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Abstract—Near-field acoustic levitation (NFAL) has been 
used in noncontact handling and transportation of small ob-
jects to avoid contamination. We have performed a theoretical 
analysis based on nonuniform vibrating surface to quantify the 
levitation force produced by the air film and also conducted 
experimental tests to verify our model. Modal analysis was 
performed using ANSYS on the flexural plate radiator to ob-
tain its natural frequency of desired mode, which is used to 
design the measurement system. Then, the levitation force was 
calculated as a function of levitation distance based on squeeze 
gas film theory using measured amplitude and phase distribu-
tions on the vibrator surface. Compared with previous fluid-
structural analyses using a uniform piston motion, our model 
based on the nonuniform radiating surface of the vibrator is 
more realistic and fits better with experimentally measured 
levitation force.

I. Introduction

acoustic levitation is one of the most suitable meth-
ods for a wide range of applications. The major ad-

vantage lies in the fact that any material, insulator, or 
conductor, magnetic or nonmagnetic, can be manipulated 
by acoustic levitation and transportation without physi-
cal contacts. In micro-assembly, it is difficult to handle 
and transfer the device or component of micro electrome-
chanical system (mEms) due to their fragility and surface 
sensitive characteristics. classical assembly processes are 
usually based on mechanical contact, which may result in 
the destruction of fragile parts or cause some degree of 
surface damage. Thus, many situations require manipulat-
ing such fragile parts without physical contacts [1], [2].

High-intensity acoustic levitation provides an inexpen-
sive noncontact method with magnetic field and electric 
field immunity, which are useful characteristics for clean 
room and precision actuators [3], [4]. although magnetic 
levitation is also a noncontact method, it suffers from the 
drawbacks of particle accumulation and low frequency vi-
brations [5], [6].

There are 2 types of acoustic levitation methods used 
for manipulating parts [7]: standing-wave acoustic levita-
tion (sWal) and near-field acoustic levitation (nFal). In 

standing-wave levitation, small particles can be levitated in 
the pressure nodes of an acoustic standing wave between a 
vibrating plate and a reflector; the levitation is appropriate 
for containerless processing of materials. In near-field levi-
tation, the reflector is replaced by the levitated object itself, 
and the near-field levitation is more suitable for guiding or 
transfer of surface sensitive parts [8].

In nFal, a planar object atop a vibrating surface is 
levitated in the near-field range by the acoustic radiation 
emanating from the vibrating surface. Hashimoto et al. [9] 
illustrated the phenomenon using a planar plate levitated 
about one-tenth of an acoustic wavelength from an ultra-
sonically vibrating surface. The principle has been used for 
developing noncontact ultrasonic motors and noncontact 
handling and transportation of ultra-clean glass plates for 
liquid crystal displays. Friend [10], [11] designed a linear 
bearing using the nFal principle, where a slider weighing 
90 g can be transported linearly at a speed of 138 mm/s.

nFal is used to handle planar objects slightly above 
the manipulator surface with a high-intensity acoustic vi-
brator. The gas squeeze film, which is created between 
acoustic vibrator and planar object by rapid vibrations, 
generates a time-averaged levitation force. both in-phase 
longitudinal mode, like piston motion, and flexural vibra-
tion mode can be employed as radiation sources. The clos-
er the object approaches the radiating source the larger 
the levitation force it generates. although practical ap-
plications had been developed, theoretical treatment of 
nFal is still rather primitive. chu and apfel [12] derived 
a formula based on Eulerian and langrangian method to 
express the acoustic radiation pressure by a vibration pis-
ton. minikes and bucher in [13] investigated the levitation 
force by flat driving surface and traveling wave vibrations. 
The key assumption in previous studies [9], [10], [12]–[14] 
is that the radiator had been assumed to be a rigid surface 
with a uniform displacement and no deformation. Howev-
er, in practical situations, the radiator obviously has non-
uniform elastic deformation when the radiator is excited 
by a time–varying source. meanwhile, the shape of the 
nonuniform radiator surface should be used as the bound-
ary in solving the nonlinear differential equation of gas 
squeeze film. Those previous theoretical models cannot ac-
curately describe the pressure distribution of the squeeze 
film in nFal because the deformation of the radiator sur-
face had been ignored. It was found experimentally that 
the suspension force is highly dependent on the vibration 
distribution on the radiation surface [15], [16].

