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Abstract 
Nowadays, the microelectronics industry handles and transports silicon wafers in clean rooms using 

conveyers, chucks and robotic arms that physically hold the wafers. The physical contact between the 

wafers and the abovementioned mechanisms create particles which contaminate the wafers and the work 

environment. The need to reduce these contaminations can be addressed by employing acoustic levitation, 

in which the wafers are carried by air pressure without any physical contact, and can also be transported 

and rotated by traveling pressure waves. In order to integrate acoustic levitation based devices in the 

microelectronics industry, a highly accurate and efficient positioning ability has to be realized. For this 

sake, a numerical scheme which models the acoustic levitation system by means of finite differences 

method was developed. By coupling this numerical scheme to a finite element model, an optimized 

levitation device with superior efficiency and axial positioning ability was designed. 

1 Introduction 

Silicon wafers are the substrates on which the semiconductor chips manufacturers produce any of their 

components. During the production and inspection processes, these wafers are being transported between 

sites using conveyers and robotic arms that physically hold them, and similarly, at the sites themselves the 

wafers are clamped by different kinds of chucks. Any such contact generates particles which contaminate 

the wafers and the clean rooms where the aforementioned processes take place. That can damage the 

valuable components on the wafers. This problem can be reduced significantly by exploiting the near field 

acoustic levitation phenomenon, by which non-contacting transportation and handling of the silicon 

wafers can be implemented [1], without affecting the flow regime at the clean rooms which are highly 

controlled environments.  

Near field acoustic levitation (a.k.a. squeeze film levitation), is a phenomenon which occurs when a planar 

object is placed close to a vibrating surface. Consequently due to the ambient gas’s (usually air) viscosity 

and compressibility, a thin layer of gas (a.k.a. squeeze film) with average pressure which is higher than the 

ambient is formed, thus, a load carrying force is produced. Furthermore, it has been shown in the past (e.g. 

[2-4]) that traveling flexural waves of the excitation surface, create a flow along the waves’ progression 

and therefore shear forces on the levitated object. That can provide lateral and rotational motion to the 

levitated object, although, this transportation mechanism won’t be discussed in the current paper.  

Since the near field acoustic levitation phenomenon was first studied by Langlois [5], several more studies 

had been carried out (e.g. [6-14]), which investigated this phenomenon analytically, numerically and 

experimentally. Due to the complexity of the problem and the lack of sufficiently powerful numerical and 

analytical tools, the first model that was investigated didn’t take the levitated body’s dynamics into 

account and additionally, it didn’t consider the elastic deformations of the vibrating excitation surface, i.e. 
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the surface was assumed to vibrate uniformly, as a piston. Later on, investigations of a more advanced 

model, which couples the levitated body’s dynamics to the squeeze film were carried out, nevertheless, 

those studies still ignored the elasticity of the excitation surface. These two degenerated models provided a 

significant contribution to this field and they led to some very important physical insights. Still, these 

models don’t provide an adequate accuracy for the design and prediction of industrial apparatus. 

In the recent years, the emergence of more powerful numerical tools, enabled to add the spatial 

deformation of the excitation surface into the model as well (e.g. [13]).  Nevertheless, this deformation is 

still referred to as a kinematic constraint. Although not perfect, this model improves the analyses’ 

precision significantly, due to the fact that it allows taking the dynamics of a levitation device such as the 

one that is illustrated in Figure 1, into account. I.e. by coupling the levitated body’s dynamics to the 

levitation device’s upper surface through the intermediate air layer, approximation of the system’s 

behavior can be made. This can lead to an improved design which yields higher efficiency and better axial 

positioning ability then former designs. 

