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Abstract

An object transport system is an essential device in the factory automation system (FAS). Generally, an object trans-
port system is driven by a conveyor belt system or a magnetic levitation system. However, contact force in the conven-
tional transport system can damage precision optical components, while the magnetic field can destroy the inner struc-
ture of the semiconductor. The ultrasonic transport system transports objects on an elastic body using an ultrasonic
wave. When an ultrasonic wave is applied to a flexural beam, the flexural beam vibrates to excite the air layer, which
lifts up the object on the beam to transport. In this paper, the dynamic characteristics of the ultrasonic transport system
are theoretically analyzed. Through normal mode expansion, the modeling equation for steady state response of ultra-
sonic vibration is expressed and the natural frequency of the flexural beam in each mode is also estimated by using the

finite element method (FEM).
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1. Introduction

With the recent advancements in the semiconductor
and information technology industries, the need has
arisen for a system that can transport semiconductors
and optical elements without damage. If their surfaces
are damaged by a magnetic field or contact force
during transport, semiconductors and optical elements
become defective. To overcome this problem, a
transport system that conveys objects using ultrasonic
levitation is being studied.

Actuators using ultrasonic waves were developed
in the early 1990s in the USA and Japan. In 1982,
Sashida proposed an ultrasonic actuator called “trav-
eling-wave motor”, and Ro studied an object transport
system that used an ultrasonic wave. So far, most
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studies have been conducted for the purpose of reduc-
ing motor noises[1].

In this paper, the dynamic characteristics of ultra-
sonic transport system are theoretically identified
using normal mode expansion. The Euler-Bernoulli
beam theory is applied to observe the natural fre-
quency of the flexural beam and to estimate the pro-
gressive frequency for transporting the object. Also,
the natural frequency of the flexural beam is verified
by using the finite element method.

2. Standing wave and traveling wave

The vibration that occurs on the surface of the flex-
ural beam when an ultrasonic wave is applied takes
either the form of a standing wave or a traveling wave.
A standing wave is generated by superposition of two
harmonic waves with the same amplitude and fre-
quency but moving in different directions and is ex-
pressed by the following equation:
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Asin(kx- ot) + Asin(kx + ot) (1)
= 2Acos(mt) sin(kx)

where, k= wave number and m = angular frequency

A standing wave projected on a plane of length (x)
and time (t) of the flexural beam at its vibration am-
plitude is illustrated in Fig. 1. By connecting lines
with the same amplitude, a uniform profile is formed.
Standing waves maintain simple harmonic motion in
one place as time goes on.

A traveling wave projected on a plane of length (x)
and time (t) of the flexural beam at its vibration am-
plitude is illustrated in Fig. 2. In this figure, a band of
uniform strips with the same amplitude and inclina-
tion are formed. Here, when the inclination is positive,
the direction of traveling wave is expressed with (—);
and when the inclination is negative, it is expressed
with («).
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Fig. 1. Standing wave.
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Fig. 2. Traveling wave.
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A traveling wave can be expressed with two stand-
ing waves as shown below:

cos(kx — mt) 2)

= cos(kx) cos(ot) + cos (kx — /2) cos (ot - 7/2)
sin(kx-mt)

= sin(kx) cos(ot) — cos(kx) sin (wt)

According to Eq. (2), a traveling wave is generated
by superposition of two standing waves with a phase
difference of 90°

3. Design of ultrasonic transport system

The ultrasonic transport system consists of a func-
tion synthesizer, power amplifiers to amplify the gen-
erated function, ultrasonic wave generators, and a
flexural beam to generate a traveling wave and serve
as a transport guide, as shown in Fig. 3[2, 3]. Each of
the ultrasonic wave generators used for Channels 1
and 2 consists of a piezoelectric actuator, a booster,
and a conical horn. The flexural beam has a rectangu-
lar section. The conical horn is fastened to the flexural
beam with a bolt at a position other than the nodal
line. Duralumin 7072 is used for the flexural beam
material due to its excellent acoustic properties[4].

In this paper, when an object moves in the direction
from Channel 2 to Channel 1, the direction is marked
+ (positive direction) and when it moves in the oppo-
site direction, it is marked — (negative direction).

