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Abstract: Having good control over the speed and direction of non-contact transportation is critical in industry

today, especially in areas such as the manufacturing of flat display panels, silicon wafers of semi-silicon and a number
of other electronic devices. In a dual transducer-type ultrasonic levitation-based transportation system, it is well known
that the vibrating plate length and the wavelength of the flexural vibration should satisfy a strict relationship, i.e. one
given by the spatial phase difference, ¢, so that the transportation process could be as fast as possible and therefore
most effective for industry. However, it is difficult to obtain the value of ¢ through calculation, or through making
adjustments during the operation of the transportation process. In this paper, the relationship across the temporal phase
shift, , the spatial phase difference, ¢, and the Standing Wave Ratio (SWR), which directly controls the speed and
direction of the transportation system, was derived by the authors for the first time. Subsequently, experimental
solutions for the measurement of ¢ were obtained in this work, using a Laser Doppler Vibrometer-based approach
(LDV) and as a result, the research has been successful in giving results for ¢, through the series of experiments carried

out and reported.

Keywords: dual transducer-type levitation-based transportation system, LDV-based measurements, measurement

of the spatial phase difference, temporal phase shift

1. Introduction

Non-contact transportation systems based on ultrasonic levitation have many potential applications in industry, such
as in manufacturing display panels, silicon wafers of semi-silicon and a number of other electronic devices[1, 2].
Unlike air pressure systems or magnetic-based systems, ultrasonic transportation systems show a number of important
characteristics, such as having a simple configuration and use over long transportation distances being possible, with
no limitations on the materials used, as well as allowing docking at arbitrary points. Compared to early SW (Standing
Wave)-induced ultrasonic transportation systems[3-14], the dual transducer-type ultrasonic levitation-based
transportation system is capable of generating a mixture of both SWs and TWs (Traveling Waves). This means that
the transportation direction and the velocity of this system can be easily controlled by adjusting the direction and
component of the TWs (defined as the Standing Wave Ratio, SWR).



It has been reported that both pure TWs and a mixture of TWs and SWs can be propagated on the vibrating plate,
using two excitation modes. In these early studies[15, 16], one of these two modes, the Exciter-Absorber mode, has
been developed to create pure TWs. In a typical setup used to generate this mode, one transducer was mounted and
used as the exciter at one end of the vibrating plate, and two bars of silicone rubber were securely attached to the other
end, to absorb the vibration generated by the transducer. However, it was found to be difficult to adjust the speed and
direction of the waves being propagated when the system was in operation, because this kind of absorbing material
could not easily be changed. An alternative setup of the Exciter-Absorber mode is possible, in which the absorbing
material has been replaced by a transducer, used in an absorber role. In this way, its capacity for absorbing vibration
could easily be adjusted through the parameters of the circuit connected to the transducer[17]. By comparison to the
setup in which the absorbing material was used, its speed could be readily adjusted, but it was still difficult to reverse
the direction of the waves, in operation, because switching the roles of both transducers was difficult. Alternatively,
the second of these two excitation modes, the Exciter-Exciter mode[18-21] has also been implemented and so the pure
TWs could be generated by adjusting the temporal phase shift, 6, of the voltage being applied to both the transducers,
at the same frequency. As a result, this method has allowed the control of the direction of the pure TWSs on the vibrating
plate[22-24].

In these studies, the principles of the generation of pure TWs are discussed [23, 25]. However, adjusting the TW
component (SWR) of the vibration is equally important when controlling the speed of the transportation. Thus, it is
essential to establish the correct theoretical relationship between the values of the SWR and the temporal phase shift,
6. Thus in this research program, it has been shown by the authors that the SWR is not only related to 6, but also to
the spatial phase difference, ¢ (defined by the relationship between the vibrating plate length, L, and the wavelength,
A) as well. However, ¢ is difficult to obtain, either by direct measurement or through calculation. By comparison, the
temporal phase shift, 6, can easily be programmed during the actual transportation process. Therefore, the authors
show that the SWR can be adjusted by using 8 and to do so, ¢ should be obtained prior to the transportation experiments
being carried out. Specifically, the relationship across 0, ¢ and the SWR has first been derived by the authors, after
which a novel way of measuring the spatial phase difference, ¢, is provided. Finally, a series of experiments has been
carried out by the authors to demonstrate the requirements for the TWs being propagated, these being important for

the control of such a transportation system for industry.

