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Fig. 1-1 Micro-hole for automotive parts. In any case, parts having mico-holes with a 
diameter of 100 μm or less on a metal thin plate. 
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(Fig. 1-2)
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Fig. 1-2 Shipment value of automotive parts11)12)13) .  Shipment value of fuel injection
devices and sensors for automobile electrical components amounted to 756.1 billion yen in 
2016 amount, shipment value increased by more than 140 billion yen in the past 5 years.
With regard to sensors for automotive electrical components, since various sensors have 
been installed with the recent installation of automobiles, the shipment amount has 
increased by about 20 billion yen each year over the past three years. 
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Fig. 1-3 Internal structure of electrochemical type CO gas sensor. A membrane-electrode 
assembly(MEA) used also for a fuel cell is used for a gas detection unit. The MEA 
functions as a CO gas sensor by absorbing distilled water in the sensor. The diffusion 
control plate is used for the purpose of supplying CO gas to the MEA as a gas detector of 
the sensor and controlling the evaporation amount of distilled water. 
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Fig. 1-4 Mechanism of gas detection in membrane-electrode assembly. When the working 
electrode touches the gas, hydrogen ions move in the MEA and a current corresponding to 
the concentration is generated, thereby enabling gas detection. 

 

 
Fig. 1-5 Micro-hole for diffusion control plate. A hole with a diameter of 100 μm is 
stamped on a stainless steel plate. 
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Fig. 1-6 Image processing and inspection system. By enlarging the surface of the 
inspection object with a lens and imaging with the CCD camera, shape information of the 
surface of the object is acquired at high speed. 
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0.4 μm XY 0.01 μm Z 0.1 μm
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Fig. 1-7 Measurement principle of NH-3. Equipment that measures the measurement 
range of several 10 mm with nm resolution with combination of laser autofocus 
technology and precision stage. In the measurement of micro- holes, 30 to 60 points are 
detected by laser scanning on the outer circumferential edge of the hole, and the inner 
diameter is calculated from the XY coordinates of the edge. 
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42)43)44)45)46) Fig. 1-8
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50 μm
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Fig. 1-8 Optical system and photograph of fiber probe14) . The optical fiber probe is 
irradiated with a laser beam, and the shape of the inside of the hole is measured by the 
change in the transmitted light intensity when the probe comes into contact with the inside 
of the hole. A method capable of highly accurately measuring the surface roughness, the 
roundness, the cylinder degree, the hole diameter, etc. of the inner wall of the micro- hole 
having a diameter of 100 μm or less. 
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47) Fig. 1-9

CCD

125 μm 11 mm

± 0.2 μm

 

 

 
Fig. 1-9 Optical measuring equipment for hole diameter47) . Method of detecting reflected 
light from inside the hole at the hole exit. A high aspect ratio through hole with a hole 
diameter of 125 μm and a length of 11 mm can be measured with an accuracy of ± 0.2 μm. 
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Fig. 1-10 X X
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Fig. 1-10 Microfocus X-ray imaging system. Equipment that can be inspected through the 
inside of the object. It is suitable for inspection of objects with complicated internal 
structure. 
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Fig. 1-11

52)53)54)

0.6 mm 1 mm 100 μm

 

 

 
Fig. 1-11 Inside diameter measurement with the differential pressure-type air micro meter. 
Insert the measuring nozzle into the hole and let out compressed air from the nozzle. Measure 
the hole diameter by changing the ejection flow rate which varies depending on the nozzle and 
the target gap. 
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Fig. 1-12 Micro-hole inspection by the shape measuring laser microscope. 

 

 
Fig. 1-13 Shape measuring laser microscope. 

 

 
Fig. 1-14 3D measuring instrument by point autofocus probe. 
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Fig. 1-15 Micro-hole edge detection method. Measure the hole diameter by obtaining 
the average value from the results of edge detection of multiple machined hole edges. 
Equipment that can measure hole diameter at submicron level. In case of 30 edge 
detection, inspection time of about 5 min is required per hole. 

 

 

Fig. 1-16 Cross sectional sample of micro-hole. It can be confirmed that the hole shape 
is different depending on the processing method of metal stamping and electric 
discharge machining.  

 

Fig. 1-16
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Fig. 1-17 Enlarged image by scanning electron microscope. The surface of the part can 
be observed at a higher magnification than the microscope. Since it can be tilted and 
observable, it is also possible to check the state of the interior of the micro-hole part 
processed into the thin plate. 

 

 

Fig. 1-17 (SEM)
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55)56)57) Fig. 
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58)59)

60)61)62)63)64) Fig. 1-19
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Fig. 1-18 Acoustic bridge volumeter. Measure the ratio of the pressure change by the ratio 
between the reference volume  and the test object volume  with a microphone55) . 
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Fig. 1-19 Estimation method of leak location of the pipeline. Detect minute leak points in 
gas pipeline using sound waves including low frequency band59) . 
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Table 1-1 Conventional micro-hole inspection technology and equipment. 
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resolution 
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Fig. 2-1 Reflected wave in discontinuous surface. In the continuous boundary surface 
with different cross sectional area, when a sound wave propagating in the space 1 is 
incident on the boundary surface, a part of the sound wave transmits through the space 2 
and the rest is reflected. The density of the medium in each space is denoted 
by and , and the speed of sound in each space by  and . 
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Fig. 2-2 Relationship between micro-hole diameter and reflectance or transmittance. It 
shows the result when sound wave is incident from space 1 to space 2. Most of the 
acoustic waves are reflected at the boundary surface before and after the micro-holes. 
As the hole diameter increases, the reflectance decreases and the transmittance 
increases.  

