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(a) CO gas sensor parts(Single hole)  (b) Microphone filter plate(Multiple hole)

(c) Fuel injection plate(Obhque hole)V

Fig. 1-1 Micro-hole for automotive parts. In any case, parts having mico-holes with a

diameter of 100 pm or less on a metal thin plate.
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Fig. 1-2 Shipment value of automotive parts'"'*">

. 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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MEDITND. Fig. 1-4 12T X 912, TERG T A Zfitiv 5 & MEA DO 2 K& A
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X 100 pm DO AT > L AFHMIZ, B 100 um DR T VAL EINTEY, &40k
JERARFET D728, SRAEBRICH L T2 5 BLANDAZEIEOMLEENSH 5. Fig. 1-5 (S HEHLH]
MR DWHEIL D SEM (T & 2 K Eig 279, JEHGHIEHR L CO A DR EE D
&, REKOEAFEEZHIE L Y HEMERET DO TH DD, MLRERN
ZENIZIN D DD, RE@md DO L Rit T2 Z LR BND. £z, CO W

A2 Y HAOEHMT TV AMNTIC XD EFEMTINRIRINTEBY, duE D IEREI N

ERETOMNERDD.
CO gas
detection part
7 ~
E = e I ,' Charcoal filter
L S A g
Diffusion-control plate
Distilled
water
I~ Membrane electrode
assembly(MEA)
Distilled water
__-/-\_/-—

Fig. 1-3 Internal structure of electrochemical type CO gas sensor. A membrane-clectrode
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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Water vapor

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.

Metal stamped
micro-hole

100 pm

Fig. 1-5 Micro-hole for diffusion control plate. A hole with a diameter of 100 pum 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.

L5400 T4 RIS AT LRI T A TSNS, Fig. 1-6 (7T X 9 ICH
SHEMONB A L > XL VIERK L CCD I AT THRiE4 5 2 & T, ®8mEmoRIk
T % I AT 5 . A RAEIL CCD 4 A T DN RAE & Y1 X ITIRIE L,
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KA DBLDOBETH D720, RNEOREORAE IXNETH 5.
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7 CICHW LTV D, BHINORIE TIEAMNE T v DA L—FEEICL > T
30~60 FARIHL, =y YD XY BENONREARMNT S, L—FDARy MM
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Bk 0 b S OICEBEARNEZ FEBLTX 203, TN 1 2I12kd 5 WERIER IS
EET .

1 CCD
camera

7
i

AF
Sensor
, | Z-axis
Laser é; o stage
output ! [
1 1
Lo i AF Drive
— 0 A mechanism
Epi-illumination NN
1
A 4 | F 3
iZ-axis

Micro-hole parts — E ! f X-axis
» 17L>Y-axis

I ) ]
XY-axis stage
and XY-Linear scale

Measurement range (X,Y,Z) =150 x 150 X 10 mm
Stage movement resolution (X, Y, Z) =0.01 X 0.01 x 0.01 pm

,__________.'

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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Fiber probe |:| - Optical

Optical fiber
. Isntg%gl fiper Intensity
Laserdiode [ aser ) - Iex
\I":I output I I\ o3 =7 ‘:u:"———:: I
» T p—e] R — |
Light ™ Fxz
| expansion
Micro-hole : : Moving
paf[sx__. Photo diode direction ﬂ‘ Intensity
B = RN v
Y-axis == . Irxo
XYZ Piezo stage X-axis

Fig. 1-8 Optical system and photograph of fiber probe'® . 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 pwm or less.
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SHHTIZ KV SR EZHEET D HDOTHDH. SR 125um, BESIN 1l mm OFT AL K
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L, CCD camera

L~

Measurement limit

Hole Diameter :d E%I
2

[

¢ : Aperture ratio of
illumination lens
l : Hole length

Hole aspectratio :n <

———————
A ——

Micro-hole parts i Z‘[
AN i X

Linear encoder

i o=

Pin-hole

’ Stage
N

[lumination
lens

Optical fiber

47)

Fig. 1-9 Optical measuring equipment for hole diameter”” . 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 pm and a length of 11 mm can be measured with an accuracy of + 0.2 pm.
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X-ray detector

O
Micro-hole object ip
X- t \ -------------- d.=1.1mm
N T o U
s =l
............... / I | |
T e Central controller
) = Projection data collecting unit
- Preprocessing part
< EDD > - Image reconstruction processor
< FOD >
{ M=FDD /FOD V=p /M

FDD : Focus detector distance p : Pixel pitch

M : Geometrical magnification { V : Voxel size
FOD :Focus object distance

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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TT~A 7 A—X T Fig. 1-11 [T T X910, JIE / AVERICHEAL, £0 7 X)L
HIEMEZER A EE 5 2 & T/ AN EFRED ORI X - T2 b3 2 ik &

ZAGICT Ko TREBEEREST 27, NRMER OZER~ A 7 1 A=~y RIZIELHE

X

2206mm DbDHHY, 1mm L FOFBEREIZHRIGT D, 72721, EAE 100 pm LA
T OB E NS ATREZRIE A~ v RBENZ L0, RNANHIE S ANVETHAT D HERH
D12, NERDEEDOHERPRETH D .

Pressure regulating
valve

Air nozzle | .
\ Compressed - Dlsgé%cs%r?ent
Drilled hole ar \._
LA
i . \
Space A Space B

Diaphragm

Moving at a differential
pressure of A and B

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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Measuring line for
micro-hole diameter
N TR by

Processing
trace

Fig. 1-13 Shape measuring laser microscope.

Objective lens

display

N
Measuring apparatus body Micro-hole parts

(a) Measuring instrument appearance  (b) Measuring state

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.

Metal stamping hole

Micro-hole by

electric discharge machining

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.

AEPEBLGI S CRNTE O & MesB 3~ D BRI21E, Fig. 1-16 O X 5 (20 &2 Yk L oW
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RIS 2 EDHERETE 2130, Wik fEpsg OB 2SIt Lo v F o 70+ 5
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ARRET D ENTE L. BrlEfERIZ X RNEORBZIFE IR T 22 L8 TE D
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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.
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Standard microphone
1 AP, W, AP, .
: =2 yv=y - |
Loud speaker i APz W Lo i
\\ E AP : Pressure change [MPa] i
¥ . Area Volume [mm?] |
. . VI 'AP_E 1 1
Communication tube _| L 4
1 1
u L
. V, &---___| - —
Cylinder head 0 1==7.=V+V1
Engine
combustion
chamber

Fig. 1-18 Acoustic bridge volumeter. Measure the ratio of the pressure change by the ratio

between the reference volume V; and the test object volumeV, with a microphone™ .
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Leak point
Loud speaker Circular tube pipe

Point: 0 Point: L
) )> I Measurement interval I
Lo
- Condenser /
Condenser (p(t,0)) microphone (2) (p(t,L))
microphone (1)
Filter and Filter and
amplification amplification
FFT FFT
(P(jw, 0)) (P(jw, L))
Comparison between the two points
(Pjw,0))
(Pw, L))

Inverse FFT

| Time response function : g(t) |

Fig. 1-19 Estimation method of leak location of the pipeline. Detect minute leak points in

gas pipeline using sound waves including low frequency band™ .

INHLDOHETNTN O A= b ERERAEL, AR LB O
WLV —r &%, ~A 7 uR REOER L THRET 52 & T, BHORHE
RN =7 ENOIPRBRESCYHEZIET 200 ThDH. FREZFMH Lo ARSI,
FZAE—H <A 7 BRI Lo Tl E LD 720, AR OISO Bkl L O

INLISAE S TH Y, INTHS TOMEMAIZE L7 REORENHFTE 5.

