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ABSTRACT

The influence of the ambient pressure on the load capacity of near-field acoustic levitation is studied. Theoretical models based on the
acoustic radiation pressure and hydrodynamic lubrication theory are built, taking into account the changes of the ambient pressure. Both
simulation and measured results show that the levitation force is positively proportional to the ambient pressure. The levitation force
increased by 4-5 times at an ambient pressure of 0.5 MPa. A maximum load capacity of 0.309 MPa is obtained.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0075193

The near-field acoustic levitation (NFAL) system is composed of
two plates: a radiator and a reflector [see Fig. 1(a)]. The gap between the
two plates is usually in micrometer range. When the radiator vibrates at
high frequency, the gas within the gap has not enough time to flow in or
out. Therefore, the gas film is expanded and compressed rapidly, and
the pressure in the gap changes periodically. However, due to the non-
linearity of the gas, pressure oscillation caused by a harmonic motion is
non-harmonic. The effect is shown in Fig. 1(b) qua.h'tatively,l where h
is the initial levitation distance, ay is the vibration amplitude, pp.y is the
maximum pressure, P, is the minimum pressure, and ¢ is the time.
The time averaged pressure p is higher than the ambient pressure py,.
Therefore, a repelling levitation force is generated in the gap.

Since the NFAL phenomenon was discovered by Salbu’ in 1964
through the study of squeeze film bearings, significant progress has
been made in theoretical studies and engineering applications.” ® A
rotational bearing excited by three piezoelectric transducers was pro-
posed by Zhao et al.” in 2009. Based on this study, Liu et al.” studied
the static and dynamic characteristics of the squeeze film bearing in
2021. A NFAL bearing with a similar structure was proposed by Li
et al” The bearing with a self-aligning function has radial and axial
load-carrying capacity. The maximum radial load-carrying capacity
per unit area of the bearing is 0.038 MPa, and the maximum axial
load-carrying capacity is 0.004 MPa. A self-running and self-floating
actuator was designed by Chen et al.'’ in 2016. Experimental results
show that the load capacity of the actuator can reach 0.8 N. Andrade
et al'' discovered the inverted near-field acoustic levitation

phenomenon in 2020 and applied this phenomenon to a contactless
pick-and-place device. An object with a weight of 9 mg was suspended.
A squeeze film air bearing with a flexure pivot tilting pad was pro-
posed by Shi et al'” in 2017, and this structure is suitable for high
speed and light load conditions. Two different types of system stiffness
models were defined by Wang and Guo'” to study the characteristics
of the NFAL bearing in 2021.

NFAL is a promising technique for contactless support and han-
dling. However, the application of this technique is often limited by its
relatively low load capacity. Comparing with aerostatic and electro-
magnetic bearings, the load capacity of the squeeze film bearing is
much lower. The highest reported load capacity is 0.062 MPa by Zhao
et al” According to previous studies, the levitation force can be
improved by increasing the amplitude or reducing the levitation
distance. However, due to limited material strength, the vibration
amplitude cannot be infinitely increased. The levitation distance is also
limited by the machining accuracy of the matching surfaces. From
reported theoretical models, it can be derived that the higher ambient
pressure could lead to a higher levitation force. However, no related
research has been found in previously reported works. This paper will
focus on the theoretical and experimental investigation of the relation-
ship between the ambient pressure and the levitation force.

Theoretical models describing the NFAL system are mostly devel-
oped based on the theory of linear acoustics and hydrodynamics.”* *'*">
The most classical models are adopted to describe the relationship
between the levitation force and the ambient pressure in this study.
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(a) Reflector F— Jf’d& (5)

Equation (4) shows that the levitation force is directly proportional to

Reference .
______________ = SlanE the ambient pressure.

h I " The Reynolds equation describing the pressure distribution
Va between two relatively moving surfaces based on the one-dimensional

apn axisymmetric Navier-Stokes equation is expressed by

Radiator 9 (p*Op\  O(p.h)
a._ a.] = ) (6)
(b) \p Ox \ 121 Ox ot

where x is the Cartesian coordinate in the direction of the gap, t is the
time, # is the dynamic viscosity, and p is the pressure within the gap.
The dynamic distance between the two surfaces can be expressed as

Pmax

h(t) = ho + ag sin wt. (7)
_ \a PH'=const .
p In order to reduce the number of parameters, discuss the results,
Po-y---bf-}-+--m---2 and improve the stability of the model, all variables in Eq. (6) need to
Pumin b be dimensionless. The dimensionless parameters of this model are
defined as

120nL? h X
SO p=E p ) x=E T, )

pohg Po ho L
where ¢ is the squeeze number, which describes the intensity of the
- i Hhap squeezing action of the two surfaces, p, is the characteristic pressure,

FIG. 1. (a) Schematic diagram of the near-field acoustic levitation system. (b) The (a)

non-harmonic pressure oscillation caused by a harmonic motion.'

