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Abstract

The importance to industry of non-contact bearings is growing rapidly as the demand for highspeed and high-precision manufacturing equipment increases. As a recently developed non-contact
technology, near-ﬁeld acoustic levitation (NFAL) has drawn much attention for the advantages it
offers, including no requirement for an external pressurized air supply, its compact structure, and
its ability to adapt to its environment. In this paper, the working mechanism of NFAL is introduced
in detail and compared to all existing non-contact technologies to demonstrate its versatility and
potential for practical applications in industry. The fundamental theory of NFAL, including gas
ﬁlm lubrication theory and acoustic radiation pressure theory is presented. Then, the current stateof-the-art of the design and development of squeeze ﬁlm air bearings based on NFAL is reviewed.
Finally, future trends and obstacles to more widespread use are discussed.
Keywords: acoustic levitation, non-contact technology, bearing, measuring and manufacturing
equipment, squeeze ﬁlm
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction
As the trend in equipment moves toward intelligent development, the requirement for highly accurate supporting elements
for precise positioning systems, measuring instruments, and
manufacturing equipment is increasing [1–4]. In particular, the
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accuracy and stiffness of the transportation and rotation system
should keep up with the development of industrial technology.
As core components, bearings directly affect the performance
and service life of a system. Many non-contact technologies
have been extensively developed to improve the rotation accuracy and stability of systems.
Currently available non-contact bearings include aerostatic and aerodynamic bearings, as well as magnetic bearings. However, these traditional bearings have many
drawbacks. Aerostatic bearings require a clean air supply
system during operation, which not only occupies more space
but also increases the cost [5]. Aerodynamic bearings suffer
severe friction and wear on the surface during the start-up and
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Figure 1. Schematic diagram of squeeze ﬁlm levitation.

stop stages [6–9]. Magnetic bearings not only need a complex
structure to produce a strong magnetic ﬁeld but also have an
uncertain inﬂuence on the instrument/equipment due to the
magnetic ﬂux [10].
The squeeze ﬁlm effect can be observed in many engineering instruments, e.g. in dampers, gudgeon pin bearings,
gears, and lubricated parts of living bodies, etc. This working
principle can be used to levitate objects, as shown in ﬁgure 1. If
we put an object on a plane and drive the plane to vibrate in the
direction normal to its surface with a vibration generator, the air
within the gap between the plane and the object will be periodically sucked in and squeezed out. The time-averaged pressure
for one period in the gap will be higher than ambient pressure
and thus generating levitation force to support load and lift the
object. This phenomenon is called near-ﬁeld acoustic levitation
(NFAL) (also called squeeze ﬁlm levitation), which may overcome the drawbacks of traditional non-contact technologies.
In 1886, Reynolds [11] ﬁrst explained that the squeeze
effect was an important mechanism for the generation of
pressure in lubricating ﬁlm. However, since then, researchers
have not appreciated the squeeze effect because there has been
no suitable vibration generator. With the development of
piezoelectric actuators, which can be used as high-efﬁciency
vibration generators, the potential of squeeze ﬁlm technology
as a non-contact levitation method was rediscovered. In the
1960s, Tipei [12] investigated the gas squeeze ﬁlm theory.
Then, some theoretical and experimental works were reported
by other authors [13–17], which validated the feasibility of
squeeze ﬁlm levitation. Since then, acoustic levitation has been
investigated by researchers [18–20]. In recent years, many
kinds of acoustic levitation equipments have been designed,
manufactured, and widely applied in various ﬁelds, such as
microassembly [21], biomaterials [22], analytical chemistry
[23, 24], material sciences [25], and pharmaceuticals [26].
Some papers on squeeze ﬁlm air bearings (SFABs) have
been recently reported, which can provide us with a more
comprehensive understanding of SFABs from both scientiﬁc
and practical perspectives. The purpose of this review is not
only to summarize theoretical modeling, the basic principle,
structure design, and applications of NFAL, but, more
importantly, to promote the application in engineering.

Figure 2. Schematic diagram of operating principle of aerostatic

bearing.

This review is organized into seven sections. In section 2,
four types of non-contact bearing technologies are described
and discussed, including aerostatic bearings, aerodynamic
bearings, magnetic bearings, and SFABs. Section 3 reviews
the history of the development of SFABs and summarizes the
state of the art in NFAL theory. Section 4 summarizes several
common types of SFABs. The operating principle of hybrid
SFABs is introduced in section 5, pointing out that the
working mode of this kind of hybrid bearing can be chosen
freely according to the need. Discussion and future trends of
SFABs are presented in section 6. Finally, conclusions are
provided in section 7.

2. Working mechanism of several non-contact
bearing technologies
Non-contact bearing technologies are widely used in highprecision measuring and manufacturing equipment due to the
absence of contact and friction forces between stationary and
moving components. Four types of non-contact bearing
technologies are brieﬂy described, focusing on their working
characteristics and basic features.
2.1. Aerostatic bearings

Aerostatic bearings have been successfully used in high
precision applications, e.g. precise moving devices, machine
tools, manufacturing equipment, and measuring instruments,
etc. Figure 2 shows a schematic diagram of a typical circular
aerostatic bearing with a central oriﬁce restrictor and a
cylindrical recess. The radius of the bearing is R0 , R1 is the
radius of the supply oriﬁce, and R2 and H0 refer to the size of
the air chamber. The initial gas ﬁlm thickness is h. Pressurized air is supplied through a central oriﬁce-speciﬁc restrictor
into the clearance between the stationary part and the surface
of the bearing. The initial pressure of the inlet of the restrictor
is P.i After entering the chamber, the air pressure drops to Pw.
Finally, the air is discharged to the surrounding ambient air
2
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through the exit edges of the bearing gap; and the pressure
gradually decreases to Po. Aerostatic bearings are also called
externally pressurized air bearings as the two surfaces are
separated by an air ﬁlm generated by an external air supply
system.
The restrictor and pressure distribution in the clearance
have an obvious inﬂuence on the load-carrying capacity and
stiffness of aerostatic bearings. Therefore, studies on the
restrictors and pressure distribution have been reported by
many researchers. An aerostatic ﬂat pad bearing with annular
oriﬁce restrictors was investigated by Stout [27] who showed
that an aerostatic bearing with annular oriﬁce restrictors was a
better choice if the designer was concerned about pneumatic
hammer instability. Stout et al [28] proposed a spherical gas
bearing with slot restrictors. The optimum design conditions
were determined by analyzing the bearing geometry and
pressure ratio. The results showed that the bearing has a
maximum radial load capacity when the design pressure ratio
is in the region of 0.5. However, instability will occur when
the direction of the eccentricity is toward any one slot.
Nakamura et al [29] presented experiments and predictions for an aerostatic rectangular thrust bearing with compound restrictors which combines a feed-hole restrictor with a
groove compensation restrictor. In 1964, Mori et al [30] used
a test rig to study the behavior of circular thrust gas bearings
with a porous bearing surface. The pressure distribution and
the load-carrying capacity were measured. Theoretical results
showed good agreement with the experimental results. Since
1963, researchers such as Mori et al [31], Kassab et al [32],
Yoshimoto et al [33] and Belforte et al [34] have studied the
pressure distribution in the bearing clearance in order to
improve the stiffness and load-carrying capacity of aerostatic
bearings.
Aerostatic bearings can effectively overcome friction and
wear issues during the working process. However, pneumatic
hammer vibration [35] and vortex shedding [36] may occur
during the working process. Furthermore, aerostatic bearings
require a clean air supply system during operation, which not
only occupying more space but also increasing the cost.