1. 5 FAMEDEHY
Table 1-1 {2 1.2 HilZ THLEA L 72 06RO rOR A H AT E 2B 1T 5, A fREES

AR E, WERERGEDS rIREN R & OFEREIIE —Fa R 27n T, AWETHRE TS CO A
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A 2 HOBHEI XN 10045 pm O 7SR EBEN RO BN TEY, REBEMAIZOWNT
IIERDEBE THLRAENAIETHS. LrL, COTAZHEIELHZ TR &L
THEEZ R TR TH L7280, MERIEDROLNLTNDZ 0, FLAMTIZE -
TEEINLIHH THOLTOMERBREN KD N TS Z ENREE LTET L
5.

AHIFZE CIIBH R L D/ % 1005 pm DAZETHRA L, FiERGE & mdAr A3 ml
REZR AR ORI 2 B0 L L, TERITITIRO RIS & 2 M AR Bl 2 42 4 4
5. TAVE TR LI A AEEHIEHmEL AR 12 K 2 D5l /OB A ORI R LT, ARBFFE TR
L 2N ER M L7 EIN LB TOFERZEE L, Fl21E, Bl o o RATHE %
W AR5 2 LS X ABHTURA R, ~ LA S ELG A LI R O A

Bfin &, FREERE LM R EFE2RET 5.

Table 1-1 Conventional micro-hole inspection technology and equipment.

Inspection Inspection
) Guarantee of Small
resolution ) speed
flow rate instrument
100£5 pm 1 sample/s
Image processing O
X © ©
system (0.1 mm)
. . A
X-ray inspection system O X X
(1 mm)
Optical apparatus for
P PP , © A X A
measuring
Measuring system usin
. g8y g © A 5 «
an optical fiber probe
. . ><
Air micrometers O © A
(<0.5 mm)
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1. 6 XFAXDEHLEER

5B 1B TIE, BT R & BUIR OB/ O TR R AR I B 2 FHI - SRR B 2 70
L, AMFEOBEMEZRLT.

5 2 BEILSURE AR U7y O A BN & 42 43 5 . ol e S C oW AR b
WX D BEWDIHNRBEHEE L, SR K > TRFFENRERR D Z OB EZRHAT S
L TR A RA TE D ERE Lz, FERIC L 0 RIS &L 2 & O S8 4 519
% Z LT, EAL 100 um OBGR/GEREIZx Ll pm ORBEEZ R CTE 52 & 2R T.
B IR B ISR LI A R v 7 Bl~ A 7 a R U TRIT 5720, R E
RALEE FEICRET D72 TREWETH L. 207D, IEEZ/NVUETE 52 L2,
INEHU T O 2 A T kG U7 2EERR G ATRECTH 5.

H3EILE B D REORENMREED Ex BRI E L, Bl 2RI L3/ o
P #4521 5. TR E SNIERE~ A 7 ak v & O TR O F @S 2 i+ 2
ZET, MR D EREE R NBERENATEETH D SRE Lz, FEBRIC KV EE 100 um
OWH7EBEITKE L, £0.1 pm O RBEZEDORENMEREE H T2 2 L 27T

B A BRIV LRV BB 2RI LT/ N ORI A 2581 5. ~ v Ak gt
INERIE, PAREAE AT 2BMONTICH D508 TR E LTOERERZL, HKIET5
ETHEERTHEBTH Y, HBEGEBIIF RO LB OO &> T
D EDREN TN DO, AREFFE CIIRAE AR OB DRI 7O i A2 Bl & L, B D
HOLAUIZ L o TNV LY AR NED L BGREFIA L, N ERET D Tk
ZOWTHET 2. REER CIIRERBNICHLE Lz 2 B — I ~EEdR5] LB
BERa AL, RPN E LICEELGFE~Y A 7 a R AL VT2 2 & THIGE
Btz ROz, BRSO TR ZIC K - T, ILREREN s 2 L 2/i8 L, R

DIRENARETH 5 Z & &RT.
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55 5 BIIATH L TIRET D, Mol /USRS U7 BB O S & 2RI LT B 5, 1%
b OFESE 2R LI RAERN, ~v ooy SEG AR H LA X

STEBLIEMREFZLODL L EBIT, SBRDOBEBERZIERRD.
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BN RERBRHIC K D RERE R

2. 1 #&

5 1 B CIIARFFE O 5 & B, BUROMM A HAT ORHH & I DN TR D L L
(2, BEEFINC L DA O DU Tl 7o, ARE IR SN L S v 7oy S &
gL L, P BRI COWMRRTAY UIZ X 2 SRR AHEE L, TR & OHIZ & 0 Mt
AT TR REZWET 5. TV AMTRLO—>TH D CO H A oV HOBHI S, &
Y OVEREZARADTZOIZEARE 100 pm OIUTK LT, SNEEAFEA LS um (ZEBET 20N B 5
Z LB BT, SR CIIREREE SN D 4 A TR v IRl A aR s B
TS ERM L, SYE LA W TR OMAE TR AT - 7o/ R B, EEL 100+

1 um ONEEZNTE D 2 L 2T

2. 2 BRERHE

2. 2. 1 REfEEREICIERT 250 NG & RO

ARTECHEZET 2 AT HAT I L0 /B2 5 1 C O Wi R ZE (AT & 5 U SR 03 2 FI
THHDOTHD. (FUDIT, WS R COBrmfEZ L & B ROEGRE RO LH 2 &
THRARMEZ MR T 5. Fig. 2-1 (R T Wi o R 2 RNk 5E s VT, 250 1
FARET 5 FWAEREIC AR T2 &, —HIEZEM 2 ([0FEH LRV XA T 2. pu B
K Dl TBZERMNCB T BB DERE, ¢ 38 L Ve, IFFZEMITHBITHEHEERT. £z,

Z2[H 1 OWrfa A A,, 220 2 Oz A, & 5.
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Space 2
Gy P2, -A2

|
Discontinuous surface Transmitted

N

IncidentI lRefI beted X

wave wave

(| py) (usfy Pr) ‘
‘\

~] Spacel y
€, P1, A

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 p; and p, , and the speed of sound in each space by c¢; and c,.

BEROFEORDLYRT I E R T EATEAS U —F L AZ IIE L ICEA OfE
ZFFD, Eq. Q-DIIRT X ) ICHEEp, & BEOEBOMEE + £k - Eudtt, Fiz
IE OB Ep S OEH c OFETHRT. 2T, A, KA, B o k1
EEu, u, ue L, THENDOFEED;, po peE T 5 E, 221, Z2H 2 TORAEE
AV —H AT, ZHIXEq22) LB, I, EIVENOWE ST AT — T OHT

, TUOUEEMAITEERANEA TE D b0 LD, ks, K L ITEROERIZHA~TH

WNSUWVE Dy E TEZREIND D, Hl 2 X A[BESRIZ 1T 55 OLEEOIRNEY, KBEEED

DR LRI UA—Z—TdH 5.
7 = & = pc (2'1)
u
Pi _Pr Pt
/i =—= = ) Lo =—= -
1 W = p1C1 2 u 1%/1%) 2-2)
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AERER S CIEI DD D G R -8 O D Bq. (2-3) & Eq. Q-4) i e 2 M2

NHY, ANFHE, SR, ORI ERE & EEOBRIL Eq. 2-5)8B L OV Eq. 2-6) & 72 5.

(0 + Pr)A1 = P4, (2-3)
U — Uy = Uy (2-4)
1 1 1 ,s
ui—plclpi. ur—plclpr, ut—pzczpt (2-5)
1 1 1 (2:6)
—Pi————Pr=—DP -
P1C1 ' p1€1 ' P2C3 ¢

%72, Eq. (23)& Eq. Q-60)&BETHZ LT, ANFHE EREEOE L p;, pr&, HEEOE

£ pe & DERE Eq. 2-7) & Eq. Q)DL HITKRDDH Z EMTE .