The average acoustic radiation pressure per unit time p was

0.04 i

derived by Lee and Wang'*'” as !
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where p, is the acoustic radiation pressure between the two surfaces, § 0.02 l

P is the ambient pressure, 7y is the specific heat ratio (y= 1.4 for air), a

ao is the vibration amplitude, p,, is the air density, c, is the speed of -0.04 ‘

sound in air, k is the wave number, z is the acoustic transmission dis- 0.06 . ! ! 1
tance, and hy is the initial levitation distance between the radiator and 000 005 010 015 0.0

the reflector. cos2kz can be approximated as one because of the Time (ms)

micrometer level of the sound transmission distance. Thus, Eq. (1) can
be expressed as' "’

(b) Pressure/Pa x10* ~
_ v+ 1laigp, )
5 m om 205 4
The speed of sound can be expressed as 3
-20.5
o= |2 © ’ 2
Pa
Substituting Eq. (3) into Eq. (2), the acoustic radiation pressure per 1
unit time is obtained as 0
_ v+ agp @
8  hj z 1
i
The levitation force can be obtained by integrating the overlapping
area of the radiated sound pressure on the radiator and reflector, FIG. 2. (a) FEM simulation result of the instantaneous pressure distribution of the
which is stated as gas film. (b) Instantaneous pressure in the gap.
Appl. Phys. Lett. 120, 034103 (2022); doi: 10.1063/5.0075193 120, 034103-2

© Author(s) 2022


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

hy is the characteristic length in the z-direction (initial levitation dis-
tance), L is the characteristic length of the gas film, and w is the angu-
lar speed. Substituting Eq. (8) into Eq. (6), we obtain'®

o (_,oP\  o(PH)

The initial and boundary conditions are as follows:

scitation.org/journal/apl

The finite element method (FEM) is also applied to calculate the
NFAL force using the COMSOL Multiphysics software. The model
analyzes the influence of the periodic movement of the radiator surface
on the fluid flow, including the gas pressure and the resulting levitation
force. The levitation force is generated by the extrusion and compres-
sion of a gas film between two surfaces. In this model, the “thin-film
flow, edge interface” module is adopted to model the pressure distribu-

tion of the gas film. The boundary condition of the model is that the

Initial condition: P(X, T =0) = P\, pressure at the edge of the gas film equals to the ambient pressure, and

e 1 - the gradient of the pressure at the center of the film along the radius

Boundary condition 1 P(X 2 T) = b, (10) direction is zero. The model is one-dimensional axisymmetric since
OP(X = 0,T) the film pressure only varies radially. The mesh is set as “extra fine”

Boundary condition2: ————~ =0, through the physics-controlled mesh. The only material parameter

0x

where P; is the dimensionless ambient pressure. Equations (9) and
(10) are solved using the finite difference method.

related to the modified Reynolds equation is the dynamic viscosity of
air, which is 1.8448 x 10> Pa-s at 25 °C. For high frequency and large
amplitude vibration, the levitation force is nonlinear with respect to
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FIG. 3. Comparison of average pressure obtained from different models. (a) h =150 um. (b) h =100 um. (c) h= 75 um. (d) h =60 xm.
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the harmonic motion of the radiator surface. Therefore, transient anal-
ysis of the model is carried out.

The configuration of film flow in the gap is shown in Fig. 1(a).
The reference plane with the normal direction n is between the radia-
tor and the reflector. The vector n points into the radiator surface. The
initial velocity of the radiator surface is expressed as v,. The transient
model of the modified Reynolds equation is'®

0
a(Pth) + Vt ‘ (hptV()) _pt(vu . Vtﬂo) = 0, (11)

where V, is the gradient operator, the in-plane vector v, is the average
film velocity perpendicular to the radiator surface, p is the transient
pressure generated by the gas film flow, p; is the total pressure
(pr = p + po), and I is the identity matrix. The average film velocity
can be calculated as'®

h2

(I —nn")v, — —V,p. (12)

Vo =
0 121

| =

For larger vibration amplitudes, the response in terms of pressure
is nonlinear with respect to the applied harmonic motion of the radia-
tor. Therefore, transient analysis is carried out to solve the modified
Reynolds equation. Figure 2(a) shows the calculated instantaneous
pressure in the gap (averaged over the length) caused by the vibration
of the transducer surface. The vibration amplitude is set as 30 um with
a frequency of 20.5 kHz. The initial gap distance is set as 75 um. It can
be seen that the pressure in the gap changes periodically with the sim-
ple harmonic vibration of the radiator. The absolute value of the nega-
tive pressure is 0.037 MPa, which is lower than the positive pressure
(0.056 MPa). Figure 2(b) shows the pressure distribution over the gap
at the time point when the radiator surface moves to the nearest posi-
tion to the reflector. It can be observed that the pressure is equal to the
ambient pressure at the edge of the gap and gradually increases to the
maximum while moving toward the center of the gap.