Figure 3. Schematic diagram of the operating principle of

aerodynamic bearing.

gas ﬁlm in the clearance, which is the source of load-carrying
capacity. Note that if the stationary surface is parallel to the
moving surface, there is no pressure generation between the
two surfaces. In other words, the aerodynamic effect can only
be generated when there is a tilting angle between the two
surfaces. High relative speed can obviously enhance the
aerodynamic effect.
Early research on air lubrication technology was conducted by Willis [37], who experimentally investigated the
airﬂow status between two parallel plane surfaces. Then, the
famous Reynolds equations, combining the simpliﬁed NavierStokes equations with a continuity equation, were proposed
by Reynolds in 1886 [11]. In 1897, Kingsbury [38] veriﬁed
the feasibility of a gas bearing through experimental research.
The reference [39] combined the Reynolds equation and the
compressible gas equations to present the basic calculation
model for gas lubrication. After that, Katto and Soda [40]
gave an analytical expression for the load-carrying capacity
under the assumption of isothermal and inﬁnitely long bearing
conditions.
The load-carrying capacity and half-speed whirl are two
important issues for aerodynamic bearings. The load-carrying
capacity of an aerodynamic bearing is usually much less than
that of oil-lubricated bearings due to the extremely low
viscosity of air [41]. Half-speed whirl, which is caused by a
self-excited ﬁlm whirl, often occurs for high-speed aerodynamic bearings [42, 43]. This phenomenon is usually found
to be the main reason for the instability of the rotor bearing
system.
In order to improve bearing performance, researchers
conducted their investigations into the air pressure distribution and supporting structures, respectively. A portion of
researchers changed the air pressure distribution in the gap by
introducing grooves into the bearing or rotor surface [44–48].

2.2. Aerodynamic bearings

Aerodynamic bearings work on the principle of aerodynamic
effect, which is the best known pressure generation mechanism in the ﬂow of a ﬂuid. The operating principle of
aerodynamic bearings is illustrated in ﬁgure 3. A tilting upper
surface, W1 W2, is stationary; and a lower surface, Z1 Z 2, is
moving relative to the upper surface in the x direction with a
velocity of u1. The clearance is ﬁlled with gas lubricant. The
entrance clearance and exit clearance between the two surfaces are h 0 and h 2 , respectively. The gas ﬁlm thickness at a
certain point in the middle is h1. When the lower surface
moves at the velocity, u1, the clearance along the direction of
motion decreases gradually; and the ﬂuid ﬂows from the large
clearance to the small clearance forming convergent clearance. The inﬂow ﬂuid is more than the outﬂow ﬂuid because
h 0 is larger than h 2 , and the ﬂow is clearly discontinuous.
Therefore, the pressure is generated by the viscous shearing of
3
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Figure 5. Schematic diagram of operating principle of squeeze ﬁlm

air bearing.

levitate the rotor by means of electromagnetic force. They are
mainly composed of rotors, an electromagnet, sensors, controllers, and power ampliﬁers [63–66]. Figure 4(b) shows a
schematic diagram of the working principle of an active
electromagnetic bearing. The shaft deviation signal of the
rotor is detected by the displacement sensor and sent to the
controller. The current in the electromagnet is controlled by a
power ampliﬁer, so that the change in the electromagnetic
force can make the rotor suspend in the speciﬁed position.
Compared with passive magnetic bearing, the design of an
AMB system is more complex; but its damping characteristics
and stability are better. Hybrid magnetic bearing is a kind of
combined magnetic bearing system that is formed on the basis
of the AMB, passive magnetic bearing, and other auxiliary
support and stable structures [67–69]. It uses the magnetic
ﬁeld generated by a permanent magnet to replace the static
bias magnetic ﬁeld of an electromagnet. Not only is the power
consumption of the power ampliﬁer signiﬁcantly reduced, but
the number of ampere turns of the electromagnet is reduced
by half, the volume of the magnetic bearing is reduced, and
the bearing capacity is improved.

Figure 4. Schematic diagram of the operating principle of magnetic

bearing, (a) schematic diagram of magnetic levitation and (b) active
magnetic bearing.

Grooved bearings can enhance the load-carrying capacity and
ﬁlm damping effect. Other researchers changed the supporting structures by introducing a tilting pad or compliant metal
material. Tilting pad gas bearings have been successfully used
in high-speed rotating machinery due to their inherent stability [49–52]. Foil gas bearings, which have a ﬂexible bearing
surface constructed with a metal plate, are widely used in
much turbomachinery [53–57]. However, wear between the
top foil and shaft surface is inevitable for typical foil bearings;
and thus routine maintenance needs to be conducted.
The gas ﬁlm force of aerodynamic bearings is normally
insufﬁcient to support the rotor weight during the start-up and
stop stages. Severe friction and wear will occur on the surface
of aerodynamic bearings. The lifetime of aerodynamic bearings is directly dependent on the number of starts and stops.

2.4. Squeeze film air bearings
2.3. Magnetic bearings

A schematic diagram of a system based on squeeze ﬁlm
levitation is shown in ﬁgure 5. The surface of the radiant
plate, which is connected to the vibration generator, is driven
to vibrate in the direction normal to the upper plate with high
frequency periodic motion so that the air within the gap is
periodically sucked in and squeezed out. To obtain optimal
levitation performance of squeeze ﬁlm levitation, the distance
between the radiant plate and ﬂoating plate is required to be
small enough to generate high gas pressure. Generally, the
clearance of tens of microns is adopted, which is much
smaller than the sound wavelength in air. The pressure in the
gap varies periodically, and thus the pressure value is

Magnetic levitation technology is a physical separation
method which supports the object without any mechanical
contact [58, 59]. A simple schematic of magnetic levitation is
shown in ﬁgure 4(a). Magnetic bearings can be divided into
three types according to their working principles: passive,
active, and hybrid. Passive magnetic bearings do not need a
control system but use their own permanent magnetic force or
superconducting magnetic force to suspend the shaft, as
shown in ﬁgure 4(a). Therefore, the stability region of passive
bearing systems is very small since they have no damping
characteristics [60–62]. Active magnetic bearings (AMBs)
4
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Table 1. Advantages and disadvantages of non-contact bearings.

Non-contact bearings

Advantages

Disadvantages

Aerostatic bearings

Low friction loss, low heat generation, high motion
accuracy, and long run time

Aerodynamic
bearings

Wide speed range, high rotational precision, and large
temperature application range

Magnetic bearings

Less frictional wear, low vibration, high rotational
speed, usefulness in special environments, quietness, and low maintenance
Less frictional wear, levitation force at zero speed,
high stability, and controllability

Requires a large volume, continuous supply of clean air,
and requires external auxiliary devices, and pneumatic
hammer vibration
High friction and wear during the start and stop stages of
operation, relatively low stiffness and damping, and
requires high machining accuracy and high assembly
error
Produces magnetic ﬂux, cannot be used for magnetically
sensitive conﬁgurations, and needs a stability control
system
Bulk device, high energy consumption, and short run time