2A1p2C2 p:
Aipicy + Azpyrcy

Pt = (2-7)

Azpacy — A1p1€y
Pr Aipic1 + Azpicq Pi

ZITC, ZEM 1 BROZEM 2 BT OHERALERETDE, BELER T
Thd1=0, ANHEOFIE L KA OFIE E O E K Fa, AFHEOFIE L i o
TIEEDHEFBEHERLL L Eq. 2-9)& Eq. 2-10)THRTZENTES. Znbonhb,
Fig. 2-1 (ZR T WA O 7 5 BEREICB W T, BEKIENFE—TH DG A LR L

BRI R R OBIEREICDOMEFETHZ L LD,

pr Ay —4A

SR (2:9)
pi A+ A,
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B = Pr _ i (2-10)

pi A tA;

AR TG LT HEE 50 um~150 pm ORGHI U E A NG L72BRIC I 1T 5, RO
L FHIEFE % Eq. (2-9)FB LN Eq. 2-10) Bk 7-fEF A Fig. 2-2 (2R d. 25/ 1 & 250 2
O EE T i O W FE L 23 K & W DR RIE-1 12 <, 1T 8 A EDWEATH & 722 o
T2 2 Ebns. 728, Fig 22 1344 2 EBRSGEMEICEDLET, EM1 O
P 4mm & LTEELTWS.

WRIZ, Fig. 2-3 1T PO CHITE OB EICIIT 2 B O & ZRFEEZZ 2 5.
PR 7S B S G35 22 1 & 22[H 2 123 1) D AN EFe 5 S i Dy, CO RS =Ha, ,, &
BB L, 1F Eq. -9 B LWV Eq. 2-10)TH 5. T 7=, BOl I D EF AT H 2 22/ 2
& 7218 3121 B AREEEE i Dgy s TORIMN Fa, 5 L BIWHER, 5 1%, BEq. 2-11)B LW

Eq. 2-12)i2 X 0 7.

A3 — 4,

g = ———— 2-11

a253 A, + As ( )
24,

3 = 2-12

Brs = 2-12)
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2.000

2.000

1.999

1.999

1.998

Transmittance 5, _,,

1.998

1.997

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.

—— i —_—
Transmittance Reflectance -0.996

0\&\ o
S

/\

N

o

40

60 80

100

120

140

Micro-hole diameter ¢, pm

Discontinuous boundary

Surface D, 5

Reflectance: &y_ 3
Transmittance: 55_3

Discontinuous boundary
surface D,
Reflectance: ay_,»

-0.997
0.998 %

3
0.9%9 £

3
-1.000 E
-1.001
-1.002

160

Space 3: 4;

prjf

Pi f+ Pr3

Transmitted
wave Py T

Space 2: 4,
(Micro-hole)

/F

Incident
wave p.

¥

1 Pn

Reflected
wave

..

Transmittance: 51,5

-

Space 1: 4;

y

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 a;_,, -

The reflectance on the boundary surface in the space 2 to the space 3 through which

sound waves pass through micro-hole is a,_,5 . The discontinuous boundary surface in

the micro-hole is Dgi_5 and Dg,_5.
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2. 2. 2 {HICHTR OSSR A BB LI2 B R

Z2f 1 OBIE DM E 723 R Z M K3 Z L T, Fig. 2-4 O X 5 IZBUER (HE)
DEALEE L TeIET 2. BITEEREOS 2H A2 S B 62 &6, 2
B LICERT 2 ERIEOEMEZRDD Z & &T5. 70k, HERIXIRE T M & OETH
MDE L CTHDT-DRRPEHE LN LG, EOEITHMOZEMZEE L, HnoOZ%E
fizfa e U TR CRRT 22 L &5, MEROEITHFmAixs L, #EITHROEN
By(x), WHMOENZ—y(x) & LIEBEO, fElE OB 32+ 287 % Fig. 2-5 1R
T x i~ CHET IR OZN y(x) 1%, WOREW,, AHEo, Lt &4 5
Y Eq Q-13)THRITZENTED. WHEHR ERET2OICES HRHZ A TE T 5
&, wT =2nCTH D=8, Eq. (2-13)I% Eq. (2-14)TF L, WHAF A5 HHEE x £ CTiEde /-
DIZET LT /cTH Y, Eq. (2-14)1X Eq. 2-15)& 72 5. £, WELIZHOEIEK

fEE#Hc D c/f TH D=, Eq (2-15)1F Eq. 2-16) L 72 5.

Displacement in wave propagation direction

Plane wave / \.
W

Density Sparseness Density Sparseness Density

X
—_—

Wave direction
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 x. The displacement in the traveling direction is y (x), the displacement in the

reverse direction is —y (x).
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: Wavelength 4 :

Displacement V

Wave amplitude wy, | N L A A O S

Sound velocity ¢

Fig. 2-5 The displacement y(x) of the sine wave goes forward in the x direction at

the velocity v. The amplitude of the wave is W,, the angular velocity is w, and the

time is t.
y(x) = W, * sinwt (2-13)
2

y(x) =W, * sinTﬂt (2-14)
_ . 2m x (2-15)

y(x)—Wa*SLnT(t—E) -

21
y(x) = W, * sin (7 (ct — x)) (2-16)

Z2fb] 1 5221 2 ORGH I~ & x il 1E 5 S HETe A DOZENL y; 1%, Eq. (2-16)I27%
L72 DAL y(x) 5 Eq. 2-17) TRT &N TE 5. 22T, Fig. 2-3 OZER 11281
% B OB, BRI OBETR I Doy, TORHEOENLy &, BEFH Dgy_p %18 L,
BESA Dgy_ 3 TR L TR DBEDEN Ly e LEDETE D &R D, 2D, RSO

{ﬁyrz 63:) fﬂ%ﬁﬁ Dsl_zfo)é@%ﬁlaz & ) fﬁiﬁﬁ D52_3 T@}iﬁq‘%aZ—a, é Eﬁlfﬂiﬁﬁ DSI—Z
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TOBEEL, 1 EBET HDLENRDHD. Eq. (2-18) & Eq. Q-1 DEN Y Ly %

ZE[E] 12 d 1T 2 AHTIE & S OB I DAL y % Eq. (2-20) TR

2m
yi = W, * sin (7 (ct - x)) (2-17)
21
Yr1 = —W, *xsin (7 (ct + x)) * 012 (2-18)
- (2m
Vi = —Wj x sin (7 (ct + x)) * 150 ¥ Qa3 * Paq (2-19)
Ye=Yit V1t V2 (2-20)

PRI 2 50 pum~150 um & L723AI BT, 220 112381 D ASHK & AR O A
B DLy % Bq. (2-17)~Eq. (2-20)7)> 53RO TG FR % Fig. 2-6 (2~ 7. MG~ G 3
5HEW O W, =1mm, HiHzc=340m/s, BRSO x =8 mm, JAWEK f=
10Hz~f=110Hz & L CitH Lz, e w5 O x =8 mm (ki3 2 AL E I
BUD, MH7SEREE~A 7R A YT T LEOEMTHSD. Fig. 2-6 DFERD
5, MHIARORENKEL 225 2 & T, BRRIEDEN y DERMED K E < 72 2 M A e
RTE L. F, MEEREICIBT D, KINELGRELZE L T-ERIEDOE Ny, D
BRNE & P AN DO BIR % Fig. 2-7 1T, AEREERIC X 5 RERIIRE OE WA T
BT 272, FWORE % f=10Hz 2>5 f = 110 Hz £ T 2 TA IR DZENL D fie KA
ZEHR L7, Fig. 227 OFER G, BB O NS & R % G b - A ik
BT 22 & TREOMENFRER Z & &, BB IKS 752 & TREELHRAELR
TVWHEINICH D 2 Enbins.
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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 W, =1 mm, sound velocity ¢ =340 m /s, distance from boundary surface

x =8 mm, frequency f =10 Hzto 110 Hz.
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5-0.035 e f=10Hz
— A—A—A—A A A A A —A—A—A
0] =
§ 0.030 - /=30 Hz
= Dnnnnnnnnnn—*—f=50Hz
[b]
z 00 =701z
o
%0_020 c— 9o o o o o o o 0 6 —0 —o— =90 Hz
s
= —— f=110Hz
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3
= 0.010
“ H—I—H—.—.+.FH
Z
£ 0.005
5
2 0.000 1 T 1 T 1 !
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Micro-hole diameter [pm]

Fig. 2-7 Relationship between maximum value of displacement y,. 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 f = 10 Hz to f = 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.