 

 
Fig. 2-3 Reflectance and transmittance of acoustic waves at boundary surface before and 
after micro-hole. The reflectance on the boundary surface in space 1 to space 2 is . 
The reflectance on the boundary surface in the space 2 to the space 3 through which 
sound waves pass through micro-hole is . The discontinuous boundary surface in 
the micro-hole is  and .  
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1 Fig. 2-4

1

Fig. 2-5

Eq. (2-13)

Eq. (2-13) Eq. (2-14)

Eq. (2-14) Eq. (2-15)

Eq. (2-15) Eq. (2-16)  

 

 

Fig. 2-4 Sparseness and density of plane wave. Compressed or expanding media repeatedly 
generates compressional waves and propagates as sound. The direction of the longitudinal 

wave is . The displacement in the traveling direction is , the displacement in the 
reverse direction is . 
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Fig. 2-5 The displacement  of the sine wave goes forward in the  direction at 
the velocity . The amplitude of the wave is , the angular velocity is , and the 
time is . 
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Fig. 2-6

Fig. 2-7
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(a) Frequency = 10 Hz                    (b) Frequency = 30 Hz 

  

(c) Frequency = 50 Hz                  (d) Frequency = 70 Hz 

  

(e) Frequency = 90 Hz               (f) Frequency = 110 Hz 

 Fig. 2-6 Displacement of sine wave at micro-hole boundary surface. The micro-hole 
diameter is 0.05 mm to 0.15 mm. As the micro-hole diameter increases, the maximum 
value of the displacement of the associated wave increases. Calculated the amplitude of 
sound wave  = 1 mm, sound velocity  = 340 m / s, distance from boundary surface 

 = 8 mm, frequency  = 10 Hz to 110 Hz. 
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Fig. 2-7 Relationship between maximum value of displacement  of associated wave 
and diameter at micro-hole boundary surface. The maximum value of the displacement 
of the associated wave was calculated by changing the frequency of the sound wave 
from  = 10 Hz to  = 110 Hz. This results can be predicted that it is possible to 
inspect the hole diameter by detecting an associated wave combining an incident wave 
and a reflected wave at the micro-hole boundary surface. 

 

 

 

Fig. 2-8

Fig. 2-8 A Fig. 2-9

(WF1946B, NF Co. Ltd)
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(5610B, NF Co. Ltd)

Fig. 2-10

50 mm 100 mm

  

 

 
Fig. 2-8 Inspection system configuration. A speaker and a dynamic microphone are built in 
the inside of the inspection container. Place the micro-hole parts of the test sample on the 
microphone. The upper part of the micro-hole parts is open to the atmosphere. 
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Fig. 2-9 Enlarged view around the microphone. The diaphragm of the microphone 
receives a reflected wave and vibrates. The vibration displacement of the diaphragm of 
the microphone also changes when the sound wave reflectance varies depending on the 
micro-hole diameter. Therefore, by monitoring the signal output of the microphone with 
the signal measuring device, it is possible to detect a change in the micro-hole diameter. 

 

 
Fig. 2-10 Micro-hole inspection system using reflected wave. The system consists of a 
signal generator(WF1946B, NF Co. Ltd), an inspection container and a lock-in 
amplifier(5610B, NF Co. Ltd). A speaker and a dynamic microphone are built in the 
inspection container. 
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Fig. 2-11 (MG-ED71, Matsushita Electric Industrial Co. 

Ltd) 100 μm SUS304 df = 47.6 μm 112.8 

μm Fig. 2-12

Table 2-1

No.5 df = 94.6 μm

db = 88.4 μm 6.2 μm  

 

 

(a) Machine appearance (b) State of the electrical discharge machining 

Fig. 2-11 Ultra-fine electrical discharge machine (MG-ED71, Matsushita Electric 
Industrial Co. Ltd). 

 

Table 2-1 Diameter of the micro-hole. 

  

 

 

 

 

 

 

Sample 
No 

Front side 
diameter df [μm] 

Backside 
diameter db [μm] 

Diameter 
difference [μm] 

1 47.6 44.2 3.4 
2 61.2 56.8 4.4 
3 72.8 68.4 4.4 
4 79.4 74.0 5.4 
5 94.6 88.4 6.2 
6 98.0 92.4 5.6 
7 105.8 100.2 5.6 
8 109.2 102.6 6.5 
9 112.8 107.6 5.2 

le Front side
diameter dfdd [μm]

Backside
diameter dbdd [μm]

Diameter
difference [μm]

47.6 44.2 3.4
61.2 56.8 4.4
72.8 68.4 4.4
79.4 74.0 5.4
94.6 88.4 6.2
98.0 92.4 5.6

105.8 100.2 5.6
109.2 102.6 6.5
112.8 107.6 5.2
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(a) Backside diameter db = 56.8 μm 

 

(b) Backside diameter db = 74.0 μm 

 

  (c) Backside diameter db = 102.6 μm 

Fig. 2-12 Micro-hole sample by electric discharge machining. Discharge gap is generated 
by drilling with the electric discharge machine, and the hole diameter is slightly different 
on the front side and backside. For example, the test specimen shown in (c) has a hole 
diameter difference of 6.5 μm on the front and back surfaces as the hole diameter on the 
front side is = 109.2 μm and backside = 102.6 μm. 
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Table 2-1 = 47.6 μm = 112.8 μm

5 V fs= 10 Hz 30 Hz 50 Hz 70 Hz 90 Hz 110 Hz

6 6

 

 

 

 

Fig. 2-13

6

Fig. 2-13

 

= 47.6 μm = 112.8 μm
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Fig. 2-13 Relationship between the frequency of speaker and microphone measured 
voltage. Indicating that the signal output of the microphone varies according to the hole 
diameter of the test sample. A hole diameter difference can be detected for micro-holes of 
about 50 μm to 110 μm in diameter. 

 

Fig. 2-14 6

Fig. 2-13 df 94.6 μm

0.150 mV df 105.8 μm 0.183 

mV 0.033 mV fs = 10 Hz

0.002 mV  

100 ± 5 μm ± 0.015 mV

1 μm 0.003 mV 6

Fig. 2-14 = 10 Hz 0.002 mV

0.67 μm 1 μm
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 Fig. 2-14 Variation of microphone measured voltage. Variation in signal output value of 
microphone for six times test results. When the frequency used for inspection is low, the 
variation of the signal output value is small. The variation of the signal output value at the 
frequency of 10 Hz was 0.002 mV or less. 

