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Abstract 
Described in this paper is a system capable of controlling the position of silicon wafers with no mechanical 

contact by means of an ultrasonically controlled layer of air. The system exploits several high-frequency 

annular actuators to produce standing and traveling waves that affect the air layer underneath the wafer. By 

controlling the pressure and the flow with ultrasonic vibrations, the wafer can be held at a fixed elevation 

or to be moved to a given a x,y position or a desired rotation angle, . The ultrasonic vibration amplitude 

affects, the vertical z-axis’ elevation which can also be precisely controlled. 

 The paper briefly describes the dynamics of the individual annular vibrating elements, the sensing systems 

and finally shown is a laboratory demonstrator with full control of an acoustically levitated silicon wafer. 

1 Introduction 

Silicon wafers are employed in electronic chip production, and are very sensitive to particle contamination. 

During the inspection process, these wafers need to be manipulated and positioned at a suitable configuration 

and orientation. The latter is carried out by sub-micrometer accurate positioning devices that are affected by 

friction and vibration that are efficiently transferred through optimized waveguides. In such embodiments, 

the wafer is mechanically held by manipulators that transfer contaminating particles. Presented in this paper 

is a stage capable of manipulating the position and rotation of silicon wafers with no mechanical contact, 

with near zero friction forces and a precisely controlled levitation gap. To produce the forces and torques 

required for controlling the x,y,z and rotation- of a wafer, near-field acoustic levitation is employed [1–3]. 

After several years of research and optimization, the number of required actuators has been reduced to 3 

identical annular actuators that are controlled to produce ultrasonic bending vibration [4,5]. These actuators, 

are capable of producing any sort of standing or directional traveling waves that induce forces due to 

elevated pressure or tangential torques due to viscous forces of the air caused by the traveling waves of 

vibration forcing tangential air flow [3,4]. The present paper introduces a conceptual laboratory 

implementation of a completely contactless stage based on near-field acoustic levitation. For such a stage 

to work, concurrent engineering design of all aspects – vibration and modal decomposition, mechanics, 

actuation, sensing, electronics, and closed-loop control, is crucial. Some aspects of these disciplines and 

their role in this endeavor is described herein. 

 In order to produce near field acoustic levitation, sufficiently large ultrasonic vibrating must be generated 

affecting a narrow film of gas contained between two flat surfaces. The one-dimensionless parameter 

controlling the air layer's pressure is the squeeze number [1,6,7], defined as: 
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The squeeze number,   (typically 20 100 ), depends on the vibration frequency-  (~30KHz), a typical 

dimension of the contained area- 0r  (~100mm), air viscosity- (1.8253e-5 Pasec), the ambient pressure - 
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ap  (1e5 Pa) and finally the average squeeze film height or air-gap - 
0h  (3-100 m ). The thin layer of air 

entrapped between the wafer and the ultrasonically vibrating elements remains confined to this region due 

to the viscosity of the air that becomes important at these frequencies. The squeeze film experiences an 

elevated average pressure due to compressibility of the air and as a secondary effect of the rapid oscillations 

of the underlying structure [1]. This average pressure (~1e3-1e4 Pa), although considered as a second order 

effect, is able to levitate the wafer or any flat object placed above it at a fixed elevation. It was demonstrated 

that it is possible to control the levitation gap by changing the vibrations amplitude of the lower surface 

[6,8]. Tangential force can be generated by introducing traveling waves in the ultrasonic excitation device 

[9,10] these create lateral pressure gradient within the squeeze film producing shear forces on the levitated 

wafer that cause parallel motion. These forces, although small, can move the wafer in the direction of the 

ultrasonic waves as motional friction introduced by air viscosity is negligible. 

Stages based on the near field acoustic levitation principal in a single axis are presented at [21], [22]. A 

wafer transportation system (in one dimension), based on near-field acoustics is described in [23]. The 

acoustic levitation principle does not require any contact with the wafer for both holding and propulsion. 

However, it cannot be utilized in vacuum chambers.  

Stages for wafer handling often require high performance with fast response, positioning error within the 

micrometer range and better, high noise attenuation and robustness to uncertainties. Many works deal with 

stage control tasks, such as [11][12][13]. In this work the H
 control design method was chosen for its 

robustness properties and control on the performances. This method allows shaping the MIMO system 

control loop by shaping the frequency domain models [14].  

The present paper describes a proof of concept work with relatively inexpensive sensors with low accuracy. 

