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Abstract 

Near-field acoustic levitation (NFAL) is a new suspension technique that has been rapidly 

developed recently. The positioning and transportation systems based on the NFAL have 

the benefits of compact structure, easy control, and without physical contacts. Therefore, 

these systems are able to handle and transfer the wafer or component of the 

microelectromechanical system in semiconductor manufacturing and micro-assembly. In 

addition, squeeze film bearings based on the NFAL have the advantages of frictionless, low 

maintenance cost, and high speed. However, there are still some problems existing in these 

applications, such as the levitation stability of the floating object and the dynamic 

performance of the squeeze film bearing. Moreover, the transportation system based on the 

NFAL is still not available for cylindrical objects. Therefore, to solve these problems, three 

applications of the NFAL are theoretically studied in this work, including positioning 

systems, squeeze film bearings, and contactless transportation systems. This work has two 

significant contributions. On the one hand, it provides the theoretical analysis foundation 

for these applications. On the other hand, the guidance for these applications is acquired to 

enhance their operating performance. The main research content and achievements are 

stated as follows. 

First of all, this work presents an air lubrication theory-based numerical analysis for the 

positioning system to evaluate the restoring force. The film pressure distribution between 

the reflector and the radiator is governed by the Reynolds equation, which is calculated by 

the eight-point discrete method because of the film thickness discontinuity. In addition, an 

experimental setup for measuring the restoring force is constructed to validate the proposed 

theoretical model. The numerical results indicate that the restoring force is increasing with 

the increment of the eccentricity, which is consistent with the experimental results. In 

addition, numerical calculation results show that a greater restoring force is acquired in the 

larger radiator vibration amplitude or the heavier levitator, indicating the higher stability of 

the system. 

Secondly, to study the running performances of the squeeze film bearing, this work presents 

an analytical model for a bearing with three separate pads and calculates its dynamic 

performance. The balance position of the rotor is determined by combining the steady 

Reynolds equation and the Newton-Raphson iteration method. Considering the variation of 

the film thickness caused by the continuous vibration of the bearing pads, a theoretical 

method is presented to obtain the bearing dynamic coefficients. The calculated results show 

excellent agreement with experimental results. The dynamic analysis results show that the 

direct dynamic coefficients increase with a decrement in the rotation speed of the rotor or 

with an increment in the vibration amplitude of the bearing pad. 

In the last part of this work, a non-contact transportation system for cylindrical objects is 

designed based on the investigation of the stability mechanism in the positioning system. 

This transport performance is realized by engraving one groove on the concave surface of 
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the Langevin transducer, which leads to an asymmetric pressure distribution. Therefore, a 

thrusting force arising from this asymmetric pressure field drives the horizontal movement 

of the levitator. The thrusting force is computed by the integration of the pressure gradient 

over the solving domain. The theoretical calculation results show that the greatest thrusting 

force is acquired by reasonably designing the depth and arc length of the groove. In addition, 

the thrusting force is increased by increasing the groove width, the radiator vibration 

amplitude or the levitator weight.  
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1 Introduction 

Handling and transporting components of the microelectromechanical systems or 

semiconductors is difficult owing to their fragile and surface-sensitive nature [1]. 

Traditional contact handling and transport techniques, such as clamps [2] and conveyor 

belts [3], are not suitable [4]. This is because the mechanical contact will easily cause 

abrasion and scratches on the contact part. Then, the tiny particles produced by abrasion 

will also cause damage to the processing equipment. There is no physical contact between 

the manipulator and the component in the contactless levitation system. Consequently, 

these systems have the benefits of nearly no wear, no friction, and being environmentally 

friendly. In addition, they can achieve high resolution and motion accuracy by avoiding 

stick-slip effects [5]. Traditional non-contact levitation techniques mainly include magnetic 

levitation [6] and air cushions [7-9]. The magnetic levitation uses the magnetic force 

generated by the magnetic field to levitate the object. However, it produces a redundant 

magnetic field, which influences adjacent electric equipment. Further, the magnetic 

levitation system requires floating objects having an electromagnetic characteristic [10]. 

For the air cushion, the high-pressure air flows upwards through several holes and creates 

a repulsive levitation force. Yet, the air cushion is noisy and energy-intensive because it 

requires an extra air compressor to supply pressurized clean air [11].  

Acoustic levitation is another contactless levitation technique that has been developed 

rapidly in recent years, which can be divided into standing wave acoustic levitation (SWAL) 

and near-field acoustic levitation (NFAL) [1, 4]. In the SWAL, small particles or small 

living animals can be levitated in the pressure node of a standing wave acoustic field 

between the radiator and the reflector [12-15]. Nevertheless, the NFAL uses suspension 

objectors as reflectors and generates a much greater levitation force than the SWAL, which 

allows it to support much heavier objects [16].  

One of the first researchers who observed the NFAL was Whymark [17] in 1975. He found 

that a flat disc hovers above a piston running at a vibration frequency of 20 kHz. Since then, 

many researchers have investigated the mechanism of the NFAL and proposed different 

models to predict the levitation force. One method is to calculate the acoustic radiation 

pressure based on the acoustic theory to obtain the levitation force. The acoustic radiation 

pressure is the average forward pressure generated on an obstacle when an acoustic wave 

propagating in a fluid medium encounters the obstacle [18]. For example, based on the 

acoustic radiation pressure formulation deduced by Chu and Apfel [19], Hashimoto et 

al.[20, 21] found that the levitation force has a close relationship with the suspension height 

and the vibration amplitude. Zhao and Wallaschek [22] presented a mathematical model 

which considers the non-linear absorption effect to calculate the levitation force.  

Another method treats the fluid film in the NFAL phenomenon as a squeeze film. The 

levitation force originates from the high-pressure fluid generated by the squeezing action 

[23, 24]. Based on the piston-like model, Nomura et al. [25] used MacCormack’s finite-
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difference scheme to numerically solve the basic governing equations in fluid dynamics. 

They pointed out that the equation derived by Hashimoto et al.[20] overestimates the 

levitation force. The difference between these two observations was attributed to energy 

leakage in the peripheries of the levitated object [26]. Moreover, most researchers used the 

non-linear Reynolds equation to describe the NFAL phenomenon [27-30]. The analytical 

solution methods of the Reynolds equation were presented in Refs. [26] and [31]. The 

numerical solution method of the Reynolds equation is various, which mainly contains the 

Finite Difference Method (FDM) [10, 32, 33], the Eight-point Discrete Method (EDM) [27, 

34], and the Finite Element Method (FEM) [35-37]. 

To improve the accuracy of the numerical result, several variables, such as air inertia [38-

41], edge effect [42, 43], and roughness [44-46], were considered in the theoretical model. 

If the Reynolds number approaches 1, the inertia effect is significant and needs to be 

considered [47]. The edge effect occurs when air enters into the squeeze film. Consequently, 

the pressure near the film edge immediately becomes lower than the ambient pressure [48]. 

The edge effect can be neglected if the squeeze action is slow since the pressure change 

near the film edge is very tiny. The roughness should be considered when it has the same 

magnitude as the film thickness. However, in most cases, there is no need to consider these 

variables [10, 27, 49-51].  

With the development of computational techniques, Computational Fluid Dynamics (CFD) 

commercial software was also applied to calculate the levitation force [52-54]. For example, 

Brunetière and Wodtke [55] used the CFX package [56] to build a squeeze film model. 

They chose the Finite Volume Method (FVM) to discretize and solve 3D conservation 

equations for the transient flow of compressible fluids. 

 

Outline of this work 

In section 1, the state of the art towards the three application fields of the NFAL, i.e., 

positioning system, squeeze film bearing (SFB), and contactless transportation system, is 

presented, followed by a summary that gives insight into the contributions of this work. In 

section 2, the governing equations for the different applications are discussed. Section 3 

presents the applied methods, which include numerical and experimental methods. A 

summary of the appended publications is the content of section 4, and the results are then 

discussed among the available references in section 5. This work finishes with a conclusion 

in section 6. All the appended publications are found in the second part of this work. 

 

1.1 State of the art 

According to the nature of propagating vibration wave, it is divided into two types: 

traveling wave and standing wave [57]. Correspondingly, the NFAL is classified into the 

traveling wave-based NFAL and the standing wave-based NFAL. Furthermore, the 
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application of the NFAL mainly includes positioning systems [58-62], squeeze film 

bearings (SFBs) [63-65], and contactless transportation systems [11, 66, 67]. In the 

traveling wave, there is energy propagating along the direction of the wave, resulting in 

horizontal motion or rotational motion of the levitator [51, 68, 69]. In the standing wave, 

there is on average no net propagation of energy. The positioning system and SFB mainly 

use the standing wave-based NFAL. The traveling wave-based NFAL and the standing 

wave-based NFAL are both applied in the contactless transportation system. The following 

subsection focuses on reviewing the state of the art with respect to these three application 

fields. 

 

1.1.1 Positioning system 

Although many researchers did a lot of work on the application of the NFAL [70-74], there 

are still two important weaknesses that restrict its industrial applications. One is the 

magnitude of the load-carrying capacity, and the other is the levitation stability of the 

floating object. In order to enhance the load-carrying capacity, there are four methods 

available. The most direct method is using multiple transducers, as seen in Refs. [67, 75]. 

However, this method has the drawback of reducing the stability of the levitation system. 

Li et al. [27] tried to introduce another method. They added grooves on the bottom surface 

of the reflector to increase the load-carrying capacity. According to the results of the 

experiment and numerical calculation, the circumferential grooves have a positive effect 

on the load-carrying capacity, whereas the radial grooves have a negative effect. The third 

method is increasing the vibration amplitude by reasonably designing the transducer, e. g. 

geometry [76-78] and material [79-83]. The fourth method couples the NFAL with other 

no-contact levitation technology. For example, based on Ref. [68], Liu et al. [84] proposed 

a non-contact transportation system that added the aerostatic suspension into the NFAL 

system to transport heavy load objects.  

The stability of the suspending object is affected by many factors in the positioning system 

based on the NFAL. For example, surface roughness can affect the airflow around the 

suspending object and slightly change the sound field between the radiating surface and the 

suspending object [4]. Moreover, manufacturing and installation errors also can generate 

an acoustic viscous force that influences the stability of the suspending object. In the NFAL, 

two approaches are usually utilized to produce an acoustic viscous force [85, 86]. The first 

approach is to use the traveling wave acoustic field between the radiator and the suspending 

object [11, 87], which is applied in the traveling wave-based NFAL. The second approach 

is to use the gradient of the fluid pressure distribution [66], which is mainly applied in the 

standing wave-based NFAL.  

For a suspending object in the positioning system, experimental results revealed that its 

stability highly depends on the vibration amplitude and the vibration distribution of the 

radiating surface [16]. Ueha et al. [67] also proved this conclusion. They found that the T-
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shaped cross-section of a vibration plate guarantees more stable transportation than a 

uniform cross-section plate. Based on the near-boundary acoustic flow theory, Koike et al. 

[58] employed the block-spring model to estimate the stability of the suspending object and 

the acoustic viscous forces in both directions. Based on the block-spring model, Hu et al. 

[85] took the influence of acoustic flow outside the boundary layer into account when 

computing the acoustic viscous force. Kim and Ih [88] used the time-averaged acoustic 

potential around the levitated object to predict its moving direction and wobbling frequency. 

In the case of small floating objects, Yoshimoto et al. [89] used the CFD method to study 

the restoring force produced by a radiating surface vibrating at ultrasonic frequencies. Later, 

Li et al. [90] indicated that the block-spring model could only handle small amplitude 

oscillation due to its linear assumption. They employed the acoustic radiation potential 

method and the Stokes micro-continuum theory to obtain the restoring force.  

 

1.1.2 Squeeze film bearing 

With the development of rotating machinery, the demands on high accuracy and high 

rotation speed for bearings have increased [91]. Hence, air-lubricated bearings are 

developed to meet these demands.  Owing to the low viscosity of air, these bearings have 

the benefits of ultra-high speed, low heat emission, and low cost [92-94]. Moreover, their 

oil-free feature avoids pollution caused by liquids such that makes them environmentally 

friendly [95, 96]. These properties enable their usage in turbo-compressors, inertial 

gyroscopes, and turbochargers, etc [97-100]. In general, aerodynamic, aerostatic, and 

squeeze effects are used to produce a high-pressure air film in an air bearing [101]. In the 

case of pure aerodynamic bearings [102-104], friction and wear occur between the rotor 

and the bearing during start-up and shutdown because the aerodynamic effect does not 

operate at a low speed [105]. This problem can be addressed by using aerostatic bearings 

[106-108] since they provide an additional force at a low rotation speed to counterbalance 

the weight of the rotor. Nevertheless, aerostatic bearings need an extra air compressor to 

supply high-pressure air, which makes the bearing noisy and costly. Consequently, SFBs 

have been developed to satisfy the demands of low friction and high accuracy by 

introducing the NFAL technique into the air-lubricated bearing. This is because the NFAL 

has some inherent benefits, such as the compact structure and no material restriction of the 

levitator [4, 67].  

The SFB is a type of hybrid air film bearing. In the case that the rotation speed is zero, the 

rotor is supported by the levitation force produced by the pure squeeze effect [109-111]. At 

a given rotation speed, the air film pressure is simultaneously affected by the squeeze effect 

and the aerodynamic effect [112]. Since Salbu [23] proposed the SFB models in 1964, the 

research of the SFB has attracted much awareness [113-115]. For example, Ha et al. [116] 

presented a united SFB with three piezoelectric plates and elastic hinges. They numerically 

and experimentally investigated the effect of the excitation frequency and the vibrating 

amplitude on the load-carrying capacity of the bearing. However, this study only took the 
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squeeze effect into consideration and ignored the aerodynamic effect. Following this, some 

different SFB constructions, such as the three-lobe [117], the flexure pivot-tilting pad 

bearings [118], and the tubular [119], have been designed. Stolarski et al. [120] examined 

the load-carry capacity of three SFBs with different configurations. The experimental 

results indicate that the configuration of the bearing has a significant influence on its 

working performance. In addition, the operating mode [121], mounting location [118], and 

material [122, 123] of the bearing are extra factors that influence its load-carrying capacity. 

Nevertheless, a common drawback of these bearings [116-123] is the low load-carrying 

capacity.  

In the study of the NFAL, the load-carrying capacity is increased with increasing the 

vibration amplitude of the structure [124, 125]. The vibration amplitude generated by the 

Langevin ultrasonic transducer is higher than that generated by the piezoelectric plate [116-

123]. This is because the Langevin transducer has high input power and excellent 

electroacoustic transformation efficiency [126]. Therefore, Zhao et al. [126, 127] presented 

a new active contactless journal bearing that uses three Langevin transducers to constitute 

the construction of the bearing. Two advantages can be observed in this structure. Firstly, 

it has a greater load-carrying capacity (more than 51 N) than the above-mentioned bearings 

(maximum 5 N) [116-123] which use the piezoelectric plate as the vibration source. 

Secondly, the vibration of each Langevin transducer can be controlled individually, making 

it possible to adjust the position of the rotor. Nevertheless, this research [127] did not 

investigate the static and dynamic characteristics of the bearing, which is significant for the 

application and design of this type of SFB.  

Many researchers have investigated the static characteristic of SFBs [116, 118, 128]. To 

study the dynamic characteristic of SFBs, many researchers employed the orbit simulation 

method [129-133]. For example, Stolarski [134] numerically and experimentally studied 

the motion trajectory of a rotor at a low rotation speed based on the SFB model introduced 

by Ha et al. [116]. The results indicate that the squeeze effect not only increases the bearing 

capacity but also improves the critical speed of the bearing. Moreover, the results also show 

that the bearing stability is enhanced by the increment of the external load. Feng et al. [135] 

discovered similar results through theoretical calculation. Furthermore, they indicated that 

for heavy external loads, the squeeze effect has less influence on the threshold speed of the 

rotor-bearing system. Stolarski and Miyatake [136] reported that the SFB with flexible 

configuration exhibits better performance according to the experimental results. Compared 

to other analytical methods, the orbit simulation method has higher computational costs 

since it is performed by coupling the fluid governing equations and the motion equations 

of the rotor [134]. For instance, Beck and Strodtman [137] applied numerical and 

variational methods to study the stability of SFBs. Yet, their theoretical model only 

considered one freedom degree. 

Furthermore, in air-lubricated bearings, a group of stiffness and damping coefficients is 

used to investigate the bearing dynamic performances [138-141]. Calculation of dynamic 

coefficients and their application to compute the critical speed and unbalance response are 
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based on the hypotheses of linearized bearing forces [138, 142]. The major difference 

between the SFBs and other kinds of air bearings [143-145] is that the structure of the SFBs 

vibrates continuously in a steady state. Therefore, it is necessary to consider the variation 

of the pressure and film thickness distributions of the SFBs caused by the vibration of the 

structure. 

 

1.1.3 Contactless transportation system 

In the NFAL-based transportation system, the acoustic viscous force is used to drive the 

motion of the levitator. As mentioned in subsection 1.1.1, the generation mechanisms of 

the acoustic viscous force are different for the two types of NFAL [85]. In the traveling 

wave-based NFAL, the acoustic viscous force arises from the traveling wave acoustic field 

between the radiator and the suspending object. For example, Hashimoto et al. [68] utilized 

two Langevin transducers to stimulate the traveling wave along a vibrating plate. A small 

thin plate was successfully transported by using this system. Hereafter, based on this system, 

other researchers investigated its transportation performances [51, 146] or extended its 

application range [147, 148]. Li et al. [149] investigated the effect of the grooves engraved 

on the bottom surface of the levitator on transportation performance. They found that the 

direction of the groove length perpendicular to the propagation direction of the rail's 

vibration waves can achieve better levitation and transport performance. These traveling 

wave-based transportation systems [51, 68, 146-149] have the same feature, i.e., they need 

a guide rail to generate a traveling wave vibration. On the contrary, Koyama et al. [11] 

designed a self-running transport platform that generates its own traveling wave vibration. 

This platform not only generates self-suspension but also produces a thrusting force that 

propels forward motion. 

In the standing wave-based NFAL, the acoustic viscous force originates from the gradient 

of the fluid pressure distribution produced by the asymmetrical standing wave acoustic field. 

For example, Hu et al. [66] utilized a wedge-shaped stator to produce a standing wave 

vibration pattern. Due to the uneven distribution of the stator vibration amplitude along its 

length direction, the levitator can be propelled along the horizontal direction. Based on this 

study, Hu et al. [150] proposed a board-shaped stator with triangular grooves to construct 

a transport system to meet the long-distance non-contact transportation requirement. 

However, these two transportation systems [66, 150] only have a single source of vibration, 

which cannot guarantee a uniform moving speed of the levitator. This is because the 

vibration amplitude varies along the length direction of the stator. Wei et al. [151] utilized 

two longitudinal vibration transducers to construct a standing wave-based transportation 

system. The pressure gradient exists in two non-parallel squeeze films generated by these 

two transducers. Similar to Ref. [11], Chen et al. [152] introduced a self-suspending and 

self-moving vibrator based on the standing wave-based NFAL. The coupled resonant 

vibration of this actuator is used to produce an asymmetrical standing wave acoustic field. 

Based on this vibrator, Yang et al. [153] analyzed its levitation and driving performances 
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and proposed a closed-loop system to control its motion trajectory. Aono et al. [154] found 

that if the levitator was inserted between two opposing vibration transducers, the restoring 

force of the system will increase. In this way, this method can be applied to standing wave-

based transportation systems to obtain a high thrusting force. However, the load capacity 

of the system will be weakened since one of the levitation forces is in the same direction as 

gravity. Thus, this system is only appropriate for suspending light objects.  

Another kind of contactless transportation system based on the standing wave-based NFAL 

is proposed by Hashimoto et al. [155]. They added a conventional pulse motor actuator to 

move the entire suspension system. This system cannot be called a standing wave-based 

transportation system because the driving force is not produced by the squeeze film. The 

above-mentioned transportation systems [11, 51, 66, 68, 146-152, 155] are only available 

for objects with planar surfaces, whereas some components in the industry have cylindrical 

surfaces [156, 157]. 
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1.2 Contribution of this work 

The main application fields of the NFAL are positioning systems, squeeze film bearings, 

and contactless transportation systems. The contribution of this work is to present the 

corresponding numerical methods to study the working performance of these applications. 

The following questions are raised based on the scientific state of the art and the author’s 

previous work [10, 27, 118]: 

1. If the floating object is misaligned with the radiator, how can the pressure 

distribution representing the airflow in the squeeze film be determined? 

2. How to obtain the dynamic coefficients of the squeeze film journal bearings used to 

study its dynamic characteristic? 

3. How to transport the precision component with the cylindrical surfaces using the 

NFAL? 

These three questions are answered by the three publications appended to this dissertation, 

respectively. In Publication A, the generation mechanism of the instability phenomenon for 

the positioning system is revealed. Publication B discussed the static and dynamic 

characteristics of the SFBs. In Publication C, the NFAL-based non-contact transportation 

system for the cylindrical objects is presented. 

 

Publication A 

If the centers of the reflector and the radiator are not concentric, the area of the radiator is 

divided into an overlapping area and a remaining area. The remaining area is also referred 

to as the no-squeeze domain because there is no squeeze effect. Since the film thickness in 

the no-squeeze domain is infinite, this domain can be considered as grooved to guarantee 

that the film thickness can be expressed in the whole solution domain. The pressure 

distribution is acquired by solving the Reynolds equation in a cylindrical coordinate system. 

The shear stress acting on the bottom surface of the reflector originates from the 

asymmetrical fluid pressure profile, which is integrated as a restoring force. Moreover, an 

experimental setup is built for the measurement of the restoring force. The numerical results 

of the restoring force match well with the experimental results at various eccentricities.  