 

 

Fig. 2-15

= 47.6 μm = 112.8 μm
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(a) Speaker frequency fs = 10 Hz, 30 Hz. 

 

(b) Speaker frequency fs = 50 Hz, 70 Hz, 90 Hz, 110 Hz. 

Fig. 2-15 The phase difference between the detection signal of the microphone and the 
input signal to the speaker. It was shown that the phase difference between the two 
signals varies according to the hole diameter of the test sample. The lower the frequency, 
the larger the phase difference change due to the hole diameter. 

 



40 
 

 
Fig. 2-16 Variation of phase difference between the detection signal of the microphone 
and the input signal to the speaker. Standard deviation of phase difference in six times test 
experiments. When the lower the frequency, the smaller the standard deviation of the 
phase difference. When the higher the frequency, the larger the standard deviation. The 
variation of the phase difference at the frequency of 10 Hz was 0.5 deg. or less. 

 

Fig. 2-16 6

fs = 10 Hz 0.5 deg.

70 Hz

 

Fig. 2-15 = 10 Hz df 94.6 μm

180.77 deg. df 105.8 μm 174.53 deg.

6.24 deg. 1 μm 0.56 deg.

6 0.5 deg.

1 μm  
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3 5 μm

Table 2-1 Table 2-2

Table 2-2

0.001 mV  

 

Table 2-2 Difference of the test result on the front side and backside. 

Sample 
No 

Voltage differences mV 

fs = 10 Hz fs = 30 Hz fs = 50 Hz fs = 70 Hz fs = 90 Hz fs = 110Hz 

1 0.000 0.000 0.000 0.000 0.000 0.001 
2 0.001 0.000 0.001 0.000 0.000 0.000 
3 0.000 0.000 0.000 -0.001 0.000 -0.001 
4 0.000 -0.001 0.000 0.000 0.000 0.001 
5 0.001 -0.001 0.000 0.000 0.000 0.000 
6 0.000 0.000 0.000 0.000 0.000 -0.001 
7 0.000 0.000 -0.001 0.000 0.000 0.000 
8 0.000 0.001 -0.001 0.000 0.000 0.000 
9 -0.001 0.000 0.000 0.000 0.000 0.000 

 

 

CO

100 μm ±5 μm

Fig.2-13 6

100 1 μm

CO 100 ±5 μm
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Eq. (2-9) Eq. (2-12)

Eq. (2-17) Eq. (2-20) =10 Hz

50 μm Fig. 2-7 2.97×10-3 μm

100 μm 3.21×10-3 μm

0.24×10-3 μm =50 Hz 50 μm

14.78×10-3 μm 100 μm

14.84×10-3 μm 0.06×10-3 μm

Fig. 2-13 =10 Hz

= 47.6 μm 0.110 mV 112.8 μm

0.206 mV 0.096 mV

=110 Hz 47.6 μm

1.280 mV 112.8 μm 1.303 mV 0.023 

mV

  

 

Table 2-2

Fig. 2-17
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Table 2-1 7 =105.8μm

=100.2 μm 5.6 μm

5 % Fig. 2-17

Fig. 2-18

5 % 25

Fig. 2-19

1

 

 

 
Fig. 2-17 Cross-sectional shape of electric discharge machined micro-hole. 
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Fig. 2-18 Schematic diagram of cross section of taper hole. When the hole diameter gradually 
changes, there are a plurality of discontinuous boundary surfaces. Reflectance and 
transmittance are different for each boundary surface at the front and rear cross sectional 
areas. 

 

 

Fig. 2-19 Results of obtaining the relationship between the maximum displacement  of 
the associated wave and the micro-hole diameter considering the reflectance and the 
transmittance in each boundary surface. Even when the hole diameter on the front side is 
large or the hole diameter on the backside is large, the maximum displacement  of the 
associated wave in the space 1 is the same. 
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Eq. (2-17) Eq. (2-20)

71)

Eq. (2-21) Fig. 2-20

10 20  1.78 % =10 

Hz 100 μm 1.78 %

Eq. (2-17) Eq. (2-20) 0.01 μm   

 

  (2-21) 

 

 

Fig. 2-20 Relationship between temperature of inspection environment and sound speed. 
When the temperature of the air rises from 10  to 20 , the sound velocity increases by 
1.78%. When the sound speed decreases by 1.06%, in the case of = 10 Hz, it changes by 
0.006 μm in terms of hole diameter. 
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Eq. (2-22)

Eq. (2-23)

Eq. (2-24) 72) Eq. (2-22) Eq. (2-24)

Fig. 2-21 = 20 

= 343.5 m/s =1.41 = 1.40

=1013.25 Pa 30 80 %

0.19 % 0.19 % =10 Hz 0.001 

μm = 60 %

Fig. 2-22 200 2600 Pa 1.06 %

1.06 % =10 Hz 0.006 μm
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1
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Fig. 2-21 Relationship between humidity of inspection environment and sound speed. 
When the relative humidity changes at 30 to 80%, the sound speed increases by 0.19%. 
When the sound speed increases by 0.19%, in the case of  = 10 Hz, it changes by 0.001 
μm in terms of hole diameter. 
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Fig. 2-22 Relationship between atmospheric pressure and sound speed. When the 
atmospheric pressure changes at 200 to 2,600 Pa, the sound speed decreases by 1.06%. 
When the sound speed decreases by 1.06%, in the case of  = 10 Hz, it changes by 0.006 
μm in terms of hole diameter. 
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100±1 μm
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100±1 μm  

4) 3 5 μm

 

5)

 

 

100±1 μm

Table 2-3  

 

Table 2-3 Performance of the inspection technology proposed in this chapter. 