Squeeze ﬁlm air
bearings

different at different times. The instantaneous pressure distribution and time-averaged pressure distribution between the
two ﬂat plates is shown in ﬁgure 5. The ambient pressure is
set to Pa. The gas ﬁlm pressure may be either negative or
positive in one cycle, and the sign of the pressure value
depends on the direction of the squeeze. In addition, the peak
value of positive pressure is larger than the peak value of
negative pressure (∣ P2 ∣ > ∣ P1 ∣). Therefore, time-averaged
pressure in one period is greater than the ambient pressure,
which is the reason for levitation force. Load-carrying capacity obtained from squeeze ﬁlm levitation increases nonlinearly with the decrease in the ﬁlm thickness.
The analysis of squeeze ﬁlm levitation theory based on
gas ﬁlm lubrication theory started with the work of Tipei [12]
who obtained the governing equation of squeeze ﬁlm with
three-dimensional velocity components on the bearing surface
for a compressible and unsteady lubricating ﬁlm. Since then,
Langlois [13] deduced the equation governing the pressure for
ideal gas under isothermal conditions and solved the timedependent Reynolds equation by the perturbation method for
a ﬁlm in which ﬂuid inertia is negligible. Beck and Strodtman
[70] investigated the load-carrying capability of the ﬁnite
journal bearing and solved the governing equation by two
methods, i.e. a small-parameter analysis and a numerical
ﬁnite-difference technique, which are approximate analytical
solutions. Pan [16] and DiPrima [71] used asymptotic methods to study the characteristics of squeeze ﬁlm bearings and
also gave approximate solutions. However, the asymptotic
methods have a very limited range for the analysis parameters, especially in extreme cases. Later, many researchers
proposed different types of SFABs, which are presented in the
following section.

accuracy and low heat generation because they use noncontact gas support. However, aerostatic bearings require a
large volume, continuous supply of clean air and external
auxiliary devices. Aerodynamic bearings have relatively low
stiffness and damping, while aerodynamic bearings require
relatively high machining accuracy and assembly error.
Although magnetic bearings have the advantages of low
vibration, quietness, and low maintenance, they cause
magnetic ﬂux and need the material properties of the shaft to
meet their requirement. Moreover, they always need a stability control system. SFABs can effectively overcome friction
and wear during the start-up and shut-down process and own
high stability and controllability by operating the vibration
component. Unfortunately, SFABs require a bulky device and
have high energy consumption and a short run time because
the high-frequency vibration of the vibration generator in the
system generates heat.

3. Theoretical modeling
3.1. Governing equation based on gas film lubrication theory

Although a squeeze ﬁlm levitation system is mainly composed of a radiant body and levitated object, the establishment
of theoretical model is very complicated in reality. The reason
lies in the levitated body’s dynamic and the elastic deformation of the radiant surface, which is usually the modal
shape of the structure. Looking into the history of squeeze
ﬁlm analysis, we found that the theoretical model has evolved
from simple to complex (see ﬁgure 6). Due to the development of numerical calculation and analysis tools, the inﬂuence
of the levitated body’s dynamic and the elastic deformation of
the radiant surface on the levitation performance is gradually
considered in the model, leading to a deepening understanding of the working mechanism of squeeze ﬁlm
levitation.
The state of the levitated object is one of the important
factors to be considered in the establishment of a theoretical
model. The theoretical model (Model 1) in which the
levitating object is ﬁxed is used by many researchers

2.5. Comparison of non-contact bearings

Each type of non-contact bearings has its own characteristics.
A comparison (see table 1) among the four non-contact
bearings was conducted to compare their abilities in run time,
stability, friction and wear, motion accuracy, and energy
consumption, etc. As can be seen, aerostatic bearings and
aerodynamic bearings provide high motion/rotational

5
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Figure 6. Gas ﬁlm lubrication theory of squeeze ﬁlm levitation.

[13, 15, 70–72]. However, the assumption that a levitating
object is ﬁxed is not reasonable because the movement of the
levitating object is changed in the actual situation. In order to
realize the squeeze levitation process more realistically, the
dynamics of a levitating body are taken into account in the
theoretical model (Model 2) [73–76].
Another issue with the theoretical model of squeeze ﬁlms
is the elastic deformation of the radiant surface. In the squeeze
ﬁlm levitation system, a better squeeze effect can be obtained
at resonance frequency. Note that the magnitude of the gas
ﬁlm clearance is at the micron level. Therefore, the inﬂuence
of the mode shape of the radiant body on the squeeze ﬁlm
effect cannot be ignored.
The conditions of more accurate models (Models 3 and
4) with the mode shape of the radiant body considered which
have been presented by many researchers [77–81] are the
subject of study because they comply with the real conditions
of squeeze ﬁlm levitation, particularly when working at a
higher frequency. Based on their theoretical models, the
theoretical results show good agreement with the experimental results.
A modiﬁed Reynolds equation considering the inertia
effects of squeeze ﬁlm was presented by several investigators
[82–85]. Furthermore, Nomura and Kamakura [86] developed
a model that includes viscosity and acoustic energy leakage.
Later, a similar numerical study was conducted by Minikes
et al [87] using a modiﬁed Reynolds equation. Minikes and
Bucher [88] developed a theoretical model coupling the
dynamics of a squeeze ﬁlm levitated mass and vibrating
piezoelectric disc. Moreover, Minikes and Bucher [89]
introduced the release boundary condition and the isothermal
assumptions into a squeeze ﬁlm levitation model through a
computational ﬂuid dynamics scheme. It was found that the
levitation force, when taking into consideration the energy

leakage near the edges of the levitated object, was smaller by
up to 50% compared to that of a one-dimensional analytical
solution with the same boundary condition. Feng et al [90]
introduced a grooving method into a squeeze ﬁlm levitation
system that was derived from bearing technology. They
concluded that appropriate grooves can increase the levitation
force.
Based on the usual assumption of lubrication theory, the
Reynolds equation, which is a one-dimensional and timedependent governing equation for pressure distribution in the
squeeze ﬁlm, can be obtained [91]:
¶ ⎛ 3 ¶P ⎞
¶(PH )
⎜PH
⎟ = s
,
¶X ⎝
¶X ⎠
¶T

(1 )

where
P=

2
p
h
x
12mw ⎛ L ⎞
,H=
, X = , T = wt , s =
⎜ ⎟ ,
Pa
h0
L
Pa ⎝ h 0 ⎠

where P and H correspond to non-dimensional pressure and
mean clearance normalized by ambient pressure (Pa ) and gas
ﬁlm clearance (h 0 ), respectively. The dimensionless lateral
coordinate is represented by Z; air viscosity and angular
velocity of vibration are denoted by m and w, respectively; T
is dimensionless time; t is the time; L is the width of ﬂat
plane; and s is the squeeze number.
Similarly, the two-dimensional Reynolds equation can be
written as follows:
¶ ⎛ 3 ¶P ⎞
¶ ⎛ 3 ¶P ⎞
¶(PH )
⎜PH
⎟ +
⎜PH
⎟ = s
,
¶q ⎝
¶q ⎠ ¶X ⎝
¶X ⎠
¶T

(2 )

where the dimensionless axial coordinate and circumferential
coordinate are denoted by X and q, respectively.
Equations (1) and (2) contain only the squeeze ﬁlm
effect. The two-dimensional Reynolds equation containing
6
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the squeeze ﬁlm effect and the aerodynamic effect can be
expressed as follows:

are two crucial parameters for a squeeze ﬁlm levitation system. Equation (6) is usually used in the study of a squeeze
ﬁlm levitation system for transportation or rotation. Its
validity has been veriﬁed by the investigators through
experiments [99, 100]. Experimental values agree well with
theoretical values based on equation (6).
Furthermore, for a squeeze ﬁlm levitation generated by
ﬂexural vibration, the particle velocity amplitude distribution
is written as

¶ ⎛ 3 ¶P ⎞
¶ ⎛ 3 ¶P ⎞
¶(PH )
¶(PH )
⎜PH
⎟ +
⎜PH
⎟ = L
+s
,
⎝
⎠
⎝
⎠
¶q
¶q
¶X
¶X
¶q
¶T
(3 )

where L is the number of bearings and is represented by
L=

2
6m W ⎛ L ⎞
⎜ ⎟ ,
Pa ⎝ h 0 ⎠

1
4p 2
+ kz z)] dkx dk y.

p (k x , k y ) =

⎛ a 2 ⎞ ⎛ r w2 ⎞
á E ñ = ⎜ 0 ⎟ ⎜ 02 0 ⎟ ,
⎝ 4 ⎠ ⎝ sin (kh) ⎠

k=

w
,
c

a2
1+g
r 0 c2 02 ,
4
h

ra vˆ2 (kx , k y )
4 sin2 (kh)

.