 

Publication B 

For a squeeze film bearing which consists of three Langevin ultrasonic transducers, an 

analytical model is proposed. Each Langevin transducer is simplified to a pad with the same 

vibration characteristics in this model. The pressure distribution is expressed by the steady-

state dimensionless Reynolds equation that takes into account both the squeeze and 

aerodynamic effects. Therefore, the bearing forces are calculated by the integration of the 
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pressure over the whole bearing inner surface. The Newton-Raphson iteration method is 

applied to determine the attitude angle in steady conditions. Based on the calculated static 

performance, the film pressure and thickness are modified by using the infinitesimal 

perturbation method. Combining the static results with the dynamic Reynolds equation that 

takes into account the perturbation motion of the rotor, the eight dynamic coefficients are 

obtained. The proposed calculation methods are verified by comparing the numerical 

results with experimental data. 

 

Publication C 

Based on the research results of Publication A, it is known that an asymmetrical pressure 

distribution will be produced due to the existence of the groove. Based on the air lubrication 

theory, a thrusting force is generated from the asymmetrical pressure field. In Publication 

B, the levitation force is produced from the squeeze air film between the rotor and the 

Langevin transducer. Therefore, both the thrusting force and the levitation force will be 

generated by engraving a groove on the cylindrical concave of the Langevin transducer. In 

this way, a contactless transportation system using the NFAL can be designed to transport 

cylindrical objects. In order to meet the long-distance transportation and transporting heavy 

object requirements, multiple modified Langevin transducers are utilized in this 

transportation system. 
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2 Governing Equations 

This section is dedicated to the presentation of the governing equations used in the three 

application fields, namely positioning systems, SFBs, and contactless transportation 

systems. At first, the Reynolds equation describing the pressure distribution of the squeeze 

film is presented. The boundary conditions have a great effect on the accuracy of the 

calculation results of the Reynolds equation. In addition, the film thickness is a key 

parameter to solve the Reynolds equation. Therefore, the boundary conditions and 

expression of the film thickness are subsequently discussed. Notably, the Reynolds 

equation, boundary conditions, and film thickness are discussed separately in the different 

application fields. Moreover, the main parameters of each analytical model and its 

operating conditions are also given.  

 

2.1 Positioning system 

In the case that the reflector is eccentric relative to the radiator, the analytical model of the 

NFAL in the cylindrical coordinate system is presented in Figure 1. The radiuses of the 

radiator and the reflector are the same and are defined as L. The centers of the radiator and 

the reflector are represented by O  and 1O , respectively. The component of the distance 

between O  and 1O  in the r-direction is defined as eccentricity e. When the center of the 

reflector coincides with the center of the radiator, the reflector is stable in the r-direction 

[27]. Otherwise, the reflector will exhibit a damped oscillation until it achieves a balance 

position. However, if the eccentricity is too large, the reflector will fall directly. Notably, 

this model neglects the effect of the inclination of the reflector since the eccentricity is 

small [85, 90]. 

 

Figure 1: Misaligned squeeze film model in the cylindrical coordinate, see Publication A. 

 

2.1.1 Reynolds equation 

The Reynolds equation is based on the Navier-Stokes equations and the continuity equation 
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[94], which was formulated by Osborne Reynolds [158]. Several assumptions are adopted 

here to simplify the Navier-Stokes momentum equations, as  

a. The fluid is air in this work, which is compressible; 

b. The air is a Newtonian fluid, and the airflow is treated as laminar flow; 

c. This work neglects the pressure gradient in the direction of the film thickness [51]; 

d. The squeeze film is considered to be isothermal because of the small film thickness 

[159]; 

e. This work neglects the air inertia force and body force [59]; 

f. No relative slip at the interface, which means the fluid velocity on the surface is the 

same as the surface velocity [160]. 

Notably, assumption (c) is reasonable when the film thickness (most of the cases in the 

level of microns) is much smaller than the film width and length (typically in the level of 

millimeters). However, if the film thickness is in the same order of magnitude as the film 

width or length, the pressure gradient in the direction of the film thickness cannot be 

neglected [161]. Additionally, the expression of the Reynolds equation is varied for 

different application fields, where the details will be introduced in the corresponding 

analytical models. 

Based on the above-mentioned assumptions (a-e), the Navier-Stokes momentum equations 

in the θ- and r-directions are simplified as [162] 

 
2
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v p v

t r z

  


   
= − + 

   
,  (2.1) 
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where v  and rv  are the airflow velocity in the θ- and r-directions, respectively. The air 

pressure and air density in the squeeze film are p  and  , respectively. The dynamic air 

viscosity is expressed by 
a  . Referring to assumption (f) and Refs. [51, 163], the 

corresponding velocity expressions in the θ- and r-directions are represented as 
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in which   and u  are relative rotation in radian and relative horizontal displacement of the 

reflector, respectively. The film thickness is ( )h h r, ,t=  . Integration of the continuity 

equation over the whole film thickness yields [94] 
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in which zv   is the airflow velocity in the z-direction. According to above-mentioned 

assumption (c), zv equals zero. Substituting the airflow velocities expressed by equations 

(2.3) and (2.4) into equation (2.5), a dimensionless Reynolds equation in the cylindrical 

coordinate can be stated as 
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here, 2 2

012 a aL h/ p  =  , 2 2

1 06 a aΛ L / p h=   and 2

2 2a aΛ L / p= −  . The squeeze 

number is known as   , which represents the squeeze film pressure produced by the 

periodic vibration of the radiator. The mean film thickness and the dimensionless relative 

horizontal displacement are 0h   and U  , respectively. The normalized parameters are 

expressed as 

R r / L= , aP p / p= , 
0H h / h= ,  T t=  , U u / L= , and 

1 aA / = , 

where 
ap  and 

a  are surrounding air pressure and air density, respectively. The frequency 

and angular frequency of the vibration are expressed by f and 2 f = , respectively. 

 

2.1.2 Boundary conditions and film thickness 

Boundary conditions are essential to solve the non-linear Reynolds equation. For the NFAL, 

the squeeze film has not yet been generated at the initial moment. Thus, the film pressure 

equals the surrounding air pressure, and the film thickness is zero, as follows 

 0 01 0T TP | , H |= == = .  (2.7) 

The film pressure and thickness are periodic functions in the time domain when the squeeze 

system achieves a steady state, which means [134, 164] 

 T T+2 T T+2P | P | , H | H | = = .  (2.8) 

Apart from the above-mentioned initial boundary conditions (equation (2.7)) and periodic 

boundary conditions (equation (2.8)), there are also contact boundary conditions. The 

pressure on the boundary of the squeeze film is equal to the environmental pressure because 

of the continuity of the pressure at the interface with the surrounding air. 

The schematic diagram of the positioning system is shown in Figure 2. The pressure on the 

boundary r  equals the ambient air pressure, which means 
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1 1

rΓ ( R )P | = = .  (2.9) 

In addition, the pressure gradient at the center O is zero, which represents 

 0 0
P

( R ,T )
R


= =


.  (2.10) 

 

Figure 2: Schematic diagram of the boundary conditions for the positioning system, see 

Publication A. 

 

In the piston-like model of the NFAL [21], the film thickness only considers the levitation 

height of the floating object. This is because the vibrating plate has great rigidity in the 

longitudinal direction. Therefore, its deformation is assumed to be uniform. In most cases, 

especially for thin plates, the deformation of the vibrating plate has the same order of 

magnitude as the film thickness. Therefore, the vibration amplitude distribution of the plate 

should be taken into account in the expression of the film thickness [49].  

 

Figure 3: The imaginary reflector with groove, see Publication A. 
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In Figure 2, the solution domain 
Ra  is equivalent to the area of the radiator. The area of 

the reflector is represented by Re . The overlapping area s

Ra ( Re

s

Ra Ra=    ) is stated 

as the squeeze domain. The remaining area of the radiator is stated as the no-squeeze 

domain n

Ra . In order to guarantee that the height of the squeeze film can be expressed in 

the solution domain, the no-squeeze domain n

Ra  is assumed to be grooved, as shown in 

Figure 3. The depth of the groove is denoted as gh . Thus, the dimensionless thickness of 

the squeeze film is written as 
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,  (2.11) 

where ( )V r   and 0   represent the normalized mode shape and the maximum vibration 

amplitude of the radiator, respectively, as shown in Figure 1. In order to acquire the pressure 

distribution, the main parameters of the positioning system and its operating conditions are 

listed in Table 1. 

 

Parameter Value Unit 

Radius L 60  mm 

Excitation frequency f 19  kHz 

Weight of the reflector plate 0.9244  N 

Vibration amplitudes 0  16.9  μm 

Air temperature 20  °C 

Air density 
a  1.204  kg/m3 

Air dynamic viscosity 
a  1.81×10-5  Pa·s 

Ambient air pressure 
ap  1.013×105  Pa 

Air kinematic viscosity av  1.51×10-5  m2/s 

Table 1: Main parameters of the positioning system and its operating conditions. 

 

2.2 Squeeze film bearing 

The schematic diagram of the SFB proposed by Zhao et al. [126, 127] is shown in Figure 

4. Three Langevin ultrasonic transducers compose this bearing. The bearing inner face 

includes three concave radiation surfaces. When an alternating voltage of the frequency f 

is applied, four piezoelectric plates vibrate at the same frequency along the thickness 
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direction. Due to the squeeze effect, the squeeze film is generated between the outer surface 

of the rotor and the concave surfaces of the bearing. As a result, the levitation force 

originating from the squeeze film is produced to keep the rotor suspended. 

 

Figure 4: Schematic diagram of the SFB [127]. 

 

 

Figure 5: Simplified analysis model of the bearing and coordinate systems, see 

Publication B. 

 

In order to analyze the running characteristics of this SFB, the analytical model of the 

bearing shown in Figure 5 is presented. Each Langevin ultrasonic transducer is simplified 

to a pad with the same vibration behavior. Two assumptions are adopted in this analytical 

model: (Ⅰ) due to the high tilting and radial stiffnesses of the Langevin transducer, the 
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squeeze film pressure does not influence the movement of the pad; (Ⅱ) each pad has a 

uniform radial vibration amplitude distribution over the entire pad area. The center points 

of the bearing and the rotor are 
bO  and 

rO , respectively. The bearing inner radius and the 

outer radius of the rotor are defined as 
bR  and rR , respectively. The nominal clearance of 

the bearing is expressed as 
b rc R R= − . The width of the bearing is bL . The eccentricity 

displacement be  is the distance between 
bO  and 

rO , which has two components bye  and 

bxe  in the y- and x-directions, respectively. The attitude angle 0  is defined by the angle 

between the direction of static external load and the connection line between the bearing 

and rotor centers. The static external load W may come from the magnetic force or the 

weight of the rotor, etc. The rotor is treated as perfectly balanced and rigid. 

 

2.2.1 Reynolds equation 

Based on the assumptions (a-e) as shown in subsection 2.1.1, taking into account both the 

squeeze and aerodynamic effects, the expression of the steady-state dimensionless 

Reynolds equation is written as [134, 135] 
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where 
bZ z / R=   is the normalized position in the z-direction. The normalized film 

thickness is H h / c=  . The normalized time T and film pressure P are mentioned in 

subsection 2.1.1. The rotation speed of the rotor is denoted as n. The bearing number 
b  

represents the aerodynamic pressure produced by the rotor rotating at an angular velocity 

2 60n n / =  , which is given by 
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The squeeze number 
b  is given by 
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2.2.2 Boundary conditions and film thickness 

In Figure 5, the contact boundary conditions are defined by 

 ( )0 1bP ,z & L = = , ( )
( )1 2 3

2 1im ia | i , ,
P / ,z 

=
 = ,  (2.15) 

where im  and 
ia  represent the middle angle and arc length of the ith pad, respectively. 

The initial and periodic boundary conditions are described by equations (2.7) and (2.8), 



2.3 Contactless transportation system 

19 
 

respectively. 

In Figure 5, the film thickness between the bearing inner face and the rotor outer face is 

determined by three components: eccentricity be , the nominal clearance c , and the radial 

displacement due to the vibration of the bearing. Consequently, the dimensionless thickness 

of the squeeze film is represented by 

 
( ) ( ) ( ) ( )sin cos sin

1
by bx i ie e V ,z T

H
c

    +  +  
= + ,  (2.16) 

where ( )iV ,z   and i   are the normalized mode shape and the maximum vibration 

amplitude for the ith pad. According to the assumption (Ⅱ) mentioned in subsection 2.2.1 

that the entire pad area has a uniform radial amplitude, the normalized mode shape ( )iV ,z  

in this work is therefore equal to 1. The basic parameters of the SFB are listed in Table 2. 

The air material properties are shown in Table 1.  

 

Parameters Value Unit 

Rotor radius rR  24.97 mm 

Bearing bore radius 
bR  25 mm 

Bearing nominal clearance c 30 μm 

Bearing width bL  25 mm 

Pad number i 1,2,3 

Pad arc length 
ia  100°; 100°; 100° 

Pad middle angle im  60°; 180°; 300° 

Pad vibration amplitudes ( )1 2 3i i , , =   15  μm 

Excitation frequency f 20 kHz 

Static external load W  40 N 

Table 2: The basic parameters of the SFB. 

 

2.3 Contactless transportation system 

For a smooth concave surface as shown in Figure 4, there is a symmetric pressure 

distribution between the rotor and the pad in the axial direction. However, the symmetry of 

the film pressure distribution is destroyed by the introduction of a groove on the radiator, 

as shown in Figure 6. The groove width, groove depth, and groove arc length are 

represented by 
gl  , 

gth  , and 
g  , respectively. Based on the air lubrication theory, the 

thrusting force tF  is generated by the asymmetrical pressure distribution. Therefore, this 
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structure not only produces the levitation force lF , but also produces a thrusting force that 

drives the horizontal movement of the levitator.  

By using multiple Langevin transducers as shown in Figure 6, a contactless transportation 

system based on the NFAL for cylindrical objects is presented in Figure 7. This 

transportation system has two distinct benefits. The first is the increment of the load-

carrying capacity. The second is to satisfy the requirement for long-distance transportation. 

 

Figure 6: Schematic diagram of the engraved groove on the radiator, see Publication C.  

 

 

Figure 7: Schematic configuration of the contactless transportation system, see 

Publication C. 

 

The analytical model for one radiator is shown in Figure 8. The center points of the radiator 

and the rotor are tO  and lO , respectively. The radiator inner radius and the levitator outer 

radius are defined as tR   and lR  , respectively. The nominal clearance of the system is 

expressed as 
t t lc R R= −  . The width of the radiator is tL  . Since the squeeze film is 

symmetrical in the θ-direction and there is no other force to drive the levitator rotation, the 

levitator will not rotate. Therefore, the aerodynamic effect is ignored, and only the squeeze 
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effect works in the squeeze film. Hence, center points tO  and lO  are situated on the x-axis. 

The distance between tO  and lO  is called the eccentricity 
te . As shown in Figure 7, the 

levitator is simultaneously supported by several radiators. Therefore, the inclination of the 

levitator is ignored. The levitator displacement in the transportation direction relative to its 

initial position is defined as tu  . In addition, the levitator is supposed to be perfectly 

balanced and a rigid body. 

 

Figure 8: Analytical model for one radiator and corresponding coordinate systems, see 

Publication C. 

 

2.3.1 Reynolds equation 

Based on the research of subsections 2.1.1 and 2.2.1, the expression for the dimensionless 

Reynolds equation taking into account the motion of the levitator in the transportation 

direction is expressed as 
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The coefficients 26t a t t a tu R / p c =  and 2t a t t au R / p =  represent the influence of the 

speed of the levitator movement tu   and its acceleration tu   on the pressure value. The 

squeeze number is  
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The normalized film thickness and width position are tH h / c=   and tZ z / R=  , 

respectively. The normalized film pressure P and time T are described in subsection 2.1.1.  
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2.3.2 Boundary conditions and film thickness 

As shown in Figure 8, the contact boundary conditions are 

 ( )2 1tP ,z L / =  = , ( )2 2 1aP / / ,z  =  = , (2.19) 

in which a   is the radiator arc length. The initial and periodic boundary conditions are 

expressed by equations (2.7) and (2.8), respectively. 

In Figure 8, the radial vibration amplitude of the radiator is assumed to be uniform [165]. 

Therefore, the normalized mode shape ( )tV ,z  equals 1. Referring to Figures 6 and 8, the 

groove domain includes the right ( 2 2g/ /  = + ), the left ( 2 2g/ /  = − ), the front 

( 2tz L /= − ), and the rear ( 2 gz L / l= − + ) boundaries. Therefore, the dimensionless film 

thickness is stated as 
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,  (2.20) 

where t  represents the maximum vibration amplitude of the radiator. The basic design 

parameters of the radiator are listed in Table 3. The air material properties are described in 

Table 1.  

 

Parameter Value Unit 

Levitator outer radius lR  9.96  mm 

Radiator concave radius tR  10 mm mm 

Nominal clearance 
tc  40  μm 

Radiator width tL  20  mm 

Radiator arc length a  120 ° 

Groove depth gth  1  mm 

Groove width gl  3  mm 

Groove arc length g  80 ° 

Vibration frequency f 20 kHz 

Weight of the levitator 
tW  0.5  N 

Vibration amplitude t  9  μm 

Table 3: The basic design parameters of the radiator. 
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3 Applied Methods 

This section describes the methods used in this work. By using numerical methods to solve 

the non-linear Reynolds equation, the pressure distribution in the squeeze film is obtained. 

Next, the squeeze film forces are computed by the integration of the pressure or the pressure 

gradient. In addition, the solution method for the dynamic coefficients of the squeeze film 

bearing and the experimental measurement method of the restoring force are presented, 

respectively. 

 

3.1 Numerical methods 

Since the Reynolds equation is a second-order non-linear differential equation, it is usually 

solved by numerical methods. The utilized numerical methods in this work are introduced 

in the following subsections. 

 

3.1.1 Finite difference method 

In fluid lubrication calculations, the finite difference method (FDM) is frequently applied 

to solve the Reynolds equation [160]. In order to solve equation (2.12), a two-dimensional 

mesh grid is adopted for the FDM, as shown in Figure 9. The pressure gradient of a node 

can be expressed by the pressure of the adjacent four nodes, namely 
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Figure 9: The detailed two-dimensional mesh grid for the FDM [160]. 
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By substituting equation (3.1) into equation (2.12), a non-linear difference equation that 

represents the relationship between the film thickness and the pressure over time can be 

expressed as [32] 

 ( ), 1, , 1, , 1 , 1, , , 0,, ,i j i j i j i j i j i jf P P P HP TP− + − + = .  (3.2) 

 

3.1.2 Eight-point discrete method 

Owing to the existence of the groove, as shown in Figure 8, the film thickness is 

discontinuous at the boundaries of the groove domain. Consequently, the partial 

differentials ( )
i , j

H /   and ( )
i , j

H / Z   in equation (2.17) are unsolvable. In this case, 

the above-mentioned FDM is not a suitable solution method. Hence, the eight-point discrete 

method (EDM) is applied here to handle the problem of the discontinuous film thickness 

[34]. The detailed two-dimensional mesh grid for the EDM is illustrated in Figure 10. The 

node i , jG  is surrounded by the area ijΩ , which is surrounded by the four blue dashed lines 

ij 1-4Γ ， . The adjacent eight points 1 8ij ,N −  are averagely positioned on the four dashed lines 

ij 1-4Γ ， .  

 

Figure 10: The detailed two-dimensional mesh grid for the EDM, see Publication C. 

 

By integrating equation (2.17) over area ijΩ , the dimensionless rate of fluid flow passing 

through ijΩ  is expressed as 
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By using Green's theorem, the surface integration of the left-hand side and the second term 

on the right-hand side of equation (3.3) are equal to an enclosed line integration, as follows 
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The direction of line integration is counterclockwise, i.e., from 1ij ,Γ  to ij 4Γ ， . For the first 

term on the left-hand side of equation (3.4), since the projections of 2ij ,Γ  and 4ij ,Γ  on the θ-

axis equal zero, the line integrations along 2ij ,Γ  and 4ij ,Γ   equal zero as well. Therefore, 

equation (3.4) is simplified to 

 
,1 ,3

3 3 3

ij ij ij

P P P
PH d PH d PH d

Z Z Z
  

  

       
− = − −     

       
   .  (3.5) 

The mean film thickness of two points located on the same dashed line is used to replace 

the corresponding line film thickness [34], such as 

 ( ) ( )3 3 3

1 1 4 1 2 1 4 1 2 2ij , i / , j / i / , j /H Γ H H /− + + += + .  (3.6) 

Subsequently, the trapezoidal rule and the central difference method are used to expand 

equation (3.5), which can be expressed as 
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.  (3.7) 

All the terms in equation (3.4) can be decomposed in the same format as equation (3.7). 

Thus, the non-linear Reynolds equation (2.17) can be substituted by equation (3.2).  

The details of using the EDM to solve the Reynolds equation for the positioning system are 

described in Ref. [27].  

 

3.1.3 Newton-Raphson method 

The Newton–Raphson method is used to linearize the aforementioned difference equation 
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(3.2) [166-168], which is expressed as 
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.  (3.8) 

After solving equation (3.8), the pressure profile in the squeeze film is acquired. Therefore, 

the squeeze film forces originating from the pressure field are computed in the next section 

3.2. 

 

3.2 Squeeze film forces 

Generally, the NFAL generates two types of squeeze film forces. The first is the levitation 

force due to the difference between the mean film pressure and the environmental pressure. 

The second is the shear stress due to the pressure gradient. The forces obtained by 

integrating the shear stresses are called the restoring force and the thrusting force in the 

positioning system and the contactless transportation system, respectively.  

 

3.2.1 Restoring force 

As shown in Figure 2, the pressure distribution of the positioning system is calculated in 

the cylindrical coordinate system with origin O  (denoted by O r z− ). Subsequently, the 

shear stresses obtained in the system O-r z  are decomposed into the system 
1 1 1O r z− , as 

shown in Figure 11. Therefore, the mean restoring forces in the x-direction rxF  and in the 

y-direction ryF  are calculated by averaging the restoring force in one period, which are 

expressed by 
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The total restoring force 
2 2

r rx ryF F F= +  is computed with the two components rxF  and 

ryF . The angle 1  is expressed by 

 ( )  1 1 0 2arcsin e sin / r , ,     = −  −    .  (3.10) 

And the distance 1r  between N and 1O  is written as 

 ( )  2 2 0 21r r e 2recos , ,   = + − −  .  (3.11) 
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For a Newtonian fluid, according to assumption (c), the shear stresses in the cylindrical 

coordinate is defined by [169] 

 ( )j jz
zj a a

v vv
j r,

j z z
   

  
= +  = 

   
.  (3.12) 

Substituting equations (2.3) and (2.4) into equation (3.12) yields the expression of the shear 

stresses z  and 
zr , which are stated as 
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It is observed that the restoring force is mainly influenced by the pressure gradient, the film 

thickness, and the reflector motion in the horizontal and circumferential directions. The 

mean levitation force zF  is determined by integrating the pressure in the whole area of the 

radiator surface in one period, which is written as  

 
2 2

0 0 02

L

z a

1
F ( p p ) rdrd dT

 




= −    .  (3.15) 

 

Figure 11: Geometric diagram for the resolution and composition of shear stresses, see 

Publication A. 