2. 3 REFIRHICESMHENERERER

2. 3. 1 mEEKEOHE

WA B R E B T D AR 2 T 5729, Fig. 2-8 IR T OMA R % A&
Liz. MERGBONBIZAE =B XA FIvrB~vA 7aRr 2L, vA 27 0k
> O IR R & 72 DS B E S D, ks, O CE R O BN RAEH
BETWD. Fig. 2-8 11 A E5 ORGH /E D OYLRA % Fig. 2-9 1IZR-T. [F534E
Z8(WF1946B, NF Co. Ltd)IZ L W A= ~MEEFEDOEBEZUEZE AT 5 &, MARRN
DZERNZHFWDRRAET D, FAELIFRKITZZA T I v 7 ll~ A 7 akR OB AN
L, ¥4 7R WEOX AT 77 LERBISEDS. Y4777 LOERMCELV~A
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2R LB OB OZEM 1 IZh TR T EARAE L, FHILZEW 2 Th 2 mastet

DRI % i L COMIBZEM 3 IS S D . 2o & &, Ml D /RIC L > THIED
FURERBERI D Z e D, RERIC L ST A 7 R NEOXA T 7 7 LAORENC L 5
ENLOREESOEATDHI L LD, Lo T, SRS ORI %25 1 CHREh§
DA 7 aRrOEFHNEREFHIEE CE=292 2 LT, "REBEOELERIET S
ZEIMTREE 2D

Bt E TN KT D ) A R K LFHIE B ~DEEEMA D720, ry 7 A v
7 7 (5610B, NF Co. Lid)Z i L7z, EERERNOOMNEw y 74T T~
BIEEL LCANTEZ LIk, AV—DICAS LIEBRE BICEM LGB DA
HE25Z LN TE S, Fig 2-10 (TR E OB 2 77, RARGBOMEIZER THY,
RESIIIMEBEE 5S0mm, EIFBEZ 100mm ThDH. RERZR EHOEFILIY
HLTELHEIEL o> TR Y, A G OMM A ZME TE RV L) EE LkET

2.

Micro-hole parts
A Microphone

Microphone "= 7~ detection signal
AN NS Lock-In Amplifier
________ ) |\u, | YA | ==

ooooon
/ B "
Loudspeaker V U u Function generator

Sine wave for
speaker drive

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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Sound wave that passed
through the micro-hole

Space 3
AN Space 2
Sound wave from '« (Micro-hole)
diaphra N __
Phragm — ~ “ — Space 1

Diaphragm of

— .
microphone

Sound wave from
loudspeaker

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.

Function
generator

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.

2. 3. 2 mEREOERY

BRALEE TR RO REZRAE T S 720, EMNTIZ L0 RED R 5 Ak 2 1F
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B 7=, Fig. 2-11 (23 MG BN TA%(MG-ED71, Matsushita Electric Industrial Co.
Ltd)ZfEH L, JEE 100 pm D A7 > L A SUS304 D JEMIZEL de=47.6 pm 7> 5 112.8
um F CTREEEZE Z - & N Uz, Fig. 2-12 (2R sl o 24 52 17 O SRS i 14 %
Table 2-1 (ZHAFREI O SRR A RT. AR L — WD =R TR E R ER I THIE L
7o BRAEREHIEEM AT LD SUNT L2 EIC XY, MBS v v 7 RELEER
TOTDTREN R > TS, Bl ZI1E No.5 DR REHIE O 7 di=94.6 pm, 5

I D PR dy=88.4 ym & REH T 6.2 um O REFENH 5.

(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 Front side Backside Diameter
No diameter d [pum] diameter d, [um] difference [um]
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 54
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 52
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Front-side

&

(a) Backside diameter dj, = 56.8 um

de

(c) Backside diameter df, = 102.6 um

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 pm on the front and back surfaces as the hole diameter on the

front side is d¢= 109.2 um and backside dy =102.6 um.
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2. 3. 3 ZFERIIE

%

BB TAZ & 0 AERL L 7= Table 2-1 1779 dp= 47.6 pm~dp= 112.8 um O AL

BHEDWC, SOBED I EBR & A L 1. AT D 2 E— B I AN T 3 A

Uuu

50
WEA S5V &L, %% f=10Hz, 30Hz, 50Hz, 70 Hz, 90Hz, 110 Hz (2% &L,
~A7aRrOEEHIER v /AT U FICEVEEILEE. ey s A VT U IEAY
— 7 DJEWEL L W L2 G 5 0, BRMEPAMER EOREKMELERTH. FERRIT
FRAEFEHNZBW T 6 BT 2FENE L, 6 [\l5y DR HIE B EIE DR AN & FHIE % Fldk

L7z,

2. 4 EBRER
2. 4. 1 H-OBMARORERE (EBRIEICOVWT)

Fig. 2-13 I3 ERO R 5 EREIOFH 2 2T LM X ICHRE L TRE L2, &4
WHAZB T 2MHEERHEE R LTS, 6 [MIOFEBRFERIC K 2HRHIE S ORKIMEN 5
WEEFHE L, B, ERICHW a7 A4 2T U 71E, A=A OMNIEE O
BRI Uiz~ A 7 ok OEFHIIND, EEEEORKEEZRRT 570X
FkL TV, E£72, Fig 2-13 13~ A 7 a kR ORBESNOEON D EEM A2 ERL
TS 7, FEMITITER L TV,

ZORERNG, A 7 vk OE S HMEIIRAERE O RIS U TR T 2 Z LR
RS, EEdp=47.6 pm~de=112.8 pm OFHITUZ DN TIREAE LM TE L 2 L &
MR LT, F12, REIHERT 2EEEICOWTIE, KEKRTH 51T 9 BBaERE O R

BEZBRB LT W L 2R L.
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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 pm to 110 pm in diameter.

Fig. 2-14 1 6 FIOMRAEERICK T 5~ A 7 vk > OfF 5 HIMEOEERZ4 7~k LT
% . RN 2 BT EE S HMEOERERZEN/NE <, BB @I
CHEMERAENRKE W & 2R L7z, Fig. 2-13 OFERN G, BN dp =94.6 um O
B8 OE B HEIX 0.150 mV, GBS dr =105.8 pm OBE O 5 H I 0.183
mV &72 0, FEHIMEDEIX 0.033 mV Th D523, AR f,= 10 Hz TOEHEFZED
B ARAEIE 0.002 mV T 7.

ZOFERNG, REBE100 £ 5 pm DZEAKITKT D HE B D2 LEIFE 0.015mV THY, X
P& 1um H720 0003 mV ODEfLEE 72o7c. FT2, 6 FIOMEFERRIZL D ~A 7 vk Ok
HEZ-DIXH DX %R LTz Fig. 2-14 OFERN G, B f,= 10 Hz 123 TiX 0.002 mV LA
TTHDHLZEND, 0.67 um OREZEZRETE, DR<ES L um OREELHRAETE D

LRSI
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0.010

m f;=10Hz
m f;=30Hz
0.008 u £ = 50Hz
m f,=70Hz
0.006 m ,=90Hz

m f5=110Hz
0.004

0.002

Stabdard deviation [mV]

0.000

476 612 728 794 946 98.0 1058 1092 112.8
Hole diameter d; [um]

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.