In the present paper, the measured flexural mode shape 
of the radiator along the radius is used as exact boundary 
conditions in solving the gas squeeze film problem. be-
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cause the deformation of the radiator changes the bound-
ary condition of gas squeeze film, the complexity of the 
convection-diffusion differential equation is increased [17]. 
a higher order finite-difference scheme is introduced here 
to perform the numerical solution.

our theoretical procedure contains 2 steps. First, based 
on the classical thick plate theory, mode shape and cor-
responding frequencies of the vibrator were calculated 
by finite element method using ansys (ansys Inc., 
canonsburg, Pa). The resonance frequencies were used 
to guide the design of the experimental setup, and then 
the vibration amplitudes and phases of 500 points on the 
vibrator surface were measured using an optical interfer-
ometer. second, a higher order numerical method is em-
ployed to solve the equation of gas squeeze film problem 
using the exact boundary conditions obtained from the 
experimentally measured data. The numerical levitation 
force is then compared with the experimentally measured 
force as a function of the levitation height.

II. Theoretical model

as illustrated in Fig. 1, we consider a vibrating surface 
of radius R with displacement along the vertical z axis at 
frequency f. a reflector of the same dimension is placed 
initially at a distance h0 from the vibrating surface and 
is assumed to be rigid (cannot move and deform) [14]. 
between the vibrator and reflector, there is a thin layer of 
air whose thickness is much smaller than the radius, which 
is conventionally called gas squeeze film. Gas squeeze film 
generates nFal phenomenon to levitate the reflector.

an aluminum disk connected to the top of an ultra-
sonic horn is served as the vibrating surface. minikes and 
bucher [13] studied a first-order perturbation solution for 
the radiation pressure generated by the normal vibration 
of a flat piston. according to their assumption, the disk 
vibrates uniformly (independent of R) with certain ampli-
tude along the z-direction, for which the displacement on 
the surface can be expressed as a function of time only. 
In reality, because the diameter of the disk is much lager 
than the end of the driving horn, the vibrating disk can-
not oscillate in a piston motion at resonance. In other 
words, the displacement on the surface changes with both 
time and radius.

To model this complex system with nonuniform surface 
vibration, we assume that the levitation force in the gas 
film does not affect the vibration of the sound source. 
Therefore, the coupling between air and the solid plate 
can be ignored so that we can solve the problem of the 
vibrating disk independently. This point had been verified 
experimentally. We have measured the resonance frequen-
cies of the vibrator under 30 n and 60 n loads and found 
no difference from the case without load.

based on classical thick plate theory [18], [19], the disk 
has several resonance modes. The one we can employ to 
generate an axisymmetrical levitation force should be an 
axisymmetrical vibration mode, in which points at the 
same radius have exactly the same displacement at a given 
time. Figs. 2 and 3 show the 1st- and 2nd-mode shape of 
the vibrating plate and the corresponding natural frequen-
cies are 5469 Hz and 21 024 Hz, respectively. The natural 
frequency obtained from modal analysis of ansys was 
later used to guide our experimental design, including the 
driving langevin transducer, horn, and vibrating plate 
[20], [21].

The finite element method (FEa) results indicate that 
the largest deflection magnitude occurs in the center of 
the plate and the displacement of the radiation surface 
is a function of time and radius. as long as the applied 
voltage is in the linear range of the piezoelectric material, 
the vibration is harmonic. In our experimental setup, the 
applied voltage is sinusoidal with a constant amplitude, 
which results in a steady-state harmonic vibration with 
a constant amplitude. at the same vibration amplitude, 
excitation of the 2nd mode produced a larger levitation 
force than with the 1st mode. Therefore, we chose the 2nd 
mode when performing real experiments.

The flexural vibrating surface squeezes the compress-
ible air film, generating a time-averaged pressure. because 
the reynolds number is low in the present case, we assume 
that the fluid inertia is negligible compared with the vis-
cous forces [22]. In addition, we assume that the thin gas 
film is isothermal because of its low heat capacity. also, 
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Fig. 1. model structure for near-field acoustic levitation.

Fig. 2. First-mode shape of the vibrating plate.
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the high squeeze number reveals that the pressure gradi-
ent in the normal direction may be ignored. consequently, 
the problem is reduced to 1 dimension.

The reynolds equation is employed as the governing 
equation for pressure distribution in the squeeze film, 
which is suitable for laminar, isothermal, and compress-
ible thin fluid [23]. The reynolds equation is derived from 
the classical navier-stokes equation with continuity re-
striction
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where pa is the atmosphere pressure, P, H, X, T are the 
dimensionless pressure, mean clearance, horizontal coordi-
nate, and time, respectively: P = p/pa, H = h/h0, X = x/
R0, T = ω ∙ t. The squeeze number σ is defined by
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where R0 is the radius of the squeeze film.
The equation in polar coordinates is given by
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The boundary condition and initial condition are as 
follows:

1) The pressure at the disk edge is equal to the at-
mosphere pressure, whereas the pressure gradient in the 
center of the disk is zero, i.e.,

