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Noncontact Planar Stage Based
on Near-Field Acoustic
Transportation
Acoustic radiation force in the near-field of a vibrating source can be utilized to lift and
transport objects, which provides a noncontact driving technology in addition to maglev.
This paper presents a novel design of a self-levitated planar stage based on near-field
acoustic transportation. A closed-loop system is proposed to design a capacitance sur-
face encoder to provide direct two-dimensional (2D) position feedback. A dynamic model
based on the Reynolds equation is established to study its driving mechanism. A prototype
including the levitation stage, encoder, and controller is implemented to demonstrate the
potential of arbitrary trajectory tracking in two-dimensional space.
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Introduction

Noncontact actuators have been favored for their low wear, low
friction, zero backlash, higher operation speed, and higher effi-
ciency, compared with conventional mechanical bearings. They
have found wide applications in ultraprecision machines, semi-
conductor manufacturing systems, and scanning probe micro-
scopes. Conventionally, noncontact motors based on magnetic
levitation [1] and air bearings [2] have been widely used and com-
mercialized. However, maglev and air bearing-based levitation
still suffer from many practical issues, such as high costs, compli-
cated system designs, limited motion range, electromagnetic inter-
ference, undesirable operation noises, etc.

Alternatively, acoustic levitation can be used to suspend objects
without an external supply of pressurized air as opposed to air
bearings. Acoustic levitation has been initially used to levitate
small objects near the pressure nodes of an acoustic standing
wave which are formed between an ultrasonically vibrating source
and a reflector [3] or holographic acoustic elements [4]. When the
levitated object serves as a reflector and reaches a near field of
the vibrating source, the levitation force grows nonlinearly with
the decrease in the air film thickness. This phenomenon is coined
as the near-field acoustic levitation and brings the potential to use
acoustic radiation force for lifting and even transporting heavy
objects [5]. It can be explained by the squeeze film effect or from
the fact that the viscous medium cannot be squeezed out from the
thin gap instantaneously giving rise to a stiffening effect.

Due to the nonlinear increase in the near-field acoustic radiation
force, heavy objects can be levitated using a circular vibrating
plate [6]. If a traveling wave is introduced to the vibration plate, a
directional viscous force of air will drive the levitated object to
move in the direction of wave propagation to achieve noncontact
transportation. Conventionally, the guide rail was excited using its
flexural vibration to generate a traveling wave for one-
dimensional motion [7]. Alternatively, the levitated object itself
can be excited to generate vibratory motion, so a self-sustained
thin air film can be created beneath the object to achieve self-
levitation over a stationary ground substrate. A pseudo-traveling

wave can be further added to the object vibration to introduce sim-
ilar acoustic streaming for lateral driving [8].

In order to develop the nonfield acoustic transportation technol-
ogy into a noncontact positioning stage, a proper encoder is
imperative for multi-degrees-of-freedom (DOF) position feed-
back. Few metrology or encoder systems have been developed for
the measurement of planar motion of a surface actuator, not to
mention 6DOF motion. Two-dimensional (2D) surface encoders
based on capacitive sensors [9], optical encoders, and inductive
sensors [10] have been demonstrated to measure planar motion,
but cannot handle the in-plane rotation of the actuator. Gao et al.
[11] utilized angle grids to provide up to five axis motion meas-
urements. More recently, Lu and Rao [12] developed a stereo
camera-based position measurement system that can provide posi-
tion feedback in 6DOFs for a maglev stage.

This paper presents a novel design of a self-levitated planar
stage based on near-field acoustic transportation. A closed-loop
system is proposed to design a capacitance surface encoder to pro-
vide direct two-dimensional position feedback. A dynamic model
based on the Reynolds equation is established to study its driving
mechanism. A prototype including the levitation stage, encoder,
and controller is implemented to demonstrate the potential of arbi-
trary trajectory tracking in two-dimensional space.

Operation Principle and Dynamic Modeling

We have previously proposed a new driving mechanism based
on near-field acoustic levitation to achieve two-dimensional non-
contact motion [13]. Compared with the conventional designs
based on near-field acoustic levitation, the proposed design is
unique in a way that: (1) it utilizes the acoustic radiation force not
only for levitation but also for transverse motion; (2) it eliminates
any external component (guide rails, magnets, and air supplies),
but requires only a smooth surface to operate; and (3) it has two-
dimensional motion capability with higher load capacity and
efficiency.