(8 )
(9 )

Thus, the total radiation pressure can be expressed as
follows [100]:
¡ ∣z = h =

∬k +k <k
2
x

2
y

2
a

p (kx , k y) dkx dk y.

(10)

3.3. Comparison of two theories

The two methods mentioned above have their own characteristics. The squeeze ﬁlm levitation model based on gas
ﬁlm lubrication theory can be used to describe purely viscous
air in a gap. However, this method is limited to cases with
extremely small levitation distances. The squeeze ﬁlm levitation model established by acoustic radiation pressure theory
is limited to cases where the gas viscosity is negligible. Zhao
et al [101] made a comparative analysis of the two methods to
see their prediction accuracy. They found that the squeeze
ﬁlm levitation model based on gas ﬁlm lubrication theory
obtained a satisfactory ﬁt for small gap distances, but the
model based on acoustic radiation pressure theory got a
satisfactory ﬁt for a relatively large distance. When the levitation distance increases to a certain extent, the two methods
fail to agree with the measured values. In 2016, Melikhov
et al [102] developed a theoretical model, including the viscous and acoustic effects, which can be applied for a wide
range of levitation heights.

(4 )
(5 )

where áñ stands for time averaged values, g, h, k, a 0 , r0, w0,
and c are the speciﬁc heat ratio of the medium, distance
between two surfaces, wave number, vibration amplitude,
density of the medium, angular velocity of the wave, and
speed of sound, respectively. The energy density is represented by E.
When the levitation distance is in the micrometer range,
it is much smaller than the sound wavelength in the free ﬁeld.
Therefore, equation (4) can be simpliﬁed to a linear equation
for radiation pressure in the following form:
¡=

1+g⎛
sin (2kz h) ⎞
⎟ á Ez (kx , k y)ñ
⎜1 +
2 ⎝
2k z h ⎠

á Ez (kx , k y)ñ =

The acoustic radiation pressure is the time-average pressure
acting on a levitated object in a sound ﬁeld, which was ﬁrst
computed by Loard Rayleigh [92]. Since then, many
researchers have devoted themselves to the theory of acoustic
radiation pressure [93–96]. Even if there are some improvements to the theoretical research, there is still some confusion
and paradoxes in the theory of acoustic radiation pressure.
The landmark work in which a formulation applied to calculate Rayleigh radiation pressure in ideal gas on a perfectly
reﬂecting target was completed by Chu and Apfel [97]. Later,
the theory of acoustic radiation pressure was extended and
generalized by Lee and Wang [98]. The expression derived by
Chu and Apfel for Rayleigh radiation pressure is given as
follows:
1 + g ⎛⎜
sin (2kh) ⎞⎟
1+
áEñ
2 ⎝
2kh ⎠

(7 )

Here, kx2 + k y2 + kz2 = ka2 = (w 20 ca2 ), kx , k y, and kz are the
wave vector components along the x, y, and z directions,
respectively. The radiation pressure of a plane wave in the z
direction can be obtained:

3.2. Governing equation based on acoustic radiation pressure
theory

p = á P - P0ñ =

∬ vˆ (kx, k y) ´ exp [j(kx x + k y y

v (x , y , z ) =

where W refers to the rotational speed of rotor.
The ﬁrst right-hand term of equation (3) denotes the
aerodynamic effect, which is generated by the physical
wedge. The second right-hand term of equation (3) reﬂects
the squeeze ﬁlm effect that is generated by the cyclically
squeezing action of the radiant body. The aerodynamic effect,
squeeze ﬁlm effect, and hybrid effects on the running characteristics of the squeeze ﬁlm bearing are discussed in
section 5.

4. Different types of SFABs
Because of the advantages mentioned above, SFABs with
different functions have been proposed by investigators, such
as squeeze ﬁlm air linear bearings, squeeze ﬁlm thrust bearings, and squeeze ﬁlm spherical bearings.

(6 )

where sin(kh ) » kh is assumed. From equation (6), it can be
concluded that the vibration amplitude and levitation distance
7
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Figure 7. Schematic diagram of squeeze ﬁlm air linear bearing: (a) Yoshimoto and Anno [103], (b) Yoshimoto [104], (c) Yoshimoto et al

[74], (d) Stolarski and Chai [105], and (e) Yoshimoto et al [78]. (a) Reproduced with permission from [103]. (b) Reproduced with permission
from [104]. Copyright © 1997 by the American Society of Mechanical Engineers. (c) Reproduced with permission from [74]. © The Japan
Society of Mechanical Engineers. (d) Reprinted from [105], Copyright (2006), with permission from Elsevier. (e) Reprinted from [78],
Copyright (2007), with permission from Elsevier.

4.1. Squeeze film air linear bearings

guideway system based on the proposed bearing for a linear
motion guide (see ﬁgure 7(a2)). Experiments were performed to
successfully investigate the ﬂoating characteristics of the bearing.
Stable levitation of a counterweight of about 0.4 kg levitated by
the bearing with 450 mm2 was achieved. However, the levitated
object oscillated together with the counterweight, which was
detrimental to the motion accuracy of the levitated object.

Yoshimoto and Anno [103] proposed a rectangular squeeze ﬁlm
air gas bearing with a counterweight, as shown in ﬁgure 7(a1).
The proposed bearing consists of a slider and counterweight,
which are connected together by piezoelectric elements. Squeeze
ﬁlm pressure was generated between the surface of the slider and
guideway. Furthermore, the authors designed a new bearing
8
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Figure 8. Schematic diagram of linear slider bearing: (a) Wiesendanger [106], (b) Ide et al [107], and (c) Ide et al [108]. (a) Reproduced with

permission from [106]. (b) Reproduced from [107]. Copyright © 2005 The Japan Society of Applied Physics. All rights reserved.
(c) Reprinted from [108], Copyright (2007), with permission from Elsevier.

To solve this problem, a new squeeze ﬁlm gas bearing with
a vibration absorber, which can be used to reduce the vibration
amplitude of the levitated object and improve the motion accuracy, was proposed in [104]. As shown in ﬁgure 7(b), a
vibration absorber made of silicone rubber was inserted between
the counterweight and the carried object. Numerical and
experimental results showed that the absorber was effective in
reducing the vibration amplitude of the carried object.
Later, a new type of squeeze ﬁlm gas bearing with elastic
hinges for linear motion guide systems was proposed by
Yoshimoto et al [74], as shown in ﬁgure 7(c). The bearing
consists of three elastic hinges and two piezoelectric actuators, which produces a greater amplitude than the previous
bearing proposed in [103] due to the use of elastic hinges.
Meanwhile, this bearing increased its miniaturization because
a counterweight and a horizontal ﬁxing mode of the piezoelectric actuators were used.
Following the research of Yoshimoto on bearings with
elastic hinges, Stolarski and Chai [105] proposed a novel linear
motion sliding bearing using elastic hinges. The proﬁle of the
linear motion sliding is shown in ﬁgure 7(d). The proposed
bearing consists of a specially shaped cartridge which can be
conveniently divided into eight identical parts. Four actuators are
mounted on each slot for generating a squeeze ﬁlm effect at four
converging gaps between the cartridge and the guideway. The
structure of the proposed bearing is similar to the design in
ﬁgure 7(c). However, the difference is that there are four slots for
installing piezoelectric actuators rather than two. For the bearing
proposed in ﬁgure 7(c), noise will be generated during operation
due to the low frequency of operation. In order to solve this
problem, a new square SFAB operated in the ultrasonic regime
to avoid the generation of noise was presented in [78] (see
ﬁgure 7(e)). The proposed bearing consists of four plates which
are mounted by a screw. Note that only piezoelectric actuators
are mounted on the top and two sides. Thus, the upper gas ﬁlm
pressure is the main power to produce the load-carrying capacity. However, the gas ﬁlm pressure on the two sides only
maintains the horizontal position of the slider. Experimental
results show that the load-carrying capacity of 10 N is achieved,
in the case of an average ﬁlm thickness of 5 μm.
A linear slider bearing using disc-shaped piezoelectric
bending elements was proposed [106]. The linear slider bearing

