine tools is no more than 12.5 nm at
10 krpm. Precitch ‘s Nanoform X small-frame diamond lathe adopts HS150 and HS75
spindles [101], as shown in Figure 15. The surface roughness of the workpiece is less than
1 nm. The axial stiffness of the HS75 spindle is 105 N/µm. The maximum speed of this
working spindle is 18 krpm. Axial/radial motion accuracy is less than 20 nm. The axial
stiffness of the HS150 spindle is 230 N/µm. The maximum working speed is 10 krpm.
Axial/radial motion accuracy is less than 15 nm. Fanuc has successfully developed a
ROBONANO α-0iB five-axis ultra-precision nanomachine [102]. This machine tool is
supported by the aerostatic bearing, and the rotation accuracy can reach 0.05 µm. Both the
B-axis and C-axis can achieve 360-degree continuous rotation. Loxham [103] has developed
an Ultra precision six-axis ultra-precision machine, named µ6. The guideway system is
supported by ATBs. The surface roughness is less than 5 nm during turning cutting and
less than 10 nm during micro washing.
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In addition, study on precision machine tools has been carried out by many research
institutions. A three-axis ultra-precision machine tool has been successfully developed by
the Tokyo Institute of Technology [104,105], named ANGEL. A new air bearing platform
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is applied in this machine, and the Z axis is supported by the ATB. The max machined
workpiece size is 230 mm × 230 mm × 70 mm. Groove machining with a precision of
20 nm can be realized. National Cheng-Kung university [5] has developed a pneumatic
servo table. The sliding guideway is supported by the ATB. The positioning accuracy of
the platform can reach 0.04 µm. A small ultra-precision milling machine for micro parts
has been developed by Brunel University of the UK [106,107], named Ultramill. Both
the spindle and the linear guideway are supported by aerostatic bearings. The motion
accuracy of the linear axis of the machine tool is less than 1 µm. The rotation accuracy
of the turntable is less than 1′ ′ (1/3600 degree), and the motion accuracy of the other
rotation axis is less than 10′ ′. For microgroove machining based on the diamond tool,
surface roughness can reach 10 nm and straightness error can reach 0.28 µm/40 mm. The
Beijing Institute of Aeronautical Precision Machinery [108] has successfully developed an
ultra-precision lathe, named Nanosys-300. The aspheric machining accuracy is between
0.3 and 0.5 µm, and surface roughness is less than 0.01 µm. The Institute of Mechanical
Manufacturing Technology, Chinese Academy of Sciences [108] has developed an aerostatic
lathe spindle. Two aerostatic journal bearings and a thrust bearing are integrated to support
the spindle. The roundness of the cutting brass (H62) parts is less than 0.1 µm, and the
surface roughness can reach 0.03 µm. Cranfield University [109] has developed a six-axis
ultra-precision machine tool, named Integ-µ4. A self-developed porous ATB is adopted in
this machine. It has a linear motion resolution of 1 nm and a rotational motion resolution of
less than 1 × 10−8 rad. The dynamic stiffness of this machine is extremely high. A variety
of complex shapes of hard and soft materials can be processed. The maximum machined
workpiece size is 50 mm × 50 mm × 50 mm, and the machining accuracy can reach the
sub-micron level. The Harbin Institute of Technology [110] has developed an ultra-precision
machine tool, named HCM-1. Ultra-precision ATBs of jade materials are used to support
this machine tool. The maximum circumferential machining diameter can reach 1200 mm.
The surface shape accuracy is 2 µm, and the surface roughness can reach 4 nm.

5.2. High-Speed Applications

A typical machine of high-speed applications using ATBs is the turboexpander. In
the development of high-speed turboexpanders, the Air Liquid Company, Xi’an Jiaotong
University, the Technology Institute of Physics and Chemistry, the Chinese Academy of
Science, and other institutions have accumulated profound technical expertise. A lot of
research has been conducted on air turboexpanders, hydrogen turboexpanders, and helium
turboexpanders using ATBs.