 

3.2.2 Bearing forces 

The bearing forces are the integral of the film pressure in the inner surface of the bearing 

[139]. As shown in Figure 5, the pressure distribution is calculated in a cylindrical 

coordinate system. Therefore, the mean bearing forces of the SFB in the Cartesian 

coordinate system are expressed by 
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2 2

b bx byF F F= + , (3.18) 

where  byF   and bxF   are the components of the mean bearing force bF   in the y- and x- 

directions, respectively. 

 

3.2.3 Thrusting force 

In the analytical model of one radiator shown in Figure 8, based on the research of 

subsections 3.2.1 and 3.2.2, the mean thrusting force tF   and the mean levitation force lF  

are expressed as 
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In the steady-state squeeze film, the value of the mean thrusting force tF  is equal to the 

value of the levitator weight 
tW . In addition, it is observed that the mean thrusting force 

tF   has a close relationship with the film thickness h  , the pressure gradient p / z   , 

movement speed tu  and acceleration tu  of the levitator.  

 

3.3 Bearing attitude angle and dynamic coefficients 

For the SFB model shown in Figure 5, in the steady condition, the mean vertical bearing 

force bxF  counterbalances the static external load W, and the mean horizontal bearing force 

byF  is equal to zero, which are expressed by 

 ( ) ( )00 arctan 0 arctanbx by by bx by bxF W , F , F / F , e / e= = = = .  (3.20) 

An error factor is given by 

 ( )0 arctank

by bxd F / F = ,  (3.21) 

where k denotes the iteration numbers. Furthermore, the Newton-Raphson iteration method 

is adopted to update the attitude angle [170], which is described as  
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A flowchart of the static performance calculation program is shown in Figure 12. When the 

error 0

kd  is less than or equal to the convergence threshold 
0 , the calculation ends and 

0

k  is regarded as the attitude angle 0 . In this work, 0  is set to 31 7 10. −  rad. In the 

case where the value of the mean bearing force is not equal to the value of the external and 

the deviation is up to 0.1 N, a correction factor e  is applied to modify the eccentricity. 

The correction factor is given in this work as 0.001c.  

 

Figure 12: Flowchart of the static performance calculation, see Publication B. 

 

After the static performance of the SFB is determined, the next step is to calculate its 

dynamic performance. Several different methods such as the Finite Volume Method (FVM) 

[171], the finite perturbation method [172], and the infinitesimal perturbation method [139] 

can be used to calculate the bearing stiffness and damping coefficients. Many studies have 

employed the infinitesimal perturbation method as the calculation method [173-176]. This 

method supposes that the infinitesimal displacement perturbations ( x , y ) and velocity 

perturbations ( x , y ) are applied to the rotor in the balance position. Thus, the modified 

normalized film pressure P  and thickness H  are expressed as [177] 

 0 0 x y x yP P P P P X P Y P X P Y= +  = +  +  +  +  ,  (3.23) 

 ( ) ( )0 0 cos sinH H H H X Y = +  = +  +  ,  (3.24) 

where 0P   and 0H   represents the normalized film pressure and thickness in the balance 

position, respectively. The static calculation process shown in Figure 12 is used to obtain 

0P   and 0H  . The normalized perturbation variables are defined as X x / c =  ,

Y y / c =  , X x / c =  , and Y y / c =  . The normalized perturbation pressures xP  , 

yP  , xP   and yP   originate from the perturbation variables x  , y  , x   and y  , 

respectively. In the infinitesimal perturbation method, the rotor orbits at a whirl angular 
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velocity   relative to the balance position. The dimensionless dynamic Reynolds equation 

taking into account the perturbation motion of the rotor is expressed as 

 
( ) ( )3 3 2b b

PH PHP P
PH PH

Z Z t
  

  

       
+ = +           

,  (3.25) 

in which t t=   is the dimensionless time. In this work, it is assumed that the whirl 

frequency and the rotation frequency have the same value, which represents the ratio  

/  =   equals 1. The normalized film pressure 0P    and thickness 0H   are periodic 

functions of frequency f  over time. Since the bearing excitation frequency f (greater than 

20 kHz) is significantly higher than the whirl frequency (1 kHz equals 60 krpm), the change 

rates of the film pressure and thickness with the dimensionless time t  are approximately 

zero, which means 0 0P / t    and 0 0H / t   . However, if f  and the whirl frequency 

have the same order of magnitude, this approximation is not reasonable. 

Substituting equations (3.23) and (3.24) into equation (3.25), and then collecting the terms 

with the same coefficients gives a group of differential equations as 
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The boundary conditions are stated as 

 0 at 0x y x y bP P P P z & L= = = = = ,  (3.30) 

 ( )0 at 2 1 2 3x y x y im iaP P P P / i , ,  = = = = =  = .  (3.31) 

The dimensionless perturbation pressures xP   and xP   are obtained by solving equations 

(3.26) and (3.27) simultaneously. Similarly, equations (3.28) and (3.29) are used to obtain 

yP  and yP . It is noted that the dimensionless perturbation pressures are periodic functions 

of time. Therefore, the mean stiffness and damping coefficients of the bearing in one period 
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are calculated by 
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3.4 Experimental measurement system of restoring force 

The restoring force is usually in the order of milli-Newton (mN) therefore several methods 

exist to measure the small force [85]. For example, References [178-180] use a 

measurement system that mainly consists of voice coil motors (VCM), optical displacement 

sensors, and a proportional–integral–derivative (PID) controller to measure the restoring 

force. This measurement system has the advantage of excellent precision and repetitiveness. 

Nevertheless, it is also pretty complex.  

 

Figure 13: Schematic diagram of experimental measurement system, see Publication A. 

 

Another measurement system utilizes a universal tilting indexing disc to approximately 

measure the restoring force [11, 66], which has the benefit of being easy to implement. An 

example of such a test setup is shown in Figure 13. It mainly contains a universal tilting 

indexing disc, a signal generator, a transducer, a pedestal, and the corresponding control 

unit. In addition, a camera is mounted for observing the misalignment performance of the 
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reflector plate.  

The transducer is fixed on the pedestal, which is mounted on the tilting indexing disc. This 

disc can be inclined to a specific angle   by regulating the control unit. Thus, when the 

reflector is suspended, the eccentricity e is regulated until the weight component mg sin  

and the restoring force rF   are balanced with each other. In this way, the relationship 

between the restoring force and the eccentricity is obtained. The reflector is made of 

AL2024. The resolution of the disc determines the accuracy of the measured restoring force. 

In this work, the minimum tilting angle   is 20' , which represents the minimum measured 

restoring force is 5.378 mN.  

 



33 
 

4 Summary of Appended Publications 

The relevant publications of this dissertation are briefly summarized in this section. In 

addition, the individual contribution of the candidate to the three publications is indicated. 

 

4.1 Publication A 

Stabilizing Near-Field Acoustic Levitation: Investigation of Non-Linear Restoring Force 

Generated by Asymmetric Gas Squeeze Film 

In the introduction of this publication, the advantages, applications, and research methods 

of the NFAL are discussed. Subsequently, the generation mechanism of the restoring force 

is presented. In the standing wave-based NFAL, the restoring force is produced by the 

gradient of the film pressure in the fluid domain. In addition, the related research about the 

stability of the levitator is reviewed. However, the above-mentioned methods [16, 85, 90] 

in subsection 1.1.1 cannot obtain the pressure distribution representing the airflow. 

Therefore, this publication addresses the problems of computing the actual pressure profile 

in the squeeze film and predicting the restoring force.  

An air lubrication theory-based approach for calculating the restoring force of the levitator 

is proposed in this publication. Firstly, due to the misalignment of the levitator, the squeeze 

film thickness is discontinuous in the solving domain, which is handled by introducing an 

imaginary grooved levitator. Secondly, by using the EDM and the Newton-Raphson 

method, the pressure distribution is computed by solving the combination of the dynamic 

equation of the levitator and the Reynolds equation. Finally, the restoring force that arises 

from the pressure gradient is obtained. Furthermore, a specifically constructed testing 

device is built to measure the restoring force. 

The calculated pressure distribution illustrates that four variables will influence the 

distribution of the restoring force, namely the eccentricity and the weight of the levitator as 

well as the mode and vibration amplitude of the radiator. The proposed numerical 

calculation method is verified by comparing the numerical results with the experimental 

data. The research results point out that the restoring force is increased with the increment 

of the vibration amplitude, eccentricity, and weight of the reflector. In addition, the 

restoring force in the first-order longitudinal vibration mode of the radiator is higher than 

for the second- and third-order modes. This paper contributes to providing guidance for the 

design of an NFAL-based stable positioning system in industrial applications. 

Individual contributions of the candidate: This paper was published in the international 

peer-reviewed journal The Journal of the Acoustical Society of America. My contribution 

to this work was to propose an analysis model and code writing. I have performed 

numerical calculations, analyzed the results, and written the original draft of the manuscript. 
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4.2 Publication B 

Theoretical Analysis on the Static and Dynamic Performances of a Squeeze Film Air 

Journal Bearing with Three Separate Pads Structure 

This publication starts with the design concept of the SFB and points out its advantages, 

such as oil-free and low wear. The research development about the structure and the 

dynamic characteristics of the SFB is then reviewed. One distinct drawback of most SFBs 

[116-123] is the low load-carrying capacity. Zhao et al. [126, 127] proposed an SFB with 

three Langevin transducers which can significantly enhance its load-carrying capacity. 

However, the static and dynamic performance of this kind of SFB has not yet been 

investigated. Yet, this is fundamental for the design and application of the SFB. Therefore, 

the theoretical prediction of the static and dynamic performance of the three-pad SFB is 

presented in this publication.  

A simplified theoretical model is proposed based on the SFB that consists of three separate 

Langevin transducers. The pressure distribution of the lubrication film between the bearing 

inner surface and the rotor outer surface is obtained by solving the steady Reynolds 

equation. The bearing forces are acquired by the integration of the film pressure in the inner 

surface of the bearing. The Newton-Raphson iteration method is applied to calculate the 

attitude angle and the eccentricity ratio of the rotor at the balance position. Next, the film 

pressure and thickness are modified by considering the perturbation variables. By 

substituting them into the dynamic Reynolds equation, a group of differential equations is 

derived. The eight dynamic coefficients are computed by solving this group of differential 

equations. 

The comparison of the dimensionless pressure profile between the rotating rotor and the 

rotor at rest indicates that the squeeze effect is the major cause of high pressure. Further, 

the comparison between the predicted and published experimental data [127] validates the 

accuracy of the proposed calculation method. The static performance of the bearing is 

enhanced by increasing the vibration amplitude or decreasing the nominal clearance. The 

dynamic performance results indicate that higher synchronous direct dynamic coefficients 

are acquired for higher vibration amplitudes or lower rotation speeds. Through this study, 

it is helpful to determine the design and running parameters of squeeze film bearings under 

different working conditions. 

Individual contributions of the candidate: This paper was published in the international 

peer-reviewed journal International Journal of Mechanical Sciences. My contribution to 

this work was to propose the analytical model and code writing. I have performed numerical 

calculations, analyzed the results, and written the original draft of the manuscript. 
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4.3 Publication C 

Theoretical Analysis of a Contactless Transportation System for Cylindrical Objects 

Based on Ultrasonic Levitation 

In the introduction of this publication, brief information on the mechanism of the NFAL is 

given. It is pointed out that two approaches are usually utilized to produce an acoustic 

viscous force, which corresponds to two types of NFAL, i.e., the traveling wave-based 

NFAL and the standing wave-based NFAL. The transportation systems based on these two 

types of NFAL are reviewed. However, the above-mentioned NFAL-based transportation 

systems [11, 51, 66, 68, 146-152, 155] in subsection 1.1.3 can only be used to transport the 

object with planar surfaces, whereas some components in the industry have cylindrical 

surfaces. 

In this publication, the non-contact transportation of cylindrical objects is achieved by 

means of engraving one groove on the concave surface of the Langevin transducer. In this 

condition, the groove will break the symmetric pressure field between the levitator and the 

radiator. Based on the air lubrication theory, the asymmetric pressure distribution produces 

the levitation force and the thrusting force simultaneously. By using several grooved 

radiators, a transportation system is proposed to suspend and transport cylindrical objects. 

The film pressure profile is calculated by solving the non-linear Reynolds equation that 

takes into account the levitator motion in the horizontal direction. The EDM is used to deal 

with the problem of discontinuous film thickness caused by the groove. Therefore, the 

thrusting force and the levitation force are determined by the integral of the pressure 

gradient and the pressure over the solving domain, respectively. 

The proposed numerical method is verified by comparing the calculated and published 

experimental results [165] of the levitation force in the same running conditions. The 

numerical results show that the thrusting force increases with increasing the radiator 

vibration amplitude, the levitator weight, or the groove width. The thrusting force maintains 

a stable value after the groove depth increases to a critical value. This critical value is 0.9 

mm in this work. Moreover, the maximal thrusting force is obtained when the arc length of 

the groove equals the optimal value (40° in this work). This publication provides useful 

guidance for designing an available non-contact transportation system for cylindrical 

objects in industrial applications. 

Individual contributions of the candidate: This paper was published in the international 

peer-reviewed journal The Journal of the Acoustical Society of America. My contribution 

to this work was to propose the transportation model and code writing. I have performed 

numerical calculations, analyzed the results, and written the first draft of the publication. 
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5 Discussion of Results 

The NFAL technology opens up multiple application prospects in the fields of electronics 

manufacturing, microelectromechanical systems, and precision machinery technology. At 

present, there are mainly three application fields based on the NFAL, i.e., positioning 

system, SFB, and contactless transportation system. However, some problems are still 

existing in these applications, such as the stability of the floating objects in the positioning 

system, the dynamic performance of the SFB, and the transportation of the cylindrical 

objects, which prevent their industrial application. Therefore, this work is dedicated to 

studying and solving these problems based on analytical models and experimental methods. 

The main research results of these three application fields will be discussed in this section. 

For positioning systems, two types of investigation methods are used to study the stability 

problem of the floating object. The first methodology uses theoretical methods to predict 

the magnitude of the restoring force, e.g., the block-spring model used by Koike et al. [58] 

and the acoustic radiation potential method used by Li et al. [90]. The second one is based 

on the experiments, e.g., Matsuo et al. [16] experimentally studied the effect of different 

cross-sections of the radiator on the stability. However, the visualized pressure profile 

representing the airflow in the squeeze film cannot be obtained by these methods [16, 58, 

90]. For this reason, the air lubrication theory-based method is presented to calculate the 

restoring fore for the floating object in Publication A. Subsequently, the pressure 

distribution in the squeeze film is obtained by solving the Reynolds equation. 

It is shown that the calculated pressure distribution is asymmetric due to the misalignment 

of the reflector. Therefore, the shear stresses are produced in the squeeze film due to the 

pressure gradient. The restoring force is computed by the integration of the shear stress 

over the solving domain. The calculated results pointed out that the restoring force is 

closely related to the eccentricity and the weight of the reflector as well as the mode shape 

and the vibration amplitude of the radiator, which is in accordance with Refs. [16, 85]. The 

calculated results of the restoring force are in good match with the experimental results for 

small eccentricity since the inclination of the reflector is ignored in this model. The 

restoring force exponentially increases as the eccentricity increases with an index less than 

1, which is also found in Ref. [85]. The restoring force has an approximately linear relation 

with respect to the vibration amplitude, which is reported in Ref. [16] by experimental 

observations. This result is probably attributed to the fact that the squeeze effect is 

improved by increasing the vibration amplitude. Moreover, the restoring force increases 

with the increasing the reflector weight. The heavier reflector weight shows that the film 

pressure value is higher, which means that the pressure gradient in the squeeze film is 

greater. Therefore, the value of the restoring force will be greater as well. Since the 

positioning system has a greater load-carrying capacity in the third-order mode than in the 

first- and second-order mode [90], it leads to a lower levitation height and a smaller 

restoring force in the third-order mode. 
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The vibration source in most of the SFBs [116, 118, 119] is the piezoelectric plates, which 

leads to insufficient load-carrying capacity for these bearings. In order to improve this 

situation, Zhao et al. [127] proposed an active SFB which uses three Langevin transducers 

to constitute the construction of the bearing. However, the static and dynamic performances 

of this kind of bearing are not studied. In Publication B, the balance position of the rotor is 

computed by using the combination of the steady-state Reynolds equation and the Newton-

Raphson iteration method. The infinitesimal perturbation method and the dynamic 

Reynolds equation are used to determine the dynamic coefficients of the bearing.  

It is found in Publication B that the squeeze effect plays a major role in generating high 

pressure in the air squeeze film. In addition, the aerodynamic effect will weaken the load-

carrying capacity of the bearing. On the contrary, Feng et al. [135] found that the 

aerodynamic effect mainly affects the change in pressure, and it has a positive influence on 

the bearing force. The possible reason for this contradictory result is that the vibration 

amplitude in this work is much higher than that in Ref. [135]. Furthermore, another kind of 

hybrid gas-lubricated bearing, namely the aerostatic porous bearing, also shows similar 

results [92, 93] as Publication B.  

The proposed static and dynamic calculation methods presented in subsection 3.3 are 

verified by the experimental results published in Ref. [127]. The static numerical results 

show that the eccentricity ratio is increased, and the attitude angle is decreased by 

increasing the external load. This result can be found in other fluid lubrication bearings 

[181] as well. In addition, the eccentricity ratio decreases with the decrement of the nominal 

clearance since the squeeze effect will be improved by decreasing the clearance [119]. 

Since increasing the vibration amplitude means improving the levitation effect [27], the 

eccentricity ratio is decreased by increasing the vibration amplitude, which is also reported 

by experimental studies on SFBs [118, 182]. The dynamic numerical results point out that 

the synchronous direct dynamic coefficients decrease when increasing the rotation speed. 

This trend is similar to the results of the aerostatic bearing at high supply pressure [93]. 

Moreover, the synchronous direct dynamic coefficients increase with the increment of the 

vibration amplitude. This is due to the improvement of the squeeze effect and the increment 

of the quantity of viscous damping [183]. Pad-1 (see Figure 5) and Pad-3 have a significant 

influence on the direct dynamic coefficients, while Pad-2 has an important effect on the 

load-carrying capacity than the other two pads. 

Finally, since some cylindrical components in the industry have a sensitive and precisely 

manufactured surface [156, 157], the contactless transportation of such components is 

necessary. However, most transportation systems [11, 51, 66, 68, 146-152, 155] based on 

the NFAL are only suitable for levitators with planar surfaces. According to the results of 

Publication A, the horizontal force can be obtained by engraving the groove. Additionally, 

in Publication B, the Langevin transducer has a cylindrical concave. Thus, by engraving a 

groove on the cylindrical concave of the Langevin transducer, a non-contact transportation 

system for cylindrical components is proposed in Publication C. The pressure profile 

between the concave and the component is calculated by computing the Reynolds equation. 
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The calculation results of the levitation force in this work agree well with the experimental 

results in Ref. [165] during the same conditions, which validates the numerical methods. It 

is observed for this contactless transportation system that the thrusting force increases at 

first and then maintains a constant value with the increment of the groove depth. This 

phenomenon occurs because the squeeze effect is still available in the groove domain at 

low groove depths. When the groove depth is high, the squeeze effect in the groove domain 

disappears, and the pressure distribution does not change. With the groove arc length 

increasing, the pressure gradient increases and the film thickness decreases. The thrusting 

force is highly dependent on both the film thickness and the pressure gradient according to 

equation (3.19). Consequently, the thrusting force is increased firstly and then is decreased 

by increasing the arc length of the groove. The optimum value for the arc length is nearly 

40° in this work. Moreover, the thrusting force increases with respect to the increment of 

the groove width. This result is consistent with the result in Publication A. In addition, the 

thrusting force is linearly relative to the vibration since the squeeze effect is improved by 

the increment of the vibration amplitude [16]. 
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6 Conclusion 

As a new developing suspension technology, the NFAL utilizes the squeeze effect to 

generate the high-pressure field. Compared with the magnetic levitation, the NFAL has no 

material limit of the levitator. Compared with the air cushions, the NFAL has a more 

compact system. These characters make the NFAL has the potential application in the field 

of ultra-cleanness and ultra-precision, such as the transport of components of the 

microelectronics and microelectromechanical systems. In addition, the squeeze film 

bearing is designed by combining the NFAL and the gas-lubrication bearing, which can 

meet the requirements of high precision and frictionless. This work is dedicated to the study 

of the applications of the NFAL, namely positioning systems, SFBs, and contactless 

transportation systems. This work aims to optimize the design parameters of the system 

and to find suitable running conditions to achieve a high-performance levitation system.  

In the positioning system, the generation mechanism of the restoring force for floating 

objects is theoretically analyzed based on the air lubrication theory. An experimental setup 

is built to measure the restoring force as validation. It is found that the restoring force is 

increased by increasing the eccentricity, which means the horizontal oscillation frequency 

is increasing. In order to establish a stable positioning system, the radiator vibration 

amplitude or the reflector weight has to be as large as possible within a reasonable range. 

The calculation results suggested that the restoring force decreases as the longitudinal mode 

order of the radiator increases, whereas the load-carrying capacity shows an opposite trend. 

Therefore, operating the levitation system in the second-order mode is recommended by 

considering the balance between stability and load-carrying capacity. The limitation of this 

analytical model is the neglect of the inclination of the reflector. However, this restriction 

is reasonable for reflectors with small eccentricities. It is suggested that the influence of the 

inclination in large eccentricity conditions should be discussed in future work. 