consists of a V-shaped rail made of two glass plates and a carriage (see ﬁgures 8(a1) and (a2)). The opening angle of the rail is
set to 90 degrees, and the ﬁve bearing modules are mounted on
the carriage. A total load-carrying capacity of 30 N was obtained
when driven at 24 volts.
After that, Ide et al [107] proposed a new low-proﬁle
design using two ﬂat beams excited by two Langevin transducers for a linear bearing, as shown in ﬁgure 8(b). Two ﬂat
long beams connected to two ‘+’ -shaped vibration converters with screws were used as a guide rail. The angle of the
two output surfaces of the vibration converter was set to 45
degrees. A Langevin transducer excited by a two-phase
sinusoidal voltage source was used to drive the beams. A
slider was levitated by the squeeze gas ﬁlm generated by
bending vibrations excited along the beams. For this bearing,
a further study was conducted by Koyama et al [109]. The
levitation force (4.8 kN m-2 ) and the levitation rigidity
(2.5 kN m m-1 m-2 ) were measured for a levitation distance of
2.2 μm. The maximum thrust and the transportation speed
were also measured to be 1.3 mN and 34.6 mm s−1, respectively, for a case of the slider’s weight of 107 g. In [108], a
linear bearing consisting of a pair of right-angle beams and
Langevin transducers was designed (reference ﬁgure 8(c)).
The Langevin transducers were mounted on the end of the
beam by a screw, which can be used to excite and absorb
ultrasonic ﬂexural vibrations, forming a ﬂexural traveling
wave along the -cross-sectioned beam. A transportation
speed of 138 mm s−1 of a 90 g slider supported by right-angle
beams was obtained.
The design and testing of a linear rectangular air bearing
using squeeze ﬁlm generated by ultrasonic oscillation was
performed in as described in [110]. The main structure of the
proposed bearing was a horn consisting of two directional
converters, shown in ﬁgure 9(a), which transmitted the
oscillations of the two actuators to eight bearing surfaces. The
squeeze ﬁlm generated between the surface of the bearings
and the surface of the carriage (see ﬁgure 9(b)) can be used to
lift and guide the carriage. Experiments were conducted on a
test rig to investigate the performance of the bearing. The
0.18 μm p–p of the vertical straightness error was obtained in
the experiments.
9
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4.3. Squeeze film spherical bearings

A novel spherical squeeze bearing based on NFAL is presented in [15]. The piezoelectric cylinder oscillates in a high
frequency, which causes the socket to oscillate. Thus, a
squeeze ﬁlm is produced in the gap that makes the ball ﬂoat
freely. In [72], a spherical squeeze ﬁlm bearing was designed.
The proposed bearing consists of a hemisphere and a bearing
shell, which are made of duralumin. When the bearing is
working, the second mode of the bearing shell is excited. In
[113], a transducer with a concave spherical surface which
can be used to levitate a ball was designed (see ﬁgure 11).
The appropriate concave spherical radiating surface of the
proposed transducer was determined by the ﬁnite element
parametric method. The levitation height and levitation perturbation of the ball were investigated. The experiments
revealed that the maximum levitation height and minimum
levitation perturbation were obtained when the radius of the
levitated ball was similar to that of the concave spherical
radiating surface.
A transducer which can be used to suspend high-mass
rotors was designed in [114] (see ﬁgure 12). The horn on the
top of the transducer has a concave surface which can be used
to suspend spherical rotors with a diameter of about 40 mm.
Experimental results indicated that a sphere weighing 1 kg
was successfully suspended. For the NFAL, the attenuation
motion of spherical rotors was further investigated in [115].
The experiment’s results revealed that the maximum rotating
speed and duration time of the spherical rotor were 6000 rpm
and 15 min, respectively.
In [116], the authors describe a novel spherical bearing
using a bowl-shaped non-contact ultrasonic motor with a
hollow bowl-shaped surface that can be used to produce
acoustic levitation force for a spherical object (see ﬁgure 13).
A piezoceramic ring divided into two groups was used to
excite the stator. When two high-frequency AC voltages with
a temporal phase shift of 90 were applied to the piezoceramic
ring, a traveling wave was produced in the spherical surface
of the stator, resulting in a load-carrying squeeze ﬁlm which
can levitate or even directly drive a spherical rotor to rotate
without contact. A maximum rotating speed of about
1071 rpm was obtained for the proposed spherical bearing.
Experimental results indicated that the proposed bearing has
potential application for suspended gyro.

Figure 9. Schematic diagram of linear rectangular air bearing: Oiwa
and Suzuki [110]. Reprinted from [110], with the permission of AIP
Publishing.

4.2. Squeeze film thrust bearings

A squeeze thrust bearing was produced between two parallel, coaxial, ﬂat disks, one of which was a rotor with ﬂat
disks and the other was driven sinusoidally in a direction
normal to the surface [15]. A ﬂat disk squeeze ﬁlm bearing
that utilizes air ﬁlms generated by ultrasonic oscillation was
reported in [73]. Similarly, the proposed bearing contains
two parallel and coaxial ﬂat disks. The upper disk is levitated by the levitation force generated by a high frequency
squeezing motion of the lower plate driven by a piezoelectric
ceramic cylinder.
In [111], an ultrasonic thrust bearing composed of a
surface pulley and radiation surface of the piezoelectric
transducer was proposed. The surface of the piezoelectric
transducer can be used directly as the bearing surface.
Squeeze gas ﬁlm generated by the ultrasonic vibration of the
piezoelectric transducer was used to support the weight of the
shaft and the axial load (see ﬁgure 10(a1)). An ultrasonic
thrust bearing and experimental device were manufactured.
Experimental results showed that ultrasonic thrust bearing has
better levitation and antifriction performance than a sliding
bearing and non-liquid friction rolling bearing.
Song et al [112] developed a novel ultrasonic thrust bearing
which was an improvement over the previous bearing described
in [111]. The radiation surface of the piezoelectric transducer was
designed as a conical structure and different from the surface of
the cylindrical structure with the circular planar in the previous
bearing (see ﬁgures 10(a2) and (b)). Moreover, the radiation
pressure generated by the surface of the conical structure can
carry radial and axial loads simultaneously. Experimental results
indicated that the proposed ultrasonic thrust bearing was more
suitable for high speed work environments.

5. Hybrid SFABs
5.1. Characteristics of hybrid SFABs

In high-speed applications, the aerodynamic effect as well as
the squeeze ﬁlm effect are included in the operation process.
Thus, SFABs can be classiﬁed into two types, namely,
SFABs (only squeeze ﬁlm effect) and hybrid SFABs (combined squeeze ﬁlm effect and aerodynamic effect). The
schematic diagram in ﬁgure 14 represents the parameter status
of hybrid SFABs and their operating principles. The three

10

Int. J. Extrem. Manuf. 1 (2019) 032002

Topical Review

Figure 10. Photograph of ultrasonic suspension thrust bearing and piezoelectric transducers: (a) Shiju et al [111], and (b) Song et al [112].