4. Traveling wave of ultrasonic transport system

4.1 Theoretical analysis

It is assumed that deformation of an elastic body
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Fig. 3. Layout of object transport system.
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such as a beam, plate or shell is approximated by a
simple geometric equation, and material points on a
straight line in the thickness direction of the elastic
body remain on the same straight line after the de-
formation. To determine the modeling equation for
vibration displacement of the flexural beam, either the
Euler-Bernoulli theory without consideration of shear
effect or the Timoshenko theory with consideration of
shear effect is used. Generally, when the length-
thickness ratio of the beam is 20:1 or larger, the Eu-
ler-Bernoulli beam theory is applied and, when it is
smaller than 10:1, the Timoshenko beam theory is
applied.

In this paper, Euler-Bernoulli beam theory is used
with the following assumptions to observe a modeling
equation for vibration displacement of the flexural
beam:

- The material of the beam is homogeneous and

isotropic;

- Hook’s law is obeyed;

- Energy dissipation (due to damping) is initially
ignored and the vibrational amplitudes are small;
and

- There are no shear forces in the beam, and no
bending moments acting upon it.

The Euler beam equation for the transverse bend-

ing vibration of a beam can be expressed as follows:

d'u  pAd’u
(PAJu_, 3
ox* EI ot )

where, u(x, t) : vibration displacement of
transverse direction
p : mass density of the beam
A : cross-sectional area
EI : flexural stiffness of the beam

The prototype beam model for the ultrasonic trans-
port system is shown in Fig. 4. The flexural beam is
connected to the horn that excites the ultrasonic wave
at the positions of l;and 1,.

X TA B
Forinfary Ioesi sl

Fig. 4. Beam model of prototype.

To calculate u(x,t), the displacement in the z-axis
direction, of the flexural beam after t (seconds) at a
position x (displacement) away in the length direction,
the method of separating variables was applied to
separate the variables into ¢, a function of position,
and q(t), a function of time. The boundary conditions
of the flexural beam with free-free ends were used to
obtain the solution for the mode shape ¢. The initial
conditions were applied to evaluate the time-
dependent Fourier coefficients and determine the
contribution of each mode to the total responses. The
general solution for displacement in the transverse
direction, which occurs on the flexural beam, was
obtained by the superposition of all modes. In this
paper, we observed the modeling equation as shown
in Eq. (4) using two dominant mode shapes closest to
the excitation frequency(w). Each equation in the
bracket indicates one traveling wave, and the model-
ing equation is expressed as the sum of two traveling
waves|5-8].

u(x,t) “
=[Asin(k;x- 1/4) cos(wt)+Bsin (ks x- 7/4) sin(wt)]
+H Csin(ks;x- 1/4) cos(wt)+Dsin (ksox- 7/4) sin(wt)]

_ 2F g, (1)) _ 2F ¢, (1,)
\/pT“((Dgo '032) \/‘)73 ((D;l '(’32)
2F¢31(11) 2F¢3o(lz)

- \/p_a (0); '(Dz) - \/p_a((x)io '(‘)2)

4.2 Natural frequency of flexural beam

The finite element method was applied for modal
analysis of the flexural beam. The input conditions for
the finite element analysis are listed in Table 1. Con-

Table 1. Input conditions for FEM analysis.

Flexural Beam
Mesh Type Solid Mesh
Element Size 0.003 m
Mesh
Nodes 5534
Elements 668
Elastic 10
‘ Modulus 6.8X10"Pa
Propeme§ Poisson’s 033
(Dl;rg;;mm Ratio )
) Density 2720 kg/m’
Boundary . .
Condition Constraint (-,0,-)in2 surfaces
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Table 2. Natural frequency of flexural beam.

Frequency (kHz)
n th mode

Theoretical FEM
26 19.1 19.5
27 20.6 20.9
28 22.1 224
29 237 239
30 253 25.5
31 27.0 27.1
32 28.7 28.7

Displacement (m)
xy,z2)=(-0.-)

Fig. 5. Modeling of flexural beam.

sidering the displacement in the transverse direction
of the flexural beam, the two side surfaces of the
flexural beam were constrained by the slide condition
as shown in Fig. 5.

For free-free end conditions of the beam, the shear
force and the bending moment are defined as 0 by the
boundary condition, so that the frequency equation
can be expressed as follows:

cosh(kgl) - cos(kgl)=1 ®)

where, kgl : point of intersection curves cos(kgl) and
1/ cosh(kgl).

The natural frequency of the flexural beam is calcu-
lated as follows:

2
o, t0) |2 ©
1 pA
The natural frequencies of the flexural beam ob-
tained by finite element analysis and those obtained
by applying Eq. (6) are listed in Table 2. The natural
frequencies obtained by Euler-Bernoulli beam theory
agree well with those obtained by applying the finite
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Fig. 6. 30" and 31* mode shape.