 

Figure 1: Schematic layout of a levitation system 

In the current paper, a numerical scheme, which describes the levitation system by application of finite 

differences in space and numerical integration in time, and considers the dynamics of the levitated body as 

well as the excitation surface’s elasticity, will be implemented. By coupling the response of a levitation 

device’s upper surface (the excitation surface), which can be extracted from a finite element analysis, to 

the aforementioned numerical scheme, the influence of the different parameters on the system’s behavior 

can be studied. By these means, structural optimization of a levitation device was performed, in order to 

design a device with high efficiency, and with an accurate axial positioning ability, hopefully satisfying 

the high requirements of the microelectronics industry. A numerical comparison between this optimized 

device and a former device will be shown. Finally, an experimental validation of the numerical results will 

be presented. This validation was carried out on both former and optimized levitation devices that are both 

an evolution of yet older designs that considered only uniaxial dynamics [8]. 
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2 Problem description 

The acoustic levitation system which is presented in Figure 1 can be modeled as illustrated in Figure 2. 

This model consists of an excitation surface (the levitation device’s upper surface) and a levitated body 

(the silicon wafer), which are both concentric, axisymmetric, and with equal diameters. The excitation 

surface oscillates at a constant frequency and according to a designated spatial distribution, and the 

levitated body which is assumed to be rigid, is free and subjected only to body forces and the pressure 

distribution on both its sides. It is important to note that the elasticity of the levitated body, can have a 

significant effect on the system’s behavior [15], although it is ignored during this discussion, under the 

assumption that the excitation frequency is far from any of the levitated body’s eigenfrequencies.   

  

Figure 2: Schematic layout of the model 

2.1 Formulation of the governing equations 

In order to describe the dynamics of the abovementioned system, two equations, which couple the film’s 

behavior to the levitated body’s dynamics, should be used. The behavior of the squeeze film can be 

described by Reynolds equation, which in cylindrical coordinates takes the following form [5]: 
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while h  is the air-gap between the bodies, p  is the pressure distribution in the squeeze film,   is the 

fluid’s dynamic viscosity, t  is the time, ,r   are the radial and the tangential coordinates and ,i iv v  are the 

lateral velocities of the upper and lower surfaces in the i  direction.  

Reynolds equation (1) can be derived from the Navier-Stokes momentum equation and from the continuity 

equation, under the following assumptions [16]: 

 The fluid is isotropic, Newtonian and can be treated approximately as an ideal gas. 

 The flow inside the squeeze film is laminar and can be regarded as viscous flow, i.e., the fluid’s 

inertia is negligible. 

 The pressure is independent of the dilatation, and therefore Stokes idealization is applicable. 

 Both lower and upper bodies are assumed to be made out of materials that dissipate heat much 

faster than the heat generation inside the squeeze film. Hence, the process is assumed to be 

isothermal. 

 The air-gap is assumed to be much smaller than the bodies’ radii. Thus, the pressure gradient in 

the normal direction and the velocity gradients in the lateral directions are negligible. 

As aforesaid, the system is assumed to be axisymmetric with no lateral, angular or tangential motion. 

Consequently, in this case Reynolds equation degenerates to the following form: 
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It was mentioned that Reynolds equation cannot describe the overall dynamics of the system, which also 

depends on the levitated body. Therefore, in order to describe the system’s dynamics, Eq. (2) must be 

coupled with the levitated body’s equation of motion, which takes into account the body forces, the 
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ambient pressure outside the film, and the pressure distribution in the squeeze film. Hence, the levitated 

body’s equation of motion takes the following form: 
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           (3) 

while z  is the levitated body’s height which is measured from the excitation surface’s nominal position, 

m  is the mass of the levitated body, ap  is the ambient pressure and 0r  is the radius of both bodies. 

From efficiency considerations, the levitation device is assumed to operate solely at resonance. Therefore, 

as can be seen from Figure 2 the excitation surface is assumed to be oscillating in one constant frequency 

as a standing wave as following:  

      , sinr t a r t    (4) 

while ,a   are the excitation function (the excitation surface’s spatial deformation) and the excitation 

frequency respectively.  

Therefore, because the levitated body is assumed to be rigid and parallel to the excitation surface, the 

relation between the air gap h  and the levitation height z  is: 

            , , sinh r t z t r t z t a r t       (5) 

Substitution of (5) into (3) provides the equation of motion in terms of the pressure distribution and the 

air-gap, as equation (2): 
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Finally, because the system is axisymmetric, there is no pressure gradient at the center of the squeeze film. 