(a) © 2015 IEEE. Reprinted, with permission, from [111]. (b) Reproduced with permission from [112].

In Region II, when the rotor begins to rotate, the aerodynamic effect gets to work due to the relative speed between
the rotor and bearing surface. The levitation force produced
by squeeze ﬁlm effect and aerodynamic effect supports the
rotor, simultaneously. The aerodynamic effect increases with
the increase in rotating speed, which leads to an increase in
load-carrying capacity. Afterwards, the rotor speed gradually
reaches a constant value in Region III. In this region, the
speed remains constant; and the input voltage can be selected
according to the working conditions. The load-carrying
capacity produced by hybrid SFABs results in a higher value
than that produced by conventional aerodynamic bearings at
the same speed due to the squeeze ﬁlm effect enhancing the
load-carrying capacity. Throughout the three steps, the rotor
is levitated stably and the running performance of the bearing
can be controlled by adjusting the input signal to vibration
generator. In addition, it must be emphasized that the working
mode of SFABs should be combined according to the actual
working needs.
The main features of hybrid SFABs are listed and
described as follows:
• No dry friction and wear during the start-up and
shutdown stages.
When the levitation force produced by the squeeze
ﬁlm effect is large enough, the rotor can be effectively
supported. Therefore, compared with the traditional
aerodynamic bearing, the SFAB can effectively avoid
the friction and wear caused by the start-up and stop
stages.
• Enhanced load-carrying capacity.
Load-carrying capacity of hybrid SFABs is
enhanced by introducing the squeeze ﬁlm effect into the
aerodynamic effect, especially in large eccentricity.
• Good stability with the help of the squeeze ﬁlm effect.
A traditional aerodynamic bearing will lose stability
at a speciﬁc speed due to its cross-coupled stiffness.
However, the force generated by the squeeze ﬁlm effect
will suppress the rotor vibration and improve the stability.
• Active controllability.

Figure 11. Photograph of the transducer with concave spherical
surface: Liu et al [113]. [113] © The Korean Society of Mechanical
Engineers and Springer-Verlag Berlin Heidelberg 2013. With
permission of Springer.

vertical dotted lines divide the schematic diagram into three
working areas.
The levitation force generated by the squeeze ﬁlm effect
in Region I can effectively support the rotor. When the
levitation force on the rotor is larger than the gravity of the
rotor, the bearing can overcome the wear during start-up.
Thus, compared with a conventional non-contact aerodynamic bearing, the service life of a hybrid SFAB can be
greatly improved.
11
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Figure 12. Photographs of different spherical rotors being levitated: Hong et al [114]. Reprinted from [114], with the permission of AIP
Publishing.

without friction, while squeeze ﬁlm B played a supporting
role in the strain-producing tube. In addition, the squeeze
motion parallel to the axis produced squeeze ﬁlm at both ends
of the strain-producing tube. Therefore, the squeeze ﬁlm
bearing could provide both a radial support force and axial
support force. In [118], a piezoelectric oscillating bearing
supported by a pair of contiguous discs was developed. Two
disks produced the opposite strain along the axis. In other
words, one produced expansion and the other produced
contraction. Therefore, a relatively large amplitude of motion
was imparted to the bearing as there was no relative motion
between the facing surfaces of the two discs.
Hu et al [119] designed and fabricated an ultrasonic
bearing prototype which was actuated by two Langevin
transducers driven by two AC voltages with a phase difference of 90, as shown in ﬁgure 16. The two Langevin
transducers were bolted on the stator with a distance of three
quarters of wavelength. A traveling wave, which was used to
drive the rotor rotation, was generated in the surface of the
stator. Therefore, the radial support and rotation of the rotor
could be realized by the force generated by the traveling
sound ﬁeld.
An active squeeze air bearing based on ultrasonic oscillation was proposed in [120], as shown in ﬁgure 17. A
directional converter was used by the bearing to transmit the
oscillation of Langevin transducer to both an end surface and
a side surface. In other words, the converter could generate
radial and axial squeeze motion, respectively. A test rig,
which consisted of a bolt-clamped Langevin transducer, a
rotor, and a directional converter, was built to investigate the
motion error compensation characteristic of the bearing. The
movement of a master ball supported by the rotor was measured by a ﬁber optic displacement sensor. This PI feedback
control with compensation provided lower axial runout than
PI feedback control without compensation.
An aerodynamic bearing with adjustable geometry, as
shown in ﬁgure 18(a), was studied [77]. The shape of the
inner surface of the bearing could be changed from initial
cylindrical to three-lobed due to the use of elastic hinges. Six
piezoelectric actuators were installed in three slots evenly

Figure 13. Schematic diagram of non-contact spherical bearing:
Chen et al [116]. Reproduced with permission from [116].

The stable position of the rotor can be controlled by
adjusting the vibration of the actuator and the levitation force
from the squeeze ﬁlm effect.
5.2. Different types of hybrid SFABs

Salbu [15] proposed a hybrid squeeze ﬁlm air journal bearing
with the journal squeeze ﬁlm effect and squeeze thrust effect.
Levitation forces were generated by high frequency movement of the piezoelectric cylinders and the ﬂat piezoelectric
disk. Later, a cylindrical squeeze-ﬁlm journal bearing with a
radially poled piezoelectric sleeve which provided radial
squeeze ﬁlm motion was proposed [17]. In this bearing, a
double layer squeeze ﬁlm was formed on the inner and outer
surfaces of the sleeve-type transducer. Farron et al [117]
proposed a novel SFAB which mainly consisted of a rotating
member, strain producing tube, and support frame (see
ﬁgure 15). The heart of the bearing was a strain producing
tube, which could produce high frequency and low amplitude
motion in directions both parallel and perpendicular to the
axis of the rotating member. A double layer of squeeze ﬁlm
could be produced by squeeze motion perpendicular to the
axis, which was squeeze ﬁlm in Gap A and squeeze ﬁlm in
Gap B. Squeeze ﬁlm A allowed the rotating member to rotate
12
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Figure 14. Schematic diagram of operating steps of hybrid squeeze ﬁlm air bearings.

Figure 15. Bearing structure assembly schematic: Farron et al [117].

Reproduced with permission from [117].

Figure 16. Schematic diagram of ultrasonic bearing: Hu et al [119].

distributed around the circle. Piezoelectric actuators periodically squeezed the gap between the bearing and the rotor,
forming a layer of gas ﬁlm pressure, and the rotor was suspended. In 2011, Stolarski [122] experimentally and
numerically investigated the dynamic characteristics of the
bearing. Comparing the theoretical and experimental results,
it was found that the squeeze ﬁlm effect generated by squeeze
motion could signiﬁcantly extend the threshold speed of
instability. Later, the systematic analysis of the levitation
mechanism and stability of the bearing at a higher operating
frequency was carried out by Feng et al [123]. In [121], the
authors presented a similar bearing with [77] (see
ﬁgure 18(b)). The inﬂuence of the squeeze ﬁlm effect on the
running performance of the rotor to this bearing was studied
by Stolarski et al [124]. Experimental results showed that the
squeeze ﬁlm effect had an obvious effect on reducing rotor

vibration. It was noticed that at a constant running speed
(20 000 rpm) and external load (0.31 N), the shaft vibrations
were reduced by approximately 37.5% and 42% in the x and y
directions, respectively.
In [125], three different types of air journal bearings
utilizing NFAL were designed from the perspective of a
simpliﬁed structure and elastic bore deformation (see
ﬁgure 19). The resonance frequency and vibration mode were
determined using ANSYS. The squeeze ﬁlm load capacity of
these bearings was tested through a specially built test rig.
Theoretical and experimental results showed that a journal
bearing using acoustic levitation is feasible and has potential
applications, especially for light loads, cleanliness, and
compactness requirements. Furthermore, they concluded that