(a) 25.5kKz

(b) 27.1kHz

Fig. 7. Frequency mode of flexural beam.

clement analysis. The 30" and the 31% normal modes
are illustrated in Fig. 6, and the mode shape of the
flexural beam is shown in Fig. 7.
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Table 3. Wave propagation direction in several simulation conditions.

o o Frequer:::+(lkHZ) . A B wavz i;;:;rt)ﬁ)gnation C D wavz i;;:;rt)ﬁ)gnation
29 23.7 253 24.5 + + — - + —
30 253 27.0 26.2 + - — - - —
31 27.0 28.7 27.9 + + — - + N
32 28.7 30.5 29.6 + - — - - —

-=-Mode Shape in ¢, ——Maode Shape in ¢

Made Shape

o 5 10 15 an 25 30 35
n th Moide

Fig. 8. Mode shape in 1; and 1.

4.3 Change of transport direction according to fie-
quency

The direction of wave propagation was determined
by the n" mode shape at Positions 1, and 1,. The n®
mode shape of the flexural beam is as follows:

¢,(x) =sin(ky x)-cos(ky x) @)

The mode shape according to K is illustrated in
Fig. 8. As the mode shape in I; had a negative value
in 30" and 31" modes, @5 (1;) and @, (I;) had nega-
tive values. As the mode shape in I, changed its sign
according to the mode, @3 (1) had a positive value
and @3 (1) had a negative value. Therefore, it was
possible to estimate the wave propagation direction.

To simulate the wave propagation direction, Matlab
was used to simulate the conditions of the 30" mode
with an excitation frequency of 26.2 kHz. The wave
propagation direction was estimated by using the two
flexural beam resonance frequencies closest to the
excitation frequency. To verify the wave propagation
direction at the 30" and 31 simulation conditions, the
vibration amplitude was projected onto the time plane
for the beam length as shown in Fig. 9 and 10. For the
30™ simulation, the wave propagates in (<) direction
by A and B and in («) direction by C and D as
shown in Fig. 9(a) and (b). For the 31* simulation, all
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Fig. 9. Wave in 30" simulation condition.

waves propagated in (—) direction, both by A and B
and by C and D as shown in Fig. 10(a) and (b).
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Fig. 10. Wave in 31* simulation condition.

The simulation results are summarized in Table 3.
The excitation frequency regularly changed the signs
of A, B, C and D, and the wave propagation direction
of u(x,t) is determined by combination of the wave

propagation direction by A and B and that by C and D.

For example, when the wave propagation direction by
A and B is (—) and that by C and D is (—), the wave
of u(x,t) also propagates in (—) direction. If the prop-
agation directions are opposite, a standing wave oc-
curs instead of a traveling wave.

To measure the transport direction of an object ac-
cording to frequencies, an experiment was conducted
in which frequencies were changed from 26.5kHz to

600

Displacement(mm)

=600

Freguency (kHz)

Fig. 11. Transporting displacement of object according to
frequency.

27.5kHz at an interval of 100Hz. As shown in Fig. 11,
the object was transported in (-) direction from
26.5kHz to 26.8kHz and in (+) direction from
27.0kHz to 27.5kHz. At 27.0kHz, the flexural beam
resonance frequency, the object was not transported.

Table 3 shows that the wave propagates in («—) di-
rection when excited with 26.2kHz and in (—) direc-
tion when excited with 27.9kHz. This result proves
that the wave propagation direction changes accord-
ing to the flexural beam resonance frequency at
27.0kHz.

5. Conclusions

The dynamic characteristics of the ultrasonic object
transport system were theoretically analyzed. The
natural frequency of the flexural beam was found and
a position that fastened a conical horn to the flexural
beam was confirmed by using the finite element me-
thod. Matlab was used to simulate the wave propaga-
tion direction, and the vibration amplitude was pro-
jected onto the time plane for the beam length to ver-
ify the wave propagation direction of the 30" and 31
simulation conditions. A modeling equation for the
steady state flexural vibration of the beam is induced
by superposing two modes near the excitation fre-
quency. The excitation frequency changed the signs
of coefficients A, B, C and D in the modeling equa-
tion for the flexural beam, and the wave propagation
direction changed according to the signs of coeffi-
cients A, B, C and D in the modeling equation. To
check the results of the theoretical analysis, an ex-
periment was conducted with changing frequency;
this experiment confirmed that the wave propagation
direction changed at 27.0kHz. Therefore, the simula-
tion result agreed well with the experiment result.
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