Helium turboexpanders produced by Air Liquid Company have been used in many
large scientific devices, such as the tokamak device KSTAR of the Korean National Fusion
Research Center (NFRC), and the International Thermonuclear Experimental Reactor (ITER).
The 9 kW @ 4.5 K helium refrigerator of KSTAR was equipped with six TC4-500 and TC5-
500 helium turboexpanders supported by ATBs [111]. Each of ITER’s 65 kW @ 4.5 K helium
refrigerators was equipped with three TC-4 and one TC-5 turboexpander supported by
ATBs [112]. The power of three TC-4 turboexpanders is 15, 13, and 11 kW, respectively.
The power of the TC-5 turboexpander is 11 kW. The efficiency of all the turboexpanders is
greater than 74%. The Creare company in the United States has been working on research
for a two-phase helium turbine expander [113]. A helium expander has been designed
with a length of 365 mm, a diameter of 150 mm, and a weight of approximately 17 kg. The
rotor is supported by two aerostatic journal bearings and one ATB. This turboexpander
has been successfully applied in a small helium liquefaction device. The expander works
safely in the two-phase region for more than 7500 h. The rotation speed is 354 krpm,
with a flow rate of 43 g/s. The isentropic efficiency is about 63%, and the liquefaction is
84 L/h. The Technology Institute of Physics and Chemistry of The Chinese Academy of
Science has successfully developed a helium turbine expander. The wheel diameter of
the turboexpander is 35 mm, and the brake wheel diameter is 60 mm. Aerostatic thrust
bearings have been applied to support the shaft. During testing, the outlet temperature of
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the helium turboexpander has reached 15.4 K. The maximum cooling capacity is 2.2 kW,
and the adiabatic efficiency exceeds 72% [114].

Xi’an Jiaotong University has also conducted a lot of research on turboexpanders.
A helium turboexpander supported by ATBs was developed for the space environment
simulator KM6 in the late 1990s [115]. The working wheel diameter was 35 mm, and
the brake fan wheel diameter was 60 mm. In the low-temperature air environment test,
the highest speed reached 127 krpm, and adiabatic efficiency was 68%. While the outlet
temperature was 12.8 K, the efficiency of the turboexpander could reach 75%. The max-
imum cooling capacity was close to 2 kW. In addition, a series of hydrogen and helium
turboexpanders have been developed recently [116]. To meet the requirements of axial load,
ATBs have been applied as thrust bearings in these hydrogen and helium turboexpanders,
as shown in Figure 16. The power of the hydrogen turboexpanders is 20~40 kW. The helium
turboexpander is 39.7 kW with a rotation speed of 74.5 krpm. In the air environment test,
the rotation speed of the helium turboexpander can reach 60 krpm, and the amplitude is
less than 0.023 µm.
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Figure 16. The air turboexpander and hydrogen turboexpander using ATBs by Xi’an Jiaotong
University.

6. The Development Trends of ATBs

Aerostatic thrust bearings are widely used in many high-tech fields. The research on
ATBs is deepening, and many advances have been achieved. However, there are still some
challenges with ATBs. More effort should be put into the study of ATBs.

1. Due to the low viscosity of the gas, the bearing capacity and stiffness of ATBs are
much lower than oil bearings. These shortcomings limit the further application of ATBs.
It is necessary to produce ATBs with greater stiffness and greater load capacity. In the
theoretical analysis of ATBs, some traditional assumptions and neglected factors must be
considered. For example, in the case of low gas film thickness, the influence of factors
such as surface roughness and the mean free path of gas molecules must be considered.
In the case of high-speed flow, the assumption of isothermal gas flow, the influence of gas
inertial effects, shock waves, and turbulent flow effects, etc., must be carefully analyzed. In
addition, under the guidance of theoretical analysis, the design level of the bearing should
be continuously improved. The manufacturing process and the machining accuracy of
ATBs should be enhanced. The use of modern and more precise experimental methods is
also critical. It is necessary to combine theoretical analysis with experimental analysis to
design ATBs with higher load capacity and higher stiffness.