 

Inspection 
resolution 

100 5 μm 

Guarantee of 
flow rate 

Small 
instrument 

Inspection 
speed 

1 sample/s 

Inspection technology 
proposed in Chap. 2 
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100 μm ±5 μm

100 1 μm

100 ± 0.1 μm

 

 

 

Fig. 3-1

1 2

1

2
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Fig. 3-1 Micro-hole inspection method. 

 

 

Fig. 3-2 Conceptual diagram of inspection technology. 
 

 

Fig. 3-2 1 2 2

73)74)75) 2

Fig. 3-2
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  (3-6) 
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2

1

Eq. (3-7) Eq. (3-11) Eq. (3-12)
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Fig. 3-3 Relationship between calculated pressure  and micro-hole diameter. P2 is the 
sound pressure change of the enclosed space on the microphone side. From this calculation 
result, it is possible to detect hole diameter difference by measuring sound pressure with a 
microphone. As the micro-hole diameter increases, the pressure change P2 also increases. 
When the speaker drive frequency is low, pressure change P2 is also increases.  

 

2  Eq. (3-5) Fig. 3-3  = 2200 

mm2 = 50 mm  = 0.6 = 17.5 ml  = 1.1 ml

Fig. 3-3

2

 

 

 

 

8.5 mm 100 μm

(SUS304) 50 μm 110 μm
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Fig. 3-4

5 μm 5 μm

(NH-3, Mitaka Kohki Co. Ltd)

Table 3-1 2

 

 

 

(a) Metal stamping hole 

 

(b) Micro-hole processed by EDM 

Fig. 3-4 Results of imaging the front side and backside surfaces of the micro-holes with 
a laser microscope. There is a difference in hole diameter between the front side and the 
backside caused by the processing method. 
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Table 3-1 Micro-hole test sample diameter. 

Processing 
method 

Front side 
diameter 
 df [μm] 

Backside 
diameter 
 db [μm] 

Average 
diameter 
davg [μm] 

Metal stamping 99.8 104.8 102.3 

Electrical 
discharge 
machining 

112.4 104.2 108.3 

104.8 100.6 102.7 

101.2 96.0 98.6 

97.6 90.0 93.8 

94.2 88.4 91.3 

79.0 74.2 76.6 

72.4 67.8 70.1 

60.6 56.2 58.4 

48.2 45.6 46.9 

 

 

Fig. 3-5

(SA-01A4, RION Co. Ltd) (WF1946B, NF Co. 

Ltd)

150 mm  

Fig. 3-6

100 μm

 

±0.25mm

Table 3-2 Table 3-3
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fs 150 Hz  fs = 5 150 Hz

5 V

21±3  

 

 
Fig. 3-5 Micro-hole inspection system. The inspection system consists of a cylindrical 
inspection container, a signal analyzer(SA-01A4, RION Co. Ltd) and a function 
generator (WF1946B, NF Co. Ltd). Loud speaker is installed inside the metal inspection 
container. The cylindrical inspection container is about 150 mm in height. 
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Fig. 3-6 Inspection system configuration. A signal detected by a standard microphone is 
amplified by a preamplifier and measured by a signal analyzer. The signal analyzer 
measures the sound pressure level of the acoustic signal detected by the microphone as a 
voltage signal.  

 
   Table 3-2 Loud speaker specifications. 

Size 2-3/4 inch 
Impedance 8 Ω 
Sensitivity(average SPL in range 400 - 1kHz) 79.5 dB 
Frequency band 5 - 4k Hz 
Power handling continuous 10 W 

 
  Table 3-3 Microphone specifications. 

Size 1 inch 
Frequency Response Sound pressure 
Sensitivity(dB re 1V/Pa at 1kHz) -27 dB 
Temperature coefficient  -0.008 dB/  
Frequency band 5 Hz - 9k Hz 

 

 

 



60 
 

2

fs = 10 Hz davg = 

46.9 μm davg = 70.1 μm davg = 93.8 μm davg = 108.3 μm

Fig. 3-7 (a) (d) Fig. 3-7 (a) davg = 46.9 μm

Fig. 3-7(d) davg = 108.3 μm

Vm 10  

 

 

Fig. 3-7 Speaker input voltage and microphone detect voltage (fs=10 Hz). Comparing the 
results of (a) davg= 46.9 μm and (d) davg = 108.3 μm, the maximum voltage Vm detected by the 
microphone was about 10 times. On the other hand, with respect to the time difference 
between the input waveform to the speaker and the detection waveform of the microphone, the 
time difference between the two signals become shorter as the hole diameter increases. 
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Vm

2

 

 

fs

fs = 5 150 Hz

Vrms fs

Vrms Vm Eq. (3-13)  

 

  (3-13) 

 

Fig. 3-8

Vrms Fig. 3-8 Vrms davg

fs Vrms

 fs=150 Hz Vrms=74 mV

fs =5 Hz Vrms=1.44 V fs

 

[s] [deg.] Fig. 3-9 Fig. 3-9

2 θ davg

fs Ts Eq. (3-14)  
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  (3-14) 

 

Fig. 3-7(a) (d) 2

Fig. 3-9 fs

 fs =150 Hz θ

fs =5 Hz

θ 28 deg. fs 

 Fig. 3-8

Fig. 3-9

Vrms θ  

 

 
Fig. 3-8 Effective voltage of microphone detect voltage. The horizontal axis of the graph 
shows the micro-hole diameter, and the vertical axis shows the effective voltage Vrms measured 
by the microphone. When the sample hole diameter increases, also increases the effective 
voltage Vrm. In particular, when the frequency is low, the amount of change in the effective 
voltage increases. The measurement results of electric discharge machined hole and metal 
stamping hole are consistent. 
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Fig. 3-9 This graph shows the phase difference between the voltage waveform input to the 
speaker and the voltage waveform detected by the microphone. It was shown that the phase 
difference decreases as the hole diameter of the sample increases.  