Additionally, the pressure on the film’s edge is assumed be equal to the ambient pressure, which is a valid 

assumption if the radii of both bodies are equal. The latter is based on Minikes et al. [9] which examined 

this boundary condition using a CFD simulation. Therefore, the boundary conditions of the pressure 

distribution inside the squeeze film are taken as followings: 
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Thus, in order to solve the coupled system, equations (2),(6),(7) will be used. 

2.2 Transformation to non-dimensional variables 

The typical operation frequencies of the levitation system are in the ultrasonic range – of order

  510 Hz , while the typical air-gaps and levitation heights are of order   510 m
. Obviously, 

working at such high frequencies and small magnitudes via numerical calculations, can affect the accuracy 

of the results significantly. Therefore, in order to simplify and improve the calculations, the following 

transformation to non-dimensional variables is performed: 
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          (8) 

while 0h  is the initial air-gap (or any other reference air-gap), and ,   are the squeeze number and the 

non-dimensional excitation function, which are the prevailing factors of the system [10], whose 

magnitudes control the averaged steady state levitation height, assuming that the steady state air-gap is of 

the same magnitude as the reference air-gap 0h . 
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Substituting the relations (8) into (2),(6),(7) provides the non-dimensional Reynolds equation: 
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The non-dimensional equation of motion: 

    
122

0

2 2 2

0 00

2
1 sinap rH g

R P dR T
T m h h




 


   

    (10) 

And the non-dimensional boundary conditions: 
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2.3 Numerical modeling of the levitation system 

In order to solve the governing equations described above, a numerical scheme based on finite differences 

in space and numerical integration in time was set up. By means of a finite differences scheme in space, 

discretization of the spatial coordinate into a finite number of nodes is performed. This transforms the 

Reynolds equation (9), which is a nonlinear PDE, into a set of ODEs as following [8]: 
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Similarly, the equation of motion (10) is transformed into an ODE system as following: 
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while i  stands for the index of the radial node. 

As abovementioned, equations (12),(13) are solved in time by using numerical integration, while the 

spatial derivatives of the pressure distribution and the air-gap in every internal node  2, 1i N   are 

calculated using central differences formulas (e.g. [8, 15]), whereas their values at the external nodes 

1,i N  are calculated according to the boundary conditions (11). It can be seen from eq. (13) that the 

system’s behavior depends on the excitation function’s shape and magnitude, and also on the excitation 

frequency. Therefore, as will be seen in the next section, by performing a finite element analysis of a 

levitation device (Figure 1), the response of its upper surface can be coupled to the presented simulation at 

the corresponding frequency. This is used for optimizing the system’s performance, in terms of efficiency 

and axial positioning ability, through structural and topology modifications. 

3 Structural optimization for optimal levitation 

Figure 1 presents a schematic layout of a levitation system. This system consists of a free body that 

levitates on a squeezed air layer which is formed due to the compressibility and the viscosity of the air, 

and due to the fast oscillations of the excitation surface, which is the levitation device’s upper surface. The 

levitation device contains three components, an off-shelf piezoelectric (Langevin) actuator, a mechanical 

amplifier, and an excitation plate on which the free body levitates. Minikes et al. [10] showed analytically 

that the levitation force that is exerted by the squeeze film increases as the excitation magnitude and 

frequency rise and as the excitation surface’s area expands (i.e. as ,   increases). Furthermore,               

Wang et al. [13] showed numerically that the spatial deformation of the excitation surface also have a 
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significant influence on the system’s behavior. Therefore, optimization of a levitation device will be 

performed so it produces high amplitudes in a designated high frequency. While additionally, the effect of 

various geometries of the excitation plate which leads to different excitation functions will also be 

considered. As aforesaid, this optimization will be done by coupling the excitation surface’s response 

which will be obtained from a finite element analysis, to the abovementioned numerical scheme. The goal 

of this investigation is to achieve higher levitation, and reduced amplitude of the levitated body’s fast 

scale oscillations (see Figure 3), under limited power. By this the system’s efficiency and axial positioning 

precision is improved.  