The proposed design exploits near-field acoustic levitation for
self-levitation and coupled resonant vibration to generate unbal-
anced acoustic force in designated directions. The principle of
operation is illustrated in Fig. 1, where the structure has a longitu-
dinal as well as a bending mode. It is carefully designed such that
the resonant frequencies of the two modes, namely the first longi-
tudinal and the second bending modes, are identical. The superpo-
sition of the two normal modes results in the elliptical vibration of
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the structure to provide the vertical levitation force as well as the
propulsion force in the tilt direction of the elliptical trajectory.
The piezo-electric rings, which are sandwiched between the top
mass block and the bottom driving plate, have four isolated
quarter-circle electrodes that can be energized individually. By
adjusting the relative phase between the excitation signals to the
four quadrants, one can control the moving direction and velocity
in the XY plane.

In order to study the levitation and driving mechanisms of the
proposed design, a simplified two-dimensional analytical model is
established as shown in Fig. 2. The driving plate is modeled as a
rigid plate of length, L, which is vibrating both in the vertical
direction due to the longitudinal mode and around its center axis
(angle u) due to the bending mode. These two harmonic excita-
tions have a phase angle, d, which corresponds to the relative
phase between the two excitation signals.

The nominal air film thickness is set at 100 lm. The actual air
gap distribution, h(x, t), will vary according to the plate vibration
motion. The time-varying pressure distribution, p(x, t), within the
air film can be modeled using the modified Reynolds equation
[14]

@ pðx; tÞhðx; tÞ½ �
@t

¼ @

@x

h x; tð Þ3pðx; tÞ
12l

@pðx; tÞ
@x

" #
(1)

where l is the air viscosity.
Certain assumptions are made for the application of the Reyn-

olds equation that (1) air is assumed to be a Newtonian compressi-
ble fluid; (2) the air gap thickness (film thickness) is much smaller
than the vibrating plate geometry; and (3) the variation of pressure
across the film thickness is negligible. Air pressure distribution is
calculated by solving Eq. (1) subject to the initial and boundary
conditions of an atmospheric pressure outside the air film region.
There are two forces acting on the bottom surface of the driving
plate, namely the acoustic radiation pressure acting perpendicular
to the driving plate and the viscous force due to the air velocity
gradient parallel to the driving plate. Considering the fact that the

tilting angle, u, is very small, and the acoustic pressure is much
larger than the viscous stress, the levitation force can be derived
by integrating the pressure over the driving plate area and take the
average result over a cycle, as

Flevi ¼
1

T

ðT

0

ðL

0

A p� p0ð Þdxdt (2)

The transverse driving force is composed of the lateral compo-
nent of the acoustic pressure and the viscous force due to the pres-
sure gradient. If we assume that the boundary conditions are fixed
to zero at the ground for flow velocity, and set as the transverse
velocity of the driving plate at the top, the shear stress at the driv-
ing plate can be calculated as

svis x; tð Þ ¼
h x; tð Þ

2
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(3)

The driving force then can be derived considering the tilting
angle, which is given by

Fdrv ¼
1

T
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0
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h

2

@p
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� �
dxdt (4)

Three representative cases have been calculated corresponding
to the pure longitudinal, pure bending, and combined longitudinal
and bending vibration. The spatial distribution (X-axis) of pressure
and air film thickness as well as their time evolution (Y-axis) are
plotted in Fig. 3. The pressure is normalized as the ratio over the
atmospheric pressure. The air film thickness is plotted as the devi-
ation from the nominal air gap. For the pure longitudinal vibration
case, the air film thickness is constant along the driving plate at
any time instance, but varying with time. The maximal pressure is
larger than the minimal pressure due to the squeeze film effect,
which provides a positive levitation force when averaged over one
cycle. For the pure bending vibration case, the air film thickness is
symmetric both with respect to location and time. The levitation
force, however, is smaller than that for the pure longitudinal
vibration.