Reprinted from [119], Copyright (1997), with permission from
Elsevier.
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surface of the three transducers which were driven in the ﬁrst
longitudinal mode. It was noticed that each radiation surface
was an independent vibration surface. The position trajectory
of the spindle could be controlled by modulating the vibration
amplitude of the corresponding transducer. The maximum
load-carrying capacity of 51 N was obtained, and a position
accuracy of the spindle center was achieved in the range of
100 nm. The simulation and experimental results showed that
the proposed squeeze ﬁlm journal bearing could be used for
ultra-precision machining processes.
Wang et al [128] proposed an ultrasonic bearing with
levitation and position functions. The bearing consisted of a
bearing housing, a vibrating cylindrical stator, and two circular plates, as shown in ﬁgure 21. Acoustic levitation force
which provided radial non-contact support for the rotor was
produced by piezoelectric actuators squeezed on the cylindrical stator surface. The support in the axial position was
provided by the force formed by the squeezing vibration of
the circular plates. The proposed ultrasonic bearing that was
able to levitate a rotor weighed 1.2 N and had potential
application values for the support of the high precision gyros.
An ultrasonic levitating bearing excited by three piezoelectric transducers was developed as described in [129], and
shown in ﬁgure 22. One distinct property that distinguished
the proposed bearing from a previous bearing, described in
[101], was that the bearing had the ability to self-align and
carry radial and axial loads simultaneously due to the proper
design of transducer structure. A maximum radial load of
15 N and an axial levitating load of 6 N were obtained from
the established test system. Theoretical and experimental
results showed that the proposed bearing provided a better
method for bidirectional supporting capacity. Later, the friction characteristics and running stability of the bearing were
studied, as described in [130, 131]. The friction torque
increased with an increase in rotational speed, and torque of
less than 120 mNm was obtained at 20 000 rpm. In addition,
experimental results showed that the ultrasonic bearing could
run stably in the speed-down and speed-up processes.
Feng et al [132] presented a novel SFAB with ﬂexure
pivot-tilting pads, as shown in ﬁgure 23. The pads were
connected to the bearing housing through a straight beam and
ﬂexural web. The radical force was generated by squeezing
the gas between the pads and rotor periodically using piezoelectric actuators. This bearing had two distinct advantages,
which were different from previous squeeze ﬁlm bearings.
First, the bearing always adapted well to squeeze actions.
Second, the proposed bearing had a better stability when the
bearing worked at high speed due to low cross-coupled
stiffness. Numerical and theoretical results showed that it was
feasible for the proposed bearing to support high-speed and
high-precision shafts. Shi et al [133] theoretically and
experimentally identiﬁed the inﬂuences of material characteristics on the levitation performance of squeeze ﬁlm
bearing. The selection of squeeze ﬁlm bearing material
characteristics is important for the levitation performance.
The test bearings that were comprised of two different
materials (AL 2024 and 60Si2Mn) had similar resonance
frequency and different vibration amplitudes generated by the

Figure 17. Schematic diagram of active squeeze ﬁlm bearing: Oiwa
and Kato [120]. Reprinted from [120], with the permission of AIP
Publishing.

Figure 18. Photographs of acoustic bearing: Stolarski et al [77, 121].

(a) Reproduced with permission from [77]. (b) Reprinted from [121],
Copyright (2015), with permission from Elsevier.

the bearing of Design 3 showed better characteristics.
Therefore, the running performance of the bearing of Design
3 was studied by Shou et al [126]. The experimental results
showed that for a given external load, the threshold speed of
the bearing running without the squeeze ﬁlm effect was
5000 rpm while the threshold speed for the bearing operating
with the squeeze ﬁlm effect was 20 000 rpm. Clearly, the
squeeze ﬁlm effect can signiﬁcantly contribute to the dynamic
stability of an aerodynamic bearing, especially for lightly
loaded, gas-lubricated bearings. Later, a SFAB similar to
Design 1 in [125] was proposed [127]. The proposed journal
bearing equipped with three 20 mm long longitudinal ﬁns
requires the use of six piezoelectric actuators arranged around
the circumference of the outer surface of the bearing.
In 2013, a SFAB with high load-carrying capacity with
the ability of precision spindle position control was presented
in [101] (see ﬁgure 20). The bearing consisted mainly of three
Langevin-type transducers which were specially designed and
fabricated. Three transducers, each covered 100 of a
cylindrical surface, were positioned 120 apart on a housing.
The spindle was supported by the arced concave radiation
14
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Figure 19. Photographs of air journal bearing using NFAL: Stolarski et al [125]. Reproduced with permission from [125].

Figure 20. Photograph of ultrasonic levitation journal bearing: Zhao

Figure 22. Schematic diagram of ultrasonic levitation bearing: Li

et al [101]. Reprinted from [101], Copyright (2013), with permission
from Elsevier.

et al [129]. Reproduced from [129]. CC BY 4.0.

Figure 23. Photograph of squeeze ﬁlm air bearing: Feng et al [132].

Reprinted from [132], Copyright (2017), with permission from Elsevier.

same input voltage. Therefore, resonance frequency and
vibration amplitude were also concluded to be two crucial
parts for SFAB. However, the vibration amplitude was a more

Figure 21. Exploded view and assembling drawing of ultrasonic

levitation bearing: Wang et al [128]. © 2013 IEEE. Reprinted, with
permission, from [128].
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parameters, such as the geometry, materials, resonance frequency, vibration amplitude, and excitation signal value. The
geometry plays a crucial role in the SFAB design process
because the bearing performance can be remarkably enhanced
by choosing an appropriate geometry [121]. In order to obtain
ideal bearing performance, the designer should select the
appropriate mode shape according to the geometry of the
bearing in the design process. Additionally, it is often
important to consider the effect of the materials on the loadcarrying capacity of the bearing. Studies show that the
materials affect the resonance frequency and vibration
amplitude of the SFAB, which results in different squeeze
ﬁlm effects [125, 133, 134]. For SFABs, materials with a low
energy absorption coefﬁcient and structural stiffness will be a
better choice.
With regard to the SFABs, the majority of the research
has focused on bearing structure and vibration generator
design. The designs of the bearing structure and vibration
generator are relatively mature, and the research into bearing
structure and vibration generator design for further improvement of the SFAB application in the ﬁeld of machining is still
insufﬁcient since many physical mechanism are not recognized fully. Consequently, the future trends are as follows:

Figure 24. Photograph of non-contact journal bearing: Guo and Cao
[135]. Reprinted from [135], Copyright (2018), with permission
from Elsevier.

important part than was resonance frequency. The conclusion
was a better answer to the question raised by the literature [134].
An active non-contact journal bearing with bidirectional
driving capability achieved by using coupled resonant
vibration was proposed in [135]. The design of the bearing
consisted of three identical horn structures with a concave end
surface (reference ﬁgure 24). The main feature of this bearing,
which was different from the previous ultrasonic bearing, was
that it adopted the couple mode shapes, i.e. ﬁrst longitudinal
mode and second bending mode. The alternating work of the
longitudinal and bending modes will result in elliptical
vibration of the concave end surface. Therefore, vertical
levitation and lateral driving force were produced, which
supported and rotated the rotor, respectively. It was noticed
that the lateral driving force was different from the traveling
wave and viscous shear force as it was mainly produced by
the tangential component of the squeeze ﬁlm pressure.
Experimental results showed that the rotational speed of
555 rpm could be obtained by adjusting the input phase
angle.