2. 4. 2 H-ORMEORAEMR (BSAHEICONT)

Fig. 2-15 (T ERO R DA O£ H 22T LA & ICHRE L THRE L7ZEBO, £
BEIZBITD~A 7 0 R OBRIMERS E A= ~DANEEOMMZELZ R LTV,
ZORERND, A4 7 R ORIER L A= ~DAINEED 2 DDIEHONFEZE
(TR AR O SRS UTELT D 2 L VR EN, B de=47.6 nm~d=112.8 pm Of4
HRIZOWTIE, MAREND REELZRINTE SRR S0 Z L 2R L. £,
BAICHE AT 2 A OV T, KK TH 2135 BSREREI O REBEEE BRI LT

WZ AR LT,

38



190
® =10Hz

180 m 5 =30Hz

170
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150 )

Phase difference &
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Micro-hole diameter d;

(a) Speaker frequency f; = 10 Hz, 30 Hz.

190 A £ =50Hz
0 £=70Hz
0 4 =90 Hz

180
A £ =110 Hz

—_
~J
[=1

—_
(=)
(=1

150

Phase difterence @

40 50 60 70 80 90 100 110 120
Micro-hole diameter d;

(b) Speaker frequency f; = 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.
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3.0

mf,=10Hz

25 ® £ =30Hz
I = f=50Hz

2.0 M m £ =T70Hz
® £ =90Hz

®f =110Hz

Stabdard deviation [deg. |

476 612 728 794 946 980 1058 1092 1128
Hole diameter d; [um]

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 (TN AHZEZ K7z 6 BIOMAEFRRIZI T 2 ERAELZ T L TV D, RAEICE
32 R AR ME ERLFRZEORE R ZED /NS <, SR @ OME EEEE R AN K &
W & R LTz, JER ) £,= 10 Hz COREMERZ DR KEIX 0.5deg. Th o 72 72,
JEWELAH 70 Hz LA EIZB W TR, FRERZED K E W2 2 DOIE 5 ONMFEZED B RED
EHRODLZENPHE LN R DT

Fig. 2-15 OFERMNM D, JAWE fi= 10 Hz I2B\W T, BN dr =94.6 pm DA
DOALARZEIT 180.77 deg., WM/ dr =105.8 pm DOHE OIE 5 H I 174.53 deg. &
720, FDOFEIL624deg. THHoTm. L7=MN-T, S um H720 0.56 deg. DALFAZED
BloaFTH LD, 6 BIOFEBFERICK HEERZET 0.5 deg LN THD Z &

5, D ib 1um OREELRATE 5 Z LAVRShi.
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2. 4. 3 HEBBEOMRAE

FRA RO SR TEIMN TOFBIZ LV R &L T 3~5um BBER > TWnH 2
&8 Table 2-1 IZ X W /R EN T2, Table 2-2 1T REBI ORE R 2, RETH XA
ZTBRCBT 5, ~A4 7 a0k ODIEFHTIDFEEZRT . Table 2-2 OFERNG, REET

DIE S HIIOZETRRKTSE 0.00l mV TH Y, BEFEEICENENT & 2R L.

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

Sample Voltage differences mV
No [ —10Hz | f£=30Hz | £,=50Hz | £.=70Hz | £,=90 Hz | /.= 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
2.5 &

T L AMTEGEO—>TH D CO H AL U HOMMERNE, & otiEE{Ro
728, EA 100 pm OISR L C/RAEEES um [IZEBT H0ENH D EFHEEICTR
Nz, AR TRE LUCBRERNT, MERSBICHBRIND A 7 0l B s o
KHEZBE L, RIS U~ A 7 ak e OBRIEE 5 OR/MNZ L - THERZHENT 5
HLOTHD. Fig2-13 OMEERFER L, 6 FOERNS~A 7 0k AZ 5 EBIEHE O
RN S, RETIRE LI-BRARNNE 10011 um OREBEEZ R ATRETH D Z & 2R
ST, LIzdio> T, CO WAt HOWM/GE M DOMEZRTH 5, EAE 100+5 pm
DREBEC TS TEDLENZD.
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(1) MAICER T 2 EMEK

o /SR O BRI 2 EW DO RS Ray L, B L Va3 &, BEFEP L, B EUB, L3
% Eq. (2-9)~Eq. Q-I)IZ X W Rz, F 7=, BB R imIZBIT 2 AFHE & KO
Rl D2y, D RAE% Eq. (2-17)~Eq. 2-20)0>5:R® 7=, JEEEE =10 Hz & L7-%
BATIRNT, AR 50 um OGO G B D 2Ly, O KA1 Fig. 2-7 725 2.97x107 um
ThHY, EL100 pm O/ TOENMN OI KEIL 3.21x10° um TH DL Z &M D, Z0
FE130.24x10° pm & 72 5. EWEE A F=50 Hz & L7234 T, EAE 50 um OFGH DA
IR DNy, DI KAEIL 14.78x107° um TH Y, EE 100 um TOEN O KEIE
14.84x10° um TH D Z L5, ZDOFL0.06x10° um TH 5. L7 > T, BRI
DEFENCBT DR EBREEZBE LT, G OENN &R 5RO I-HEE,
JARES KL 952 & T, AR EOKKNROELEKE BB TE, "%
BRAELSTWE THILZ. o, ML LORNEOEME~A 7 Bk THRIL,
REEFERFHI L7 KBRS R (Fig. 2-13) I2BWTh, A= OEMNEKS=10Hz £ 3%
&, BRAREL O RN ER D= 47.6 um (2B H{5 BB 0.110 mV, [ERde=112.8 um
2B DEBEMLEIT0206mV THY, ZD7EIF0.096mV Tho7o. FHUTK L, AE
— A DB fs=110 Hz &5 &, MAERBOTENERd,=47.6 yum O & & DIE5E
JEIX 1.280 mV, Efdy =112.8 pm O & & OfF HFFEEIL 1.303 mV TH Y, € D#E1T 0.023
mV Ch o7z, Lo CHmA L ERE S b, KEK TH 513 5 BN ARBROBRE D RGE
MEWZ EDPRENTZ. ZDOZ NG, BEESf 23252 LT, i/ m o
HEROEMEZRESRHTE, JEELTRELLT W En3bhroTz.

(2) T—7SROWHMINIZIBIT DA
RERBIOREROME 2EX 28D, ~4 7 akRrOFE 50T Table 2-2 12
ARLTCIEYD OFERTH Y, REMH TO/REEITRER RICEN 2o T, BARENT

BEMTICEVERLTEBY, HEX Y v 7OEBIC LY Fig. 2-17 ITRT L 9 ITRE



[ CHRERD T2 5 TS, Table 2-1 DFUERE S 7 DR E 7RI Ld=105.8um, i 7T
dp=100.2 um TH D 72O REE TONRZEZEL 5.6 um TH Y, FEE TOREDENILE

LZ5%THD. EMLNROWIEHFIRIL Fig. 2-17 (23T X 9102, #HRO EEns T

P

M [A 2o TIRZ S REBENZL L, SIS T — SR & 7o T D . SRR % 1T
bT 256, WrinifEA 272 2 NG L A EEIFET 2 & & %, Fig. 2-18 1T T X9
IR L BRELRACENT DL LD, 22T, Kl & EmONENRT — 30k
25 %A LI EUE L, JUB 2 /R S T mSx LC 25 28I L, SErimicds i) 5
BHR & B E LB LI AR Oy, D RIS, B OBERZ RO iR %
Fig. 2-19 127”73, ZOREMNS, REDORENLRKEWGE S, BEHOIREBERREWGE
H 22 1B DA OB REMY LR L THY, T— SRICEEROREEDH D

BRAFEHZ SWT, MADBRICRE T 5 M S IREMRICEE L RN L35,

Hole diameter is large

"L_AL“

Hole diameter is small

Fig. 2-17 Cross-sectional shape of electric discharge machined micro-hole.
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Space 3 abovethe

) Reflectance a,_,
micro-hole: 4, a3

/ Transmittance f§,_,5

@y s By
Space2: | [ Ayryym  Paryom
(Micro-hole) | e . W sor Pz

———————————————— @y ﬁz—)Z'

N

Reflectance «a_,,
Transmittance £, _,,

Space 1 under the
micro-hole: 4,

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.