 

 

Fig. 3-7(a) (d)

Ts Ts

 

20 Vavg Ts

Vrms Vdif = Vavg - Vrms Fig. 3-10(a) (d) Fig. 3-10 Vdif

Ts Fig. 3-10(a) davg = 46.9 μm Ts 4

Vdif Ts 5 Vdif ±50 mV

Fig. 3-10(b) (d) Ts 4 Vdif ±10 mV

 

20
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Ts  Fig. 3-11 (a) (d) Fig. 

3-11 Ts Ts 5

±0.02 deg. Ts Ts=4 5

Vrms  

 

 

Fig. 3-10 Deviation of effective voltage from the average of 20 cycles. The vertical axis 
shows the voltage difference Vdif from the average value for 20 cycles, and the horizontal 
axis shows the measurement cycle Ts. Fig. 3-10 (a) shows the voltage difference Vdif falling 
within ± 50 mV at any frequency, if it is after Ts= 5 cycles. The other results show that the 

voltage difference Vdif decreases to within 10 mV at Ts  4 cycles. 
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Fig. 3-11 Deviation of phase difference from the average of 20 cycles. The vertical axis shows 

the phase difference dif from the average value for 20 cycles, and the horizontal axis shows 
the measurement cycle Ts. Fig. 3-11 (a) shows the voltage difference Vdif falling within ± 50 
mV at any frequency, if it is after Ts= 5 cycles. The other results show that the phase difference

dif decreases to within 0.02 deg. at Ts  4 cycles. 

 

20 Table 3-4

10 mV Table 3-5

Ts= 5 20 16 Ts= 1 4

2 mV  

Vrms davg Fig. 3-8

fs= 5 Hz davg = 102.7 μm

Vrms=1.38 V davg = 108.3 μm Vrms=1.58 V
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1 μm Vrms 36.6 mV Vrms

Ts Table 3-5 Ts= 1 4

2 mV 5

Vrms 0.05 μm

0.1 μm  

1 20 Eq. (3-15)

C.V. Table 3-6 5 20 C.V. Table 3-7  

 

  (3-15) 

 

Fig. 3-8

Table 3-6 Table 3-7 1 4

fs
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 Table 3-4 Standard deviation of effective voltages (1-20cycles). 

Standard deviation 
mV 

Speaker input frequency fs [Hz] 
5 10 30 50 100 150 

Sa
m

pl
e d

ia
m

et
er

 d
av

g μ
m

 46.9 2.06  1.71  0.47  0.86  1.57  1.07  
58.4 3.68  3.41  1.00  0.49  0.36  0.26  
70.1 4.24  3.41  1.80  0.67  0.30  0.23  
76.6 4.29  6.36  2.82  1.24  0.71  1.32  
91.3 4.91  8.29  4.13  2.04  0.59  0.36  
98.6 6.46  8.49  5.02  2.65  0.67  0.44  
102.7 8.14  5.50  2.86  0.78  0.57  0.00  
108.3 9.45  7.58  6.39  3.53  0.99  0.67 

Maximum 9.45  8.49  6.39  3.53  1.57  1.32  

  

 Table 3-5 Standard deviation of effective voltages (5-20cycles). 
Standard deviation 

mV 
Speaker input frequency fs [Hz] 

5 10 30 50 100 150 

Sa
m

pl
e d

ia
m

et
er

 d
av

g μ
m

 46.9 0.29  0.24  0.19  0.73  0.86  0.71  
58.4 0.72  0.50  0.29  0.37  0.31  0.26  
70.1 0.38  0.50  0.77  0.42  0.28  0.25  
76.6 0.43  0.83  1.09  0.68  0.68  1.33  
91.3 1.21  0.92  0.52  0.64  0.45  0.29  
98.6 1.62  0.92  0.45  0.65  0.41  0.31  
102.7 1.83  0.38  0.73  0.44  0.32  0.00  
108.3 1.79  0.88  0.60  0.64  0.51  0.26  

Maximum 1.83  0.92  1.09  0.73  0.86  1.33  
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 Table 3-6 Coefficient of variation (1-20cycles). 

C.V.×10-3 
Speaker input frequency fs [Hz] 

5 10 30 50 100 150 
Sa

m
pl

e d
ia

m
et

er
 d

av
g μ

m
 46.9 14.5  23.3  18.3  51.2  107.3  57.3  

58.4 11.8  21.1  17.9  13.8  16.4  15.5  
70.1 8.3  21.1  19.1  11.4  8.4  8.4  
76.6 6.5  18.1  22.7  15.9  15.1  38.8  
91.3 4.6  14.1  19.7  15.5  7.6  6.3  
98.6 5.0  11.7  19.2  16.2  7.0  6.2  
102.7 5.9  7.0  10.0  4.3  5.4  0.0  
108.3 6.0  8.1  18.6  16.5  7.9  7.2  

Average 7.8  15.6  18.2  18.1  21.9  17.5  
 
 Table 3-7 Coefficient of variation (5-20cycles). 

C.V.×10-3 
Speaker input frequency fs [Hz] 

5 10 30 50 100 150 

Sa
m

pl
e d

ia
m

et
er

 d
av

g μ
m

 46.9 2.0  3.3  7.5  43.4  58.4  38.3  
58.4 2.3  3.1  5.2  10.5  14.4  15.3  
70.1 0.7  3.1  8.1  7.1  7.8  9.3  
76.6 0.7  2.4  8.8  8.7  14.6  38.9  
91.3 1.1  1.6  2.5  4.9  5.7  5.2  
98.6 1.3  1.3  1.7  4.0  4.2  4.3  
102.7 1.3  0.5  2.5  2.5  3.0  0.0  
108.3 1.1  0.9  1.8  3.0  4.1  2.7  

Average 1.3  2.0  4.8  10.5  14.0  14.2  

 

20 Table 3-8

6 deg. Table 3-9 Ts= 5 20 16

Ts= 1 4
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Table 3-8 Standard deviation of phase differences (1-20cycles). 
Standard deviation 

deg. 
Speaker input frequency fs [Hz] 