2. Relationship of # and ¢ To The SWR

It is well known that a dual-transducer system can be excited in two different modes to generate waves, one of
which is an Exciter-Exciter mode that can be implemented by applying a voltage, with a certain phase shift, but at the
same frequency to both the transducers. Consequently, the travelling waves (TWSs) and the standing waves (SWSs) can
occur simultaneously along the whole plate, when an appropriate value of the SWR is set, where this is defined as the
ratio between the energy of the Standing Waves and that of the Travelling Waves. Thus, the SWR is a key parameter
for the use of the transportation system, as it is a function of both the transportation speed and the levitation force. It
is important to note that the SWR is related not only to the temporal phase shift, 8, between the two transducers but

also to the spatial phase difference, ¢. The theoretical relationship across these three parameters is now derived, as



shown below.

2.1 Analvtical study of the waves on the vibrating plate
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Fig. 1 Schematic of the Exciter-Exciter mode of the ultrasonic transportation device
Fig. 1 illustrates the key principles of the ultrasonic transportation device, when operating in the Exciter-Exciter

mode. When the vibrations of the two transducers are overlapped and the contribution of the evanescent waves is neglected,

the z direction-based vibration velocity of the plate at a time, t, and at a position, x, can be written as[23] :

V(X,t) = A, (cos mt coskx + cos(at + &) cos[k (L — X)])

= Ay (cos et cos kx +cos(awt + &) cos(kx — @) .

where k and  respectively represent the wavenumber of the vibration velocity and the angular frequency applied

to both the transducers and Ao is the wave amplitude. L is the length of the vibrating plate and ¢ is termed the spatial

phase difference, given by k(L-nX), where A is the wavelength of this vibrating plate and n is an integer. During the

process of transportation, these two transducers illustrated in Fig. 1 are excited at a frequency, ®, with a phase shift,
6, at an amplitude of Ao, to generate the wave being propagated along the vibration plate, of length L.

The standing wave ratio (SWR) is defined in the literature[25] as:
SWR = “max 6y
where Vmax and vmin are respectively the maximum and minimum values of the amplitude of v(x,t), which can be

derived from (1). Accordingly, the analytical expression for the SWR, given as a function of 8 and ¢, has also been

developed by the authors in this work, noting that previous studies have rarely focused on this important relationship.
2.2 Location of xq on the vibrating plate where the maximum/minimum amplitudes occur

The location, Xo, at a time, t, where Vmax Or Vmin OCCUIS, can be obtained by setting the partial derivatives of v(x,t) for

x to be zero, as shown in (3):

ov(x,t) 0 @)
OX
anx, = sin g cos(awt + 0) @)
cos wt+ cos(wt + 6) cos ¢

Equation (4) implies that the location, Xo, is related not only to 8 and ¢, but also to the time, t. In order to calculate
the value of the SWR, it is essential to obtain the value of the amplitude of Vmax OF Vmin, at position xo, seen in (4), as

discussed specifically below.



2.3 Value of the amplitude of the vibration velocity at position, Xg

Substituting the value of Xo, obtained by using (4), into v(x,t) (from (1)), the vibration velocity at this position, vio
(t), can be expressed as shown below:

v, ()=A, \/cosz ot +C0s* (wt + 6) +20s wt cos(wt + 6) cos ¢ (5)
The amplitude of vy (t) can subsequently be calculated through the time derivative, t, shown as (6). Following (6),
the time at which this occurs, to, can be determined using (7) when vy (t) approaches a maximum or minimum:
d
—v, (t)=0 6
5V ® ©)

(cos¢g+cosB)sin(2at, +6) =0 (7)
Finally, substituting the value of time, to, from (7) into (5), the normalized maximum and minimum velocity values,

Vxmax @and  xmin, Can be given by:

Vymax = max(25in£sin€ , Zcosécosg)
2 2 2 2

Vymin = min(25in£sin— , 2cos£cos—)
2 2 2 2

2.4 Value of the Standing Wave Ratio (SWR)
Equation (8) clarifies the influence of 8 and ¢ on the values of Vxmaxand Vxmin. Considering the range of values of 8
in (8), the SWR can be written as:

cotécotg‘ 0<f@<m—-¢ m+tdp<0<2zx
SWR= 9)

T—¢<O<rmt+¢

tan Qtan 9
2 2

Both (8) and (9) demonstrate clearly that & and ¢ determine the value of the SWR. Both the velocity and the direction
of the transportation system then can be controlled using &, when ¢ is determined. Thus, to do so, it is critically
important to obtain the value of ¢ in this case.