0.035 . _
= e T S SRy @ Js =10 Hz
2 003 - Js =30 Hz
g . ol f2 =50 Hz
= O -0 0--0—-0 -0k~ 0--0—0--0--0 s | In case of hole size with
B 0.025 O fg =70 Hz large on topside
3 w0 J5=90 Hz
2 OO O = O = O O = O e O = OO
2 ) -e-%=10Hz |
) B Y W W W WY GRS R TR Il et et
g 0.015 s = - £=30Hz
o
E - -k - /s =50Hz N
. 4 S N -0 | In case of hole size with
-?f 0.01 LB B R S -o- L=70Hz small on topside
= @O -O- fi=
E 0.005 ,7."-7-“7-.?.?. _‘.____J._, . S 90 HZ
= --t-- £=110Hz |

0 ,

40 60 80 100 120 140 160

Micro-holediameter [pum]
Fig. 2-19 Results of obtaining the relationship between the maximum displacement y. 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 y. of the

associated wave in the space 1 is the same.
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(3) BREIREEGIC K DMERRE~DRE
ITIREBRBEIC & 2825 2 5. Wil /KBRS 31T D AT & S O & Rl

Efry, a2 ROTZ Eq. (2-17)~Eq. 2-20)IFHFH c 2 Z ATV D IHEN R Th L 5HI2E

7

A EEE, EECWEE, [UEOFEBICI VAT ZEMMONTWDE. ity &

Hilc DR Z R ITITEAT Eq. 22D LV 52 54, Fig. 2-20 (ZIRFE & FH O BfR %
AT EROIREDN 10 CT5 20 C I EA LA, EHIE 178 % KEL 5. =10
Hz |2 TEAE 100 pum OFMIR 2 E T 256, Bl 178 % K& b &, A OZE

ALy, DKL Bq. (2-17)~Eq. (2-20)7> 5 FARICHRE LT 0.0l pum OZE L L FI% L 72 5.

c=3315+0.6t 2-21)

340.0

Sound velocity [m/s]

330.0
—o— Sound velocity [m/s]

3200 . . . i
0 20 40 60 80

Temperature of acoustic medium (Air) [°C]

Fig. 2-20 Relationship between temperature of inspection environment and sound speed.
When the temperature of the air rises from 10 “C to 20 °C, the sound velocity increases by
1.78%. When the sound speed decreases by 1.06%, in the case of f;= 10 Hz, it changes by

0.006 pm in terms of hole diameter.
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(4) BRERER L OREZEIZ X DA R~ D2
T, BESLCKIEDOE(LZEE LT-F#c 1L Eq 222) TR EIND. elI/kEKLE, HIX

REIE, y (IAGEROETELEAL B L O, yITTRZE KON TH 5. 1Tt LA
FIKZAKUE e DBWRIZ Bq. Q23N Lo TEEIL, KAERITE e & fIFIKAKITE e, DL TH HHH
K1 Eq. Q242 L W TPl &N 5", Eq. (2-22)~Eq. 2-24)2 X W AHxHEE @ & A 1E % D
e DRRA RO TAERA Fig. 2-21 (ORT. 22T, ZERDIEELy=20 CIZIBIT 55
c=343.5m/s & L, KEKDOETLENE EREHELNE Dby, =1.41, HRZERDHELE y=1.40,
SRUEH=101325Pa T—E & Liz. ZOFEREND, FHIHREDS 30~80 % TAAL L=, &l
130.19%KE <72, FHMN0.19 %R E L 72D &, £=10 Hz DAL /RICHE LT 0.001
um OB LRI L 72D, Fi, FRHEEED =60 % T—E THDHHEDKIEH & ME%
DOEF M DEAMR % Fig. 2-22 (237, &RUED 200~2600 Pa TZAL L7-55E, HiHlE 1.06 %)

LD, FHMN 1.06 %NS < 72d L, £,=10 Hz DAL RITHE LT 0.006 pum D2

IbEREZEL 5.
' C
. 222)
J1—§(V7W—0.622) (
7.5t

— 61078 x 100+2373) (2-23)

e
¢ =—x100% (2-24)

S

AKEBETHERZRTIHIHMEFMNICB W CL, BARREOEECBENETHIEERVEBR
FE] 2 X 20 e ), 1 I BH 7D ORERER~OFEIT DI 0D, EREIZHT

D ZEOWELORELZ FEHT 2562 EITTEERLETH L. Lo T, MARKOIR
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JERPMEE, RIEIC K > THIRERD AT 5 2 L AR L7 L CTlid T ofililc, AL
ROBEREEZHE L TR, Y T TORER RICEIEDNEN D EHRTS Z
EHUETHD.

Fo, KREERIAEEZRET o~ A4 7 a R ZREEEICHNBE L TWD Z En
O, B ZRAERIMO RICRET HZT TRV, ETEREOMK LA S Z &3 T
5. FRCT L AINTR B Y VI U720l 7 ih 22, N TBUIGIC TRl 5 (TR FTRE 2
EM~DISHPHIHFTE 5.

W
=
ol
to

Sound velocity
L8]
=
[¥8)
oo

—e&— Sound velocity [m/s
343.0 i i i ty fm/s] i

0 20 40 60 80
Humidity [%RH]

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 f; = 10 Hz, it changes by 0.001

pum in terms of hole diameter.
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3475 —1
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—8— Sound velocity [m/s]
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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 fg = 10 Hz, it changes by 0.006

pum in terms of hole diameter.

2.6 # E

ARFETIE, RSB XD AN 28R L, IS 2R 52 L Ty A7 1

B DG S EREREORE L ORRZ RO, TOMRIZL - T, IR L

R Z 5Tz

1) R EER I8 D I O N F K OB OB Al DAL &, FiftiE CoRR
FREFGEREZER L -HmAUT KD, WA 5 O E Z25H 5 2 & TR
FEZRAETED LHERIL .

2) AV—=Hh&~A 7 uiRr e NE LT RAEREE IS X o TR/ B O R 21
L, HRICITT &R ORI ON T, EAL 100£] pm D AREEERETE 5
Ze&nbnole, £, MAEIHERT 2 ERE KL T 5 2 & TRAESIREED &
52 & e Eml s ERR R O LT,

3) A=W AMEGL~A 7 a R GHESOMARENS S, %z 10Hz &35
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Z & CHEAR 100+ pm OIRFEEEZRETE D2 ERbholz.

4) JHEINT OB X0 i & EE TREDN 3~5 um IR E 72 > TO D AREHT

W, MARORERZRE CTEATGEITMEGRNED LR & ARG LTz,

Wa iz A TBY, FHITMAIRIEOIRES

JL

5) PSR EE R E BT D AR O BNLITE
T, RUEIZ X > TEALT 223, WO O R AE e~ DT/ S0,
F 7o, RETERE U7 T X DM R A AT 1, BB O fRReE) B

ARG U@ S CTRET D FIETH 7k 0@

T L TWA T2,

% 1001 pm THDH Z &,
REOMRIENARE R Z L, A 7R & A — T 2 BERIIC

E
AL CTRET DMAFIFOF T b A iEE
727 & D Table 2-3 1”44 A A1 5.