Still, the validity of the physical model and the mechatronics model are representative for more precise 

sensing and positioning. The paper is structured as follows: First, the concept, stage composition, and its 

principle of operation are described. Then, a dynamic model for the actuator and stage system is shown. A 

brief description of the system model and control loop follows. Finally, a typical response in closed loop as 

validation of the experimental system is provided. 

2 Traveling waves based, acoustic levitation motor (ALM)  

The key element of the wafer aligner is an annular structure, as shown in figure 1. The actuator is designed 

to operate at a single designated frequency. At the basis of each ‘leg’ resides a commercial bolted Langevin 

actuator tuned to 28KHz. A stepped horn mechanical amplifier is connected to the actuator with a small 

diameter segment to allow bending (see figure 1) and therefore traveling wave deformations can take place. 

Owing to its cyclic symmetry, the annulus has pairs of modes with the same number of nodal diameters, 

e.g. there are 2 eigenvectors per frequency, such as shown in figure 1. These mode shapes have interlacing 

nodal lines [15], and any pair has the same natural frequency. As a result, 2 mode shapes can be combined 

to form a traveling wave deformation [4]. Clearly, this is the case for perfectly axisymmetric structures, 

[15], and under certain conditions can be exhibited in cyclically symmetric structures having the same 

natural frequency for the so called sine and cosine mode pair [16]. A complete structural optimization 

procedure was carried out on the annular system to support traveling wave vibrations at resonance. 
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Figure 1. Left: Single acoustic levitation motor (ALM) (out of 3) driven by 3 piezoelectric transducers. 

Right: Instantaneous vibration amplitude at 28KHz when driven at the 11 nodal diameter mode (Finite 

element model [17]) 

Consider a dynamically deforming annulus, as shown in figure 2, the annulus experiences bending 

deformations that are a combination of 2 modes with 11   nodal diameters. 

                            ( , ) ( ) ( ) ( )cos ( )sinc c s s c sw t t t t t                                                                    (2) 

where cos sin , c( os s) i) ( nc s sc csA t A t B t B tt t        . 

 The annulus is optimized to have radially uniform vibration amplitudes as shown in [5]. Since both modes, 

   ,c s     have the same natural frequency [4] both operate in resonance, simultaneously. Furthermore, 

one can dictate desired modal coordinate values via the corresponding generalized forces [5] as a function 

of the forces at each of the 3 Langevin piezo driven actuators (see figure 1): 
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Where 
1 2 3( ), ( ), ( )f t f t f t  are the forces generated by the 3 actuators in figure 1 and ,c sQ Q  are the generalized, 

modal forces affecting the two modes ( ), ( )c st t  . 

The deformed state and the instantaneous pressure within the squeeze-film is shown in Fig.2. 

               

Figure 2. Left: A disk held by the elevated pressure in the narrow air-gap, ( , )h t  . Right: Instantaneous 

pressure in the squeezed film within the narrow air gap. Note that positive pressure peaks are larger than 

negative ones. The pressure was computed by numerically solving the nonlinear Reynold equation (see [2]) 

 

The  shear stresses exerted on the acoustically levitated object at low speeds, are (see [9]): 
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 where , p  are the air’s viscosity and pressure while , , ,h v u   are the air-gap (see figure 2), the 

circumferencial coordiante, the air tangential velocity at the wafer interface and the angular displacement 

of the wafer. Assuming that pressure is nearly radially uniform, the extrted torque is [9]:                                
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Since both ( , )h h t   and ( , )p p t   are periodic in  ,  a non-zero average torque develops when h  and 

p  are not in phase and the area entrapped in the close curve obtained by plotting h vs p is not zero. This is 

indeed the case here due to viscosity where the pressure lags the air gap when traveling waves vibration of 

the annulus are present. The system in figure 2 was simulated by releasing the wafer from an initial air gap 

and waiting for stabilization of the air gap [6]. Plotting h vs p illustrates the dynamic change in gap and 

torque. 

   

Figure 3. Left:  Transient average air gap between wafer and annulus. Right:  Pressure 
0( , )p t  vs air gap  

0( , )h t  along the annulus for several time instances (until steady state). Showing that the enclosed area i.e. 

Torque is non-zero. 

2.1 Controlling the modal coordinate of the annulus 

The modal coordinates vector, η , can be retrieved from 3 point sensors using (3) (see [5]), via: 

                                             0 1 2 3, ,
T T

c s s s s   η Ts η s                                                         (6) 

where 
1 2 3, ,s s s  are the displacements measured on the ring where the 3 actuators are connected (see figure 

1) and 
0, ,c s    are the cosine, sine modal coordinates and the uniform z motion.  

