
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Frequency shift caused by biotinylated 
bubbles 
 
It was assumed that almost all control bubble (not 
modified with biotin) cannot be adsorbed to QCM, 
i.e. f0 and 0 for control bubble are approximately 
equal to f0_na and 0_na in Eq.(1).  Under this 
assumption, the coefficients f0_na and τ0_na were 
estimated from experiments using control bubbles.  
We prepared bubble suspensions with four different 
number density and evaluated f0_na and τ0_na by 
fitting time-f curve with exponential function, 
 
 
 

Fig. 3 shows time-f curve for control bubble.  
The resonance frequency exponentially decreases 
and return to the initial value after washing process.  
The results suggested that no specific adsorption of 
the control bubbles occurred in this case.  It was 
investigated how f0_na and 0_na depend on number 
density of control bubbles.  We confirmed that 
0_na decreased with increasing in number density of 
bubbles (see Fig. 3), although there were no trend 
for f0_na. 

τ0_a for the adsorption bubbles was estimated 
by substitute f0_a, f0_na and 0_na into eq.(1) and 
fitting.  Because f0_na has no dependence on 
number density of bubble, we used its average 
value of - 118.3 Hz.  In addition, f0_na was 
converted by considering the ratio of amount of f0_a 
and f0_na in the measurement of biotinylated bubbles.  
Fig. 4 shows the dependence of the time constants 
τ0_na and τ0_a on the number density of bubbles.  
The value of the coefficients A and B was obtained 
by fitting the relationship between the time 
constants τ0_na or τ0_a and the number density of 
bubbles with τ = 10B * CA (C is the number density 
of bubbles).  The results are shown in Table 1. 
The time constant decreased with increasing in the 
number density of bubbles.  It was found that τ0_a 
was always smaller than 0_na. 
 
5. Summary 

This report demonstrated that chemical 
reaction between biotinylated bubbles and 
streptavidin can be evaluated by using a flow 
system composed of QCM sensor.  In particular,   

 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Frequency shift by control bubbles 
(non-biotinylated bubble) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Time constant VS Number of bubbles in 
suspension 
 

Table1 Measurement of time constant. 
 
 
 
 
 
 
we analyze the time constant in reaction and 
quantitative relationship between the time constant 
and the number density of bubbles.  Because we 
used several assumptions for analyzing, we will 
verify whether they are correct or not by 
incorporating microscope into the proposed system. 
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Basic Study of Aerial Ultrasonic Source Using Cylinder Typed 
Vibrating Plate with Axial Nodal Mode 
円周方向に節を持つモードである円筒形振動板を用いた空中
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1. Introduction 
 High-power aerial ultrasonic sound waves 
are used in the agglomeration of aerosols and fine 
particles1). Also, the plug conveying has been 
reported to reduce the power required for 
transportation by ultrasonic wave irradiation2). In 
these applications, the aerial ultrasonic source using 
a vibrating plate should not allow the aerosol and 
fine particles to leak out during irradiation. 

We have been developing an aerial ultrasonic 
source using a rectangular vibrating plate with two 
rigid walls for these applications3). We developed a 
new aerial ultrasonic sound source using cylinder 
typed vibrating plate combined with two rigid walls 
with an axial nodal mode. The flexural vibration of 
the nodes and loops of the vibrating plate are 
alternately generated along the length direction of 
the cylinder. A so-called axial nodal mode is used, 
in which the flexural vibration of nodes or loops is 
generated in a circle shape on the circumference 
orthogonal to the length direction. In this paper, we 
clarify the characteristics of the aerial ultrasonic 
source using cylinder typed vibrating plate with a 
rigid wall in the axial nodal mode. 
 
2. Aerial ultrasonic source 
 Figure 1 shows the aerial ultrasonic source 
using cylinder typed vibrating plate combined with 
two rigid walls with the axial nodal mode. The 
aerial ultrasonic source consists of a bolt-clamped 
Langevin-type longitudinal vibration transducer 
(NGK Spark Plug D4427PC), and an exponential 
horn, resonance rod, and cylinder typed vibrating 
plate combined with two rigid walls. An 
exponential horn, a resonance rod and a cylinder 
typed vibrating plate are made of A2017. The 
resonance rod and cylinder typed vibrating plate are 
connected by a hole 5 mm in diameter and a screw. 
 Figure 2 shows cylinder typed vibrating 
plate combined with two rigid walls. The rigid 
walls are connected to either end of the cylinder. 