3.1 Selecting the designated mode-shape of the excitation plate 

As mentioned, for sake of efficiency, the levitation device should operate at resonance. Furthermore, the 

excitation plate should oscillate at its optimal flexural mode. As shown in Figure 1, the excitation plate is 

connected to the actuator via a mechanical amplifier which its longitudinal response is dictated by the 

plate’s response. It is possible to design the mechanical amplifier so that it wouldn’t affect the designated 

natural frequency of the plate. By properly defining the boundary conditions between the two, each of the 

components can be designed to resonate at the same frequency and desired mode shape. Thus when 

reattached, the desired mode shape and frequency of each component is still kept. The same procedure is 

done when taking into account the piezoelectric actuator. The chosen off-shelf piezoelectric actuator (Fuji 

Ceramics FBL28452HS) resonates at approximately  28.5 kHz . Therefore the system’s components were 

designed for that frequency as well. In order to obtain maximum displacements, the mechanical amplifier 

should operate at its first longitudinal mode, but since the effect of the excitation function’s shape, on the 

overall system’s performance is yet to be fully studied, the excitation plate’s designated mode shape 

cannot be determined as easily. In order to determine the excitation plate’s designated mode shape, 

simulations that present the dynamic response of an arbitrary mass   100m gr , under various 

excitation forms, were executed by using the numerical scheme that was presented in the previous section. 

First, simulations under excitation with each of the first three axisymmetric mode shapes according to 

Kirchhoff’s thin plate theory [17, 18] were carried out. While in all of these simulations the excitation 

functions were set to have the same maximum amplitude (see Figure 3), and the excitation frequency was 

determined as  28.5 kHz .  

                 

Figure 3: Left – the excitation functions according to Kirchhoff’s thin plate theory, Right – the dynamic 

response under each of these excitation functions 

It can be seen from Figure 3 that as the mode order increases, the effective excitation amplitude decreases 

which reduces the steady state height of the levitated body. Although, in order to design a plate that 

resonates at a low order mode in such high frequency, its thickness must be substantial, and that affects the 

322 PROCEEDINGS OF ISMA2014 INCLUDING USD2014



efficiency of the structure. Therefore, in order to take this consideration into account, a more realistic 

simulation was performed. For this simulation, three aluminum plates with diameters of  100 mm  and 

different thicknesses were chosen, such that each one of them resonates at the designated excitation 

frequency at one of the first three flexural axisymmetric mode shapes (see Figure 4). Harmonic analyses, 

where each of the plates was excited such that the maximum excitation power is  1.5 Watt , were carried 

in Ansys. From these simulations, the excitation functions, which are the responses of the top surfaces of 

the plates, were extracted, as illustrated in Figure 4. These excitation functions which are described in 

Figure 5 (left) were then coupled to the numerical scheme. By doing so, the dynamic responses of the 

same arbitrary mass as before   100m gr  were calculated, see Figure 5 (right).   

 

Figure 4: description of the constant power simulation 

           

Figure 5: Left – the excitation functions that were obtained from Ansys, Right – the dynamic response 

under each of these excitation functions 

From Figure 5 it is clear that working with the first axisymmetric mode at such high frequency and large 

excitation plate, yields inferior performance due to very high inertia. Additionally, it can be seen that even 

though working with the third axisymmetric mode provides a slightly better efficiency (increment of 1% 

at the steady state levitation height), excitation with the second axisymmetric mode provides considerably 

more accurate axial positioning as the levitated body exhibits a decrement of more than 35% at the fast 

scale oscillations’ amplitude. In order to investigate this phenomenon, the pressure distribution at steady 

state is presented for both configurations, in Figure 6. 

Figure 6 reveals that the strongest pressure fluctuations occur at the center of the film. Additionally, 

between the outer nodal circle and the edge, the pressure fluctuations are shifted in time from those in the 

   

Excitation surface 

F F F
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rest of the film. This shifting helps to reduce the overall pressure fluctuations and consequently the 

amplitude of the levitated body’s fast scale oscillations as well. From this it is clear that in order to reduce 

the fast scale oscillations’ amplitude, the excitation function’s magnitude should be restricted in the 

vicinity of the center. Furthermore, the region where the pressure fluctuations are shifted should be 

relatively large. Therefore, working with the second axisymmetric mode can yield higher performance. 