3. Method to measure ¢ using a Laser Doppler Vibrometer (LDV)

As mentioned above, the spatial phase difference, ¢, is difficult to obtain, either by calculation or direct
measurement. Based on a knowledge of (8) and (9), a novel indirect method for measuring ¢ is described by the authors
in this work. Specifically, a set of the maximum and minimum values of the amplitudes of the vibration velocity over
the vibrating body, i.e. Vxmax @nd Yxmin, can be also obtained through the use of a scanning Laser Doppler Vibrometer
(type Polytech PSV-500B), when the temporal phase shift, 6, of the voltage being applied to the two transducers varies
from 0 to 2m, over known intervals of 10 degrees. Subsequently, ¢ can be calculated by using only these obtained
amplitudes, as seen from (8).

Accordingly, the values of Vymax, Vxmin @S a function of 6, under the conditions of different values of ¢, are plotted

in Fig. 2. (where ¢ is given in graphs (a), (b), (c) and (d) respectively).
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Fig. 2. Theoretical relationships between Dxmax (solid line), Dxmin (dotted line) against & under the conditions where the spatial

phase values are (a) ¢ = 0, (b) ¢ = ;—t%“ (c) ¢=f—‘n,%ﬂ and (d) ¢=n.

3.1 SW-based approach to measurement of ¢

¢
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As can be seen from Fig. 2 and (8), by cross-comparing f (0) =

¢

g(0) =|2sin Esing (this being in red) at a given value of 4, the larger value denotes vmax (solid line on the graphs)

and similarly, the smaller value is Vmin (dotted line on the graphs). Clearly, f{6) and g(8) approach the amplitudes of
¢ ¢

2COSE and 25in§ when 6 has values of 0 and 7 respectively. It can be noted that the SW is formed along the

vibrating plate, marked using solid squares in the graphs (a) to (d) in Fig. 2. In practice, these amplitudes can also be

measured by using the Laser Doppler Vibrometer (LDV). As a result, ¢ can be calculated from a knowledge of both

¢ ¢

2cos§ and ZsinE , which were obtained by normalizing the measured amplitudes of the SWs, this method being




termed by the authors ‘the SW-based method’.
In summary therefore, this method of measuring ¢ is simple because the values of Vmax are measured only twice

under the two SW-induced conditions where the phase shift, , is given by 0 and «. However, as Fig.2 (b) shows, the

7T

distribution of the vibration is identical for the two symmetric values of ¢ with respect to =, which are equal to % "

and thus it is difficult to tell which one is real by using this method. The same situation is seen in Fig.2 (c). In order to
resolve this problem, a TW-based approach which offers a solution to the measurement of ¢ is given, where the range
of ¢ can be derived from the direction of the TWs generated, as discussed below.

3.2 TW-based approach to measurement of ¢

The TW-based measurement method has been inspired by the following principle. As can be seen from Fig. 2, each
position on the vibrating plate shares the same amplitude of the vibration velocity (Dmax=7min) at the intersection points
of f(0) and g(8) (which are marked with hollow circles in Graphs (b) and (c), in Fig. 2). This indicates that the pure
TWs on the vibrating plate are generated at a unique pair of values of the phase shifts, 1 and 6., for each value of ¢.
Specifically, the values of 9, i.e., 61 and 6, seen in Fig. 2(b), can be acquired when generating a pure TW, which can
be detected by using the LDV method discussed earlier. This means that ¢ can be also given by (10), which describes

the relationship between ¢ and the TW-based phase shifts, 8: and 6, derived from (8):

¢_{7r-6?1:92-7r O<p<rm

n+6, =3r7-6, T<P<2rw (10)
Therefore, according to (10), the spatial difference, ¢, can be obtained by measuring the TW-based phase shifts, 61
or #,. However, whether the value of ¢ is smaller or greater than 7 still needs to be determined.
When the temporal phase shift is given by 6: or 8,, the two pure TWs are induced in opposite directions along the
vibrating plate, with their vibration velocity being expressed as:
V(x,t)=singsin(zwt —kx + ¢) (12)
As can be seen from (11), the propagation direction of the TWs can be used to determine the range of values of ¢
(which are either smaller or greater than 7). As shown in Fig. 3, the red zone represents the positive direction, while
the green zone stands for the negative direction. Specifically, when 0<¢<m, the pure TWs at 6, and &, represent the
positive and negative directions respectively, as shown in Fig. 3(a), and verse versa for n<¢<2mx, as shown in Fig. 3(b).