 P R T
P
R

R T( , ) , ( , ) .= =
¶
¶

= =1 1 0 0  (4)

2) The dimensionless thickness of the gas film is

 H R T Y R T( , ) ( ) sin( ),= + ×1  (5)

where Y(R) is the dimensionless vibration amplitude on 
the vibrator surface at point R. and the real displacement 
of the vibrator surface is given by

 d R T Y R T h( , ) ( ) sin( ) .= × × 0  (6)

3) at t = i, the pressure in the film is equal to the at-
mosphere pressure,

 P R T( , ) .= =0 1  (7)

The time averaged pressure at each point is given by
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The total levitation force on the surface is therefore 
given by

 F R P dR= -ò2 1
0

1

p ( ) .average  (9)

III. numerical solutions

In the present treatment, the gas film thickness H 
changes with R unlike in the pistonlike models so that it 
is impossible to obtain analytical solutions. To treat such 
problems, a higher accuracy finite-difference scheme is 
needed in numerical calculations. Here we used the high-
resolution central schemes for convection-diffusion equa-
tions presented by Kurganov et al. [24]. This second-order 
semidiscrete central scheme has a specific simplicity. It 
does not require any information about the eigen-structure 
of certain problem beyond the cFl1 (courant-Friedrichs-
lewy condition)-related speeds, aj + 1/2(t). The general 
1-d non-homogenous convection-diffusion equation is ex-
pressed as follows:
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where u(x,t) is a conserved quantity, f(u) is the nonlinear 
convection flux, Q[u(x,t), ux(x,t)] is the dissipation flux sat-
isfying the (weak) parabolicity condition, and the source 
term S(u,x,t) is a function of u(x,t), x, and t.

Treating the hyperbolic and the parabolic parts of 
(10) simultaneously results in the following conservative 
scheme:
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Fig. 3. second-mode shape of the vibrating plate.

1 cFl: courant-Friedrichs-lewy condition. In mathematics, the cou-
rant-Friedrichs-lewy condition is a condition for convergence while solv-
ing certain partial differential equations numerically.
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Here, Gj+1/2(t) is the numerical convection flux, Kj+1/2(t) 
is a reasonable approximation to the diffusion flux, and 
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where min mod (a, b) := 1/2[sgn(a) + sgn(b)].
substituting the semidiscrete central scheme of the 1-d 

nonhomogenous convection-diffusion equation into (3) we 
obtain
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The numerical solution of the pressure distribution in 
the air film is a function of time and radius. The total 
levitation force can be integrated from the pressure distri-
bution by (8) and (9). The pressure distribution along the 
radius reveals that near the edge of the disk (R = 60 mm), 
the mean pressure is equal to the atmosphere, whereas the 

largest time averaged pressure occurs at the center of the 
vibrator (R = 0 mm). Furthermore, the air near the edge 
(R = 60 mm) barely experiences any compression or de-
compression, so no squeeze effect take place near the edge. 
The squeeze phenomenon takes place close to the center 
of the film disk, where the mean pressure is above the 
atmospheric pressure.

IV. Experimental study

Fig. 4 illustrates the configuration of the experimental 
setup. The radiator is excited at the 2nd resonant frequen-
cy by a conical horn that is driven by a pre-stressed sand-
wich transducer also referred to as langevin-bolt trans-
ducer (lbT) [7]. There are 4 piezoelectric ring elements in 
the middle of the transducer, with a 19-mm radius and a 
thickness of 5 mm. The piezoelectric elements are driven 
in its thickness mode to generate acoustic vibrations. The 
conical horn is designed to magnify the vibration ampli-
tude of the langevin transducer. an aluminum plate with 
a 60-mm radius and 9-mm thick is used as the vibrator, 
which is screwed onto the horn of the lbT. as shown in 
Fig. 5, a rigid aluminum plate is placed on the radiation 
surface as the reflector. This disk has the same radius as 
the vibrator surface and is connected to the load cell on a 
position stage. The 3-degree-of-freedom position stage is 
used to position the reflector precisely over the radiator 
and move the reflector along the z-direction to change the 
levitation distance. The levitation distance was measured 
with laser displacement sensor, and the corresponding lev-
itation force was measured by the load cell. The measure-
ments were carried out while keeping the vibration ampli-
tude at 0.05 mm at the center point of radiation surface.

The displacement pattern of the vibrator surface was 
measured by a Polytec scanning vibrometer (PsV-300F-
b, Polytec GmbH, Waldbronn, Germany). as shown in 
Fig. 6, we have probed more than 500 points on the radia-
tion surface of the flexural plate. The vibration amplitude 
and phase of each point was recorded. These measured 
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Fig. 4. schematic of driving and measuring system of near-field acoustic 
levitation.
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amplitudes and phases were used as boundary conditions 
in numerical solution of the gas squeeze film, see (5) and 
(6). The measured vibration amplitude as a function of 
radius is shown in Fig. 7.