Moreover, in order to work with the second axisymmetric mode, the excitation plate should be thicker 

than the one that should be used in order to work with the third axisymmetric mode, at the same excitation 

frequency (see Figure 4). Thus, in this case the influence of the levitated body on the excitation plate is 

less significant due to higher inertia of the latter, which is an additional advantage for working with the 

second axisymmetric mode.  

           

Figure 6: the non-dimensional pressure distribution at steady state, Left – under excitation with the second 

axisymmetric mode, Right – under excitation with the third axisymmetric mode 

3.2 Full structural optimization 

In this sub-section, the optimization procedure that was carried in order to design an optimal levitation 

device will be introduced. This optimized device which is presented in Figure 7 (right) will then be 

compared in terms of efficiency and axial positioning ability, to a former device which also appears in 

Figure 7 (left).  

                          

Figure 7: Cad realization and the designated mode shape of both levitation devices. Left – the former 

device, Right – the optimized device 

Nodal circles 
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The former device, was designed according to a traditional concept (e.g. [8, 13]) which in addition to the 

piezoelectric actuator or a stack of piezoelectric disks, includes a horn [19] (in this case a stepped horn) 

that allegedly functions as a mechanical amplifier, and a cylindrical excitation plate, on which the free 

body should be levitated. As aforesaid, these components were initially designed such that they resonate in 

their designated mode shapes, at the same wanted frequency which is dictated by the piezoelectric 

actuator. While as a final step a complete optimization was conducted on the whole structure, for sake of a 

final fine tuning of the system’s dimensions, so it provides optimal performance. 

In order to design an improved device, the same procedure was carried out. While initially the geometries 

of the different components, and their influence on the system’s behavior, were examined. The first 

component that was inspected is the excitation plate which was optimized conceptually taking into 

account the conclusions that were presented in the previous sub-suction. It was shown that in order to 

reduce the amplitude of the levitated body’s fast scale oscillations, the magnitude of the excitation 

function should be restricted in the vicinity of the center. It is also implied that for the same reason, the 

excitation amplitudes should be significant near the edges. Additionally, it was pointed out that in order to 

obtain large excitation amplitudes under a given excitation power, the plate’s inertia should be small. That 

can be obtained by changing the plate’s geometry such that it’s thickness is more significant at the center 

than at the edges (e.g. [20]). In order to satisfy all of these requirements, the excitation plate was chosen to 

be tapered as can be seen from Figure 7. Obviously, the second component to be examined is the horn. 

During the optimization process it was noticed that the horn, which is based on the theory of ultrasonic 

horn design, isn’t designated to work under significant loading, in this case the excitation plate. Therefore 

the horn barely affects the structure’s response. In reality, the dynamics of the system is dominated by the 

plate’s response. I.e. the horn was found irrelevant and therefore as one can notice from Figure 7, it was 

replaced by a much shorter component which its purpose is to pass the power flow from the actuator to the 

excitation plate. This component is more effective than the previous one due to lower inertia. 

Figure 8 (right) shows the dynamic response of an arbitrary mass   300m gr  which is levitated by 

using each of the devices under the same excitation power   10P Watt , as was obtained from the 

numerical simulation. While as before, the excitation functions of both devices, which are also presented 

in Figure 8 (left), were extracted from harmonic analysis that was performed in Ansys, see Figure 7. 

           

Figure 8: Left – the excitation functions that were obtained from Ansys for both devices, Right – the 

dynamic response under each of these excitation functions 

From Figure 8 (right) it can be seen that the optimized device provides increment of 32% in the steady 

state levitation height and decrement of 25% in the fast scale oscillations’ amplitude. It can be shown that 

these advantages are preserved under different excitation Intensities. As expected, the magnification of the 

excitation amplitudes near the edges, indeed managed to lower the levitated body’s fast scale oscillations’ 

amplitude. That can also be seen from Figure 9 which presents the pressure distribution at steady state for 

both configurations. This figure reveals that for the case of the optimized system, the pressure fluctuations 
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near the edges are much stronger, which as aforesaid reduces the overall pressure fluctuations, and 

therefore the levitated body’s fast scale oscillations’ amplitude as well. 