Next, a modified calculation method for the dynamic coefficients of the SFB is originally 

presented to predict the dynamic performance of the SFB. By investigating the static 

performance of the bearing, it is found that there is a threshold value for the vibration 

amplitude and nominal clearance of the bearing to reach a balance between the squeeze 

effect and the aerodynamic effect. Consequently, the eccentricity can approximately remain 

constant with varying rotation speed, which provides guidance to control the rotor trajectory. 

The bearing load-carrying capacity increases as the rotation speed increases when the 

clearance of the bearing is higher or the vibration amplitude of the bearing is lower than its 

threshold values. Otherwise, the bearing load-carrying capacity decreases with increasing 

the rotation speed. Moreover, the eccentricity decreases with the decrement in the external 

load or with the increment in the vibration amplitude of the pad. In the study of the dynamic 

performance of the bearing, the higher synchronous direct dynamic coefficients are 

acquired when the rotation speed of the rotor is lower or the vibration amplitude of the 

bearing is higher, which is more expected for this bearing design. In addition, Pad-1 (see 
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Figure 5) and Pad-3 have more influence on the synchronous direct dynamic coefficients 

than Pad-2. Based on the current study, the investigation on the dynamic performance of a 

rotor supported by the SFBs will be implemented in future work. 

Finally, this work deals with the problem of contactless transportation of cylindrical objects 

by using the NFAL. This is achieved by engraving one groove on the concave surface of 

the Langevin transducer to generate an asymmetric pressure distribution. The influence of 

the groove parameters on the transportation performance is subsequently analyzed. With 

respect to the groove parameters, the numerical results pointed out that the thrusting force 

firstly increases and then maintains a constant value with the increment in the groove depth. 

The arc length of the groove has an optimal value to acquire the maximum value of the 

thrusting force. In addition, the transportation performance is improved, but the load-

carrying capacity is weakened by increasing the groove width. Therefore, it is important to 

determine the suitable groove parameters to obtain high transportation performance. 

Moreover, the radiator vibration amplitude or the levitator weight has a positive effect on 

the thrusting force. Future work focuses on manufacturing a prototype for this 

transportation system and introducing a control unit to precisely manipulate the motion 

trajectory of the levitator. 
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Stabilizing near-field acoustic levitation: Investigation
of non-linear restoring force generated by asymmetric
gas squeeze film

Yuanyuan Liu,1,a) Minghui Shi,2 Kai Feng,2 Kian K. Sepahvand,1 and Steffen Marburg1

1Chair of Vibro-Acoustics of Vehicles and Machines, Technical University of Munich, Boltzmann Strasse 15,
85748 Garching b. Munich, Germany
2State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, Hunan University, Lushan South Road 2,
Yuelu District, Changsha 410082, China

ABSTRACT:
The instability of a floating object is the main factor preventing near-field acoustic levitation (NAFL) from being

widely used in the manufacture of micro-electro-mechanical systems. Therefore, investigating the restoring force

due to the generation mechanisms of NAFL is necessary to ensure the stable levitation of the floating object. This

study presents a theoretical analysis to evaluate the restoring force based on the gas-film-lubrication theory. The gas-

film pressure between the reflector and the radiator is expressed in the form of the dimensionless Reynolds equation

in a cylindrical coordinate system, which is solved by an eight-point discrete grid method due to the discontinuous

gas-film distribution. An experimental rig is constructed to measure the restoring force at various eccentricities,

which can be used to support the developed numerical model. The theoretical results show that the restoring force

increases with an increment in eccentricity, which agrees with experimental results. Furthermore, theoretical predic-

tion results indicate that the restoring force increases when the amplitude of the radiator and weight of the levitator

increases, which indicates higher system stability. The results of the radiator vibration mode on the restoring force

show that the restoring force is the largest in the first-order mode. VC 2020 Acoustical Society of America.

https://doi.org/10.1121/10.0001963

(Received 7 April 2020; revised 30 July 2020; accepted 27 August 2020; published online 15 September 2020)

[Editor: Mark Hamilton] Pages: 1468–1477

I. INTRODUCTION

Near-field acoustic levitation (NFAL) technology has

been developing rapidly in recent years. In comparison with

the traditional non-contact levitation technology such as air

cushion1 and magnetic systems,2 the NFAL system is a very

compact system that does not need an additional air com-

pressor to provide high air pressure and does not produce

any undesirable magnetic field. Researchers have presented

various studies on the application of the NFAL technology

due to its promising potential in the application of micro-

assembly in micro-electronics and micro-electro-mechanical

systems (MEMS).3 For instance, several non-contact trans-

porting systems have been proposed by using transport

objects with different cross sections.4,5 Moreover, some new

concepts for bearing designs6–8 that are based on NFAL

have been introduced to meet the ultra-precision, low wear,

and oil-free requirement. Meanwhile, research on the NFAL

mechanism and load-carrying capacity predictors are also

developing. Hashimoto et al.9 have considered the case

where acoustic waves propagate from the radiating surface

in a vertical direction, and then they derived a relationship

between levitation distance, weight of the levitated object,

and vibration amplitude of the radiation plate based on lin-

ear acoustic theory. In addition, Wada et al.10–12 used some
other methods to calculate the fluid motion between a
vibrating plate and other plates, for example, finite-element
analysis and the distributed point source method (DPSM).
However, researchers preferred to use the theory of gas-film

lubrication by solving the non-linear Reynolds equation,

which can show accurate pressure distribution in the

squeeze film.13–15 To increase the accuracy of the numerical

model, some researchers took different variables into con-

sideration in the theoretical formulation, such as air inertia16

and edge effect.17

Surface properties such as roughness can influence the

fluid flow around the levitated object and slightly modify

the acoustic field between the radiation plate and the levi-

tated object.3 In addition, the manufacture and installation

error also produce an acoustic viscous force, which affects

the stability of the floating object. In NFAL, two methods

are commonly used to generate an acoustic viscous force.18

The first method is to use the traveling wave sound field in
the fluid between the vibrator and the levitated object.19,20

The second method is to use the gradient of the sound field

in the fluid domain.21 Generally, the viscous force produced
by the first method can be used to transport and rotate an
object. The stability of an acoustically levitated objecta)Electronic mail: yuanyuan.liu@tum.de
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mainly relates to the viscous force produced by the second

method.22 In 2000, Matsuo et al.23 found that the stability of

the levitated object has a close relationship with the magni-

tude and distribution of a radiator plate vibration. Koike

et al.22 used the block-spring model to evaluate the stability

of the levitated object and acoustic viscous forces in two

directions based on the theory of the near-boundary acoustic

streaming. Based on this, Hu et al.18 considered the effect of

acoustic streaming outside the boundary layer when calcu-

lating the acoustic viscous force. Later, Li et al.24 pointed

out that the block-spring system model can only treat small

amplitude oscillation because of its linear approximation.

They used Stokes micro-continuum theory and acoustic

radiation potential method to acquire the restoring force.

However, they did not present subsequent experimental

results.

The actual pressure distribution describing the fluid
motion in the squeeze film cannot be acquired by the above-
mentioned methods.18,22 Therefore, a different approach for
generating mechanism analysis of the restoring force for the
floating object is suggested in this paper. An imaginary

grooved reflector is used to solve the discontinuity due to

eccentricity in the solving domain. With the combination of
the non-linear Reynolds equation and the levitator motion
equation, the pressure distribution is evaluated by using the
finite difference method (FDM) and the Newton-Raphson
method. The corresponding restoring force is calculated

from the pressure gradient. The numerically evaluated

restoring force is verified with experimental data from a spe-

cifically constructed testing device. Subsequently, some

studies on the influence of various factors such as amplitude

of the radiator, weight of the reflector, and vibration mode

of the radiator on the restoring force are presented. The

study shows that the levitation system becomes more stable

in the higher amplitude of the radiator and the weight of the

levitator, and in lower order vibration mode.

This paper is organized as follows: in Sec. II, the gov-

erning equations of the misaligned squeeze film model is

presented. Section III presents the experimental setup that

can be used to measure the restoring force at different

amplitudes. In Sec. IV, the pressure distribution of the

squeeze film, stability analysis of the reflector, and paramet-

ric study are presented.

II. GOVERNING EQUATIONS

A. Reynolds equation

The model of the NAFL which considers the eccentric-

ity of the reflector in the cylindrical coordinate system is

shown in Fig. 1. The radius of the reflector is the same as

the radius of the radiator and is defined as L. O and O1 are

the center of the radiator and the reflector plates, respec-

tively. The distance between O and O1 is called eccentricity

and is defined as e. For the symmetrical model, the centers

of radiator and reflector are concentric i.e., e ¼ 0. In this

condition, the reflector will remain stable in the horizontal

direction, and the pressure in the squeeze film can be

expressed by the steady Reynolds equation as shown in

Ref. 25. However, if the center of the reflector does not

coincide with the radiator center, the reflector will perform

a damped oscillation in the horizontal direction until it

reaches an equilibrium position.18 Thus, an updated

Reynolds equation in the cylindrical coordinate system is

derived by using the momentum and continuity equations.

In reality, when the reflector is misaligned, it remains

inclined relative to the radiator. In order to simplify the

numerical model, the effect of the inclination can be

neglected for smaller eccentricity.18,24

Some assumptions are introduced here to simplify the

momentum equations. First, the fluid and flow are treated as

Newtonian fluid and laminar flow, respectively. Second, the
pressure gradient in the film thickness direction is neglected
since the radius of the plate L is much greater than the
mean thickness of the air film h0.26 However, if the radius
and the film thickness are at the same size level, the pressure
gradient in the film thickness direction cannot be
neglected.12 Third, the squeeze film is assumed as an iso-

thermal film due to the small levitation height.27 Moreover,

the fluid inertia force and body force are compared with the

viscous force and can be neglected in the lower Reynolds

number.28 Based on these assumptions, the momentum

equations in the r- and h-directions are stated as29

q
@vr

@t

� �
¼ � @p

@r
þ la

@2vr

@z2
; (1a)

q
@vh

@t

� �
¼ � 1

r

@p

@h
þ la

@2vh

@z2
; (1b)

where vr and vh are the airflow velocity in the r- and h-direc-

tions, la is the dynamic air viscosity, q and p are the density

and pressure of air in the squeeze film, respectively. It is

assumed that no relative slip exists between the air and the

bottom surface of the reflector, and the corresponding veloc-

ity profile in the r- and h-directions is presented with refer-

ence to Eq. (1) as26

vr ¼
z

2la

@p

@r
z� hð Þ þ _u

z

h
þ €u

qz

6lah
z2 � h2ð Þ; (2a)

vh ¼
z

2lar

@p

@h
z� hð Þ þ _u

zr

h
þ €u

qzr

6lah
z2 � h2ð Þ; (2b)

FIG. 1. (Color online) Misaligned squeeze film model in the cylindrical

coordinate.
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where u and u are the relative horizontal displacement and

rotation angle of the reflector, and h ¼ hðr; h; tÞ is the corre-

sponding film thickness. Integrating the continuity equation

across the squeeze film thickness leads to30

ðh

0

@q
@t
þ
@ rqvrð Þ
r � @r

þ
@ qvhð Þ
r � @h þ

@ qvzð Þ
@z

� �
dz ¼ 0; (3)

where vz is the airflow velocity in the z-direction. However,

it was assumed earlier that vz ¼ 0. The expressions of air-

flow velocity in the squeeze film derived in Eq. (2) is

substituted into Eq. (3). Then, a dimensionless Reynolds

equation in cylindrical coordinates can be expressed as

@

@R
RPH3 @P

@R

� �
þ 1

R
� @
@h

PH3 @P

@h

� �

¼ rR � @ PHð Þ
@T

þ K1
_U
@ RPHð Þ
@R

þ K1 _u
@ RPHð Þ
@h

þK2
€U
@ RPAH3ð Þ

@R
þ K2 €u

@ RPAH3ð Þ
@h

; (4)

where, r ¼ 12laxL2=pah2
0, K1 ¼ 6laL2=pah2

0, and K2

¼ �qaL2=2pa. r is known as the squeeze number. U is the

reflector relative dimensionless horizontal displacement.

The dimensionless parameters are stated as

R ¼ r=L; H ¼ h=h0; P ¼ p=pa;

U ¼ u=L; A ¼ q=qa and T ¼ x � t;

where pa, qa, and x ¼ 2pf are ambient air pressure, air den-

sity, and angular frequency of excitation, respectively.

B. Boundary conditions

The solution of the squeeze air pressure distribution is

based on the cylindrical coordinate system with origin O.

The solution domain XRa is equivalent to the area of the

radiator, and is defined by the radius of the radiator and

enclosed by the boundary Cðr ¼ LÞ, as shown in Fig. 2.

The corresponding domain of reflector is enclosed by a

circular area of radius L, and defined by XRe, as depicted

in Fig. 2. Due to the eccentric positioning of the reflector

with respect to the radiator, the center of the reflector can

be expressed by O1ðe; aÞ. The solution domain XRa is

divided into two parts: the overlapping domain of XRa and

XRe is defined as the squeezed domain Xs
Ra(Xs

Ra

¼ XRa \ XRe), and the remaining part of the radiator

domain XRa is stated as the no-squeezed domain Xn
Ra. The

position of O1 and radius L decide the area of the domain

Xs
Ra. The boundary Cs between the domain Xs

Ra and the

domain Xn
Ra is represented by the thick line in Fig. 2,

which is expressed by

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 � e � sin a� hð Þ½ �2

q
þ e � cos a� hð Þ;

h � aþ arccos
e

2L

� �
� 2p; a� arccos

e

2L

� �� �
: (5)

Owing to the misalignment of the reflector, the thick-

ness of the no-squeezed domain Xn
Ra is infinite. Thus,

domain Xn
Ra can be treated as grooved in order to ensure the

height of the solving domain can be expressed, as shown in

Fig. 3. The depth of the groove is hg. However, it is assumed

that the pressure in this domain always equals the atmo-

spheric pressure.

Therefore, the thickness of the dimensionless air film

can be expressed as

H ¼
1þ n0 � V rð Þ � sin T

h0

r; hð Þ � Xs
Ra

1þ
n0 � V rð Þ � sin Tþhg

� �
h0

r; hð Þ � Xn
Ra;

8>>><
>>>:

(6)

where n0 and VðrÞ are the maximum vibration amplitude

and mode shape of the radiator, respectively, as shown in

Fig. 1. The boundary C contact with the ambient air implies

PjCðR¼1Þ ¼ 1: (7)

The pressure gradient at the center O is zero, which

represents

FIG. 2. (Color online) Schematic diagram of the boundary conditions.

FIG. 3. (Color online) The imaginary reflector with groove.
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@P

@R
ðR ¼ 0; TÞ ¼ 0: (8)

Initially, the reflector plate is placed on the radiator, where

the film thickness equals zero, and the corresponding pres-

sure equals the atmospheric pressure. This can be numeri-

cally stated as

P R; T ¼ 0ð Þ ¼ 1; H R; T ¼ 0ð Þ ¼ 0: (9)

The eight-point discrete method is introduced here to

decrease the order of the Reynolds equation, due to the exis-

tence of the groove.25,31 Next, the pressure distribution

within the solution domain XRa can be obtained by using the

Newton-Raphson method.32,33

C. Dynamic equations

Three types of forces, such as levitation force Fz, hori-

zontal thrust force Ft, and rotational moment Mr are acting

on the reflector plate due to the squeeze film as shown in

Fig. 4.

The horizontal thrust force Ft is referred to as the

restoring force, and decomposes into components in the x-

and y-directions as Fx and Fy, respectively. This meets the

following condition as Ft ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

x þ F2
y

q
. Similarly, the

reflector relative horizontal displacement u decomposes into

ux and uy. The relative vertical displacement of reflector is

uz. Thus, the equation of motion for the reflector in matrix

form is written as

m 0 0 0

0 m 0 0

0 0 m 0

0 0 0 J

2
664

3
775

€uz

€ux

€uy

€u

8>><
>>:

9>>=
>>; ¼

Fz � G
Fx � Fdx

Fy � Fdy

Mr �Md

8>><
>>:

9>>=
>>;; (10)

where m and J ¼ mL2=2 are the mass and moment of inertia
of the reflector, respectively. G ¼ mg is the weight of the
reflector, and g is the gravitational acceleration. €ux, €uy, €uz,

and €u are the reflector motion acceleration in the x-, y-, z-,
and h-directions, respectively. Fdx and Fdy are the components

of the horizontal drag force Fd in the x- and y-directions. Md

is the drag rotational moment in h-direction. Fdx, Fdy, and Md

originate due to the relative movement between the reflector

and surrounding air. The vertical drag force can be neglected

due to very small value of _uz.27 For laminar flow over a flat

plate, the drag forces and moment can be written as34

Fdx

Fdy

( )
¼ 1

2
qaS

Cdx _u2
x

Cdy _u2
y

( )
; (11a)

Md ¼
ðL

0

1

2
Cdhqa _urð Þ22pr � rdr ¼ � 1

5
pCdhqa _u2L5;

(11b)

where S ¼ pL2 is the total surface area in contact with the

air; _ux, _uy, and _u are the relative velocity of reflector in the

x-, y-, and h-directions, respectively. Drag coefficient Cd is

expressed as

Cdx

Cdy

Cdh

8><
>:

9>=
>;¼

1

S

ðL

0

2p � 0:664
ffiffiffiffiffiffiffi
var
p �

_ux

_uy

_ur

8><
>:

9>=
>;
�0:5

dr ¼ 0:885
ffiffiffiffiffi
va
p �

L _ux

L _uy

4L2 _u=9

8><
>:

9>=
>;
�0:5

; (12)

wherein va is the air kinematic viscosity.

As mentioned earlier, the cylindrical coordinate system

with origin O (represented by O� rhz) is used to solve the

squeeze air pressure. Therefore, the forces that are calcu-

lated in the cylindrical coordinate system O� rhz need to

decompose into the cylindrical coordinate system

O1 � r1h1z, as shown in Fig. 5. Except for the squeezed

domain Xs
Ra where there exists a pressure change, all other

domains remain in atmospheric air pressure. Shear stresses

szr and szh are developed due to the air flow in the r- and h-

directions, which act on the bottom surface of the reflector

and normal to the z-axis. In the coordinate system

O1 � r1h1z, both szr and szh have one component in the r1-

and h1-directions, respectively. Thus, the mean thrust forces

Fx, Fy, and Mr within one cycle can be expressed as

FIG. 4. (Color online) Diagram of forces on the reflector.
FIG. 5. (Color online) Geometric diagram for the resolution and composi-

tion of shear stresses.
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Fx

Fy

Mr

2
64

3
75 ¼ 1

2p

ð2p

0

ð2p

0

ðL

0

�szh cos h1ð Þ
szh sin h1ð Þ
�szr � r1

�szr cos h1ð Þ
szr sin h1ð Þ

szh � r1

2
64

3
75

�
sin h� h1ð Þ
cos h� h1ð Þ

" #
� rdrdhdT: (13)

This means that the radius between N and O1 is written as

r1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ e2 � 2re cos a� hð Þ

p
; h � 0; 2p½ �;

(14)

and h1 is expressed by

h1 ¼ h� arcsin e � sin a� hð Þ=r1

� �
; h � 0; 2p½ �:

(15)

For a Newtonian fluid, the shear stresses in the flow act on

the surface normal to the z-axis in the cylindrical coordinate

system, and are defined by35

szi ¼ la

@vz

@i
þ @vi

@z

� �
ffi la

@vi

@z
i ¼ r; hð Þ: (16)

Substituting Eq. (2) into Eq. (16) leads to the expression for

the shear stresses szr and szh on the bottom surface of the

reflector, which is stated as

szrj z¼hð Þ ¼ la

@vr

@z

				
z¼hð Þ
¼ h

2

@p

@r
þ la

_u

h
þ qh€u

3
; (17a)

szhj z¼hð Þ ¼ la

@vh

@z

				
z¼hð Þ
¼ h

2r

@p

@h
þ la

_ur

h
þ qh€ur

3
:

(17b)

It is observed from Eq. (17) that the shear stresses mainly

depend on the pressure gradient and the relative movement

of the reflector. The levitation force Fz is the integral of

pressure in the solution domain, which is stated as17

Fz ¼
1

2p

ð2p

0

ð2p

0

ðL

0

ðp� paÞ � rdrdhdT: (18)

III. EXPERIMENTAL MEASUREMENT

In order to measure the relationship between eccentric-

ity and restoring force, based on the same transducer and

radiator as presented in Ref. 25, a new reflector plate is

used. It is made of AL2024 and has the same diameter as

the radiator. The diameter of the radiator is 120 mm. The

thickness and weight of this plate are 3 mm and 0.9244 N,

respectively. Generally, the restoring force is very small,

i.e., on the order of milli-Newton (mN).20 The measurement
method which utilizes a voice coil motor (VCM) can be used
to acquire the small force.36,37 This measurement method
has the benefit of high repeatability and accuracy. However,
the measurement system is very complex. As another

experimental methodology stated in Refs. 19 and 20, a uni-
versal tilting indexing disk is used to approximately measure
the restoring force. This experiment has been conducted

here to validate the proposed numerical model. The experi-

mental setup is shown in Fig. 6 and consists of a universal

tilting indexing disk, transducer, and the corresponding con-

trol unit. Furthermore, a digital single-lens reflex camera is

installed for monitoring the levitation performance of the

plate. The transducer is fixed on the universal tilting index-

ing disk, which can be tilted at a certain angle b by adjusting

the control system. Therefore, when the reflector is levi-

tated, the eccentricity e is adjusted until the restoring force

Ft and the corresponding weight component mg sin b bal-

ance each other. The span of the experimental restoring

force is decided by the resolution ratio of the tilting indexing

disk. In this experiment, the minimum angle b is 200, which

corresponds to the minimum weight component 5.378 mN.

Figure 6 shows the photograph of the reflector plate in the

levitation state when b ¼ 1�200 and the amplitude is

n0¼16.9 lm.