5 10 30 50 100 150 
Sa

m
pl

e d
ia

m
et

er
 d

av
g μ

m
 46.9 1.70 3.04 1.36 2.30 3.49 3.33 

58.4 0.83 1.80 1.32 1.75 1.65 5.24 

70.1 0.98 0.64 1.11 2.68 1.12 4.98 

76.6 1.08 0.96 3.27 1.75 1.85 3.32 

91.3 0.63 1.46 1.41 2.00 1.99 5.99 

98.6 0.91 0.51 1.31 1.54 1.66 6.31 

102.7 0.89 1.93 1.12 1.62 3.08 4.85 

108.3 0.84 0.79 2.11 1.48 2.45 4.48 

Maximum 1.70 3.04 3.27 2.68 3.49 6.31 

 

Table 3-9 Standard deviation of phase differences (5-20cycles). 
Standard deviation 

deg. 
Speaker input frequency fs [Hz] 

5 10 30 50 100 150 

Sa
m

pl
e d

ia
m

et
er

 d
av

g μ
m

 46.9 2.42  1.38  1.20  1.76  2.94  3.71  
58.4 1.07  1.52  0.95  1.47  1.57  5.28  
70.1 0.56  0.39  0.58  0.96  1.58  5.28  
76.6 1.51  1.32  0.94  1.47  1.92  0.01  
91.3 0.31  0.98  0.88  1.25  1.58  5.78  
98.6 0.15  0.39  0.47  1.47  1.57  5.77  
102.7 1.03  1.62  0.00  1.48  1.58  4.71  
108.3 0.84  0.66  2.52  1.57  1.57  5.78  

Maximum 2.42  1.62  2.52  1.76  2.94  5.78  
 

θ davg 

Fig. 3-9 fs= 5 Hz davg = 102.7 μm

θ =227.7 deg. davg = 108.3 μm θ 

=224.2 deg. 1 μm θ 0.61 deg.

θ Ts Table 3-9 fs= 5 100Hz

3 deg. davg = 5 μm
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θ Vrms

2

 

 

 

Fig. 3-12

10 Hz

Vrms Fig. 3-4 Table 3-1

μm μm

  

 

 
Fig. 3-12 This graph shows the results of measurements by placing samples with different hole 
diameters on the front side and backside faces upwards and downwards.(fs =10 Hz) Electric 
discharge machined products are several micrometers larger on the surface, metal stamped hole 
are several micrometers larger on the back side. No significant difference was detected in the 
effective voltage when installed upward and downward. 
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μm

 

 

0.29 mm 0.34 mm 1.56 mm

1 5 Fig. 3-13

Vrms

10 Hz

 

 

 
Fig. 3-13 Effects of micro-hole aspect ratio. The hole diameter of the test sample is constant at 
0.29 mm. The hole depth varies from 0.34 mm to 1.56 mm. The inspection frequency was 10 Hz. 
The aspect ratio of hole diameter and hole depth is about 1 to 5. As the aspect ratio increases, the 
effective voltage decreases. In this inspection method, the measured value is affected not only 
for the hole diameter but also for the hole depth. 
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Fig. 

3-8 Ts = 

5 Table 3-5

100 0.1 μm 2

CO

 

 

Vrms Ts Table 3-5

Ts=5 fs= 100 Hz 1

0.01 s 5 0.05 s  fs= 5 Hz

1 0.2 s 1.0 s

Table 3-5

Table 3-7

100 

μm fs= 5 Hz 100 0.05 μm fs=100 Hz

100 0.27 μm

 

 

Fig. 3-13 0.29 mm

0.34 mm 1.56 mm
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Vrms 233 mV 1 mm 191 mV

Table 3-1

100 μm Vrms davg

Fig. 3-8 fs= 5 Hz davg = 102.7 108.3 μm

1 μm Vrms 16 mV

1 μm 0.191 mV davg= 0.012 μm

1 μm

1 μm davg= 0.012 μm

 

 

Fig. 3-1 2

Table 3-3 -0.008 dB/

 Fig. 3-7 davg = 93.8 μm

= 0.59 V davg = 108.3 μm = 1.34 

V (3-16) = 

3.56 dB 1 μm 0.25 dB/μm  

 

  (3-16) 

 

davg = 93.8 μm davg = 108.3 μm = 3.56 

dB -0.008 dB/ 1 

0.033 μm/
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100 0.13 μm 0.033 μm/

 

 

 

 

Fig. 3-4

Table 3-1 μm

Fig. 3-8

davg = 102 μm

Eq. (3-6)
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1) 

 

2) Vrms , 

2

 

3) 

5 Hz 100 μm

0.1 μm  

4) 

5 Hz 1 s  

 

100±0.1 μm

Table 3-10
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Table 3-10 Performance of the inspection technology proposed in this chapter. 

 

Inspection 
resolution 

100 5 μm 

Guarantee of 
flow rate 

Small 
instrument 

Inspection 
speed 

1 sample/s 

Inspection technology 
proposed in Chap. 3 
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4  
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4  

 

 

100 1 μm

100 

± 0.1 μm
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60)-64)

  

 

 

 

Fig. 4-1

 

 



79 
 

 
Fig. 4-1 Schematic diagram of the Helmholtz resonance container. 

 

80)81)82)  

[mm3] [mm] 

[mm] [mm] [m/s]

[Hz] Eq. (4-1)

83) Eq. (4-2)

 

 

  (4-1) 

 

  (4-2) 

 

60.0 mm 65.0 mm
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340.3 m/s Eq. (4-1)  

Fig. 4-2  

Fig. 4-2 0.5 mm 0.1 mm 6.0 mm

0.5 mm 0.1 mm 6.0 mm

3.0 mm 0.5 mm 216 Hz  

Fig. 4-2

 

 

 

 
 

Fig. 4-2 Relationship between resonance frequency and hole depth or hole diameter. The 
resonance frequency was obtained from eq. (4-1) and eq. (4-2). From the theoretical 
formula, it can be predicted that the resonance frequency lowers as the hole diameter 
increases. Then, it can be predicted that the resonance frequency becomes higher as the 
hole depth increases. 
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femtet

Fig. 4-3

1 Hz 10 kHz

 

 

 
Fig. 4-3 Sound wave simulation model and evaluation points. Analysis point A was set near 
the micro- hole and analysis point B was set on the side of the test container. 

