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1. INTRODUCTION

When flexural waves propagate, particles on the surface of the vibrating beam move
elliptically. Then, an object on the beam is forced to move in the opposite direction of wave
propagation through frictional force [1]. Changing wave propagation directions reverse
transport direction of an object. In references [2, 3], the change in wave propagation
direction was made possible connecting either a voltage source or absorptive circuitry to
either active or passive modules. In reference [4], modulating the relationship between
phase differences in excitation forces allows for alteration of wave propagation direction.
However, in reference [5], it was observed that changing the excitation frequency also
caused the direction of wave propagation to reverse. This particular phenomenon has never
been observed. Also, the dependency of the wave propagation direction on the excitation
frequency has important ramifications on the active control of object transport using
ultrasonic flexural progressive waves. This paper presents changing the wave propagation
direction of flexural ultrasonic progressive waves with variations in the excitation
frequency.

2. PROTOTYPE AND WORKING PRINCIPLES

The prototype in Figure 1 consists of a beam and modules that contain piezoelectric
actuators and horns [6]. The beam and horns are made of 6061-T6 aluminum because of
the excellent acoustical characteristics of this material. The beam is 11 mm wide, 3-1 mm
thick and 500 mm long. The piezoelectric actuators are bolted Langevin-type transducers
(BLT) manufactured by NGK Spark Plug Co. Ltd. (model no. DA2228). Their resonant
frequency is 28 kHz. As shown in Figure 2, two sets of identical horn-and-actuator modules
were assembled with each of the supporting structures. The horns were attached to the
supporting structure at the nodes of the horns. Each set was designed to operate
independently.

The two modules are supplied with sinusoidal voltages of the same frequency but with
a phase difference of 90°. Using normal mode expansion, the vibration of the beam can be
represented by the linear superposition of an infinite number of natural mode shapes of
vibration [7, 8]. Of particular interest are the two modes that have natural frequencies
closest to the excitation frequency. The vibration amplitudes of these two modes are large,
compared to other mode shapes. Therefore, the vibration can be approximated by
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Figure 1. Prototype.
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Figure 2. Schematic drawing of prototype.

a superposition of these two mode shapes. Excitation of these two modes with the same
frequency but a phase difference of 90° generates progressive waves for a finite beam length
[4]. Effective excitation of the two neighboring mode shapes is critical for generating
progressive waves. If the beam is connected with the horns at the node of any mode shapes
of the beam, those mode shapes are not excited. The degree to which a mode is excited
increases as the excitation location approaches the anti node of the mode. Therefore, the
beam was connected at the anti nodes of two mode shapes whose natural frequencies are
closest to the excitation frequency. With the excitation frequency of 27 kHz, those locations
are 27 mm from the ends of the beam.

3. MODELLING

The prototype is modelled as a beam excited with forces that have the same frequency but
a phase difference of 90°. As shown in Figure 3, [; and [, are the distances to the locations
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Figure 3. Beam model of prototype.

where the beam is connected with the horns, w is the excitation frequency, and P is the peak
amplitude of the force.

The steady state flexural vibration of the beam can be expressed using normal mode
expansion:

y(x, 1) = Pcoswi 2 wl) i(p(x)(p(l) 1)

y, (0]

where w, is a natural frequency of the beam and @,(x) is a normalized mode shape. The
vibration y(x,t) is a linear superposition of an infinite number of mode shapes.
The contribution that a mode makes to the total vibration depends upon the location of the
applied force and the proximity of its natural frequency to the excitation frequency.
Accordingly, the major contribution to the total vibration stems from the mode shapes
whose natural frequencies are closest to the excitation frequency. Since this study is
intended to verify reversal of the wave propagation direction as a function of the excitation
frequency, the vibration can be approximated by the mode shapes making major
contribution. Mode shapes are defined as [8]

¢n(x) = sin f,x + sinh f,x + a(cos ff,x + cosh f,x), )

where f, is the wave number defined as B, = 2n/4, = wl/*(pa/ED'*, /. the wave length,
p the mass density of the beam, a the cross-sectional area, E the Young’s modulus, I the
cross sectional area of moment, o the (sin f8,l — sinh f8,1)/(cos f,l — cosh f3,]).

As the mode number grows, o approaches —1 and sinh ff,x — cosh ,x = 0. Thus,

equation (2) can be approximated as

$u(x) = /2sin(B,x — n/4). (3)

When the excitation frequency is chosen to mostly excite the 30th and 31st modes of the
beam, the flexural vibration as shown in equation (1) can be approximated as

y(x,t) = {Cysin(fzox — n/4) cos(wt) + C,sin(f3;x — n/4)sin(wt)}

+ {C3sin(f31x — n/4)cos (wt) + Cysin(fzox — n/4)sin (wt)}, (4)
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TABLE 1

Measured and estimated natural frequency

Resonant frequency, (kHz)

Measured Estimated
B-E Timoshenko

1 207 20-1 20-6
2 22:5 21-6 221
3 236 233 236
4 249 249 251
5 261 266 267
6 271 284 283
7 281 30-2 30-0
8 29-7
2
E
8
2
L}
>}
=
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Frequency (kHz)
Figure 4. Frequency spectrum of the system: ——, collocated measurement; — — -, non-collocated measurement.