Fig. 1 (a) Design and (b) resonant modes of the design

Fig. 2 Schematic of the dynamic model
Fig. 3 Pressure and air film thickness distribution for (a and b)
longitudinal, (c and d) bending, and (e and f) combined vibration
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For the combined longitudinal and bending vibration mode, the
pressure distribution is not symmetric in the spatial or time axis.
The pressure gradient term then will be nonzero over one cycle,
which contributes to the viscous force. However, unlike previous
designs [5,7,8], the driving force contributed from the viscous
term is negligible. In fact, the viscous force is much smaller (more
than one order of magnitude) than the lateral component of acous-
tic pressure. The tilting angle, u, is the main reason that we could
get much higher energy efficiency and a larger driving force using
this coupled resonant structure design. Since the tilting angle flips
its sign between the air compression and expansion phases, the
p�p0 and sinu terms will always have the same sign in Eq. (4).
The instantaneous driving force will then always point to the des-
ignated direction over the whole period. Though the proposed
model takes simplified 2D vibration motion of the plate, the calcu-
lated forces are quite comparable to our previous experimental
results [13]. For this particular combined vibration case, the calcu-
lated driving force is 9.2 mN, while the viscous force is only
1.56� 10�4 mN. If we assume a linear relationship between the
input phase angle, d, and the vibration amplitude ratio of the two
modes, the relationship between the driving force and the input
phase difference is established accordingly, as shown in Fig. 4.
The driving force is scaled regarding the levitation force (which
equals to the stage weight) and normalized to unity.

Capacitance Encoder Design and Calibration

A planar encoder is proposed to provide position feedback sig-
nals to our stage. The encoder design is based on the measurement
of capacitance change between the driving stage and the metal
sensing plates embedded in the ground. Due to the stage levita-
tion, the ground sensing plates, driving plate, and thin air film
form a capacitor. Its capacitance is proportional to the overlapping
area between the circular stage and the sensing plate; and inver-
sely proportional to the thickness of the air film. As illustrated in
Fig. 5, the metal sensing plates are equally divided into four iso-
lated square sensing segments, which are partially covered by the
circular stage. The measured capacitances are correspondingly
labeled as C1–C4. The lateral position (in the XY plane) of the

circular stage can be uniquely determined based on the capaci-
tance values.

For example, the calculation of X coordinates is explained as
follows. The capacitance of the right- and left-side sensing seg-
ments are determined by the geometric relationship as

C1 þ C2 ¼
e
h

A1 þ A2ð Þ ¼ e
h

R2 p� hð Þ þ R2sin2h
2

� �
(5)

C3 þ C4 ¼
e
h

A3 þ A4ð Þ ¼ e
h

R2h� R2sin2h
2

� �
(6)

where e is the permittivity; h is the air film thickness; R is the
radius of the circular stage; and h is the central angle between the
radii parallel to the X-axis and intersecting the Y-axis. The X coor-
dinate is determined by the cosine value of this central angle,
which is described by x¼Rcosh.

The influence of the air film thickness on the coordinate values
can be eliminated by calculating the ratio of the capacitance dif-
ference between the left and right segments to the total capaci-
tance as

a ¼ C1 þ C2 � C3 � C4

C1 þ C2 þ C3 þ C4

¼ 2h� p� sin 2h
p

(7)

The central angle h can be uniquely determined by solving this
transcendental equation given any capacitance ratio a. The range
of a is taken as �0.6 to þ0.6, considering the size constraints of
the sensing plates as well as the circular stage. The function of h
in terms of the ratio a then can be fitted to a third-order polyno-
mial with a root-mean-square error (RMSE) less than 3.5� 10�4,
which is given by

h að Þ ¼ 0:2016a3 þ 0:7821aþ 1:571 (8)

The Y coordinate can be calculated using the same procedure
but using the capacitance difference between the upper and lower
segments, or C1þC4�C2�C3. The XY position calculation is
independent of the air film thickness, h, which might be varied
during the operation of the floating stage. This air film thickness,
or the levitation height, can also be estimated by

h ¼ epR2

C1 þ C2 þ C3 þ C4

¼ K

Ctot

(9)

Fig. 4 Relationship between the driving force and the input
phase angle

Fig. 5 Configuration of the capacitance surface encoder Fig. 6 Nonlinear compensation in (a) x- and (b) y-directions

Journal of Micro- and Nano-Manufacturing JUNE 2020, Vol. 8 / 021002-3

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

icronanom
anufacturing/article-pdf/8/2/021002/6521379/jm

nm
_008_02_021002.pdf by N

orthw
estern U

niversity user on 17 February 2024



An encoder prototype was fabricated with a printed circuit
board. The capacitance was measured using a high-resolution,
four-channel capacitance-to-digital converter (FDC1004, Texas
Instruments, Dallas, TX) with special considerations paid to the
shielding of parasitic capacitance. The encoder was calibrated using
a three-axis precision stage with nanometer resolution and uncertainty
of 6250 nm (Aerotech, Pittsburgh, PA). The coefficient K in Eq. (9)
was first calibrated to be 5307lm pF. The XY coordinates were cali-
brated in an area of 8 mm by 8 mm with a grid size of 0.25 mm (1089
points). The air gap was kept at 120lm. The reference coordinates
were generated from the positioning stage, while the measured coor-
dinates were calculated based on the procedure described earlier.