 It can be shown (see [4,5]) that by setting the relative phases between the actuators, according to: 

                                            1 2 2 3 3( ) cos , ( ) cos , ( ) cosf t A t f t A t f t A t                                    (7) 

the vibration pattern according to (2) can be set to any combination of positive or negative on going traveling 

waves, or standing waves. Specifically, the proportions of standing to traveling waves (SWR, see [18]) or 

its inverse (Traveling waves ratio, TWR, see [5]) can be controlled by setting only the relative phases. 

Assuming all actuators are identical (having the same magnitude), and by modifying the phases  2 3,  , a 

map of the TWR can be produced at a certain operating frequency. A simulated map for 11   is shown in 

figure 3. The map is symmetric along a line from 2 30, 0     to 2 32 , 2      . Along this line, TWR 

is unity. This means that the annulus is vibrating in a standing wave. Below this line, the wave propagates 

in a clockwise direction and above it to the opposite direction.  
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Figure 4. Left: Traveling wave ratio (TWR) on the annulus as a function of the relative phases. Middle: 

vibration amplitude as a function of the excitation phase differences. Right: Computed torque according to 

(5) as a function of the TWR. 

 Examination of figure 4 leads to adopting an operation strategy. Choosing  1,1u   as the control 

parameter, the selected path maintaining a nearly constant amplitude is given by: 

                                                      2 33 , 3 .u u u u                                                                (8) 

Choosing 1u    sets the excitation phases for a pure traveling wave in either clockwise or counter-

clockwise direction, whereas setting 0u   provides the conditions for a pure standing wave.  

 The annulus was tested in the laboratory by applying 3 phased sinusoidal forces according to (7) and (8) in 

an open loop manner, where the rotation was measured by a magnetic shaft encoder. The experimental 

system and the effect of modifying the relative phases can be seen in figure 5. 

                           

Figure 5. Left: Experimental system consisting of an aluminum annulus, 3 ultrasonic actuators and a 

levitated (transparent) object. The levitated object is help radially by a loose Teflon bearing, free to move 

in the z-direction. Right: Measured (circles) rotation speed as a function of the phase control parameter and 

fitted model (Dashed). The discontinuity near u=0 is due to the static friction in the Teflon bearing. 

3 Complete acoustic levitation, a realization of a wafer aligner 

Having established the ability to control the rotational torque or tangential forces by controlling the 

ultrasonic vibration in an annulus, it has been suggested to employ 3 annuli in an arrangement as shown in 

figure 6. The configuration shown can control the levitation height by changing the ultrasonic vibration 

amplitudes of the annuli (as in [8]) and to produce a combination of forces, by individual control of the 

TWR in each ALM affecting the x,y,degrees of freedom. 
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Figure 6. Left: Cad model showing a silicon wafer acoustically levitated by 3 acoustic levitation motors 

(ALM). Right: Top view showing the tangential forces exerted on the wafer by the 3 ALMs. 

  The three ALMs are located on a circular perimeter having a radius R  around the origin O  and equally 

spaced by 2 3  from each other. The x-y axes are not aligned with any of the ALMs but rotated with an 

angle 
0 . Forces are generated within the area the wafer covered on each annulus. Since this area is 

symmetric, it is reasonable to assume that the forces are tangential to the annuli, as illustrated in figure 6. 

The individual forces act in a tangential direction represented by unit vectors ˆ
jd . The force applied by the 

jth ALM (j=1,2,3) is ˆ ( )j j jp tf d  where ( )jp t  is related to the TWR (see figure 4 for a single ALM) and to 

changes in the overlapping area of the annulus and the wafer. As a result, the forces acting on the wafer are: 

                     
3 3 3

1 1 1

ˆ ˆ ˆˆ ˆ( ) ( ), ( ) ( ), ( ) ( )x j x j y j y j j j j

j j j
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where ˆ ˆ,x ye e  are unit vectors in the global x and y directions and jr are vectors to where jf  act. By 

introducing 3 generalized degrees of freedom,  
T

x y q , the equations of motion become: 

                                      Mq Cq f ,    ( ) ( ) ( )
T

x yf t f t Torque tf .                                                    (10) 

These equations describe the in-plane equations of motion for a levitated wafer, having mass m  and rotation 

moment of inertia J , whereas  diag , ,m m JM  is the matrix of inertia, and  diag , ,x yc c cC  is the 

damping matrix. Since the dynamics are slow, a linear damping model with coefficients , ,x yc c c  is being 

used. It is worth nothing that the acoustically levitated wafer resides on an air-film with no n-plane stiffness. 