The time averaged pressure in the gap at different ambient pres-
sures is calculated using the three presented models and plotted
together in Fig. 3. The levitation distances are set as 150, 100, 75, and
60 um when the vibration amplitude is set as 30 um. The levitation
pressure obtained from all three models is positively correlated with
the ambient pressure. The results show that it is an effective method to
improve the load capacity of NFAL by increasing the ambient pres-
sure. The three models show obvious disagreements at different levita-
tion parameters. The model based on the acoustic radiation pressure
theory is heavily simplified, which shows a simple linear relation at all
different levitation parameters. On the other hand, the two models
based on the fluid dynamics theory give better insight of the levitation
mechanism because they consider gas viscosity and boundary condi-
tions of the levitation gap. When the levitation distances are set rela-
tively at 150 and 100 um, the two models based on fluid dynamics
theory give similar results [see Figs. 3(a) and 3(b)]. For small gap [Figs.
3(c) and 3(d)], the results from two fluid dynamics models show
increasing difference at the higher ambient pressure. The difference
could be caused by the different solving methods used.

An experimental setup is constructed to measure the levitation
force in a pressurized environment, as shown in Fig. 4. A Langevin
type piezoelectric transducer (Model: Resotek R20-6) with a central
frequency of 20.5kHz is employed to drive a whole wavelength
booster with a radiating surface of 41 mm in diameter to provide

scitation.org/journal/apl

piston-like vibration. The system is driven by a PWM controlled full-
bridge switching ultrasonic generator made by Resotek Co. Ltd.
(Model: ResoGen-3000). A plate is mounted on a force sensor (Model:
Kistler 9323AAA; Linearity: 0.11%) through a ball socket bearing
(Model: Hephaist SRJ024C). The ball socket bearing has high preci-
sion, low rotation resistance, and zero clearance. If the reflector tilts,
the lower side of the reflector will bear higher levitation force resulted
from the smaller gap distance. Therefore, the reflector is kept parallel
to the radiator by the distributed levitation force during the levitation
process. The sound radiator, reflector, ball socket bearing, and force
sensor are sealed in a transparent pressure vessel. The lower end of the
vessel is sealed at the flange of the booster. The force sensor is con-
nected with a linear module (Model: IKO TZ200X-4; Resolution:
1.25 um/pulse) through a shaft, which goes through the upper end of
the pressure vessel with a sliding seal. The force sensor is matched
with a charge amplifier (Model: Kistler 5015) to record the forces.

The amplitude of the radiator is measured by a single-point
laser-Doppler-vibrometer (Model: LV-S01 from Sunny Optical
Intelligent Technology Co, Ltd., accuracy: 0.001 um). The bandpass fil-
ter was set to 1-50 kHz. A mapping between the output power level of
the ultrasonic generator and the vibration amplitudes is carried out.
During the experiment, desired amplitude can be obtained by setting
the output power to the corresponding power level. The measured

(a)
+- Wedge linear module

Force sensor

S

Laser-Doppler-
vibrometer

—]

Ball socket bearing

Pressure vessel

Reflector |

bearing

il Radiator
v

= _Controller " Pressure ‘' [’ Reflector

I \ transmitter § Et,x -

- Radiator
® ¥

Transducer

‘Laser-DoppIer-
vibrometer

=il

Generator

= Air compressor

FIG. 4. Experimental setup. (a) Schematic diagram. (b) Partially enlarged view. (c)
Overall view.
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vibration waveform is pure with a single peak in the frequency domain
(20.5 kHz), with no obvious higher or lower harmonics observed. The
vibration amplitude of the radiator is kept at 30 um (peak) for all mea-
surements. The pressure in the vessel is regulated to the desired values
by an external air pump and a pressure gauge. Due to the limitation of
the withstanding capacity of the pressure vessels, the pressure is
increased to a maximum of 0.5 MPa with an interval of 0.05 MPa.
Levitation forces at different pressures are measured at four dif-
ferent levitation distances of 150, 100, 75, and 60 ym. Before each mea-
surement, the pressure in the vessel is adjusted to set value at first.
Second, the two levitation surfaces are brought into contact. Then, the
gap distance is increased to the set value by driving the linear module.
This procedure eliminates the part movement caused by the change of
the internal pressure. When the desired gap distance is reached, the
ultrasonic generator is turned on to create levitation force, which is
measured by the force sensor. Temperature rise in the gap is observed