Therefore, the actual value of ¢ can be determined by combining (10) and the directions of the TWs.



Direction of TW (0<¢ < 1) Direction of TW (7 < ¢ < 27)

, IO IRLLLLLLLL zw
— v
=T I N P Vianin 5
2 1.5} <
E E
EZ E 2
i 32
N o N g
s -3 1~ - T = .2 [
EE osp I O AN EE osp /[l . - B
Zo § ,.r | \\\ ’,’ | \\ 2 = ,I | . L’ i \\
’ | oLt | \ , | So L7 i
——— - S ——— -
0 | /2 T 32 2n 0 I /2 T w2 2r
O=rm—¢ O, =m+¢ O =¢-7 0, =m-¢+2rm
temporal phase shift & (rad) temporal phase shift 8 (rad)
@ =7 0<¢<m) (b) $= (r<¢ <2m)

Fig. 3. Relationship (a) and (b) between 8 and the directions of the TWs (¢ = %, %, where the red and green zones represent the
positive and negative directions respectively).
In summary, both the SW-based and TW-based methods for measuring ¢ are detailed in this work, through the

relationship between ¢, 6, and the SWR. The SW-based method is valid when ¢ is equal to 0 or w, and therefore only

suitable when the length of the vibrating plate is equal to an integer multiple of the wavelength ('—Z”%’ n=1, 2, ...);

while the TW-based method is suitable for the rest length of the vibrating plate (L;én%, n=1, 2, ...). Subsequently, a

series of experiments has been carried out to demonstrate the measurement of ¢, as discussed in Section IV below.
4. System Configuration

Fig. 4 (a) and (b) show photographs of the dual transducer-type ultrasonic levitation-based transportation system
considered in this work, which is composed of a vibrating plate and two Langevin-type transducers. In the experiments
carried out, the two transducers were driven using a power supply developed by the authors[26] (dual channels, 200W,
0-120V, 0-100kHz, 0-360°), at a frequency of 32.846kHz. Here the vibrating plate used in this work was of 3mm
thickness, 35mm width and length, L, of 300mm, and was mounted on the transducers. Then the amplitudes of the

vibration velocities along the vibrating plate, were measured by the using the scanning LDV (type PSV-500-B,

Polytec) system. As a result, values of ¢ can be obtained from a knowledge of Vmax Or the temporal shifts.

vibrating plate

supporting structures

Fig. 4. Photograph of the dual transducer-type transportatlon device (whereh 3mm, w=35mm, L=300mm) showing (a) the two



transducers #1 and #2, the vibrating plate and the supporting structures and (b) the use of the LDV system described.
5. Experimental verification

5.1 Measurement of ¢ using the SW-based method

In order to obtain the values of ¢, Vmax can be measured with the temporal phase shifts, 8, being set to 0 and =. Here,
the working frequency of the transducers was locked to 32.846kHz[26], which is shifted a little from the designed
frequency. In order to visualize the SWs and TWs along the vibrating plate, a single point LDV (type OFV-303,
Polytec) was connected to the scanning LDV simultaneously as a reference signal input, to obtain the phase
information on the vibration velocities. As a result, Fig. 5 shows the distributions of the z-direction vibration velocities
on the middle part of the vibrating plate, corresponding to the range of 88mm-205mm, measured by using the scanning
LDV. Following that, the values of SWR were 27.71, 2.93, 70.08, 4.03 (when 6 equals 0° , 50°, 180°, 310°), these
being calculated using the data from the LDV. As can be seen from Fig. 5 (a), (c), the SWs, whose wavelength, A,
were ~28mm were formed when 6 equals 0 and 180°, while in Fig. 5 (b), (d), the two TWs of opposite direction are
formed on the vibrating plate at 6 equals 50° and 310° respectively. It is important to note that the values of 50° and

310° are symmetric about & (180°).
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Fig. 5. The velocity distribution along the vibrating plate measured by using the scanning LDV shown in Fig.4. (/=32.846kHz,
L=300mm, Vpp=30V, where 6 = 0°, 50°, 180°, 310° in graphs (a) to (d) respectively)

Then by providing the reference signal input from the single point LDV in this case, the averaged amplitudes and
phases of the vibration velocities could be extracted from Fig. 5, as plotted in Fig. 6, where the solid lines represent
the theoretical values, and the hollow circles and squares shown represent the experimental values. As can be seen in

Fig. 6(a), the phase shift periodically steps between - and &, which implies that the SWs have been formed at a value

¢

2C0S—

of & equal to 0°[27]. The amplitude, 1k of the SW was 0.00258mm/s (average value along the y-direction).