Since the reflector remains in the stable state throughout

every measurement, the two centers O and O1 can simulta-

neously locate on the x-axis, which means a ¼ p. Therefore,

the solution domain and boundary conditions are symmetric

with respect to the x-axis. The pressure distribution also

remains symmetric about the x-axis. Moreover, the reflector

remains stationary during the measurement; the thrust force

Fy and rotational moment Mr are equal to zero. Therefore,

the restoring force Ft of Eq. (13) can be simplified to

Ft ¼ Fx ¼
1

2p

ð2p

0

ð2p

0

ðL

0

� szr cos h� h1ð Þ½ �

� r cos ðh1ÞdrdhdT ¼ mg sin b: (19)

FIG. 6. (Color online) Schematic diagram of experimental measurement

system.
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IV. RESULTS AND DISCUSSIONS

A. Pressure distribution

Table I lists the main parameters of the levitation sys-

tem and its operating conditions The pressure distribution in

the cylindrical coordinate system O� rhz at the starting

time of one stable cycle is shown in Fig. 8(a). The effect of
the computational domain mesh-density on the numerical
results has been checked. Considering the time cost and
convergence, the computational domain XRa is divided into
60� 40 grids.25 The excitation amplitude, levitation force,

and eccentricity are 16.9 lm, 0.9244 N, and 10 mm, respec-

tively. The radiator works in its second-order vibration

mode, which indicates the excitation frequency being equal

to 19 kHz. Since the vibration mode shape of the radiator is

considered in the gas film thickness expression, the shape of

the pressure distribution corresponds to the mode shape in

the squeezed domain Xs
Ra. Due to the boundary condition as

stated in Eq. (7), the pressure distribution shows a wave

crest near the boundary. The pressure distribution is sym-

metrical about the x-direction, whereas it is asymmetrical

about the y-direction. Thus, the pressure distribution meets

the conditions while deriving Eq. (19). If the eccentricity

equals zero, the pressure distribution will be symmetrical in

the squeezed domain as shown in Ref. 25, and the reflector

will keep a stable state. In the non-squeezed domain Xn
Ra,

the dimensionless pressure value equals 1, which means that

the pressure is the same as the atmospheric pressure. Thus,

the imaginary groove will not affect the real pressure distri-

bution in the squeezed domain.

Based on the pressure distribution in Fig. 8(a), the restoring

force can be calculated by the coordinate transformation of the

shear force as described in Eq. (19). Therefore, the restoring

force distribution in the x-axis at two different eccentricities can

be seen in Fig. 8(b). The solid line corresponds to eccentricity e
¼ 10 mm; the dotted line corresponds to concentric condition,

e¼ 0 mm. It is noted that the shape of the restoring force distri-

bution has a close relationship with the mode shape, which is

more likely the derivative of the mode shape. This is due to the

restoring force, which is related to @p=@r as shown in Eq.

(17a). The outermost zero-point corresponds to the wave crest

that is near the boundary in Fig. 8(a). In the concentric condi-

tion, the restoring force value is always centrosymmetric about

point O. Consequently, the restoring force always equals zero,

which means the reflector will keep its stationary state in the

horizontal direction. However, for e¼ 10 mm and the time step

equal to 80, corresponding to the starting time of one stable

cycle, the asymmetric pressure distribution [cf. Fig. 8(a)] caused

the asymmetric restoring force distribution. Since the eccentric-

ity is 10 mm, the curve of the restoring force becomes discon-

tinuous in the vicinal position of x equal to –10 mm. Compared

with the dotted line, the missing negative part on the right side,

which is due to the eccentricity, will break the centrosymmetry.

Thus, the positive part is larger than the negative part, and the

direction of the restoring force points toward the positive x-

direction. In the time step that is equal to 190, corresponding to

the half time of one stable cycle, the restoring force distribution

indicates the squeezed air will produce a force that makes the

reflector move to the left. Thus, the restoring force alternates

between positive and negative during one cycle, which can be

seen in Fig. 8(c). The maximum positive restoring force abso-

lute value is 0.5897 N, which is larger than the negative abso-

lute value 0.4865 N. Therefore, the mean restoring force value

at one cycle is 31.7 mN and points to the opposite direction of

eccentricity. Therefore, four important factors will affect the

restoring force distribution: the amplitude and weight of the

reflector mainly affect the magnitude, the mode affects the

shape, and the eccentricity affects the degree of asymmetry.

Figure 9 shows the effect of groove height (cf. Fig. 3)

on the levitation and restoring forces. It is observed from

Fig. 9 that the levitation and restoring forces vary signifi-

cantly at the lower value of hg. If the hg is greater than

0.5 mm, then the numerical results remain the same. Thus,

the groove depth is set at 0.6 mm in this study.

B. Stability analysis

In general, eccentricity is the most important factor

affecting restoring force distribution. A comparison of

FIG. 7. (Color online) Photograph of the reflector plate in the levitation

state.

TABLE I. Main parameters of the levitation system and its operating conditions.

Parameter SI unit Parameter SI unit

Air temperature 20 �C Air dynamic viscosity (la) 1.81 � 10–5 Pa�s
Radius (L) 60 mm Ambient air pressure (pa) 1.013 � 105 Pa

Excitation frequency (f) 19 kHz Air kinematic viscosity (va) 1.51 � 10–5 m2/s

Air density (qa) 1.204 kg/m3 Weight of the reflector plate 0.9244 N

J. Acoust. Soc. Am. 148 (3), September 2020 Liu et al. 1473

https://doi.org/10.1121/10.0001963

https://doi.org/10.1121/10.0001963


numerical and experimental results of restoring force at vari-

ous eccentricities is presented in Fig. 10(a). Notably, the

numerical results have exhibited reasonably good agreement

with the experimental results in lower eccentricity. The fact

that this is due to the inclination of the reflector is neglected

in this study. In the lower eccentricity, the effect of inclina-

tion is very small. However, with the increment in eccentric-

ity, the inclination became an important factor that affects

the stability of the reflector. In two different excitation

amplitudes, the restoring force increases with the increment

in eccentricity. It is noted that the growth gradient decreases

with the increment in eccentricity. So, the relationship

between the restoring force and the eccentricity is exponen-

tial, and the index is less than 1. The same variation ten-

dency has also been reported in Ref. 18.

The changes in restoring force within one cycle at vari-

ous eccentricity are shown in Fig. 10(b). As shown, the posi-

tive restoring force part is greater than the negative restoring

force part. Thus, the average restoring force throughout one

cycle is positive, which indicates that the direction of the

restoring force is acting opposite to the eccentricity. It

clearly indicates that the maximum restoring force value

increases with increasing eccentricity. This phenomenon is

depicted in Fig. 10(a).

C. Parametric study

1. Amplitude

In the same levitation force, the excitation amplitude

exerts a significant influence on the pressure value.

Therefore, the magnitude of the restoring force distribution

is affected by the vibration amplitude. Figure 11 shows the

variation of the restoring force with the increment in the

excitation amplitude for f¼ 19 kHz and eccentricity e
¼ 10 mm. The restoring force increases as the vibration

amplitude increases. The relationship between amplitude

and restoring force maintains a linear trend. In Ref. 23, the

experimental results also present a similar trend. It is

observed from Fig. 11 that the restoring force increases with

the increment in the levitation force. However, a non-linear

relationship exists between the restoring and levitation

forces. A detailed discussion is presented in Sec. IV C 2.

2. Weight of the reflector

When the reflector maintains a stable levitation condi-

tion, then the levitation force equals the weight of the reflec-

tor. This means that the magnitude of the pressure is

determined by the weight of the reflector in the same

FIG. 8. (Color online) (a) Pressure distribution in solving domain XRa, (b) restoring force distribution in the x-axis, and (c) restoring force versus one cycle time.
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amplitude. The dependence of the restoring force on the

weight of the reflector is investigated at three excitation

amplitudes and is illustrated in Fig. 12. The excitation

frequency and eccentricity are set as f ¼ 19 kHz and e
¼ 10 mm, respectively. It is clearly shown that the restoring

force increases as weight increases. However, the relation-

ship between the restoring force and weight is non-linear.

The growth gradient of restoring force decreases with the

increment in the weight. This result is in accordance with

the result in Ref. 18. In the same amplitude, the higher

weight of the reflector indicates that the pressure value is

greater, which implies that the pressure gradient is also

greater. As mentioned in Sec. IV A, the restoring force

mainly depends on the pressure gradient. Therefore, the

restoring force value will be higher. In Ref. 23, the experi-

mental results show that the restoring force increases with

the decrease in levitation height. The reasons for this non-

linear phenomenon are due to the existence of a non-linear

relationship between levitation force and levitation height.38

3. Mode shape

Another factor that can affect the pressure distribution

is the radiator vibration mode. The variation in the restoring

force with eccentricity in the first three order modes is

shown in Fig. 13. The driving frequencies which excite the
first three order modes are 7150, 19 000, and 37 200 Hz,
respectively. In order to study the effect of the vibration
mode on the restoring force, the other variables are kept
constant except for the driving frequency and vibration
mode shape. The maximum vibration amplitude n0 and levi-

tation force Fz are considered 16 lm and 1 N, respectively.

Likewise, as shown in Fig. 10(a), the restoring force

increases with the increment in eccentricity. It is observed

from Fig. 13 that the restoring force value is at a maximum

in the first-order mode and a minimum in the third-order

mode. The reason for this phenomenon may be due to the

levitation system having a larger load-carrying capacity in

the third-order mode.24 Therefore, the levitation height will

FIG. 9. (Color online) Dependence of the numerical results on the imagi-

nary groove depth.

FIG. 10. (Color online) (a) Comparisons of the restoring force versus eccentricity between the numerical and experimental results under two different ampli-

tudes; (b) restoring force versus one cycle time at different amplitudes.

FIG. 11. (Color online) The restoring force versus amplitude at different

levitation forces.
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be higher in the third-order mode at the same condition levi-

tation force and excitation amplitude. Accordingly, the

restoring force has a smaller value in the third-order mode.

The comparison with two other order modes indicates that

the growth gradient in the third-order mode is smaller. Since

the difference between the restoring force in the first- and

the second-order modes is small, the load-capacity in the

second-order mode is larger. Therefore, the fact that the
radiator works in second-order mode seems beneficial for
the given parameters and operating conditions.

V. CONCLUSIONS

This paper has presented a different numerical method-

ology for acquiring restoring force. Initially, a Reynolds

equation considering the movement of the reflector has been

derived. The expression of levitation height has been

substituted into the Reynolds equation to obtain the pressure

distribution by using FDMs. Subsequently, the restoring

force acting on the reflector has been calculated by using the

coordinate transformation. Numerical results show that the

restoring force increases with the increment in eccentricity.

There is an exponential relationship between the restoring

force and the eccentricity with an index less than 1.

Furthermore, the experimental setup has been developed to

support the numerical analysis. The numerical results repre-

sent a solid agreement with the experimental results. It can

be observed that the relationship between the amplitude of

the radiator and the restoring force maintains a positive lin-

ear trend and the restoring force increases with the incre-

ment in the weight of the reflector. Therefore, a stable

levitation system can be developed by increasing the excita-

tion amplitude and the weight of the reflector. Moreover, the

restoring force in the first-order mode is greater than the

restoring force in the second- and third-order modes.

However, the operation of the levitation system in the

second-order mode is recommended due to the higher load

capacity over the first-order mode. The accomplishment of

this research is to provide guidance when encountering

instability of floating objects in the industrial application of

NAFL.
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a b s t r a c t 

Owing to their distinct non-contact and oil-free characteristics, squeeze film air bearings have been introduced 

to satisfy ultra-precision, low wear, and ultra-clean requirements. This paper proposes an analytical model of 

a three-pad squeeze film bearing to study its static and dynamic performance. The bearing force is calculated 

by integrating the pressure distribution over the bearing surface, which is governed by the Reynolds equation. 

The stable equilibrium position of the rotor is obtained by the Newton-Raphson method. A numerical method 

to acquire the bearing dynamic coefficients is originally proposed by considering the vibration of its pad. These 

dynamic coefficients are determined by solving the perturbation equations derived from the combination of the 

Reynolds equation and the modified film thickness and pressure. The predicted static and dynamic results show 

good agreement with experimental results. The parameter study shows that the variation in eccentricity with 

respect to the rotational speed can be controlled by reasonably adjusting the vibration amplitude or the nominal 

clearance of the bearing. In addition, the results indicate that the direct stiffness and damping coefficients are 

increased by decreasing the rotation speed or increasing the vibration amplitude of the bearing pad. 
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. Introduction 

With the development of turbomachinery, the demand for bearings

eeting high-precision and high-speed requirements has increased. Air-

ubricated bearings have the advantages of high speed, low cost, and

eak heat generation due to the inherently low viscosity of air [1–3] .

n addition, their oil-free character eliminates the fluid contamination

nd is friendly for the environment [ 4 , 5 ]. These features enable their

se in turbocompressors, inertial gyroscopes, and turbochargers etc. [6–

] Generally, there are three mechanisms of the high-pressure gas in an

ir bearing, namely aerodynamic, aerostatic, and squeeze effects [10] .

or pure aerodynamic bearings [11–13] , since the aerodynamic effect is

ot evident at a low rotation speed, friction and wear for the bearing and

otor will happen during run-up and shutdown [14] . Aerostatic bearings

15–17] are used to address these issues, as they can provide external

orce to resist the weight of the rotor at low speed. However, aerostatic

earings require an additional air compressor to provide clean air with

igh pressure so that the bearing becomes noisy and costly. Among the

on-contact techniques, near-field acoustic levitation (NFAL) has sev-

ral inherent advantages, such as no material limit of the levitator, the

ompactness of the system and its high load capacity [ 18 , 19 ]. Accord-

ngly, squeeze film bearings (SFBs) which bring NFAL technology into

he gas film bearing has been introduced to meet the requirements of

ow wear and high precision. 
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The SFB is actually a kind of hybrid gas-lubricated bearing. When

he rotation speed equals zero, the pure squeeze effect produces the lev-

tation force to support the rotor [20] . At a certain rotation speed, the

queeze and aerodynamic effects simultaneously influence the film pres-

ure distribution. In 1964, Salbu [21] has introduced the SFB models.

ince then, the study of SFB has drawn much attention [22–24] . In 2004,

a et al. [25] proposed an SFB with elastic hinges and three piezoelec-

ric plates. They studied the influence of the oscillating amplitude and

requency of the bearing on the load-carrying capacity by numerical and

xperimental methods. However, the paper only considered the squeeze

ffect without considering the aerodynamic effect. In addition, several

ifferent structures for SFB, such as tubular [26] , three-lobe [27] and

exure pivot-tilting pad bearings [28] have been proposed. Stolarski

t al. [29] studied the acoustic levitation performance of three SFBs

ith different structures. The experimental results showed that the ge-

metry of the bearing has an important influence on the acoustic levi-

ation effect. Moreover, the material [ 30 , 31 ], operating mode [32] , and

nstallation location [28] of the bearing are additional factors which af-

ect the load-carrying capacity. However, such bearings [25–32] have

n evident drawback which is insufficient load-carrying capacity. In

tudies of the acoustic levitation, it was found that the load-carrying

apacity increases with the increment of the structure vibration ampli-

ude [ 33 , 34 ]. Compared with the piezoelectric plate used to generate

he vibration [25–32] , the Langevin ultrasonic transducer can produce

 higher vibration amplitude due to its excellent electro-acoustic effi-

iency and high input power [35] . Thus, Zhao et al. [ 35 , 36 ] proposed a

ovel active non-contact journal bearing which utilizes three Langevin
ril 2021 
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Nomenclature 

c nominal clearance 

e eccentricity displacement 

f vibration frequency 

h film thickness 

i number of the pad 

k number of iterations 

n rotation speed of the rotor 

p film pressure 

p a ambient air pressure 

r rotor radius 

t time 

𝑡 = 𝜐𝑡 dimensionless time (whirl) 

x, y, z cartesian coordinate space 

C xx , C xy , C yy , C yx dynamic damping coefficients 

F bearing force 

𝐹 mean bearing force 

H = h / c dimensionless film thickness 

H 0 dimensionless thickness in the equilibrium 

position 

K xx , K xy , K yy , K yx dynamic stiffness coefficients 

L bearing length 

O bearing center 

O r rotor center 

P = p / p a dimensionless film pressure 

R bearing radius 

T = 𝜔 f t dimensionless time (steady-state) 

V i ( 𝜃, z ) normalized mode shape 

W external load 

𝜇a air dynamic viscosity 

𝜐 perturbation angular velocity 

𝜉i maximum vibration amplitude 

𝜃 cylindrical space coordinates 

𝜃0 attitude angle 

𝜃ia pad arc length 

𝜃im 

pad middle angle 

𝜎 squeeze number 

𝜔 = 2 𝜋 • n /60 rotation angular velocity 

𝜔 f = 2 𝜋f vibration angular velocity 

Δ𝑥, Δ𝑦, Δ�̇� , Δ�̇� , perturbation variables 

Δ𝑋, Δ𝑌 , Δ�̇� , Δ�̇� , dimensionless perturbation variables 

Λ bearing number 

ransducers as the bearing structure. There are two benefits to this struc-

ure. On the one hand, it has a higher load capacity (up to 51 N) than the

bove-mentioned bearings [25–32] . On the other hand, the vibration of

ach pad is controllable individually such that the position of the rotor

an be adjusted. However, the study failed to analyze the static and dy-

amic performance of the bearing under different running parameters,

hich is extremely important for the design and application of this kind

f SFB. 

The static performance of SFBs has been studied by many researchers

 25 , 28 , 37 ]. Several different methods were used to analyze the squeeze

ffect, e.g., acoustic radiation theory [33] , Computational Fluid Dynam-

cs (CFD) model [38] and gas-film lubrication theory [20] . To investi-

ate the dynamic performance of SFBs, many researchers adopted the or-

it simulation method as their analysis technique [39–42] . For instance,

ased on the SFB proposed by Ha et al. [25] , Stolarski [43] investigated

he dynamic response of a rotor supported by squeeze film pressure at

 low rotation speed numerically and experimentally. The results show

hat the squeeze effect does not only improve the self-generated squeeze-

lm capacity but also increases the threshold speed of instability. In

ddition, the stability of the bearing could be improved by increasing
2 
he external load. Feng et al. [44] found the same results by numerical

nalysis. In addition, they pointed out that the influence of the squeeze

ffect on the critical speed of the rotor is weak for heavy external loads.

he orbit simulation method is carried out by coupling the equations

f motion of the rotor and the fluid governing equations. Although this

ethod can directly judge the stability of the rotor, it also will result in

igher computational costs compared to other analytical methods [43] .

or example, Beck and Strodtman [45] used variational and numeri-

al techniques to analyze the stability of SFB. However, their analytical

odel is just assumed as a single-degree-of-freedom model. In the field

f gas-lubricated bearings, many researchers have used a set of stiff-

ess and damping coefficients to study the dynamic characteristics of

he bearing [46–49] . The dynamic coefficients are calculated based on

he assumption of linearized bearing forces, and they are applied in the

ritical speed and unbalance response calculation [ 46 , 50 ]. The structure

f the SFBs vibrates continuously whereas the bearing structure of other

ypes of air journal bearings [ 1 , 47 , 51 ] is stable in the steady state. The

lm thickness and pressure distributions of the SFBs need to be adjusted

aking into account the vibration of the structure. Therefore, it is worth

tudying the dynamic characteristics of the SFBs by using the dynamic

oefficients. 

This paper addresses the static and dynamic characteristics of a

hree-pad SFB. A simplified theoretical analysis model based on the

earing in [36] is proposed. Combining the non-linear Reynolds equa-

ion and the boundary equations, the pressure distribution between the

earing and the rotor is acquired. The bearing forces are calculated by

ntegrating the pressure. The steady eccentricity ratio and the attitude

ngle of the rotor are obtained by using the Newton-Raphson method.

ext, using the perturbation method, a set of modified partial differen-

ial equations is derived from the Reynolds equation. The eight dynamic

oefficients are calculated from these differential equations. The static

nd dynamic numerical methods are validated by comparing the pre-

icted and experimental results in the same operating conditions. Sub-

equently, the influences of various factors such as the external load,

otation speed, nominal clearance and vibration amplitude on the static

quilibrium position of the rotor are investigated. The influences of ro-

ation speed and vibration amplitude on the dynamic coefficients are

tudied. The effect of each pad on the static and dynamic performances

f the bearing is investigated as well. 

. Analytical model 

The schematic diagram of the three-pad SFB proposed in [36] is

hown in Fig. 1 a. The bearing mainly consists of three Langevin ultra-

onic transducers. Three concave radiation surfaces compose the inner

ace of the bearing. The machine bore diameter of the concave surfaces

quals the bearing bore diameter. According to the piezoelectric effect, the

our piezoelectric transducer (PZT) plates generate the same frequency

ibration along the through-thickness direction when a sinusoidal volt-

ge is applied at a certain frequency f . The air between the concave

urfaces and the outer surface of the rotor is squeezed continuously.

onsequently, the levitation force acting on the rotor is produced by

he squeeze effect. 

The analytical model of the bearing, as shown in Fig. 1 b, is employed

o analyze its running performance in this study. Three Langevin ultra-

onic transducers are simplified to three pads with the same vibration

haracteristics. Two assumptions in the analysis process are considered:

 Ⅰ ) since the Langevin transducer has enough radial and tilting stiff-

esses, it is assumed that the motion of the pad is not affected by the

queeze air pressure; ( Ⅱ ) the vibration amplitude of each pad is treated

s uniform in both the circumferential and axial direction. The center

oint, the inner radius and the width of the bearing are defined as O, R

nd L , respectively. The center point and outer radius of the rotor are

enoted as O r and r , respectively. The nominal clearance of the bearing

s defined as c = R − r . The distance between O and O r is denoted as ec-

entricity displacement e , which consists of two components e x and e y in
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Fig. 1. (a) Schematic diagram of the SFB [36] , where the three concave ra- 

diation surfaces compose the inner face of the bearing. (b) Simplified analysis 

model of the bearing and coordinate systems, where the three Langevin ultra- 

sonic transducers are simplified to three pads. 

t  

i  

t  

t  

w

3

3

 

i  

m  

b  

i  

t  

s  

e  

n

 

w  

r  

i

𝑃

 

p  

r  

p  

w

Λ  

w  

b  

c  

𝜎  

3

 

a  

t

𝑃  

 

a  

t  

w

𝑃  

 

n  

c  

r  

t

ℎ  

w  

a  

s  

t  

a  

e  

m  

t  

T  

c

 

E  

d

3

 

b  

d  

C

𝐹  

𝐹  

𝐹  

w  

a  

f  
he x - and y -direction, respectively. The rotation axis of the bearing co-

ncides with the z -axis. The angle between the static load direction and

he connection line between the rotor and bearing centers is denoted by

he attitude angle 𝜃0 . The static external load W may originate from the

eight of the rotor or magnetic force, etc. acting on the rotor. 