The calculated coordinates were first compensated for the scal-
ing and the misalignment of the encoder axis and the precision
stage (rotation error). These errors were removed since they were
not the intrinsic errors of the encoder. Then the systematic errors
due to the nonlinear features were identified and fitted to a third-
order polynomial equation in each axis, as shown in Fig. 6. These

nonlinear errors were suspected to be coming from the clearance
distance between the sensing plates, which was ignored in our
ideal model, and the roundness error of the driving plate. It should
be noted that variation of stage levitation height has a negligible
effect on the XY coordinate measurement, since the air film thick-
ness, h, has been removed in the calculation of the capacitance
ratio in Eq. (7). A validation test was performed on another set of
data points (441 points) different from the calibration set in the
same region with a different air film thickness (100 lm). In addi-
tion, the encoder was tested at a small area in the center where the
nonlinear error was negligible with the results illustrated in Fig. 7.
The calibration and validation results are summarized in Table 1,
where the errors are evaluated in terms of the RMSE.

Control Scheme and Experimental Results

As shown in Fig. 8, a prototype system has been designed, built
and tested, which consists of: (1) a levitation stage as the actuator;
(2) a capacitance encoder as the feedback module; (3) a LABVIEW

program including the capacitance-to-coordinate calculation,
proportional–integral–derivative control module, and driving sig-
nal generation module; and (4) a data output card and a piezo-
amplifier as the driver module. There are four channels of output,
connecting to the four individual quadrants of the piezorings. The
stage is driven by applying two sinusoidal signals at the coupled
resonant frequency with a phase shift, d, between them. The driv-
ing frequency and amplitude are kept constant to maintain the lev-
itation height, while the phase shift angle is the key control
parameter as the system input.

The stage moving direction depends on the excitation signal
configuration and the corresponding direction of the bending
mode. This driving mechanism indicates that the stage could only
move in either the X or Y direction at the same time instance. In
our current implementation, an alternating stepping strategy is
adopted to drive the levitation stage in the X and Y direction
sequentially with microsteps as shown in Fig. 9(a). The step size
is determined by the displacement error calculated between the
targeted location and measured coordinates.

In addition, a sudden change of the phase shift angle and switch
of the motion direction during each control cycle would cause a
discontinuity in the excitation signal or an impulse shock to the
system. Since the friction force and damping effect are minimal
for our levitation stage, the system performance would deteriorate
due to unwanted vibration associated with these periodic impulses
from the control signals. During each step motion, a phase

Fig. 7 Validation test results in the center area of the encoder

Table 1 Calibration of two-dimensional capacitance encoder

RMSE (lm) Rotation and scaling Nonlinear compensation

8� 8 mm (calibration) 17.3 3.6
8� 8 mm (validation) 22.0 7.1
80� 80 lm (validation) 1.5 N/A

Fig. 8 Prototype design and component diagram
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modulation technique is adopted for the smooth transition of the
phase shift angle as illustrated in Fig. 9(b). The carrier signal is
the ultrasonic excitation wave at the coupled resonant frequency
of the device, while the message signal is a half cycle of a sine
wave with an amplitude equal to the target phase difference angle,
d. The modulation frequency determines the step motion time,
which is limited by the speed of the data output card. In our cur-
rent setup, it is around 30 ms.

Proportional–integral–derivative controllers are setup for each
direction of motion. The controller output is compensated for the
nonlinearity between the driving force and phase angle based on
our dynamic model. Figure 9(c) shows the collected motion data
of the stage following a circular trajectory with a radius of
3.5 mm. The errors are mainly due to the stepping motion, which
is under an open-loop system during the actuation of a stepping
motion. Further performance optimization will be carried out in
our future work. We would also like to improve our design in the
future to achieve vector motion and independent control of the
levitation height to act as a 3DOF motion stage.
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