where C,, n =1, ... 4, are constants defined as

o __ 2Pl o __ 2P
1 — 5 S > 2 = 5 S, >
(@30 — wz)\/ pa (@3; — C02)\/ pa
2P®5 (1 2P®;(l
C,= 31(11) C, = 30(/2) (5)

(@31 — 0?)/pa’ (@30 — 0?)/pa

The first curly bracket of y(x, t) in equation (4) represents one progressive wave while the
second curly bracket represents another. The direction of wave propagation is determined
by the signs of the constants, C,, that are a function of the excitation frequency, w, as shown
in equation (5). In Table 1, the measured natural frequencies obtained from the frequency
spectrum in Figure 4 are compared with the estimated natural frequencies using
Bernoulli-Euler (B-E) beam theory and Timoshenko beam theory respectively. The
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Figure 5. Frequency spectrum of BLT: (a) magnitude, (b) phase.

resonant frequency obtained by B-E beam theory corresponds well to those obtained by
Timoshenko beam theory because the beam is thin and long, thereby, shear force and rotary
inertia do not play as much of a role as bending moment and transverse inertia in
determining resonant frequency. The measured natural frequencies agree well with the
estimated ones except that the estimation has one more resonant frequency. This additional
resonant frequency stems from the BLT designed to resonate at 28 kHz. When it was
assembled with the horn and the supporting structure, due to the mass loading effect, its
resonant frequency was shifted to 27-2 kHz. The frequency spectrum of the BLT is shown in
Figure 5, which clearly shows a resonance at 27-2 kHz. This additional resonance arising
from the BLT when attached to the beam should be considered as one of the natural
frequencies of the system for the following analysis.
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TABLE 2

Wave propagation direction with respect to the signs of the constants C,

Cl C2 C3 C4

+ + A<B + + A—-B

+ — A-B + — A<B

— + A-B - + A<B

— — A<B — - A—-B
TABLE 3

Wave propagation direction with respect to excitation frequency

Wave propagation Wave propagation
W Wit w direction based on direction based on
k (kHZ) (kHZ) (kHZ) Cl C2 C1 & C2 C3 C4 C3 & C4_
25 186 201 194 + + = - + =
26 201 216 209 4+ — = — — =
27 216 233 225 + + = - + =
28 233 249 241 + — = — — =
29 249 266 258 + + <= - + <=
30 266 271 269 + — = — — =
31 271 284 278 4+ + = - + =
32 284 302 293 4+ — = — — =
33 302 321 312+ + = - + =
34 321 341 331 + — = — — =
35 341 361 351 + + <= - + <=

To observe the relationship between the direction of wave propagation and the sign of C,
in equation (5), the wave propagation direction was simulated using Matlab. The results are
shown in Table 2. When C, and C, have the same signs, the waves propagate from B to A in
Figure 3. When C; and C, have the same signs, the waves propagate from A to B. When two
progressive waves travel in opposite directions, the resultant wave propagates in the same
direction as the wave with a bigger amplitude. Observing the signs of C, and the amplitudes
of two progressive waves represented in curly brackets in equation (4) enables the
estimation of the propagation direction with variations in the excitation frequency. Table
3 and Figure 6 shows the change in the direction of wave propagation with respect to the
excitation frequency. When k = 25, the excitation frequency is chosen to be an average of
natural frequencies (19-4 kHz) associated with the 25th and 26th modes. As a result, the
response is dominated by those modes. It is noted that as k increases the constants C, and
C, alternate their sign, resulting in a change in wave propagation direction.

To test the change in the wave propagation direction, an object weighting 30 g was placed
on the beam and the speed was measured using an infrared sensor. The results are shown in
Figure 7. At an excitation frequency below 27-1 kHz, the 30th and 31st modes have the
greatest excitation. The wave propagation direction was observed from A to B. At an
excitation frequency above 27-1 kHz, the 31st and the 32nd become the modes with the
greatest excitation, resulting in a reversal of the wave propagation direction. These results
coincide with the results presented in Table 3. When k = 30, the wave propagated from A to
B. The wave propagation direction is reversed when k = 31.
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Figure 6. Change of wave propagation direction with respect to excitation frequency. === wave
propagation direction; y  location of excitation frequency.
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Figure 7. Experimental results of change of wave propagation direction.

4. CONCLUSIONS

Based on the frequency spectrum of the prototype system, the resonance of the system
due to the resonance of the transducer was observed. This is crucial in estimating the
response of the system because of its location with regard to the excitation frequency. This
resonance is included as one of the natural frequencies of the system in the model derived
using Bernoulli-Euler beam theory, which clearly explains the change in wave propagation
direction. In literature, it has been reported that 90° out-of-phase excitation of two
consecutive modes of the beam generates a travelling wave on the beam surface and that the
wave propagation direction in reversed by the changing phase relationship between
excitation forces. In this work, it was shown that changing the direction of wave
propagation is also made possible by modulating excitation frequency without changing the
phase relationship between excitation forces. When the excitation frequency is increased
such that the next two consecutive modes are most excited, the waves reverse the
propagation direction. This process continues as the excitation frequency increases. The
simulations showed clear changes in the direction of the wave propagation at an excitation
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frequency of 27-1 kHz. The simulation results were in good agreement with the
experimental results.
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