. Theoretical analysis method 

.1. Reynolds equation 

The Reynolds equation is widely employed to calculate the pressure

n the fluid film of the aerodynamic bearings or SFBs [ 28 , 52 , 53 ]. The

ajor assumptions in this paper are the same as those used in other gas-

earing analysis [50] . Firstly, it is assumed that the flow in the gas film

s isothermal. Secondly, inertia and body forces are neglected. Thirdly,

he flow is assumed to be laminar. In the cylindrical coordinate system

hown in Fig. 1 b, the expression of the dimensionless steady Reynolds

quation considering the aerodynamic and the squeeze effect simulta-

eously is written as [ 43 , 44 ] 

𝜕 

𝜕𝜃

(
𝑃 𝐻 

3 𝜕𝑃 

𝜕𝜃

)
+ 

𝜕 

𝜕𝑍 

(
𝑃 𝐻 

3 𝜕𝑃 

𝜕𝑍 

)
= Λ 𝜕 ( 𝑃 𝐻 ) 

𝜕𝜃
+ 𝜎

𝜕 ( 𝑃 𝐻 ) 
𝜕𝑇 

, (1)

here P and H are the dimensionless air film pressure and thickness,

espectively. T is the dimensionless time. The dimensionless groups are

ntroduced as 

 = 𝑝 ∕ 𝑝 𝑎 , 𝐻 = ℎ ∕ 𝑐, 𝑍 = 𝑧 ∕ 𝑅, 𝑇 = 𝜔 𝑓 ⋅ 𝑡 = 2 𝜋𝑓 ⋅ 𝑡, 𝜔 = 2 𝜋 ⋅ 𝑛 ∕60 . 
3 
Herein, p and h are the air film pressure and thickness, respectively.

 a denotes the pressure of ambient air, and n is the rotation speed of the

otor. The bearing number Λ characterizes the self-acting aerodynamic

ressure generated by the rotation of the rotor at an angular velocity 𝜔 ,

hich is given by 

= 

6 𝜇𝑎 𝜔 
𝑝 𝑎 

(
𝑅 

𝑐 

)2 
, (2)

here 𝜇a is the viscosity coefficient of ambient air. The squeeze num-

er 𝜎 stands for the self-acting squeeze film pressure generated by the

ycling vibration of the pad at an angular velocity 𝜔 f , which is given by

= 

12 𝜇𝑎 𝜔 𝑓 
𝑝 𝑎 

(
𝑅 

𝑐 

)2 
. (3)

.2. Boundary conditions and film thickness 

Due to the continuity of the pressure at the interface to the ambient

ir, the pressure on both end faces of the bearing in the z -direction meets

he condition 

 ( 𝜃, 𝑧 = 0&𝐿 ) = 1 . (4)

As shown in Fig. 1 b, the arc length and middle angle of the i th pad

re defined by 𝜃ia and 𝜃im 

, respectively. The two ends of each pad in

he circumferential direction are also in contact with the ambient air,

hich means 

 

(
𝜃𝑖𝑚 ± 𝜃𝑖𝑎 ∕2 , 𝑧 

)
|( 𝑖 =1 , 2 , 3 ) = 1 . (5)

It is assumed that the rotor is rigid and well-balanced. The film thick-

ess between the outer face of the rotor and the inner face of the bearing

onsists of three parts: the nominal clearance c , eccentricity e , and the

adial displacement resulting from the vibration of each pad. Therefore,

he film thickness is expressed by 

 = 𝑐 + 𝑒 𝑦 ⋅ 𝐬𝐢𝐧 ( 𝜃) + 𝑒 𝑥 ⋅ 𝐜𝐨𝐬 ( 𝜃) + 𝜉𝑖 ⋅ 𝑉 𝑖 ( 𝜃, 𝑧 ) ⋅ 𝐬𝐢𝐧 
(
𝜔 𝑓 ⋅ 𝑡 

)
, (6)

here 𝜉i and V i ( 𝜃, z ) correspond to the maximum vibration amplitude

nd the normalized mode shape for the i th pad. The normalized mode

hape V i ( 𝜃, z ) equals 1 in this study, due to the above-mentioned assump-

ion ( Ⅱ ), i.e., the uniform vibration amplitude in the circumferential and

xial direction. Unlike other compliant structure air bearings [54] , the

ccentricity displacement can exceed the nominal clearance. The maxi-

um eccentricity is the difference between the bearing clearance c and

he maximum vibration amplitude 𝜉, as all pads vibrate continuously.

he rotor turns unstably, if the eccentricity exceeds the threshold of

 − 𝜉. 

Combining Eqs. (1) –(3) with the boundary value problem stated by

qs. (4) –(6) , the pressure distribution is determined by using the finite

ifference method (FDM) and the Newton-Raphson technique [ 55 , 56 ]. 

.3. Bearing force and attitude angle 

The bearing forces are acquired by integrating the pressure over the

earing surface [47] . The pressure distribution is expressed in the cylin-

rical coordinate system. Consequently, the bearing forces of the SFB in

artesian coordinates are calculated by 

 𝑥 = 𝑝 𝑎 𝑅 

2 ⋅
3 ∑
𝑖 =1 

∫
𝐿 ∕ 𝑅 

0 ∫
𝜃𝑖𝑚 + 𝜃𝑖𝑎 ∕2 

𝜃𝑖𝑚 − 𝜃𝑖𝑎 ∕2 
( 𝑃 − 1 ) ⋅ 𝐜𝐨𝐬 ( 𝜃) 𝑑 𝜃𝑑 𝑍 , (7)

 𝑦 = 𝑝 𝑎 𝑅 

2 ⋅
3 ∑
𝑖 =1 

∫
𝐿 ∕ 𝑅 

0 ∫
𝜃𝑖𝑚 + 𝜃𝑖𝑎 ∕2 

𝜃𝑖𝑚 − 𝜃𝑖𝑎 ∕2 
( 𝑃 − 1 ) ⋅ 𝐬𝐢𝐧 ( 𝜃) 𝑑 𝜃𝑑 𝑍 , (8)

 = 

√ 

𝐹 𝑥 
2 + 𝐹 𝑦 

2 , (9)

here F x and F y are the components of the bearing force F in the x -

nd y -direction, respectively. Notably, the bearing force is a periodic

unction in time with the frequency f , as reported in [28] . The average
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Fig. 2. Flowchart of the static performance 

calculation, where the Newton-Raphson 

method described in the dashed box is 

employed to determine the attitude angle 𝜃0 . 
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alue of the bearing force in one cycle equals the mean bearing force 𝐹 

43] . As the rotor remains in a steady condition, the mean horizontal bearing

orce 𝐹 𝑦 equals zero and the mean vertical bearing force 𝐹 𝑥 is counteracting

he external load, i.e., 

̄
 𝑥 = 

1 
2 𝜋 ∫

2 𝜋

0 
𝐹 𝑥 𝑑𝑇 = 𝑊 , 𝐹 𝑦 = 

1 
2 𝜋 ∫

2 𝜋

0 
𝐹 𝑦 𝑑𝑇 = 0 , 𝐚𝐫 𝐜𝐭 𝐚𝐧 

(
𝐹 𝑦 ∕ ̄𝐹 𝑥 

)
= 0 , 𝜃0 = 𝐚𝐫 𝐜𝐭 𝐚𝐧 

(
𝑒 𝑦 ∕ 𝑒 𝑥 

)
(10) 

An error function is defined as 

 𝜃𝑘 0 = 𝐚𝐫 𝐜𝐭 𝐚𝐧 
(
𝐹 𝑦 ∕ ̄𝐹 𝑥 

)
, (11)

here k represents the number of iterations. The Newton-Raphson iter-

tion method is employed to update the attitude angle [57] 

𝑘 +1 
0 = 𝜃𝑘 0 − 

𝑑𝜃𝑘 0 (
𝑑𝜃𝑘 0 − 𝑑𝜃𝑘 −1 0 

) (𝜃𝑘 0 − 𝜃𝑘 −1 0 
)
. (12)

The calculation is carried out until the convergence criterion |𝑑𝜃𝑘 0 | ≤
𝜃0 is fulfilled, where Δ𝜃0 stands for the convergence threshold. In this

tudy, Δ𝜃0 is set to 1.7 × 10 − 3 rad. 𝜃𝑘 0 is considered as the attitude

ngle 𝜃0 . A flowchart of the static performance calculation procedure is

resented in Fig. 2 . The correction factor 𝛿e is employed to adjust the

ccentricity in the case where the mean bearing force does not equal

he external load up to a deviation of 0.1 N. The eccentricity correction

actor is set to 0.001 c in this paper. 

.4. Dynamic coefficients 

There are several methods to calculate the stiffness and damp-

ng coefficients. Among them, there are the infinitesimal perturbation

ethod [47] , the finite perturbation method [58] and the finite vol-

me method [59] . The infinitesimal perturbation method is a common

ethod adopted by many researchers [ 8 , 51 , 60 ]. This method assumes

hat infinitesimal displacement perturbations ( Δx , Δy ) and velocity per-

urbations ( Δ�̇� , Δ�̇� ) are applied to the steady operating conditions. Thus,

he modified dimensionless film thickness �̄� and pressure 𝑃 are rewrit-

en as [61] 

̄
 = 𝐻 0 + Δ𝐻 = 𝐻 0 + Δ𝑋 𝐜𝐨𝐬 ( 𝜃) + Δ𝑌 𝐬𝐢𝐧 ( 𝜃) , (13)

̄
 = 𝑃 0 + Δ𝑃 = 𝑃 0 + 𝑃 𝑥 Δ𝑋 + 𝑃 𝑦 Δ𝑌 + 𝑃 �̇� Δ�̇� + 𝑃 �̇� Δ�̇� , (14)

n which H 0 and P 0 are the dimensionless film thickness and pres-

ure in the equilibrium position, respectively. ΔX = Δx / c , ΔY = Δy / c ,

�̇� = Δ�̇� ∕ 𝑐 and Δ�̇� = Δ�̇� ∕ 𝑐 are the normalized perturbation variables.

 x , P y , 𝑃 �̇� and 𝑃 �̇� are the normalized perturbation pressures caused by
4 
he perturbation variables Δx , Δy , Δ�̇� and Δ�̇� , respectively. In pertur-

ation analysis, the rotor orbits about the equilibrium position with the

hirl angular velocity 𝜐. The dimensionless Reynolds equation consid-

ring the perturbation motion of the rotor is expressed as 

𝜕 

𝜕𝜃

( 

𝑃 �̄� 

3 𝜕 𝑃 

𝜕𝜃

) 

+ 

𝜕 

𝜕𝑍 

( 

𝑃 �̄� 

3 𝜕 𝑃 

𝜕𝑍 

) 

= Λ
𝜕 
(
𝑃 �̄� 

)
𝜕𝜃

+ 2Λ𝛾
𝜕 
(
𝑃 �̄� 

)
𝜕 ̄𝑡 

, (15)

here 𝑡 = 𝜐𝑡 is the normalized time. 𝛾 = 𝜐∕ 𝜔 is the ratio of the whirl

ngular velocity and the rotation angular velocity. In this study, setting

to 1 corresponds to when the whirl frequency equals the rotation fre-

uency, which is also called the synchronous condition. In the equilib-

ium position, the dimensionless film thickness H 0 and pressure P 0 are

eriodic functions in time with frequency f . Generally, the pad vibration

requency f ( > 20 kHz) is much greater than the whirl frequency (1 kHz

orrespond to 60 krpm). Thus, the variation rates of film thickness and

ressure in the equilibrium position are approximately equal to zero,

.e., 𝜕 𝐻 0 ∕ 𝜕 ̄𝑡 ≈ 0 and 𝜕 𝑃 0 ∕ 𝜕 ̄𝑡 ≈ 0 . This approximation is not reasonable if

he vibration frequency of the pads and the whirl frequency of the rotor

re of the same order of magnitude. 

Substituting Eqs. (13) and (14) into Eq. (15) , the terms with the same

oefficients are then collected, yielding four differential equations: 

𝜕 

𝜕𝜃

( 

𝑃 0 𝐻 

3 
0 
𝜕 𝑃 𝜁

𝜕𝜃

) 

+ 

𝜕 

𝜕𝜃

( 

𝑃 𝜁𝐻 

3 
0 
𝜕 𝑃 0 
𝜕𝜃

) 

+ 

𝜕 

𝜕𝑍 

( 

𝑃 0 𝐻 

3 
0 
𝜕 𝑃 𝜁

𝜕𝑍 

) 

+ 

𝜕 

𝜕𝑍 

( 

𝑃 𝜁𝐻 

3 
0 
𝜕 𝑃 0 
𝜕𝑍 

) 

= Λ
𝜕 𝑃 𝑥 𝐻 0 + 𝜕 𝑃 0 𝐜𝐨𝐬 𝜃

𝜕𝜃
− 2Λ𝛾𝑃 �̇� 𝐻 0 

− 

𝜕 

𝜕𝜃

( 

3 𝑃 0 𝐻 

2 
0 𝐜𝐨𝐬 𝜃

𝜕 𝑃 0 
𝜕𝜃

) 

− 

𝜕 

𝜕𝑍 

( 

3 𝑃 0 𝐻 

2 
0 𝐜𝐨𝐬 𝜃

𝜕 𝑃 0 
𝜕𝑍 

) 

𝜁= x , (16) 

 Λ
𝜕 𝑃 �̇� 𝐻 0 
𝜕𝜃

+ 2Λ𝛾
(
𝑃 0 𝐜𝐨𝐬 𝜃 + 𝑃 𝑥 𝐻 0 

)
𝜁 = �̇� , (17)

 Λ
𝜕 𝑃 𝑦 𝐻 0 + 𝜕 𝑃 0 𝐬𝐢𝐧 𝜃

𝜕𝜃
− 2Λ𝛾𝑃 �̇� 𝐻 0 − 

𝜕 

𝜕𝜃

( 

3 𝑃 0 𝐻 

2 
0 𝐬𝐢𝐧 𝜃

𝜕 𝑃 0 
𝜕𝜃

) 

− 

𝜕 

𝜕𝑍 

( 

3 𝑃 0 𝐻 

2 
0 𝐬𝐢𝐧 𝜃

𝜕 𝑃 0 
𝜕𝑍 

) 

𝜁 = 𝑦, (18) 

 Λ
𝜕 𝑃 �̇� 𝐻 0 

𝜕𝜃
+ 2Λ𝛾

(
𝑃 0 𝐬𝐢𝐧 𝜃 + 𝑃 𝑦 𝐻 0 

)
𝜁 = �̇� . (19)

The boundary conditions are stated as 

 𝑥 = 𝑃 𝑦 = 𝑃 �̇� = 𝑃 �̇� = 0 𝐚𝐭 𝑧 = 0&𝐿, (20)

 𝑥 = 𝑃 𝑦 = 𝑃 �̇� = 𝑃 �̇� = 0 𝐚𝐭 𝜃 = 𝜃𝑖𝑚 ± 𝜃𝑖𝑎 ∕2 ( 𝑖 = 1 , 2 , 3 ) . (21)
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Table 1 

Basic parameters of the SFB and its operating conditions. 

Parameters Value Unit 

Rotor radius r 24.97 mm 

Bearing bore radius R 25 mm 

Bearing nominal clearance c 30 𝜇m 

Bearing width L 25 mm 

Pad number i 1,2,3 

Pad arc length 𝜃ia 100°; 100°; 100°

Pad middle angle 𝜃im 60°; 180°; 300°

Pad vibration amplitudes 𝜉i ( i = 1, 2, 3) 15 𝜇m 

Excitation frequency f 20 kHz 

Air dynamic viscosity 𝜇a 1.81 ×10 -5 Pa •s 

Ambient air pressure p a 1.013 ×10 5 Pa 
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Fig. 3. (a) Time-average dimensionless pressure distribution of one period, 

computed for n = 0, e = 0.2 c and 𝜃0 = 0°, where the three crests correspond to the 

three pads. (b) The pressure distribution of the mid-plane in z -direction at two 

different rotation speeds, computed for e = 0.2 c and 𝜃0 = 0°, where the solid and 

dashed lines represent n = 20 and 0 krpm, respectively. 
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H 0 and P 0 are calculated by using the proposed calculation procedure

s presented in Fig. 2 . P x and 𝑃 �̇� are calculated from Eqs. (16) and (17) .

imilarly, P y and 𝑃 �̇� are estimated from Eqs. (18) and (19) . Notably, the

ormalized perturbation pressures 𝑃 𝜁 ( 𝜁 = 𝑥, 𝑦, �̇� , �̇� ) are periodic functions in

ime with vibration frequency f. Consequently, the time-averaged stiffness and

amping coefficients of the bearing within one vibration period are obtained

rom 

 

𝐾 𝑥𝑥 𝐾 𝑥𝑦 

𝐾 𝑦𝑥 𝐾 𝑦𝑦 

] 
= 

3 ∑
𝑖 =1 

1 
2 𝜋 ∫

2 𝜋

0 ∫
𝐿 ∕ 𝑅 

0 ∫
𝜃𝑖𝑚 + 𝜃𝑖𝑎 ∕2 

𝜃𝑖𝑚 − 𝜃𝑖𝑎 ∕2 [ 
𝑃 𝑥 𝐜𝐨𝐬 𝜃 𝑃 𝑦 𝐜𝐨𝐬 𝜃
− 𝑃 𝑥 𝐬𝐢𝐧 𝜃 − 𝑃 𝑦 𝐬𝐢𝐧 𝜃

] 
𝑃 𝑎 𝑅 

2 

𝑐 
𝑑 𝜃𝑑 𝑍𝑑 𝑇 , (22) 

 

𝐶 𝑥𝑥 𝐶 𝑥𝑦 
𝐶 𝑦𝑥 𝐶 𝑦𝑦 

] 
= 

3 ∑
𝑖 =1 

1 
2 𝜋 ∫

2 𝜋

0 ∫
𝐿 ∕ 𝑅 

0 ∫
𝜃𝑖𝑚 + 𝜃𝑖𝑎 ∕2 

𝜃𝑖𝑚 − 𝜃𝑖𝑎 ∕2 [ 
𝑃 �̇� 𝐜𝐨𝐬 𝜃 𝑃 �̇� 𝐜𝐨𝐬 𝜃
− 𝑃 �̇� 𝐬𝐢𝐧 𝜃 − 𝑃 �̇� 𝐬𝐢𝐧 𝜃

] 
𝑃 𝑎 𝑅 

2 

𝑐𝜔 
𝑑 𝜃𝑑 𝑍𝑑 𝑇 (23) 

. Results and discussion 

.1. Pressure distribution 

The basic parameters of the SFB and its operating conditions are

isted in Table 1 . In this study, if there is no specific clarification, the

ibration amplitudes of the three pads are given by the same value. The

otal computational domain is the area corresponding to the three pads.

he effects of the computational domain mesh density on the numerical

esults have been checked. The results are not presented here for the

ake of brevity. To find a compromise between computational efficiency

nd accuracy, a mesh of each pad area is used which consists of 50 by

5 grid points in the 𝜃- and z -directions, respectively. 

Rotation speed, eccentricity and attitude angle are set to 0 krpm, 0.2 c

nd 0°, respectively. Other calculation parameters are listed in Table 1 .

he time-average dimensionless pressure distribution of one steady ex-

itation circle is plotted in Fig. 3 a. It is clearly shown that the time-

verage pressure is higher than the ambient pressure. The bearing force

roduced by the squeeze effect can levitate the rotor even at rest. The

ressure in pad-2 is higher than that in the other two pads since the rotor

s closer to this pad at the equilibrium position. Therefore, the vibration

roperty of pad-2 is more important than that of the other two pads. The

ressure distribution is symmetric about the x - O - z plane. Thus, only the

ertical bearing force is produced in these conditions. 

The comparison of the time-average dimensionless pressure distri-

ution of the mid-plane ( z = L /2) in the z -direction between the rotor at

est and rotation speed n = 20 krpm is shown in Fig. 3 b. Setting the rota-

ion speed to n = 20 krpm, the pressure is simultaneously influenced by

queeze and aerodynamic effects. Thus, the pressure distribution turns

symmetric, which is different from the situation under the pure squeeze

ffect. Both, vertical and horizontal bearing forces will be generated.
5 
hile the pressure in pad-1 increases, it decreases in pad-3. The pres-

ure in pad-2 hardly changes compared to the state with the rotor at

est. 

By integrating the pressure over the area of all pads in one period, the

ransient vertical bearing force F x and the horizontal bearing force F y are

etermined when the rotor is at rest and the rotation speed n = 20 krpm, as

hown in Fig. 4 a and b, respectively. With the rotor at rest, the mean bear-

ng force in the x -direction 𝐹 𝑥 = −37 . 4335 N. The negative sign of the

earing force means the direction of 𝐹 𝑥 is opposite to the positive di-

ection of the x -axis. In y -direction, the mean bearing force 𝐹 𝑦 = 0 N.

he total bearing force 𝐹 results from the squeeze effect and is equal to

he mean bearing force 𝐹 𝑥 . This corresponds to the results presented in

ig. 3 a. 