 

 Table 4-1 Analysis setting items. 

Setting items Setting value 
Inner diameter of container 60.0 mm 
Inner height of container 65.0 mm 
Diameter of the opening 3.0 mm 

Depth of the opening 0.5 mm 
Sound velocity 340.3 m/s 

Sweep frequency 1 – 10,000 Hz 
Analysis step 400 steps 

Number of elements 100,000 
Element shapes Delaunay triangulation 

Element decomposition Unequal division 
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Table 4-1  

Fig. 

4-4 Point A Point 

B 2 (Fig. 4-3) 1 Hz 

10 kHz Eq. (4-1)

216 Hz 210 Hz 4

 

Fig. 4-5

Fig. 4-3

Fig. 4-4 Fig. 4-5

 

 

 
Fig. 4-4 Sound wave analysis results of the resonance frequency. Multiple peaks of 
resonance frequency are generated. The resonance frequency was the same between 
point A near the micro- hole and point B on the side of the test container. The resonance 
frequency f 1 obtained by sound analysis is 216 Hz, roughly coinciding with the 
theoretical value of 210 Hz.  
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Fig. 4-5 Contour plot of sound pressure level. Since it was analyzed by the axisymmetric 
model, it displays only the right half range. 

 

 

 

Fig. 4-6

Fig. 4-7

10 kHz

Point B

30.0 mm 65.0 mm

60.0 mm Fig. 4-3

1 Hz 10 kHz

15 s

(FFT)
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Fig. 4-6 Configuration of the inspection system and the structure of the inspection container. 

 

 

Fig. 4-7 Appearance of micro-hole inspection system using Helmholtz resonance. 
 

 

Fig. 4-8

d

d = 0.5 mm d = 2.0 mm d = 50 μm
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d = 110 μm

100 μm SUS304 Fig. 4-9 Table 4-2

d

d

 

 

 

 (a) Machine appearance  (b) State of drilling 
Fig. 4-8 Processing of micro-hole inspection sample by jig borer. 

 

 
Fig. 4-9 Test sample of drilled hole and electric discharge hole. 
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 Table 4-2 Hole diameter of inspection sample. 

Sample No 
Processing 

Method 

Hole diameter 
d [μm] 

E1 

EDM 

44.2 
E2 56.8 
E3 68.4 
E4 74.0 
E5 88.4 
E6 92.4 
E7 100.2 
E8 107.6 
D1 

Drilling 

507.0 
D2 756.3 
D3 994.1 
D4 1354.6 
D5 1651.6 
D6 2009.6 

 

 

0.5 mm 2.0 mm  

d = 507.0 μm  2009.6 μm

D1( d=507.0 μm ) 1 Hz 

10 kHz 15 Fig. 4-10

(FFT) 10 Fig. 4-11

 

Fig. 4-12 Fig. 4-14 FFT

FFT

Fig. 4-15 Fig. 4-17
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Fig. 4-10 Microphone detection signal by frequency sweep (d = 507.0 μm). 

 

 

Fig. 4-11 Frequency analysis result of drilled hole (d = 507.0 μm). Three peaks of the 
resonance frequency were confirmed. 
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Fig. 4-12 Relationship between micro-hole diameter and amplitude of spectrum by FFT 
processing ( ). 

 

 

Fig. 4-13 Relationship between micro-hole diameter and amplitude of spectrum by FFT 
processing ( ).  
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Fig. 4-14 Relationship between micro-hole diameter and amplitude of spectrum by FFT 
processing ( ).  

 

 

Fig. 4-15 Relationship between resonance frequency and micro-hole diameter ( ). 
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Fig. 4-16 Relationship between resonance frequency and micro-hole diameter ( ). 
 

 

Fig. 4-17 Relationship between resonance frequency and micro-hole diameter ( ). 
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100 μm  

d = 100 μm

E1 (d = 44.2 μm)

1 Hz 10 kHz 15 

Fig. 4-18

(FFT) 10 Fig. 4-19

d = 0.5 mm FFT

3 Fig. 4-20 Fig. 4-22

FFT FFT

Fig. 

4-23 Fig. 4-25

FFT

 

 

 

Fig. 4-18 Microphone detection signal by frequency sweep (d = 44.2 μm). 
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Fig. 4-19 Frequency analysis result of electric discharge machined hole (d = 44.2 μm). 
Three peaks of the resonance frequency were confirmed. 

 

 

Fig. 4-20 Relationship between resonance frequency and micro-hole diameter ( ). At the 
resonance frequency , there is no correlation between the hole diameter and the FFT 
amplitude value. 
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Fig. 4-21 Relationship between resonance frequency and micro-hole diameter ( ). The 
FFT amplitude level changes by hole diameter. 

 

Fig. 4-22 Relationship between resonance frequency and micro-hole diameter ( ). The 
FFT amplitude level changes by hole diameter. 
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Fig. 4-23 Relationship between resonance frequency and micro-hole diameter ( ). 
 

 

Fig. 4-24 Relationship between resonance frequency and micro-hole diameter ( ). 
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Fig. 4-25 Relationship between resonance frequency and micro-hole diameter ( ). 

 

1 V

10 Hz 1 kHz

Fig. 4-26

Fig. 4-27

100 Hz 200 Hz 250 Hz 500 Hz

Fig. 4-27 3

500 Hz 250 Hz

Fig. 4-28

250 Hz

d = 0.507 mm d = 2010 mm 25 deg.
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Fig. 4-26 The phase difference between the two signals for each hole diameter of the 
micro-hole inspection sample. At a frequency lower than the first resonance frequency , 
the phase difference varies depending on the hole diameter of the test sample. 