We have obtained the resonant frequency of the whole 
system by an automatic tracing frequency scanner. Table 
I shows the comparison between the frequencies obtained 
by ansys modal analysis and experimental measure-
ments. The 2nd natural frequency obtained from ansys 
modal analysis is only about 3.5% off the measured reso-
nant frequency. although the modal analysis was designed 
for ideal free boundary cases, it does provide good guid-
ance to our experimental design.

because the levitation force changes with levitation 
distance and the structure is coupled with acoustic field, 
when the levitation distance is small, the load is higher, 
which may affect the resonant frequency of the system. To 
verify this point, we have measured the resonant frequen-
cies of the system at different loads as shown in Table 
I. The measured results indicate that when the load is 
within 60 n, there is no measurable difference of resonant 
frequency from the load free case. Essentially, in our setup, 

the load is too small to have any significant effect in the 
vibrating system when the system is in a strong forced vi-
bration. as a result, the coupling of the structure response 
from the acoustic field can be ignored, which confirms the 
decoupling assumption in our theoretical treatment.

The levitation force is plotted in Fig. 8 as a function 
of levitation distance. clearly visible in Fig. 8 is the steep 
rising levitation force close to the vibrating surface. The 
force decreases quickly with increasing levitation height 
from the radiator. although the pistonlike models can 
provide the general trend correctly (dashed line), the nu-
merical values are far off from that of experiments. our 
model with nonuniform surface displacement showed great 
improvement (solid line). although our theoretical results 
are much better in comparison, it is still not satisfactory 
near the vibrator surface. one reason is that the relative 
nonuniformity becomes very large, and the pressure gra-
dient term cannot be ignored. The pressure gradient can 
cause higher order effect in the squeeze film with increas-
ing levitation force, which requires a multidimensional 
nonhomogenous convection-diffusion equation instead of 
the 1-d equation solved in this paper. nevertheless, pre-
dictions from our model are much closer to the experimen-
tal values than previous pistonlike models. as the levita-
tion distance increases, the agreement between our model 
and the experimental values becomes better and better. 
Excellent agreement between experimental data and our 
theoretical prediction was found when the levitation dis-
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Fig. 5. Experimental setup of near-field acoustic levitation: (1) position-
ing stage, (2) load cell, (3) displacement sensor, (4) positioning stage, (5) 
reflector, and (6) vibrator.

Fig. 6. Points measured on the vibrator surface.

Fig. 7. radiator surface vibration amplitude as a function of radius mea-
sured by a Polytec scanning vibrometer (PsV-300F-b).

TablE I. comparison of Frequencies in modal analysis and 
Experimental measurements. 

Frequency, kHz

modal analysis 21.024
measurement (load = 0 n) 21.765
measurement (load = 30 n) 21.765
measurement (load = 60 n) 21.765
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tance is beyond 1.1 mm. on the other hand, the pistonlike 
model never gives satisfactory predictions.

V. summary and conclusions

near-field acoustic levitation technology offers an ex-
cellent approach for noncontact handling of micro-parts, 
surface-sensitive wafers, and substrates. an important ad-
vantage of using nFal to transfer planar parts is that the 
method is not subject to any restrictions in terms of size 
or shape of the feed paths.

Theoretical treatment of acoustic levitation problem is 
still rather limited up to date. The well-used pistonlike 
models for analyzing the squeeze gas film problem can 
reduce the problem into 1-d so that analytic solutions 
can be obtained. However, it does not provide an accurate 
description of the experimental measurements. consider-
ing the vibrator surface should be nonuniform, we have 
derived a theoretical procedure by using real measured 
surface displacement distributions as boundary conditions 
to solve the squeeze gas film problem. because of the non-
uniform surface displacement, one cannot obtain analytic 
solutions anymore, so we have used higher order numerical 
methods to derive the solutions. compared with experi-
mentally measured levitation force values, the new model 
results showed significant improvement over the pistonlike 
models. In fact, excellent agreement between theory and 
experiment occurs when the levitation distance is beyond 
20 times of the vibration amplitude.

There are still discrepancies between theory and experi-
ments when the levitation height is less than 10 times of 
the vibration amplitude even with our improved model. 
one important reason is that the gas clearance decreases 
so that the pressure gradient in the normal direction may 
not be ignored. To include such effects, one must solve 
multidimensional nonhomogenous convection-diffusion 
differential equations.
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Fig. 8. comparison of levitation forces obtained by measurement (circle), 
our calculation (solid line), and calculation using pistonlike approxima-
tion (dash line).
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