When the rotation speed n = 20 krpm, the bearing force F x is slightly

ower than for the case of the rotor at rest. Therefore, the mean bearing

orce in the x -direction 𝐹 𝑥 is slightly decreased and equals -36.9127 N.

he mean bearing force in the y -direction 𝐹 𝑦 is generated by the aero-

ynamic effect and equals 1.5643 N. However, the value of the bear-

ng force 𝐹 in this condition is 36.9458 N and hence, lower than the

alue for the resting rotor (37.4335 N). Thus, the load-carrying capac-

ty is weakened by the aerodynamic effect given the design parameters

f the bearing and the corresponding operating conditions. This con-

radicts the results that suggest the aerodynamic effect could enhance

he bearing load-carrying capacity in other SFBs [ 42 , 44 ]. One possi-

le reason for the contradictory impact of the aerodynamic effect could

e the increased magnitude of the vibration amplitude, compared to

he results given in [ 42 , 44 ]. In these studies, the change in pressure is

ainly caused by the aerodynamic effect. However, Fig. 3 b shows that

he squeeze effect is the main reason for the high pressure at high vibra-

ion amplitudes. Another type of a hybrid air-lubricated bearing, namely

he aerostatic bearing, shows similar characteristics. In the case of low
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Fig. 4. Transient bearing forces over one period at two different rotation speeds, computed for e = 0.2c and 𝜃0 = 0°, where the solid and dashed lines represent n = 20 

and 0 krpm, respectively. (a) vertical force; (b) horizontal force. 

Fig. 5. Comparison between the numerical and the published experimental 

[36] results, where the solid line represents the numerical results and the circles 

are the published experimental data. 
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Fig. 6. Comparison between the static stiffness coefficient K xx calculated by the 

perturbation method and Eq. (24) , where the solid line represents the perturba- 

tion method results and the circles are the results calculated by Eq. (24) . 
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upply pressure, the aerodynamic effect could enhance the bearing ca-

acity [1] . In the case of high supply pressure, the increment in rotation

peed could promote the aerodynamic effect that weakens the bearing

apacity [62] . 

.2. Validation with experimental data 

To validate the proposed static analysis method, the experimental

perating parameters from [36] are adopted and used to calculate the

tatic levitation force. The maximum vibration amplitude of the pad and

he rotation speed are set to 20 𝜇m and 0 krpm, respectively. All other

arameters remain the same as listed in Table 1 . Meanwhile, only one

ransducer (corresponding to pad-2 in this study) was working during

he experimental measurement. The comparison between the numerical

esults from this study and the experimental results from [36] is shown

n Fig. 5 . The solid line represents the numerical results, while the circles

tand for the published experimental data. The levitation force decreases

ith the increment in levitation height. This phenomenon is commonly

ound in NFAL [ 33 , 63 ]. The numerical results match well with the ex-

erimental data, although there are small deviations at large levitation

eights. To conclude, the proposed static analysis method proves to be

 viable tool for the prediction of the bearing force. 
6 
When the rotor is not rotating, the static stiffness coefficient K xx can

e calculated using the proposed perturbation method ( Section 3.4 ). Al-

ernatively, the static stiffness coefficient can also be calculated from the val-

dated static analysis method, i.e., on behalf of a finite perturbation method

 58 ] actually being a central finite difference scheme, which is expressed by

 𝑥𝑥 = 

𝜕 𝐹 𝑥 

𝜕𝑥 
≈
𝐹 𝑥 

(
𝑒 𝑥 + Δ𝑒 𝑥 

)
− 𝐹 𝑥 

(
𝑒 𝑥 − Δ𝑒 𝑥 

)
2Δ𝑒 𝑥 

, (24)

here Δe x is a small displacement value and equals 0.01 c . The results

or the stiffness coefficient K xx are shown in Fig. 6 for both methods.

t is clearly shown that the two results are very close to each other.

herefore, the validity of the dynamic analysis method has been proven.

.3. Parametric analysis of static performance 

.3.1. External load 

In this subsection, the vibration amplitude and the nominal clear-

nce are set to 15 𝜇m and 30 𝜇m, respectively. The relationship between

he external load and the equilibrium position of the rotor at three dif-

erent rotation speeds is shown in Fig. 7 . The eccentricity ratio of the

otor increases with the increment of the external load for all three rota-

ion speeds. The relationship between them is clearly non-linear. Given

 heavier load, the film thickness becomes thinner leading to a higher
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Fig. 7. Eccentricity ratio and attitude angle versus external load at three rota- 

tion speeds, computed for 𝜉= 15 𝜇m and c = 30 𝜇m, where the solid, dashed and 

dashed-dot lines represent the rotation speed n = 0, 20 and 40 krpm, respectively. 

Fig. 8. Eccentricity ratio versus rotation speed at three nominal clearances, 

computed for 𝜉= 15 𝜇m and W = 40 N, where the solid and dashed lines represent 

n > 0 and = 0 krpm, respectively. 
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Fig. 9. Eccentricity ratio versus vibration amplitude at two rotation speeds, 

computed for c = 30 𝜇m and W = 20 N, where the solid and dashed lines represent 

n = 40 and 0 krpm, respectively. 
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ressure. A reduction of the air film thickness is equivalent to an in-

rease in eccentricity. This variation trend is common for NFAL [33] .

n the meantime, the attitude angle decreases as the external load in-

reases. This is due to the increase in the ratio between the squeeze

ffect and the aerodynamic effect for thinner film thicknesses. In this

ituation, the position of the rotor is close to the x -axis. It is also found

hat the eccentricity ratio as well as the attitude angle increase as the

otation speed increases. This result is also observed in other hybrid air-

ubricated bearings [62] . For light loads, the influence of the rotation

peed on the eccentricity ratio is not evident. 

.3.2. Rotation speed and nominal clearance 

Now, the vibration amplitude and external load are set to 15 𝜇m

nd 40 N, respectively. Fig. 8 presents the effect of the rotation speed

n the eccentricity ratio under three different bearing nominal clear-

nces. It is shown that the eccentricity ratio decreases as the clearance

ecreases. This is because the squeeze effect is weakened by increas-

ng the clearance. The same tendency can be found in other SFBs [26] .

hen the clearance c = 40 𝜇m, it is observed that the eccentricity ratio

ecreases when the rotation speed increases. In this condition, both, the

erodynamic and squeeze effects have a positive impact on the bearing

apacity [44] . However, when the clearance c = 35 𝜇m and c = 30 𝜇m,

he aerodynamic effect has a negative influence on the bearing capacity

s mentioned in Section 4.1 . Thus, the eccentricity ratio increases with

he increment in rotation speed. However, the eccentricity ratio differ-

nce between pure squeeze effect ( n = 0rpm) and both aerodynamic and

queeze effect ( n > 0rpm) is very small as shown in Fig. 8 . The eccen-
7 
ricity ratio difference in the case of a clearance of c = 30 𝜇m is slightly

igher than for c = 35 𝜇m. Therefore, the influence of the rotation speed

n the eccentricity ratio can be reduced by a reasonable design of the

earing clearance. 

.3.3. Vibration amplitude 

In this subsection, the nominal clearance and the external load are

et to 30 𝜇m and 20 N, respectively. The vibration frequency remains un-

hanged in order to keep the same vibration mode shape of the Langevin

ransducer. The vibration amplitude is adjusted by changing the peak-to-

eak value of the driving voltage [ 28 , 36 ]. Fig. 9 depicts the relationship

etween the vibration amplitude of the pad and the eccentricity ratio

f the rotor at two different rotation speeds. The eccentricity ratio de-

reases as the vibration amplitude increases. This is because the vibra-

ion amplitude has a remarkably positive effect on the levitation force in

FAL [34] . This phenomenon was also observed by experimental inves-

igations on SFBs [ 28 , 64 ]. When the amplitude is set to a critical value,

uch as 13 𝜇m in this study, the aerodynamic and squeeze effects are

alanced. The variation of the eccentricity ratio with respect to the ro-

ational speed is very small. If the amplitude is lower than the critical

alue, the importance of the aerodynamic effect increases. The eccen-

ricity ratio of the rotor decreases as the rotational speed increases as

escribed for other SFBs [44] . However, if the amplitude is higher than

he critical value, the increment in rotation speed could lead to the in-

rement in eccentricity ratio as discussed in Section 4.1 . 

.4. Parametric analysis of dynamic performance 

There are many factors that influence the dynamic performance of

he bearing, such as rotation speed, external load and vibration ampli-

ude of the pad, etc. As the SFB is put in operation, the vibration am-

litude and the rotation speed are the most common parameters that

an be varied. Thus, the impact of these two parameters on the dynamic

erformance of the bearing will be investigated. In addition, the effect

f each pad on the dynamic performance of the bearing is discussed. 

.4.1. Rotation speed 

In this subsection, the vibration amplitude of the pad and the nom-

nal clearance are assumed to be 15 𝜇m and 30 𝜇m, respectively. The

xternal load is 40 N. The calculated synchronous dynamic coefficients

ersus the rotation speed are shown in Fig. 10 . It is clearly shown that

he direct stiffness, i.e., K xx and K yy , slightly decreases with respect to

he increase of the rotation speed. Since the squeeze effect is promi-

ent in the x -direction and the bearing structure is not symmetric about

oth the x - and y -axis, the value for direct stiffness in the x -direction

 xx is greater than that in the y -direction K yy . The direct damping C xx 
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Fig. 10. Calculated synchronous dynamic coefficients of the SFB versus rotation speed, computed for 𝜉= 15 𝜇m, c = 30 𝜇m and W = 40 N. (a) stiffness coefficients; (b) 

damping coefficients. 

Fig. 11. Calculated synchronous direct coefficients versus rotation speed at three different amplitudes, computed for c = 30 𝜇m and W = 40 N, where the solid, dashed 

and dashed-dot lines represent the vibration amplitude 𝜉= 13, 15 and 17 𝜇m, respectively. (a) stiffness coefficients; (b) damping coefficients. 
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nd C yy have the same variation trend. The values of all cross-coupled

tiffness and damping coefficients ( K xy , K yx , C xy and C yx ) increase as the

otation speed increases. These trends match with the results presented

n [62] . Furthermore, the magnitude of the cross-coupled stiffness and

amping coefficients are lower than those of their corresponding direct

oefficients, which is obviously observed at a low rotation speed and is

xpected for the bearing design [ 2 , 65 ]. This trend is observed for other

ir-lubricated journal bearings [ 2 , 66 ]. 

.4.2. Vibration amplitude 

Now, the nominal clearance and the external load are set to 30 𝜇m

nd 40 N, respectively. Fig. 11 shows the synchronous direct stiffness

nd damping coefficients versus rotation speed at three vibration am-

litudes. Since the squeeze effect could be enhanced by increasing the

ibration amplitude, the value for direct stiffness increases with increas-

ng vibration amplitude. Increasing the amplitude makes the velocity of

ir squeezed out faster than the velocity of air compressed out from the

ir film. This leads to an increase in the amount of viscous damping

n the air film [67] . Therefore, the direct damping coefficient increases

ith the increment in vibration amplitude. Further, the growth gradient

f the direct stiffness and the direct damping coefficients increases with
8 
he increase in vibration amplitude. This is because that the squeeze

ffect is more evident in high vibration amplitude. 

.4.3. Bearing pad 

Although the structure of the SFB consists of three separate pads,

very pad works individually. Therefore, the trajectory of the rotor is

asily controlled by adjusting the vibration amplitude of each pad. The

ffects of the vibration amplitude of each pad on the synchronous direct

tiffness and damping coefficients are shown in Fig. 12 . The nominal

learance, the rotation speed, and the external load are set to 30 𝜇m, 20

rpm and 40 N, respectively. Only the vibration amplitude of one pad

s changed while the vibration amplitudes of the other two pads remain

nchanged and equal 15 𝜇m. It is observed that the values for direct

tiffness and damping coefficients increase with an increasing vibration

mplitude. This phenomenon corresponds to the results of Section 4.4.2 .

or the direct coefficients in x -direction, i.e., K xx and C xx , the influence

f Pad-3 on the change rate of these coefficients is more evident than

hat of the other two pads. This indicates that the effect of Pad-3 on the

ynamic performance is vital. For the direct coefficients in y -direction,

.e., K yy and C yy , the change rates of these coefficients caused by Pad-1

nd Pad-3 are very close, and higher than that caused by Pad-2. This
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Fig. 12. Calculated synchronous direct coefficients versus vibration amplitudes of each pad, computed for c = 30 𝜇m, n = 20 krpm and W = 40 N, where the solid, 

dashed and dashed-dot lines represent Pad-1, Pad-2 and Pad-3, respectively. (a) Stiffness coefficients; (b) damping coefficients. 
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s because Pad-1 and Pad-3 are symmetric with respect to the x -axis.

n conclude, Pad-1 and Pad-3 exhibit an important effect on the direct

tiffness and damping coefficients than Pad-2. 

. Conclusions 

This paper studied the static and dynamic characteristics of a three-

ad squeeze film bearing. First, a simplified theoretical model was de-

cribed and the governing equations introduced to describe the pressure

istribution in the gas film of the bearing. Secondly, the stable equi-

ibrium position of the rotor was calculated by the Newton-Raphson

ethod. Substituting the film thickness and pressure which are updated

y the perturbation method into the Reynolds equation, four differen-

ial equations were derived. This system of differential equations was

hen used to calculate all eight dynamic coefficients. The static and dy-

amic calculation methods were validated against the experimental re-

ults taken from [19] . Finally, the effects of external load, rotation speed,

ominal clearance and vibration amplitude of the pad on the static per-

ormance of the squeeze film bearing were studied. Some conclusions

ere obtained from the calculated results, which are described as fol-

ows: 

(1) The eccentricity of the rotor increases as the external load of the

rotor increases or the vibration amplitude of the pad decreases. 

(2) For given bearing parameters, there exists a critical value for the

bearing clearance and the vibration amplitude. At this condition,

the aerodynamic and squeeze effects are balanced. Therefore, the

variation in eccentricity with respect to the rotational speed is

quite small. 

(3) The aerodynamic effect could enhance the bearing capacity if

the bearing clearance is higher or the amplitude lower than the

critical value. Otherwise, the bearing capacity is weakened by

increasing the rotation speed. 

The predicted dynamic performances of the bearing have also been

resented for different rotation speeds and vibration amplitudes. Higher

irect stiffness and damping coefficients are obtained for lower rotation

peeds or higher amplitudes. All the three pads have a positive effect

n the direct stiffness and damping coefficients. However, Pad-1 and

ad-3 play a more important role than Pad-2. This study has guiding

ignificance in determining the parameters of squeeze film bearings. In

ddition, this study provides the theoretical basis for trajectory control

f a rotor in the future. 
9 
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ABSTRACT:
Contactless transportation systems based on near-field acoustic levitation have the benefit of compact design and

easy control which are able to meet the cleanliness and precision demands required in precision manufacturing.

However, the problems involved in contactless positioning and transporting cylindrical objects have not yet been

addressed. This paper introduces a contactless transportation system for cylindrical objects based on grooved radia-

tors. A groove on the concave surface of the radiator produces an asymmetrical pressure distribution which results

in a thrusting force to drive the levitator horizontal movement. The pressure distribution between the levitator and

the radiator is acquired by solving the Reynolds equation. The levitation and the thrusting forces are obtained by

integrating the pressure and the pressure gradient over the concave surface, respectively. The predicted results of the

levitation force agree well with experimental observations from the literature. Parameter studies show that the thrust-

ing force increases and converges to a stable value as the groove depth increases. An optimal value for the groove

arc length is found to maximize the thrusting force, and the thrusting force increases as the groove width, the radiator

vibration amplitude, and the levitator weight increase. VC 2021 Acoustical Society of America.
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I. INTRODUCTION

Handling and transporting micro-electromechanical

systems components or semiconductors is a challenging task

due to their fragility and surface-sensitive characteristics.1

Therefore, contactless manipulation is necessary in many

situations.2 Near-field acoustic levitation (NFAL) is a con-

tactless technology that has attracted widespread attention in

recent years. Compared to other contactless technologies,

such as air cushion3 or magnetic levitation,4 the NFAL has

two distinct advantages: (1) compact operation system and

(2) no material restrictions for the levitator.5 In 1975, when

Whymark6 investigated the ultrasonic levitation trapping

small objects at the nodal positions of the standing wave

field, he also found that a planar disk made of brass hovers

above a piston operating at a vibration frequency of 20 kHz.

This levitation phenomenon is referred to as NFAL.

Hereafter, many researchers studied the mechanism and

application of the NFAL. Hashimoto et al.7 presented a

numerical model in which the radiation surface vibrates har-

monically in the in-phase mode. Based on this model, they

derived a relationship between the levitation distance, the

vibration amplitude, and the weight per unit area. Later, Hu

et al.8 pointed out that the sound field between the radiator

and the levitator produces two forces which act on the bot-

tom of the levitator. The first one is the acoustic radiation

force that levitates the object. The second one is the acoustic

viscous force that transports or rotates the object. These two

forces play different roles in various applications. The

acoustic radiation force is the main concerning force in con-

tactless positioning or squeeze film bearing.9,10 In these

applications, the acoustic viscous force is unwanted in order

to guarantee stability of the levitator. However, in contact-

less transportation11 or ultrasonic motor12 applications, both

forces are important.

The NFAL is mainly categorized based on the property

of the vibration wave. Two major types of the NFAL are (1)

the traveling wave type levitation and (2) the standing wave

type levitation. Correspondingly, two methods are generally

used to generate an acoustic viscous force in the NFAL.13

The first method uses a traveling wave sound field in the

fluid between the vibrator and the levitator. This corre-

sponds to the traveling wave type acoustic levitation. For

example, Hashimoto et al.14 used two longitudinal vibration

systems to excite the traveling wave along a beam. A 7.6 g

duralumin plate was able to be transported along this beam.

Based on this transportation system, other investigators

studied its transportation characteristics15,16 or expanded its

application field, e.g., for different cross-sections of the levi-

tator.17 In order to acquire a better transportation perfor-

mance, Li et al.18 introduced several engraved grooves on

the surface of the levitator. An obvious characteristic of

these traveling wave type-based transportation systems14–18

is that they require a guide rail to produce vibration.

Therefore, Koyama et al.19 proposed a self-running sliding

stage that produces a traveling wave vibration by itself. This

stage not only produces self-levitation but also generates a

thrusting force that produces forward motion.a)Electronic mail: yuanyuan.liu@tum.de, ORCID: 0000-0003-1916-0349.
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The second method uses the asymmetric standing wave

field to produce a gradient in the sound pressure field in the

fluid domain. This corresponds to the standing wave type

acoustic levitation. For instance, Hu et al.20 used a wedge-

shaped stator to generate the standing wave vibration. The

levitator can be driven to move in the horizontal direction

due to the gradient in the stator vibration amplitude along

the stator’s length. Based on the structure from this study,

Hu et al.21 developed a plate-shaped stator with triangular

grooves to build a transportation system for long distance

contactless transportation. These transportation systems20,21

with a single vibration source cannot ensure the consistent

motion velocity of the levitator because the vibration distri-

bution is not uniform. Wei et al.22 employed two longitudi-

nal vibration sources to build a transportation system based

on the standing wave type. These two vibration sources gen-

erate two non-parallel squeeze films with a pressure gradient

between them. Similar to Ref. 19, Chen et al.23 reported a

self-running and self-floating actuator based on the standing

wave type. This actuator uses its coupled resonant vibration

mode to produce an asymmetric standing wave field.

Aono et al.24 proposed inserting the levitator between two

opposing vibration sources to increase the levitator’s

holding force. This method can be used to acquire a high

thrusting force for standing wave type transportation sys-

tems. Yet, this method decreases the load-carrying capacity

of the transportation system since the two levitation forces

oppose each other. Thus, this method is only suitable for

light objects. However, the abovementioned transportation

systems14–23 can only carry levitators with planar surfaces.

Since some precision components, e.g., in microsystems,

exhibit cylindrical surfaces, the problem of contactless

transport and positioning remains.

Previous investigation25 regarding the NFAL stability

problem revealed that an engraved groove on the levitator

can break the symmetry of the sound field, which produces a

restoring force. Therefore, this study deals with introducing

a groove on the concave surface of the radiator and its stabi-

lizing effect on the problem of contactless transport of cylin-

drical components. This modified radiator generates the

levitation force and the thrusting force simultaneously. A

transportation system composed of multiples of these

modified radiators can levitate and move a cylindrical

object. The pressure distribution between the radiator and

the levitator is described by the non-linear Reynolds equa-

tion, which considers the horizontal movement of the levita-

tor. The eight-point discrete method is used to solve the

discontinuous film thickness problem, which arises due to

the groove. The levitation force and the thrusting force are

calculated by integrating the pressure and the pressure gradi-

ent, respectively. Numerical predictions of the levitation

force agree well with experimental results from the litera-

ture.26 Finally, the effects of the groove parameters, the radi-

ator vibration amplitude, and the levitator weight on the

thrusting force are studied.

This paper is organized as follows. Section II describes

the working principle and the transportation system design.

Section III presents the governing equations and the solution

process for the pressure distribution. Sections IV and V dis-

cuss the pressure distribution of the squeeze film and the

parameter study, respectively.

II. WORKING PRINCIPLE

In the NFAL, increasing the vibration amplitude enhan-

ces the load-carrying capacity of the levitation system.27

The Langevin transducer is suitable for heavy loads since it

produces high intensity vibration.28 A typical Langevin

transducer26 mainly consists of five parts: the bolt, the back

mass, the four piezoelectric transducer (PZT) plates, the

horn, and the radiator with the concave surface, as shown in

Fig. 1(a). Owing to the piezoelectric effect, the four PZT

plates will generate the same frequency vibration along the

through-thickness direction when a sinusoidal voltage with

frequency f is applied. The horn transmits and amplifies the

vibration produced by the PZT plates to the radiator. Since

the radiator with the concave surface vibrates continuously,

the air film between the concave surface and the outer sur-

face of the cylindrical object is squeezed. Thus, the levita-

tion force is generated by the squeeze film.