            

Figure 9: the non-dimensional pressure distribution at steady state, Left – under excitation with the former 

device, Right – under excitation with the optimized device 

4 Experimental results 

The experimental setup which is displayed in Figure 10 was set up in order to evaluate the accuracy of the 

numerical model that was presented in section 2. As can be seen from this figure, the setup includes both 

former and optimized devices. It is important to note that due to the inability to measure the input power 

for each of the devices, the comparison that will be carried in this section won’t be executed directly 

between the performances of both devices but rather between the experimental results and the numerical 

predictions for each of the devices. 

 

Figure 10: Left – the former levitation device, Right – the optimized device 

Figure 11 shows two representative examples of several experiments that were carried out on both 

levitation devices. Each of these figures presents the dynamic response of an arbitrary mass (  121.2 gr  

for the former device and  134.7 gr  for the optimized device), levitated by one of the devices under an 

arbitrary excitation power. While both figures compare between the experimental results and the 

corresponding numerical predictions. The excitation functions that were used in the numerical simulations 

are the measured responses of the unloaded systems, scaled to agree with the measured steady state 

amplitude at the plate’s edge under loading. I.e. it was assumed that the excitation functions’ shapes don’t 

change due to loading. 
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Figure 11: comparison between the numerical and the experimental results, Left – for the former device 

Right – for the optimized device 

It can be seen from Figure 11, that the relative error between the experimental and the numerical values of 

the levitation height at steady state is around 20% when using the former device and approximately 30% 

when using the optimized device. Similar behavior has been observed in experiments with different 

excitation intensities. While it is important to note that in all cases the numerical predictions underestimate 

the experimental results. I.e. in terms of efficiency, the advantage that the optimized device has over the 

former design is even more significant than it is predicted by the numerical simulations. There are few 

reasons for the errors between the numerical and the experimental results. First of all, the system’s model 

is obviously not flawless, e.g. as mentioned, Reynolds equation (9) neglects the pressure gradient in the 

normal direction and therefore, as the levitation height increases, the correlation should degrade. 

Additionally, as mentioned above, it was assumed that the levitation devices’ responses don’t change due 

to loading, however according to the presented results, this assumption is not valid. Furthermore, the fact 

that the errors that were obtained while using the optimized device are higher implies that the influence of 

the levitated body on this device is more significant. That can be explained due to the relatively small 

inertia of the tapered disk near its edges, i.e. the pressure close to the tapered disk’s edge changes its mode 

shape substantially.  

Despite the differences between the numerical and the experimental results, one can notice a resemblance 

between them, e.g. the time constants that were obtained in the numerical simulations are similar to the 

real values. This fact can imply on the validity of the system’s model (equations (9)-(11)). Furthermore, it 

supports the claim that most errors origin in the numerical scheme and specifically in the fact that it 

ignores the influence of the levitated body on the levitation device’s dynamics. 

        

Figure 12: Left – Experimental setup which consists of four axial levitation devices, Right – a schematic 

description of the forces they produce 
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Finally, Figure 12 presents an experimental setup, which consists of four of the optimized levitation 

devices, and enables to control the orientation of the levitated body, in addition to the axial positioning 

ability which was also available with one device. This system was designed to levitate 450mm wafers, and 

so far managed to deal with much heavier loads. Therefore, with appropriate control loops, systems such 

as that the latter, can obviate conventional apparatuses in the microelectronics industry. 

5 Conclusions 

In the current paper, an optimized levitation device which differs from traditional designs was introduced. 

This device was designed by exploiting a numerical scheme which couples the dynamics of a levitated 

body through an intermediate air layer to the aforementioned device’s excitation surface, which was 

extracted from a finite element analysis. It was shown numerically and experimentally that the presented 

device yields higher performance then a former, more traditional device. Additionally, from the 

experimental results it became clear that when simulating the levitation of a substantial mass, the omission 

of the interaction between the levitated body and the levitation device, affects the simulation’s precision 

considerably. Finally, a system which can control several DOF of silicon wafers, and by this to obviate 

conventional instrumentation in the microelectronics industry, was introduced. 
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