2. In addition to air, nitrogen, hydrogen, and helium, other gases are also used in
ATBs to meet different working conditions and needs. With the development of hydrogen
and helium liquefaction equipment, the application of ATBs using special gas becomes
more extensive. There is much research on aerostatic bearings, while the research on
aerostatic bearings using special gas is still limited. Due to the flammability and leakage of
hydrogen and the scarcity of helium, it is relatively difficult to carry out related experimental
research. The relevant experimental data are even more scarce. Due to the unique physical
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properties of special gases, their flow characteristics, load-carrying characteristics, and the
stability performance of ATBs are completely different from traditional air ATBs. Therefore,
more effort should be put into the research of ATBs using special gases. In addition, the
corresponding protective measures should be taken during experimentation to ensure
experiment safety.

3. When gas is used as a lubricating medium, problems such as solidification at
low temperature and volatilization at high temperature of oil are completely overcome.
Aerostatic bearings are suitable for high- and low-temperature environments. There are
many studies of ATBs in normal temperature and low-temperature environments, while
the research in high-temperature environments is relatively less. In a high-temperature
environment, the effects of high temperature on gas properties should be considered. In
addition, the influence of high temperature on the thermal deformation of the bearings
should be considered. The gas film thickness changes due to the thermal deformation of
the bearing, which will affect the bearing performance.

7. Conclusions and Discussions

In this paper, the research developments of ATBs are summarized from several aspects:
theoretical models and experimental methods, static performance, dynamic performance,
and the applications of ATBs. In addition, the development trends of ATBs are discussed.
Based on the above analysis, the following conclusions can be drawn:

6. Accurate theoretical models and experimental methods.

The flow in aerostatic bearings is very complex. There are various phenomena such
as turbulence, supersonic flow, velocity slip effect, pneumatic hammer, and shock waves.
These factors have a non-negligible impact on bearing performance. There are still some
challenges in theoretical calculation. The multiple physical fields need to be coupled
with the increasing complexity of the bearing system. More refined theoretical models
are required to ensure accuracy in the design and verification of ATBs. Experimental
technology plays an important role in studying bearing performance, verifying theoretical
models, and exploring phenomenon mechanisms. The experimental methods applied to
ATBs are limited by tiny bearing clearances. The tedious experimental equipment and
test process also limit the performance measurement of ATBs. Thus, more accurate and
advanced experimental test methods are necessary.

7. High-performance ATBs with large stiffness and load capacity.

The applications of ATBs are affected by some demerits, such as low load capacity
and stiffness. The stiffness and load capacity of ATBs are far less than with oil bearings.
The development of high-speed machinery and high-precision machinery has demanded
higher requirements for the performance of ATBs. Therefore, it is urgent to develop high-
performance ATBs with significant stiffness and load capacity.

8. The applications of ATBs in special conditions.
9. At present, there is still limited literature on the study of ATBs working in extreme-

temperature environments, and the adopting of special gases as a lubricating medium.
With increasing applications of ATBs under special conditions, it is necessary to
spend more research time on ATBs adopting special gases, and ATBs under extreme-
temperature conditions. At the same time, the influence of extreme-temperature
conditions and special gases on bearing performance should be considered.

10. Pneumatic hammer of ATBs.

With the development of ATB technology, theory study has become more and more
evolved. The pneumatic hammer is a key problem in the study of the dynamic performance
of ATBs, which can easily lead to the instability or failure of ATBs. The pneumatic hammer
has been studied from different perspectives. Corresponding research results have been
obtained. However, there is still no consistent theoretical explanation for the pneumatic
hammer. Further in-depth research is needed on the study of the pneumatic hammer.
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