(a) Squeeze number
20.7 10.4 6.9 5.2 4.1
Fluid dynamics
— — Finite element method
10.0 [---eeeev Acoustic radiation .
= e Measurement 2
@
(3]
S 75¢ .
5 ’ .
3 5.0f ® 8
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251+ .
0.1 0.2 0.3 0.4 0.5
Ambient pressure(MPa)
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Ambient pressure(MPa)
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during the levitation process. With a gap distance of 60 um and above,
the temperature raised about 5 °C after 30s. To avoid the influence of
temperature rise on the levitation forces, the force measurements were
completed within 5 s after the generator is turned on.

The displacement of the reflector is also measured by the laser-
Doppler-vibrometer during the experiment to verify the true gap
distance. The displace measurement is done at 45° angle, which is
calculated back to the vertical displacement [see Fig. 4(a)]. Each mea-
surement is repeated three times and then averaged to minimize error
introduced by operation.

The measured levitation forces at different ambient pressure and
levitation distances are plotted in Fig. 5 together with the calculated
results. The resulting squeeze number of different pressures is shown
as well. It can be observed that the levitation forces increase signifi-
cantly with higher ambient pressure at all gap distances. The levitation
force increased by about five times with a gap distance of 150 and

(b) Squeeze number
46.7 233 15.5 11.7 9.3
25 Fluid dynamics |
— — Finite element method
-------- Acoustic radiation .
S 20[ ° Measurement |
5 7
o
k)
SN, -
8 - .
> i
3 10t = 1
5+ .
0.1 0.2 0.3 0.4 0.5
Ambient pressure(MPa)
(d) Squeeze number
75 129.6 64.8 432 324 259

—— Fluid dynamics

— — Finite element method
60 | Acoustic radiation

e Measurement

451 ]

30

Levitation force(N)

151

0.1 0.2 0.3 0.4 0.5
Ambient pressure(MPa)

FIG. 5. Comparison of calculated and measured levitation forces at the vibration amplitude of 30 um. (a) h= 150 um. (b) h=100 um. (c) h="75 pm. (d) h =60 um.
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FIG. 6. The measured maximum levitation force at the minimum levitation distance.

100 um [Figs. 5(a) and 5(b)], and about four times with a gap distance
of 75 and 60 pm [Figs. 5(c) and 5(d)].

It can be observed that the one-dimensional acoustic radiation
pressure model has poor agreement with measured results because the
gap distance is much smaller than the sound wavelength, and the
squeezing effect is in dominance. The analytical model and FEM
model can both predict the levitation force accurately, except when the
squeeze number is below 10.

It is worth pointing out that the gas inertia is not taken into
account in these models. Therefore, the actual pressure near the edge
will be higher than the calculated value, resulting in overall higher levi-
tation force. When the levitation gap is large, such as in Fig. 5(a), the
squeeze number goes below 10 at higher ambient pressure. Relatively
large amount of air will flow in and out of the gap at the edge. The
effect of gas inertia one the levitation pressure becomes more obvious.
This is the main reason for the discrepancy observed in Fig. 5(a). With
the larger squeeze number in Figs. 5(c) and 5(d), the gas exchange is
negligible. Therefore, the discrepancy become smaller.

Maximum load capacity at different ambient pressures is
investigated by reducing the gap distance as small as possible. The
levitation force measured right before the two surfaces get into con-
tact (when loud cracking noise occurs) is considered as the maxi-
mum load capacity. The averaged minimum gap distance is
estimated at around 10 um, since the flatness of the two surfaces is
in the range of 5-10 um. A maximum levitation force of 415.6 N is
measured at an ambient pressure of 0.5MPa, as shown in Fig. 6,
which is nearly three times higher compared with the levitation
force at the atmospheric pressure. The equivalent load capacity is
0.309 MPa. It surpasses the load capacity of most commercial aero-
static bearings, which commonly have the load capacity in the
range of 0.098-0.196 MPa."”

In summary, a method to improve the NFAL force is investigated
theoretically and experimentally in this paper. The test results confirm

ARTICLE scitation.org/journal/apl

that the levitation force can be effectively improved by 4-5 times at an
ambient pressure of 5atm. Reported theoretical models are still appli-
cable to predict the levitation force at higher ambient pressure. In prin-
ciple, the NFAL bearings have most of the advantages offered by
aerostatic bearings. The findings of this study could be used for appli-
cations of NFAL in contactless support and handling when the higher
load capacity is required.
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