O/NRUEIFREZR 2 &, s AR AL 7N AT RE

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

Inspection Inspection
] Guarantee of Small
resolution ) speed
flow rate instrument
1005 um 1 sample/s
Inspection technology
O O © O

proposed in Chap. 2
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H3E JRIBURHIC & 2REA7VRER M

3. 1 #

FIETE, TLANTEGEO—2THLH At OB/ MIE, ootk
BEZ PR OT2DIZEAE 100 pm O /UK L TREAEZES pm ([ TEE L TV D Lk
WOETIRR LEMARNIC L VEZ 1001 pm D REELZ R TEX 52 LR L.
Z OWH IR S LT ARENR T B % N — BB SR~ DR K AR T D721, 788
KO L HIET HEEZH T 5. WAL VORI HFMITAREKNZIE L THEL 2
HECTORM &2 5720, B OBRRIRTED 72 DI Z HITHE LW IRRAZED B BREER A
ELDHETHEND. 22T, KETIEIORLMEREOR LA HNE L, St
(2 X DR R EAINT AR T 5. AR TIHEE~ A 7 aR 2V CEREZME L, &
TELT-ASEHZ DWW TR ORAEZI TV, B 100+ 0.1 pm ORBEERIHTE L2 L&
YL FE T, BAEISET D A Y ORGEENEE L SEORIESRRE & ORISR A B NNTT

HE BT, MAEICET D E/NEHEFERIC L RS,

3. 2 KRERHE
O A9~ Fil A LA AT 5 51k L LG Fig 3-1 lORT AT TE AR R
s

T5. BHSNIEAHBRNIAC =D E~A 7 aR /I L VBT TRE L L =, 3

&

X DRI IZIFZZH] 1 36 JOZER] 2 DMFET 5. BN TA B —7 2 IE5LH CHRE) L7258,

=

Z2[#] 1 OBVERIED ERMid L ONZiR 24V ik L, FEHRENCTH 55 & 72 0 il A g
. Fiz, BRI A @R U ERIEAER 2 OFESE R ST A 7 nR i inb b,
BRI A diE T D BRI L, RO TN T D L~ A 7 a5
FEBEEMNIEAET D, LIeh> T, il ad@l 5 Hilie~A 7 nh o TRitd5 2L T,

R DOTAEZ R 5 Z £ TE 5. ABATT AN 249 5 MEk 2 i A s c

51



T~

— Microphone
[space 2]\ Acoustic vibration that passed
| — through a micro-hole

L Micro-hole

[Space 1]
™~ | Acoustic vibrations caused by
driving the speaker

ﬁf— Loudspeaker

Fig. 3-1 Micro-hole inspection method.

[Space 2]

Volume 1V,
Pressure pg — p2
Density po = p

L
I

[

| | «+— Micro-hole

[Space 1]
Ry Volume V; — V(y)
Pressure py — py

Densi - Y-axis
! ty po 2P P /I\

Fal
Loudépeaker diaphragm y(t) = ypsinwt

Fig. 3-2 Conceptual diagram of inspection technology.

RE L, A—HEFTEOENE CHESE S Z LT, MR @R TSR EEE~A Y
BARATTRHL, TBREHETHHDTHS.

Fig. 3-2 [IAMADEE I Z 1T 22 1 35 L OER 2 OJE B L OBESK 277, 2 DD ZER
B/ANS IR0 TREA LM & L CI3ZeRIThnsdy b s, 2253tk okt 2 )
HLUTEEWEFFT 57200 EMR TH Y, ZEATROREITHR Y FrEic L > T %
Z LD ST ORI IRITZER 2 DIEE R~ A 7 rR L THIEL,

MRS Ko T CDMIEIEAE B R A HEE T 5. Fig. 3-2 1T LB 0B Sk
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BRNIZAE—INEE SN TEBY, ~A 7 aiy Lo oZef] 2 HEA ST
W5, ABE—DEFREL TWD & EDZER 1 BL O 2 OIS EEEE, WIHITEIp, & WIE
Epo T 5. ZORENDAL—HEEEL, AE—ADORA AL NDY(t) = yosinot T
B EEN 2 hhsD D & &, 22 1 & 25/ 2 DIENTZNE U, Lp S, BEEITp, & plTZ 0T
%. 2 DOZEMPWT B WENERTT 556, 2ZZKOREBHERIILLTO L S iIckasnd.

K K
B (B B (Pa) o
Po Po Po Po

ZITC, ok FHBEAERL, EROGEKk=14Tbhbb. F£72, ZEM 1 BXO2 IZBIT5

JEH b ZP, B L UP, & LTEq 32D X 5 IZHRT(bL, 2 DDZERNDZELDIET %
AENIE) =TT 5 LARE LTct, EIZEITERNCE LT 5 2 &b, Eq. 3-3)D X
KBTS, Py (TEEROCHEZEDIRIE, 0,_, (TZEMDESZA P 3 JOP, DN FHZER K
ER

Pp=—— , Pp=—— (3-2)
P, — P, =P, sin(lwt+6;_,)= P,sint (3-3)

PLBXOP,, MERITESZEP, — Py 1%, RS PN X D 2850T DR B9 % PR AT
FEEND, LTz k£ 5.

KR,Y,

P, = Nt (R, + Ry)? {NR; cos 2nT + [N? + R,(R; + R,)]sin 2nT} (3-4)
KR{R,Y, _
P, = NZ + (R, + R,)? {—N cos 2nT + (R, + R,)sin 2nT} (3-5)
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KNR,Y,

P,—P, =
727 N2 4 (R, + R,)?

sin(2aT + 6;_,) (3-6)

ZIT, AV—HDOEAT 7T AOEREA,, WHIAOERE AL, %W 1 OFmSEh,,
2 ODZEMDOERREV, B IOV, MEREREZC, &L, FEMOERELER, BLUR,, A—
HDEAT 7T WDOFELyy & 22 | O Shy & DYy, FERITTHEE T, BERTTHREEN, I
LD MERITEN 2 LL F D Eq. (3-7)~Eq. B-11) CEFT 5. by I Eq. (3-12) L W EHHE SN D EE

ThD.

Ashl Ashl
R, = , R, = 3-7
1 v 2 v, (3-7)
Yo
Y, =— -
" h, (3-8)
27
wA:h
N, = 2t | Po (3-10)
KChAy | 2P0
P
N = ‘/—"‘NO 3-11)
by
2 s
b, = EJ sinty/|sint| dt = 1.113 (3-12)
0

Eq. (3-6)°5 2 DDZEMNDIESIEP, — Pyld A & — B BRENE 5L &, S O mifgIc
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1.2

0.8

0.6 f,=10 Hz

0.4 /
M f=30 Hz
0.2 o= f=50Hz
55:3:;§:§:§;;umHz
00 | o= ’

0.00 0.03 0.05 0.08 0.10 0.13 0.15
Micro-hole diameter [mm]

Nondimensional pressure P,

Fig. 3-3 Relationship between calculated pressure P, and micro-hole diameter. P, 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 P, also increases.

When the speaker drive frequency is low, pressure change P; is also increases.

Ko TEILT D D35, A —IEREEEE 2B STl L &0, e s
722 DETIP, OBRE PR Eq. 3-5)22HLEHA L, Fig. 3-3 1077 . FEEIL Ag=2200
mm®, h;=50mm, C,=0.6, V;=17.5ml, V,=1.1ml, RO EFEZA, & L, EBRT
R L-RAEEOE LR U E Lz, Fig. 3-3 OFEREN D, A B — D RS E %
B & L7 BT, 220 2 DIEDNBP, N REL 2D 2 nbhd. Bik+ 2

EBRAERIZB W T RROBEAAEL N TN D,

3. 3 NRERERER

3. 3. 1 HmaE

R DA IIED PN ERE AT 2 72, SME 8.5 mm, JEE 100 um D AT > L

AGR(SUS304)Z, BB ELZ 50 um ~110 pm OFGH/ A 7 L AN OB HH i EN
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THIZ TN URERELE Lz, 7L AT L OWGEEIN T L 7=l O FE i 2 L — 88
PEEChf® L7/ % Fig. 3-4 1T, ML U7y A, £ O T EORHE B
THIHERED S um FERE <, F LALLM m2Y S um FRE R Z V. 7 LA
T U7y TR, 4L - AU - T - N Y & A TEREE L 22 SRS 6T

N DRI SEEOFBENKE 2 HMANCH 5. BEMNT LI 3m T Hickir %
INTEMOERER L2 LY, 7 VAT U738 & 1T 7 —SRICER TR R & < e
% N U 7208 % Rk = YR oeifl 4 E (NH-3, Mitaka Kohki Co. Ltd)(Z CHIE L7=. #6f<
OFNFATRIIC L 0 EAREZRIE L7 fE5% Table 3-1 \RT. 26 2 MOEHRERN D,

FEH O 7ROV TIEHIFE RIS EN T o 72 Z LD, REICB W TIWTHoBER

BHZIRWT S, REROE AR L L.