 

 
Fig. 4-27 Relationship between hole diameters of inspection samples and phase difference 
between two signals at frequencies of input signals to speakers at 100 Hz, 200 Hz, 250 Hz, 
500 Hz. At frequencies below 250 Hz there is a correlation between the hole diameter of 
the inspection sample and the phase difference between the two signals. 
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Fig. 4-28 Relationship between hole diameters of inspection samples and phase difference 
between two signals at frequency of input signals to speakers at 250 Hz. 

 

 

FFT 100 μm  

Eq. (4-1) Eq. (4-2)

Fig. 4-2

D1(d = 507.0 μm) D6(d = 2009.0 

μm) Fig. 4-15 Fig. 4-17

100 μm

E1(d = 44.2 μm) D8(d = 107.6 μm) Fig. 4-23 Fig. 4-25

 

100 μm

Fig. 4-20 Fig. 4-22 100 μm

FFT FFT

FFT
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FFT 100 μm

E1(d = 44.2 μm) Fig. 4-19

= 244.4 Hz, = 1494.9 Hz, = 4583.8 Hz

E1(d = 44.2 μm) E8(d = 107.6 μm) FFT Fig. 4-29 Fig. 

4-31  

 

 

Fig. 4-29 Change of the FFT amplitude level by the difference in hole diameter ( ). There 
is not correlation between hole diameter and resonance frequency. 

 

 

Fig. 4-30 Change of the FFT amplitude level by the difference in hole diameter ( ). There is a 
correlation between hole diameter and resonance frequency. 
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Fig. 4-31 Change of the FFT amplitude level by the difference in hole diameter ( ). There is 
linear correlation between hole diameter and resonance frequency. 

 

100 μm FFT

10 μm

10 μm

 

 

Fig. 4-29 FFT

Fig. 4-32

Eq. (4-3) 2 [F]

84) Eq. (4-3) [F/m] [m2] [m] 2

 



100 
 

  (4-3) 

 

Fig. 4-20

100 μm

Fig. 4-20

100 μm 100 

μm 2 3

 

 

 
Fig. 4-32 Structure of condenser microphone. 
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FFT 0.5 mm  

D1(d = 507.0 μm) D6(d = 2009.0 μm)

FFT D1(d = 0.507 mm)

Fig. 4-11 = 244.6 Hz, = 1500.0 Hz, = 4592.8 Hz

D1(d = 0.507 mm) D6(d = 2.010 mm) FFT

Fig. 4-33 Fig. 4-35  

 

 
Fig. 4-33 Change of the FFT amplitude level by the difference in hole diameter ( ). There is 
linear correlation between hole diameter and resonance frequency. 

 

 
Fig. 4-34 Change of the FFT amplitude level by the difference in hole diameter ( ). There is 
linear correlation between hole diameter and resonance frequency. 
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Fig. 4-35 Change of the FFT amplitude level by the difference in hole diameter ( ). There is 
linear correlation between hole diameter and resonance frequency. 

 

0.5 mm FFT

Fig. 4-15 Fig. 4-17

FFT

FFT

 

Fig. 4-36 = 244.4 Hz, = 1494.9 Hz, = 4583.8 Hz

0.5 mm 2.0 mm D1 D6 100 μm E1 E8

FFT 100 μm

FFT

0.5 mm
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Fig. 4-36 Inspection results all test samples. FFT amplitude value at resonance frequency = 
244.4 Hz, = 1494.9 Hz, = 4583.8 Hz. For micro holes with a diameter of 5 mm or less, 
inspection can not be performed at the resonance frequency . There is linear correlation 
between an FFT amplitude level and hole diameter about other samples. 

 

 

 

Eq. (4-1) Eq. (4-2)

 

 

30 mm

60 mm 65 mm Eq. (4-1)   
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Fig. 4-37 Relationship between the hole diameter and the resonance frequency by internal 
height of inspection container. The smaller the internal height, the larger the change in the 
resonance frequency due to the hole diameter change. Therefore, by decreasing the volume 
of the inspection container, the hole diameter inspection resolution is improved. 

 

0.5 mm 2.0 mm 100 μm

10 mm 60 mm Fig. 4-37
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1)

 

2) 

1 Hz 10 kHz 3

 

3) 

50 μm 2.0 mm 10 μm

 

10 μm

15 s Table 4-3

 



106 
 

 

Table 4-3 Performance of the inspection technology proposed in this chapter. 

 

Inspection 
resolution 

100 5 μm 

Guarantee of 
flow rate 

Small 
instrument 

Inspection 
speed 

1 sample/s 

Inspection technology 
proposed in Chap. 4 
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5  
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5  

 

 

3

3

 

Table 5-1

CO 100±5 μm

100 μm

±1 μm

85)

CO
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100 μm

±0.1 μm

10 Hz

0.5 s

CO

CO
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Table 5-1 Comparison table of the inspection technology proposed in this paper and the 
conventional inspection technology. 

 

Inspection 
resolution 

100 5 μm 

Guarantee of 
flow rate 

Small 
instrument 

Inspection 
speed 

1 sample/s 

Image processing 
system 

 
(0.1 mm) 

   

X-ray inspection 
system 

 
(1 mm) 

   

Optical apparatus for 
measuring 

    

Measuring system 
using an optical fiber 

probe 
    

Air micrometers 
 

(<0.5 mm) 
   

Chap. 2 Reflected wave     

Chap. 3 Transmitted 
wave 

    

Chap.4 Helmholtz 
resonance 

    

 

 

Fig. 5-1

Fig. 5-2
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Fig. 5-1 Micro-hole inspection system for multiple-hole. 

 

 
Fig. 5-2 Schematic diagram of multiple hole inspection system. 
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