(1) Greater load-carrying capacity. In general, the loadcarrying capacity of SFABs (only squeeze ﬁlm effect) is
lower that of conventional non-contact bearings. Therefore, the SFAB with greater load-carrying capacity
should be developed.
(2) Coupled modeling of squeeze ﬁlm systems. During the
operation of SFAB systems, a large amount of heat is
generated, which leads to thermal deformations. The
squeeze ﬁlm levitation model with the thermal-ﬂuidstructure interaction effect should be fully investigated
theoretically and experimentally, including the inﬂuence of heat on ﬂuid and structural deformation.
(3) Active squeeze ﬁlm bearings. Since only a small portion
of the literature proposed active squeeze ﬁlm bearings,
there is a need for an in-depth investigation into the
running performance of the squeeze ﬁlm bearing with a
closed-loop control system. How to conduct accurate
motion control under different working conditions to
thoroughly understand the squeeze ﬁlm levitation
system should be further investigated.
(4) Novel vibration generator. The vibration generator
plays a vital role in squeeze ﬁlm bearing systems. In
order to improve the running performance of the
bearing and enhance the efﬁciency of energy utilization,
a novel vibration generator should be developed.
(5) Different lubricants and expanding industrial application. Squeeze ﬁlm bearings with other lubricants are a
critical issue that needs to be investigated. Furthermore,
the application of squeeze ﬁlm bearings should not be
limited to guideways and machine spindles. Other
industrial applications, such as micro turbines, air
compressors, and turbochargers, need more attention.

6. Discussion and future trends
The squeeze ﬁlm effect has been demonstrated to be capable
of levitating objects for a wide range of applications. One of
the main issues is the inﬂuence of governing parameters on
the levitation performance and, in particular, the load-carrying
capacity. In general, the SFAB system consists of bearing,
vibration generators, which are usually piezoelectric transducers, and a signal generating system, which generates signal applied to vibration generators. The performance of
SFABs is closely associated with several governing

16

Int. J. Extrem. Manuf. 1 (2019) 032002

Topical Review

[5] Gao Q, Chen W, Lu L, Huo D and Cheng K 2019 Aerostatic
bearings design and analysis with the application to
precision engineering: state-of-the-art and future
perspectives Tribol. Int. 135 1–17
[6] Fuller D D 1969 A review of the state-of-the-art for the design
of self-acting gas-lubricated bearings J. Lubr. Technol. 91
1–16
[7] Heshmat H and Hermel P 1993 Compliant foil bearings
technology and their application to high speed
turbomachinery Tribology Series (Amsterdam: Elsevier)
pp 559–75
[8] DellaCorte C 2008 Technical development path for foil gas
bearings STLE/ASME 2008 Int. Joint Tribology Conf.:
American Society of Mechanical Engineers pp 299–302
[9] Bulat M P and Bulat P V 2013 The history of the gas bearings
theory development World Appl. Sci. J. 27 893–7
[10] Bleuler H et al 2009 Magnetic Bearings: Theory, Design, and
Application to Rotating Machinery (Berlin: Springer)
[11] Reynolds O IV 1886 On the theory of lubrication and its
application to Mr Beauchamp tower’s experiments,
including an experimental determination of the viscosity of
olive oil Phil. Trans. R. Soc. 117 157–234
[12] Tipei N 1954 Equatiile lubriﬁcatiei cu gaze Commun. Acad
RP Romine 4 699
[13] Langlois W 1962 Isothermal squeeze ﬁlms Q. Appl. Math. 20
131–50
[14] Michael W 1963 Approximate methods for time-dependent
gas-ﬁlm lubrication problems J. Appl. Mech. 30 509–17
[15] Salbu E 1964 Compressible squeeze ﬁlms and squeeze
bearings J. Basic Eng. 86 355–64
[16] Pan C 1967 On asymptotic analysis of gaseous squeeze-ﬁlm
bearings J. Lubrication Tech. 89 245–53
[17] Pan C, Malanoski S, Broussard P and Burch J 1966 Theory
and experiments of squeeze-ﬁlm gas bearings: I. Cylindrical
journal bearing J. Basic Eng. 88 191–8
[18] Da Silva F P and Almas E M 1986 Recent developments in
the theory of squeeze ﬁlm bearings Tribol. Int. 19 79–86
[19] Stolarski T A 2014 Acoustic levitation—a novel alternative to
traditional lubrication of contacting surfaces Tribol. Online 9
164–74
[20] Andrade M A, Pérez N and Adamowski J C 2018 Review of
progress in acoustic levitation Braz. J. Phys. 48 190–213
[21] Vandaele V, Lambert P and Delchambre A 2005 Non-contact
handling in microassembly: acoustical levitation Precis.
Eng. 29 491–505
[22] Weber R J et al 2012 Acoustic levitation: recent
developments and emerging opportunities in biomaterials
research Eur. Biophys. J. 41 397–403
[23] Priego-Capote F and de Castro L 2006 Ultrasound-assisted
levitation: lab-on-a-drop Trends Anal. Chem. 25 856–67
[24] Santesson S and Nilsson S 2004 Airborne chemistry: acoustic
levitation in chemical analysis Anal. Bioanal. Chem. 378
1704–9
[25] Gao J, Cao C and Wei B 1999 Containerless processing of
materials by acoustic levitation Adv. Space Res. 24 1293–7
[26] Benmore C and Weber J 2011 Amorphization of molecular
liquids of pharmaceutical drugs by acoustic levitation Phys.
Rev. X 1 011004
[27] Stout K 1985 Design of aerostatic ﬂat pad bearings using
annular oriﬁce restrictors Tribol. Int. 18 209–14
[28] Stout K and Rowe W 1972 Analysis of externally-pressurized
spherical gas bearings employing slot restrictors Tribology 5
121–7
[29] Nakamura T and Yoshimoto S 1996 Static tilt characteristics
of aerostatic rectangular double-pad thrust bearings with
compound restrictors Tribol. Int. 29 145–52
[30] Mori H, Yabe H and Ono T 1965 Theory of externally
pressurized circular thrust porous gas bearing J. Basic Eng.
87 613–20

7. Conclusions
Non-contact bearings are core components of ultra-precision
machine tools. Research on SFABs, as one of the non-contact
bearings, has been ongoing for about decades. This review
paper conducted a simple comparison of the four non-contacts
bearings by evaluating their run time, stability, friction and
wear, motion accuracy, energy consumption, etc. The four
kinds of non-contact technologies have their own features and
should be selected according to the actual working conditions.
This paper introduced the fundamental theory for the performance prediction of SFABs. Different types of squeeze
ﬁlm bearings, including squeeze ﬁlm linear bearings, thrust
bearings, spherical bearings, and journal bearings (hybrid
SFABs), are summarized in this paper, and their principles
have been brieﬂy introduced.
Although many investigators have studied the SFABs
experimentally and numerically, there are still gaps in directly
applying SFABs to ultra-precision machine tools. In the
future, development of squeeze ﬁlm bearings with greater
load-carrying capacity is expected. Thus, a novel vibration
generator should be proposed which could be promoted by
potential technologies, including piezoelectric and electromagnetic technologies. In-depth investigation into the
squeeze ﬁlm levitation model with the thermal-ﬂuid-structure
interaction effect is also required. In addition, active squeeze
ﬁlm bearings with a closed-loop control system is a further
direction for achieving more accurate motion, and other
industrial applications should be explored.
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