Also, the force vector exhibits nonlinear dependency on the overlap area of the wafer and the annuli and 

thus on the generalized degrees of freedom. This dependency introduces coupling between all degrees of 

freedom that is handled by the MIMO controller discussed later. The measurement of the wafer position and 

configuration is briefly discussed below.  

3.1 Sensing for closed loop operation 

In order to achieve continuous acoustic levitation, it is important to provide sufficient ultrasonic vibrations 

of the annuli. These are exposed to variable loads and excitation signals. Due to physical coupling of the 

ALMs and the wafer, the natural frequencies each ALM exhibit a slow drift. To ensure continuous operation, 

an Autoresonance (AR) algorithm (see [4,19]) using digital (FPGA) processors operated at 10MHz sampling 

frequency is employed. Each annulus is digitally controlled employing an optical sensor (Keyence LK-

H008) to measure directly the annuli vibrations feeding the 3 AR circuits, as illustrated in figure 7. 
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Figure 7. Left: Photograph of the laboratory system, showing Thrubeam laser sensors sensing the edge of 

the wafer, ToGLN dark-laser mouse sensors measuring the wafer’s incremental motion thus providing 

information about its rotation. Right: Block diagram of the control hardware. Showing 3 FPGA controlling 

the 3ALMs and the overall DSP (dSpace) controller, employing another FPGA (Xlinx) controller. 

4 Closed-loop Control design 

The model described in (10) is a MIMO system with three outputs - the wafer’s x,y position and rotation, 

and three inputs – the force commands affecting ( )jp t  in (9). Indeed the magnitude and sign of ( )jp t  is 

determined by the 3 FPGA controllers (see figure 7) that modify the TWR of each annulus according to the 

control algorithm. By defining a transformation U , that transforms the ALMs forces, ( )jp t  to generalized 

forces, f  through a transformation matrix ( ) ( )t tf Up . The transformation U  is nearly constant for small 

motions around an equilibrium condition. This transformation depends on various geometry related 

parameters, scaling, on amplifier gains and sensor sensitivities and it can be estimated from an in-situ 

experiment as was done in practice. The importance of this transformation is its use in decoupling the 

actuation vector, via 

                                                             1( ) ( )t tp U f .                                                                                  (11) 

Applying the decoupling transformation, three independent SISO systems are obtained. Applying the 

Laplace transformation to (10), the transfer function of the diagonal model is from f to q  - 
0P  is obtained 

and easily transformed back to the physical model - P : 

                                       0 2 2 2

1 1 1
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 P P U                                     (12) 

This decomposition of P  allows designing three independent controllers, , ,x yC C C , each for every degree 

of freedom. Define the uncoupled system controller  0 diag , ,x yC C CC . 

   

0C 1
U 0PU

PC

q
0r
+
-

  

Figure 8.  Closed loop decoupling and re-coupling. Note that the red line contains the physical model and 

the controller of the decoupled model is within the blue dashed line.  

STRUCTURAL DYNAMICS: METHODS AND CASE STUDIES 3395



The configuration of the closed loop position control for the levitated wafer and a block diagram of the 

closed-loop control, based on the uncoupled plant is shown in figure 8. 

  A robust controller was designed using loop-shaping methodology. Designing a robust controller requires 

weighting the plant input and output for the robustness regions. Here, the uncoupled controller was used as 

the plant input weighting function. Since the dynamics of the wafer is slow, the measured position of the 

wafer was filtered to reduce the bandwidth of the controller. This low-pass filter is the plant output weighting 

function. Sample performance and the layout of the decoupled controller and the coupling transformation 

are shown in figure 9.  

  

 Figure 9.  Left: Closed loop decoupling and re-coupling at the actuator (ALM) level. Right:  Response in 

the y direction to a step command in the control.  Note the decoupling with rotation and x motion. 

 The performance of the experimental system and the control are best viewed in a video summary shown in 

the reference link in [20]. 

5 Summary and conclusions 

Presented is an ultrasonic stage able to manipulate a silicon wafer using controlled vibration in 3 annuli. In 

order to achieve the goals of this system, tight modal control of each of the rings is required and combination 

of vibration to form traveling and standing waves. The research is interdisciplinary and vibration, auto 

resonance control, as well as mechatronics, control theory, sensing and model estimation all play an 

important role in building a successful demonstrator. The key issues are related to accurate modeling and 

design of vibrations in a structure having cyclic symmetry.  
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