In the case of a smooth concave surface, there is a sym-

metric pressure distribution in the axial direction.29

Therefore, no axial transport velocity is generated and the

levitator’s hovering position remains unchanged. Symmetry

of the pressure distribution is broken by introducing a

FIG. 1. (Color online) (a) Schematic diagram of the Langevin transducer (Ref. 26) used to produce the vibration, (b) the engraved groove on the radiator,

which is used to produce the asymmetric pressure distribution in the axis direction, and (c) three-dimensional diagram of the location of the groove within

the concave radiator.
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groove on the concave surface,25 as shown in Fig. 1(b). The

groove’s geometric parameters are prescribed by its width

lg, its depth hg, and its arc length hg. Figure 1(c) is presented

to clearly depict the location of the groove within the radia-

tor. According to the gas-film lubrication theory,30 the estab-

lished pressure gradient in the axial direction produces

thrusting force Ft. Furthermore, levitation force Fl caused

by the squeeze effect counteracts the weight of levitator W.

Therefore, this method not only realizes the levitator sus-

pension, but also drives its horizontal movement without

any additional equipment.

Using multiple Langevin transducers creates a contactless

transportation system for cylindrical objects, as shown in

Fig. 2. This system can meet the demands for long-distance

transportation. The levitator’s transportation trajectory can be

controlled by distributing transducers, by adjusting the radiator

vibration amplitude, and by the orientation of the grooved

surface. Changing the position of the groove can, for example,

be used to slow down or stop the levitator at the end of the

transportation system, cf. Fig. 2.

III. GOVERNING EQUATIONS AND NUMERICAL
SOLUTION

A. Reynolds equation

The analytic model for one radiator is shown in Fig. 3.

The center point, inner radius, and width of the radiator are

denoted as O, R, and L, respectively. The center point and

outer radius of the levitator are defined as Ol and r, respec-

tively. Since the air film between the levitator and the radia-

tor is symmetric in the circumferential direction and no

other force exists to drive a rotation of the levitator, the levi-

tator rotation is not considered. Further, the aerodynamic

effect is neglected and therefore, only the squeeze effect

exists in the air film. Hence, both center points are located

on the x axis. The eccentricity displacement e is defined

as the distance between O and Ol. The difference between

R and r is denoted as the nominal clearance c. Since the

levitator is simultaneously supported by several radiators

(cf. Fig. 2), the levitator’s inclination in the xOz-plane is

neglected. In addition, the levitator is assumed to be a rigid

body and well balanced.

The Reynolds equation is widely used to describe the

pressure distribution of the squeeze film in the NFAL.9,31

Some assumptions are introduced here to deduce the

Reynolds equations. First, air is assumed to behave in a

compressible manner and is treated as Newtonian fluid.32

Second, since the film thickness is much smaller than the

radiator’s radius, the squeeze film is assumed to function an

isothermal film33 and the pressure gradient in film thickness

direction is neglected.15 Third, since the transportation

speed is usually low, around several centimeters per sec-

ond,20,34 the Reynolds number is lower than the upper limit

value for laminar flow.33 Therefore, the airflow in the

squeeze film is treated as laminar flow. Finally, the magni-

tude of fluid inertia and body forces are smaller than the vis-

cous force32 and they are neglected. The axial displacement

of the levitator relative to its initial position is denoted as u.

Based on these assumptions, the expression of the dimen-

sionless Reynolds equation considering the movement of

the levitator in the z-direction is25,29

@

@h
PH3 @P

@h

� �
þ @

@Z
PH3 @P

@Z

� �

¼ r
@ PHð Þ
@T

þK
@ PHð Þ
@Z

� a
@ P2H3ð Þ
@Z

; (1)

in which P ¼ p=pa and H ¼ h=c are the dimensionless air

film pressure and air film thickness, respectively. T ¼ x � t
¼ 2pf � t is the dimensionless form of time t and the dimen-

sionless width position is Z ¼ z=R. pa denotes the pressure

of the ambient air, h is the thickness of the air film, and the

squeeze number is r ¼ 12laxR2=pac2. The coefficients

K ¼ 6la _uR=pac2 and a ¼ qa€uR=2pa represent the effects of

the levitator movement speed _u and its acceleration €u on the

pressure. la and qa are the viscosity coefficient and the

density of air.

B. Boundary conditions and film thickness

As shown in Fig. 3, the arc length of the concave sur-

face of the radiator is defined as ha. Due to the continuity of

the pressure at the interface to the ambient air, the pressure

FIG. 2. (Color online) Schematic configuration of the contactless transpor-

tation system, which contains multiple Langevin transducers.

FIG. 3. (Color online) Analytic model for one radiator and corresponding

coordinate systems.

1684 J. Acoust. Soc. Am. 150 (3), September 2021 Liu et al.

https://doi.org/10.1121/10.0006208

https://doi.org/10.1121/10.0006208


on the boundary of the squeeze film meets the following

conditions:

P h; z ¼ 6L=2ð Þ ¼ 1; (2)

P h ¼ p=26ha=2; zð Þ ¼ 1: (3)

Since the radial displacement of the radiator can be

treated as uniform,26 the normalized mode shape Vðh; zÞ
equals 1. It is assumed that the existence of the groove does

not affect the radiator’s vibration amplitude distribution in

order to conveniently conduct the parameter study. This

assumption is reasonable if the dimension of the groove is

much smaller than that of the radiator. Referring to Figs.

1(b) and 3, the grooved domain includes the front (z ¼ L=2),

the rear (z ¼ L=2� lg), the right (h ¼ p=2þ hg=2), and the

left (h ¼ p=2� hg=2) boundaries. Thus, the squeeze film

thickness is expressed as

h ¼

c� e � sin hð Þ þ n � V h; zð Þ � sin Tð Þ þ hg

groove domainð Þ;
c� e � sin hð Þ þ n � V h; zð Þ � sin Tð Þ

remaining domainð Þ;

8>>>>><
>>>>>:

(4)

where n is the maximum value of the radial vibration

displacement.

C. Solution process

The computational domain is the area of the radiator’s

concave surface, as shown on the left in Fig. 4. This

domain is divided into a grid of m� n sections, in which m
defines the discretization in h- and n in z-directions, i.e.,

Dh ¼ ha=m and Dz ¼ L=n. The film thickness becomes dis-

continuous at the edges of the groove domain. Therefore,

the partial differentials ð@H=@hÞi;j and ð@H=@ZÞi;j in

Eq. (1) are unsolvable.

In the field of gas lubrication, the eight-point discrete

method is adopted to solve this discontinuous film thickness

problem.35,36 All nodes on the four boundary lines (i.e.,

z ¼ 6L=2 and h ¼ p=26ha=2) meet the boundary condi-

tions in Eqs. (2) and (3). The inside node Gi;j is surrounded

by the area Xij, which is spanned by the four red dashed

lines Cij;1�4, as seen on the right in Fig. 4. The adjacent eight

points Nij;1�8 in the eight-point discrete grid are evenly dis-

tributed on the four perimeter lines Cij;1�4.

By integrating Eq. (1) over Xij, the dimensionless rate

of airflow passing through Xij can be expressed asð ð
Xij

@

@h
PH3 @P

@h

� �
þ @

@Z
PH3 @P

@Z

� �� �
dhdZ

¼
ð ð

Xij

r
@ PHð Þ
@T

� �
dhdZ

þ
ð ð

Xij

K
@ PHð Þ
@Z

� a
@ P2H3ð Þ
@Z

� �
dhdZ: (5)

The surface integral on the left side and the second term on

the right side of Eq. (5) can be transformed to a closed line

integral by using Green’s theorem,þ
Cij

� PH3 @P

@Z

� �
dhþ PH3 @P

@h

� �
dZ

� �

¼
ð ð

Xij

r
@ PHð Þ
@T

� �
dhdZ

þ
þ

Cij

a@ P2H3ð Þ � K@ PHð Þ
� 	

dh: (6)

The path of line integration runs counterclockwise, which

means from Cij;1 to Cij;4. Since the projections of Cij;2 and

Cij;4 on the h-axis equal zero, the first term on the left side

of Eq. (6) reduces toþ
Cij

� PH3 @P

@Z

� �
dh ¼ �

ð
Cij;1

PH3 @P

@Z

� �
dh

�
ð

Cij;3

PH3 @P

@Z

� �
dh: (7)

FIG. 4. (Color online) The mesh system of the computational domain, where the detailed eight-point discrete grid is presented on the right side.
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The film thickness of each perimeter line is approximately

equal to the arithmetic average film thickness of the two

corresponding points which lie on the perimeter line35 such

as H3ðCij;1Þ ¼ ðH3
i�1=4;jþ1=2

þ H3
iþ1=4;jþ1=2

Þ=2. Subsequently,

using the center difference method and the trapezoidal rule, the

right side of Eq. (7) can be expressed as

�
ð

Cij;1

PH3 @P

@Z

� �
dh�

ð
Cij;3

PH3 @P

@Z

� �
dh

¼ ðPi;j þ Pi;jþ1ÞðPi;jþ1 � Pi;jÞ

� H3
i�1=4;jþ1=2 þ H3

iþ1=4;jþ1=2


 � Dh
4DZ

�ðPi;j þ Pi;j�1ÞðPi;j � Pi;j�1Þ

� H3
i�1=4;j�1=2 þ H3

iþ1=4;j�1=2


 � Dh
4DZ

: (8)

All terms in Eq. (6) can be expanded in the same form

as Eq. (8). Thus, the nonlinear differential equation that

describes the relation between the pressure and the film

thickness over time is stated as

f Pi�1;j;Pi;j;Piþ1;j;Pi;j�1;Pi;jþ1;H; Tð Þ ¼ 0: (9)

The Newton–Raphson method is used to linearize Eq. (9),37

which acquires the pressure distribution in the computa-

tional domain. The mean levitation force �Fl and the mean

thrusting force �Ft in one vibration period follow as11

�Fl

�Ft

" #
¼ 1

2p

ð2p

0

ðp=2þha=2

p=2�ha=2

ðL=2

�L=2

p� pað Þsin hð Þ
h

2

@p

@z
þ la

_u

h
þ qah€u

3

2
64

3
75dzdhdT:

(10)

Under the steady conditions, the mean levitation force counter-

balances the weight of the levitator, i.e., �Fl ¼ W. The mean

thrusting force is mainly influenced by four variables: film

thickness h, pressure gradient in z-direction @p=@z, levitator

movement speed _u, and its acceleration €u.

IV. PRESSURE DISTRIBUTION AND VALIDATION

A basic design of this radiator is used to quantify the

effect of the groove on the pressure distribution. The param-

eters for the basic design and its operating condition are

listed in Table I. In addition to this basic setup,

transportation velocity _u and acceleration €u are assumed to

be zero to conveniently analyze the effect of the groove

parameters on the thrusting force by using control variates.

The influence of the mesh size on the numerical results has

been checked in previous studies,25,29 which is not displayed

here for the sake of brevity. A mesh resolution of m� n
¼ 60� 40 has been identified for sufficient results with

respect to calculation time and convergence. All parameters

remain as listed in Table I, if not specified elsewhere

throughout the following studies.

Since the radiator vibrates continuously, the film

thickness and pressure vary over time. When the squeeze

system reaches a steady condition, the transient film thick-

ness and pressure are periodic functions in time with

vibration frequency f. The dimensionless pressure distri-

butions of the radiator’s basic configurations with a

smooth and a grooved surfaces at the onset time of one

steady period are shown in Fig. 5(a). The corresponding

distributions of the dimensionless pressure gradient are

displayed in Fig. 5(b).

For the radiator configuration with a smooth surface,

the pressure distribution is symmetric with respect to the

xOz- and the xOy-planes, see top of Fig. 5(a). Therefore,

only levitation force Fl is produced and no thrusting force

acts on the levitator. For the grooved configuration, corre-

sponding to the bottom of Fig. 5(a), the pressure value in the

groove domain equals the ambient pressure, i.e., P ¼ 1.

This results from the contact between groove domain and

ambient air such that the squeeze effect is not evidenced in

the groove domain. Hence, symmetry of the pressure distri-

bution about the xOy-plane is broken due to the existence of

the groove. The asymmetric pressure distribution in the

z-direction produces thrusting force Ft, and the available

domain with squeeze effect is smaller than for the smooth

surface configuration. Thus, given the same weight of the

levitator, the dimensionless maximum pressure value in

the grooved condition (Pmax ¼ 1:1443) is higher than that in

the smooth condition (Pmax ¼ 1:1333).

Figure 5(b) shows that the pressure gradient value is

antimetric in the z-direction for the smooth surface configu-

ration. Since the positive part and the negative part are of

equal magnitude [Rð@P=@ZÞ ¼ 0], the thrusting force equals

zero, which corresponds to the results presented in Fig. 5(a).

However, the balance between the positive part and the neg-

ative part is changed by the groove. The pressure gradient

value in the groove domain equals zero. The negative part

TABLE I. Parameters of the radiator’s basic design and its operating condition.

Parameter Value Parameter Value

Vibration amplitude n 9 lm Vibration frequency f 20 kHz

Radiator concave radius R 10 mm Levitator outer radius r 9.96 mm

Nominal clearance c 40 lm Radiator width L 20 mm

Radiator arc length ha 120� Groove width lg 3 mm

Groove depth hg 1 mm Groove arc length hg 80�

Air dynamic viscosity la 1.81� 10�5 Pa s Air pressure pa 1.013� 105 Pa

Air density qa 1.204 kg/m3 Weight of the levitator W 0.5 N
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dominates in this case [Rð@P=@ZÞ ¼ �0:3813], which

means that the thrusting force points toward the negative z-

direction.

The variation in thrusting force Ft in one steady period

is shown in Fig. 6. The value of the thrusting force alternates

between negative and positive. The maximum negative

thrusting force absolute value is 1.6355 mN, which is larger

than the positive absolute value 1.3341 mN. Therefore, a

mean thrusting force of �Ft
�Ft¼ –0.1182 mN is generated,

since negative contributions for the thrusting force

dominate.

The measurement method of the levitation force stated

in Ref. 26 is represented by the simplified diagram shown in

Fig. 7(a). When the levitation system reaches a steady con-

dition, the levitation force generated by the squeeze film is

counteracting the external load which contains the weight of

the levitator and two objects. Therefore, the value of the lev-

itation force is adjusted by changing the weight of the two

objects. At the same time, the levitation height is measured

by the displacement sensor. Consequently, experimental

data which describes the relationship between the levitation

height and the levitation force is obtained. In order to vali-

date the proposed calculation method, numerical calculation

results are compared to with these experimental data from

Ref. 26. Some calculation parameters are adjusted compared

to the basic configuration. The adjusted parameters are listed

in Table II. All other parameters remain as prescribed for

the basic configuration.

Figure 7(b) shows the comparison between numerical

calculation and experimental results in terms of the levita-

tion force. The levitation force decreases with increasing

levitation height c� e. This is due to the weakening of the

squeeze effect for higher levitation heights.7 The calculated

results match well with the experimental data.

V. PARAMETRIC ANALYSIS

For a given radiator, the thrusting force is mainly deter-

mined by four variables as mentioned in Sec. III C. The first

two variables, i.e., the film thickness and the pressure gradi-

ent, are mainly affected by the groove parameters, the radia-

tor vibration amplitude, and the levitator weight. The other

two variables, i.e., levitator movement velocity and its

acceleration, are assumed to be zero as mentioned in

Sec. IV. In the following parametric study, only the absolute

values of the forces are presented, since the directions of the

thrusting forces are the same.

A. Groove depth

According to Li et al.,38 the groove depth has an obvi-

ous influence on the squeeze effect. In order to determine

the effect of the groove depth on the thrusting force, a

FIG. 5. (Color online) Comparison of the dimensionless pressure (a) and pressure gradient (b) for configurations with a smooth and a grooved surfaces at

the onset of one steady period, computed for W¼0.5 N and n¼9 lm.

FIG. 6. Temporal variation of the thrusting force in one steady period,

where the dashed line represents the mean thrusting force of one period,

computed for W¼0.5 N, n¼9 lm, hg¼1 mm, hg¼80�, and lg¼3 mm.
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configuration with three different radiator vibration amplitudes

(n¼8, 9, and 10 lm) is analyzed for varying groove depths.

Figure 8 displays the variation of the thrusting force with the

groove depth for all three vibration amplitude configurations.

The thrusting force obviously increases when the groove depth

is lower than 0.9 mm. This phenomenon occurs because the

magnitude of the groove depth approximates the magnitude of

the nominal clearance in low groove depth. Thus, the squeeze

effect still exists in the groove domain, which in turn leads to

a deviation in the pressure in the groove domain from the

ambient pressure. The squeeze effect weakens with increasing

groove depth. Finally, the thrusting force converges to a con-

stant value when the groove depth exceeds 0.9 mm. Therefore,

the groove depth is set to 1 mm in this study to acquire a high

thrusting force. This trend is visible for different amplitudes.

The relationship between the thrusting force and the amplitude

will be discussed in Sec. V D.

B. Groove arc length

Figure 9 presents the relation between thrusting force and

groove arc length for three different vibration amplitudes,

namely, n ¼ 8, 9, and 10 lm. The thrusting force initially

increases and then decreases as the groove arc length

increases. For a groove arc length of hg ¼ 0�, the concave sur-

face is a smooth surface. In this case, the thrusting force

equals zero as discussed in Sec. IV. For a groove arc length of

hg ¼ 120�, the concave surface becomes a new smooth sur-

face with the width L� lg. This new surface is also symmetric

in the z-direction. Thus, the thrusting force is also zero. As the

groove arc length increases, the available domain with

the squeeze effect decreases. At a constant levitation force, the

maximum pressure value and the pressure gradient increase

while the film thickness decreases. According to Eq. (10), the

thrusting force is simultaneously affected by the pressure gra-

dient and the film thickness. Therefore, there is an optimum

value for the groove arc length. Since the high-pressure air

is located in the area near the middle line h ¼ 90� in the

h-direction as shown in Fig. 5(a), the influence of the groove

on the pressure gradient and the film thickness attenuates as

the groove arc length increases. Thus, the variation of the

thrusting force is steeper for small groove arc lengths

(hg < 40�) than for large groove arc lengths (hg > 40�). The

optimal groove arc length falls on the low-value side and is

nearly 40� for the given parameters and operating condition.

C. Groove width

W hg hg In this subsection, the groove arc length is set

to hg ¼ 40�. Figure 10 shows the relationship between

FIG. 7. (Color online) (a) Measuring principle of levitation force stated in Ref. 26 and (b) comparison between numerical and the experimental results from

the literature (Ref. 26), where the solid line represents the numerical results, and the dots are the published experimental data.

TABLE II. Adjusted parameters of the radiator, according to Ref. 26.

Parameter Value Parameter Value

Vibration amplitude n 10.8 lm Vibration frequency f 16.11 kHz

Radiator concave radius R 10.015 mm Levitator outer radius r 9.985 mm

Nominal clearance c 30 lm Radiator arc length ha 110�

Total mesh grid number

m� n
55� 40 Radiator width L 20 mm

FIG. 8. (Color online) Thrusting force versus groove depth at three vibra-

tion amplitudes, computed for W¼0.5 N, hg¼80�, and lg¼3 mm.
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thrusting force and groove width for three different vibration

amplitudes (n ¼ 8, 9, and 10 lm). The thrusting force

increases with increasing groove width. This result agrees

with the numerical and experimental results presented by

Liu et al.,25 who used an engraved groove levitator to

replace the levitator’s misalignment. However, the available

domain with the squeeze effect decreases if the groove

width increases. Thus, the levitator cannot be suspended

when the groove width is too great. Consequently, the study

of the thrusting force is only meaningful within a small

range of the groove width.

D. Vibration amplitude and levitator weight

The change in vibration amplitude is assumed to stem

from changes in the driving voltage,39 while the vibration

frequency remains unchanged in order to keep the same

vibration mode shape of the radiator. In this subsection, the

groove arc length is set to hg ¼ 40�. Figure 11 depicts the

thrusting force as a function of the vibration amplitude at

four different weights of the levitator, namely, W¼ 0.4, 0.5,

0.6, and 0.7 N. The thrusting force increases as the weight

increases, which is consistent with the results of Refs. 13

and 25. A higher levitator weight indicates a smaller levita-

tion height at a constant vibration amplitude. According to

Li et al.,16 the thrusting force increases under these condi-

tions. Additionally, the thrusting force follows a positive lin-

ear trend with increasing vibration amplitude. This is due to

the fact that the squeeze effect is enhanced by increasing

vibration amplitude.25,40

VI. CONCLUSIONS

This paper introduced the design of a contactless trans-

portation system for cylindrical objects. The levitation and

transport are based on near-field acoustic levitation. The

thrusting force for the transported items is generated by the

radiator that has an engraved groove. Theoretical analysis

of the influence of the groove on the pressure distribution

is also presented. The nonlinear Reynolds equation which

describes the relationship between the pressure and the

motion of the levitator has been solved by combining the

eight-point discrete method and the Newton–Raphson

method. The levitation force and the thrusting force are

calculated from the solved pressure distribution. The calcu-

lated levitation force agrees well with similar results in the

literature.26 Moreover, the effects of groove depth, groove

arc length, and groove width on the thrusting force have

been investigated to determine suitable groove parameters.

The predicted results yield the following conclusions:

(1) The thrusting force initially increases and then remains

at a stable value as the groove depth increases.

(2) There is an optimal groove arc length to maximize the

thrusting force.

FIG. 10. (Color online) Relationship of the thrusting force and groove

width at three vibration amplitudes, computed for W¼ 0.5 N, hg¼ 40�, and

hg¼ 1 mm.

FIG. 11. (Color online) Thrusting force as a function of the vibration ampli-

tude at four different levitator weights, computed for hg¼ 1 mm, hg¼ 40�,
and lg¼ 3 mm.

FIG. 9. (Color online) Thrusting force versus groove arc length at three

vibration amplitudes, computed for W¼ 0.5 N, hg ¼ 1 mm, and lg ¼ 3 mm.
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(3) Increasing the groove width can improve the transporta-

tion performance within a small range of groove width.

(4) Increasing the vibration amplitude of the radiator can

increase the thrusting force.

(5) A higher levitator weight can lead to higher thrusting

forces.

Future work addresses the manufacture of a prototype

for this transportation system. Furthermore, precisely con-

trolling the motion trajectory of the levitator by adding a

control algorithm is planned. This paper and our continuing

research supply a helpful guide for designing a practical

contactless transportation system for cylindrical objects in

industrial applications.
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