The cylinder and two rigid walls have an integral 
structure. The cylinder has an inner diameter of 
105.2 mm, a thickness of 4.3 mm, and a length of 
109 mm. The rigid wall is a cylinder with an inner 
diameter of 105.2 mm, a wall thickness of 40 mm, 
and a length of 25 mm. The rigid wall is thicker 
than the cylinder. The rigid wall is designed not to 
vibrate. The aerial ultrasonic source has a resonance 
frequency of around 27.4 kHz, determined by 
measuring the admittance loop. The center of the 
cylinder was taken as the origin of the XYZ-axes. 
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Fig. 1  Aerial ultrasonic source. 
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Fig. 2  Cylinder typed vibrating plate combined with
two rigid walls. 
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3. Measurement of flexural vibration 
distribution of cylinder typed vibrating plate 

 To clarify the vibration mode of the vibrating 
plate, the flexural vibration displacement 
distribution on the Y-axis (Y = -79.5 to 79.5 mm) of 
the outer diameter of the vibrating plate was 
measured. Measurement conditions were set to a 
constant input power of 1 W and a driving 
frequency of 27.4 kHz. The flexural displacement 
vibration of the vibrating plate was measured by a 
laser Doppler vibrometer (Ono Sokki LV-1610). 
 Figure 3 shows the vibration distribution. 
The horizontal axis represents the Y-axis, and the 
vertical axis represents the flexural displacement 
vibration. The schematic diagrams in the figure 
show the measurement lines and symbols on the 
Y-axis. The results showed that the flexural 
vibration displacement of the cylinder (Y = -54.5 to 
54.5 mm) had a distribution with six node positions 
at either measurement line. The node position of the 
flexural vibration displacement was similar on the 
Y-axis for both measurement lines. Thus, the node 
position of the flexural vibration displacement was 
six nodal circles on the circumference orthogonal to 
the length direction of the cylinder. 
 In the rigid walls (Y = -79.5 to -54.5, 54.5 to 
79.5 mm), the flexural vibration displacement was 
smaller than the vibration of the cylinder for both 
measurement lines. Consequently, the connecting 
cylinder with a wall thickness of 40 mm behaves as 
a rigid body. 
 
4. Sound pressure distribution 

To clarify the sound distribution inside the 
cylinder typed vibration plate, the sound pressure 
distribution in the Z-axis (X = 0 mm, Y = 79.5 mm) 
was measured. Measurement conditions were set to 
a constant input power of 0.5 W and a driving 
frequency of 27.4 kHz. The sound pressure was 
measured by a microphone with a probe (ACO 
TYPE-7017). 

Figure 4 shows the result. The horizontal 
axis represents the Z-axis, and the vertical axis 
represents the normalized sound presuure by the 
maximum value of the microphone output voltage. 
From Fig. 4 , it was found that the sound pressure 
distribution had 16 nodal lines in the Z-axis 
direction. This is because there are eight sound 
pressure nodes concentrically in the cylinder typed 
vibrating plate. This result showed that the sound 
wave inside the cylinder typed vibrating plate 
formed a standing wave field. The maximum sound 
pressure occurred at the center of the Z-axis. Our 
findings show that high-power ultrasonic sound 

waves can be obtained at the center of the cylinder 
typed vibrating plate. 
 
5. Conclusions 
 In this paper, the fundamental characteristics 
of a source using a cylinder typed vibrating plate 
with rigid walls were clarified. The vibration plate 
vibrated in the axial nodal mode. The flexural 
vibration of the rigid walls was sufficiently smaller 
than the flexural vibration of the cylinder for the 
rigid walls to behave as a rigid body. We found that 
high-power sound pressure was obtained at the 
center of the cylinder. 
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Fig. 3  Flexural vibration displacement distribution of
the cylinder typed vibrating plate. 
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Fig. 4  Sound pressure distribution inside the cylinder
typed vibrating plate. 
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