Similarly, at 6 equals 180°, the amplitude of the SW, Zsing , changes to 0.00541mm/s, as shown in Fig. 6(c). As a




result, the spatial phase difference obtained by using the SW-based method, ¢nysw, can be calculated to be 231° or

129°, which are symmetric about m. However, only one of these is real.
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Fig. 6. Averaged amplitude and phase difference distributions of the vibration velocities along the vibrating plate (in the x
direction).

(/=32.846kHz, L=300mm, Vpp=30V, where 6=0°, 50°, 180°, 310° in graphs (a) to (d) respectively, where the solid lines represent
the theoretical values, and the hollow circles and squares represent the experimental values of velocity and phase respectively)

5.2 Measurement of ¢ using the TW-based method

Alternatively, ¢ can also be obtained from (10) using the values of 6, when the TWSs were generated. In this way,
by changing the temporal phase from 0 to 2m, in intervals of 10 degrees, Pmax and Vmin, determined as a function of 6
were acquired by using the scanning LDV, and the results were plotted in Fig. 7. Here the blue and the red squares
represent the measured values of Vmaxand vmin respectively, while the lines denote the corresponding theoretical values,
which were calculated from (8). As can be seen from the figure, these values fit well with the (co-)sinusoidal function
shown in the graph. Additionally, Vmaxand vmin can be seen to have reached their closest values at £:=50° and 6,=310°,
which are symmetric about 7, in accordance with the TW conditions given from (10) and (11). To verify that the TWs
are generated, the averaged amplitude and phase difference distributions, both obtained from the LDVs, of the

vibration velocities along the vibrating plate are shown in Fig. 6. As can be seen in Fig. 6 (b) (d), where & equals 50°



and 310°, the phase difference of the vibrational velocity periodically changes from -z to m along the vibrating plate,
implying that the component of the TWSs reaches its maximum[28]. Thus, with the resulting phase shift 6, and its
negative propagating direction, the value of ¢nyw is given by 230°, by using the TW-based method.

#=230°
2 1 n
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o 1
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50% | 1 O
< = 1
E = 1 m} 1 EttD:U
T8 :
g 505 1
= 1
2 1
1
1
(f _.]
0 | 2n

temporal phase shift 8 (rad)

Fig. 7. Vmax, vmin plotted against 8, varying from 0 to 2x. (in increments of 10 degrees (where the blue and red colored squares
represent experimental values of vimax and vmin respectively, and the corresponding blue and red lines denote the theoretical values,
where ¢ =230°)

By comparison to the method developed by the authors and described here, in the traditional method ¢ is usually

calculated directly from its definition (and given by ¢oyper, Where ¢ = k(L-n})), and in the case where L = 300mm, this
means that the value of ¢uyperis equal to 257°. The values obtained by using both the traditional method and the method
developed here show a deviation one from the other, which indicates that the traditional approach used to join the
transducers and the vibrating plate leads to an inaccuracy in these values. Thus, the measurement of the actual spatial
phase difference, ¢, is essential for an accurate result for the SWR to be obtained, where this can be further adjusted
in this transportation system by using a knowledge of ¢.
6. Conclusion

In this study, the relationship across 0, ¢ and the SWR has been investigated by the authors for the first time and it
is clear that this then can be used for controlling the speed and direction of the transportation system. For such an
operating of a dual transducer-type ultrasonic levitation-based transportation system, it is preferential to adjust 6 to
change the value of the SWR. To do so, ¢ should be obtained in advance. Therefore, two methods to measure ¢ have
been proposed: one allows the calculation of ¢ by measuring the amplitude of the pure SWs formed on the vibrating
plate; the other method requires finding the value of 8 that makes the component of the TWs reach the maximum,
therefore allowing the calculation of ¢ from the value of 6. As a result, the amplitude and phase of the vibrational
velocity along a vibrating plate of 300mm in length was measured experimentally using the LDVs. By varying ¢ from
0 to 27, both the TW condition and the SW condition were obtained, and the two methods of measuring ¢ are verified.
Thus, from any of these conditions, an accurate value of ¢ can be calculated, using the relationship across 6, ¢ and the
SWR developed and illustrated in this paper by the authors.
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