Backside -.
@=104.8 um §

Front side | Backside
@=112.4pum | o ®=104.2 pm

(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.

56



Table 3-1 Micro-hole test sample diameter.

) Front side Backside Average
Processing ) ) )
diameter diameter diameter
method
dr [pm] dy [pm] ayg [m]
Metal stamping 99.8 104.8 102.3
112.4 104.2 108.3
104.8 100.6 102.7
101.2 96.0 98.6
Electrical 97.6 90.0 93.8
discharge 94.2 88.4 91.3
machining 79.0 74.2 76.6
72.4 67.8 70.1
60.6 56.2 58.4
48.2 45.6 46.9

3. 3. 2 mAEEEE

EBRHEH LT s AT AOMMBIEE % Fig. 3-5 1R T. REVAT A1, HEROKR
TR, 155 0MH25(SA-01A4, RION Co. Ltd), 7 7 > 7 ¥ a > ¥ =1 L — 4 (WF1946B, NF Co.
Ltd) CHER S D . MAERZRIIIA =D S T o~ A 7 a R U BRE I TN D

AROMERIE XA 7TV, 2R 150mm BEOKREETHD.

T A > 2T L OBEEEX % Fig. 3-6 [T, AR SRNOEIHIC A E— I 4 FE L,

P FERZIVEE 100 pm BUT OFG7 S 2 [EE S5 & & HIT, oy SEsh o R 3agTE

~A 7 R ERE LTz, WEREHIATE~ A 7 naR s ARG ORICRET 5.

H

HEFREHIEEAE S 2Nm 2K 5, SR OMEIC IR > TH— IS EAMN T A5 R4
LCHEET S, £, A LS~ 7 ok SRR O LA~ 5 L5, HE
AUEH TR 07> H20.25mm IPIZIR EUC K D AZERD STV D, A= B L OHEE~ A
7 vk OPERER 24 Table 3-2 & Table 3-3 (RT. fEE~ A 7 BRAIE A Rk

WCE o THEELVIVERE LI LT, (R~ A 7 uR e S L5527 ) 7
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FNZE o THIE L, BEOHEHC CRHIIT 2. BEMHEHI~ A 7 ok e L7525
BOFEL~NWEBFESE LCGEHITS. 77073 a0 L—F I XEREOETE
TEAE—ICAT L, AC—ITEEE S YIRS BIREN AT 5. A —T1~D
AINEEOERE S, 150 Hz DLF OISR Z AT 528 &L, fi=5~150 Hz & %1k
SHTER L. 2070®), FaNICEIE Lz A B — 3K ERE S O alRe7e 7
V=77 & L. £, AC—I~DOAINEEOEEL, A=A YA 7 aRr DA
HVERAEZ B X 22 WHIPH CRIET A MEDRHHTH, 5V &Lz, 7B, FERPICEKIT S

HEEDOEEIL 2183 CThH o 7.

Standard
microphong

Function
generator

Signal -~

analyzer

Cyiindricam:é'tal casing
(built-in loudspeaker)
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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Standard microphone

1 .
Micro-hole test sample e | M|cror.3hon.e
| detection signal
Cylindrical metﬂQ\ '|'|'|'|' : NS N
' |
Loudspeaker :
|
Sine wave for |
speaker drive L;g E@
™ { |
AAA hE 2881
oo VV\V - Saas
[ [ =] Y [P —— - —— ] oooo
HH . ===
| |

Function generator Signal Analyzer

L-----------------J

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 Q
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/C

Frequency band 5 Hz-9k Hz
3. 4 EEBRER

3. 4. 1 HIERE

o 2 i 9~ 5 BB E S L 0 REZ RN T 208 0720, A8 —=HIZATILEE
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BIEE~A 7 R LTEEED 2 DOEFERIZZRIE L, REFIE LT, A —70
(AN T DASHBIEE B OB E =10 Hz & L, KEMTICE WINT SN dye =
46.9 um, dpe=70.1 um, dpye=93.8 pm, djy, = 108.3 um OFEFEZIRE U 7-BEO B
& ZNZEHFig. 3-7 (@)~(d)ZR T Fig. 3-7 (Q)D7FE dyyg = 46.9 um Ok JHIE U7 fE R &
3% &, Fig. 3-7(d)D dyye = 108.3 pm OB HIE L72RERIE, ~ A 7 vl L

T REE VaDBEE 105 Tholz. ZOZ E0b, JENREL 2D LR E BT 5t

72.5msec —microphone 72.2msec —microphone
2.00 — ----speaker 2.00 — --=-speaker
150 1.50
= L00 P > 100
g" 0.50 gﬂ 0.50
2 000 e 000
B 050 B 050
= =
Z -1.00 g -1.00
L]
2 150 = 1150
-2.00 -2.00
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
Time [s] Time [s]
(a) Sample diameter: d,,,~ 46.9 pm (b) Sample diameter: d,,= 70.1 pm
70.6msec ——microphone 68.6msec ——microphone
2.00 ! ----speaker 2.00 s ----speaker
150 i — 150
= 100 i Z 100
2 050 £ 050
E g
z 0.00 < 0.00
g -0.50 5 -0.50
£ -1.00 g -1.00
> =
-1.50 -1.50
-2.00 -2.00
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
Time [s] Time [s]
(c) Sample diameter: d,,,= 93.8 um (d) Sample diameter: ,,,= 108.3 um

Fig. 3-7 Speaker input voltage and microphone detect voltage (£=10 Hz). Comparing the
results of (a) dyv,=46.9 um and (d) d,, = 108.3 um, the maximum voltage V;, 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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BNEAD Z LD, v 7 a5 FEESOEE V, bRELSRD Z LD
5. —HT, AE—H~DAI L ~A 7 vk ORHEFORRZER, JEPRKEL 7%
5T, 2 DOWHORZENFLL 705 2 Doz, RENS TEEMCRHHZEIZ OV

TELEDD.

3. 4. 2 JEEEEIC XD IBOR KR

bl
e

TRATNAE A 32 BT K 2 SRR ORI E ~ DB A HER T 572, A —HIIZAT)
THEEEEE f,=5~150 Hz L AL S¥ T2, ~A 7 ak ot 2 EEISMmEETH
B8, FEEME Vi ZRODH Z L THEEL E LT DY Z &N TE, BN L OBENC L5

RAE LT 2D, BIEFIME Vi | TIKEIE Vi 05 Eq. G-13)IC L VR 7=,

(3-13)

Fig. 3-8 (Il Z il L 7= B EE B2~ A 7 ah A TR LTz & & OETEEB DI
I Vims & 7159, Fig. 3-8 Ot A EITNE Vi 2, AR TEFRIO AR dyye 2757 1
TIOJEEL S, & bRABIRENRRELS D L, ~A 7 a R DT 5 EEENME Vi I
%703, AKE CTh D55 I FMEOELEN L 7o T D, JIERBIOH TR/ hd R
PR oRk e, IR OREE OFZMEZEE,  f=150 Hz IZB W TE V=74 mV Th 5
5, fi=5Hz Tl Vin=144 V ThoTz. ZORERNG, MEIHEHT 2 A — T OBRE,
ZARER L T2 L, WERBIONREZRINT 2 0MEN m L35 Z LavbinoT-.

Fo, AC—IASANLIZEBREIEE, ~A 7 vaik o UIZERRIED, EiEhux
KRBT & iedkd DIFMZE At [s] D> DALARZE 6 [deg] ZsRb7-F#ER% Fig. 3-9 {273 Fig. 3-9
DT 2 SOWTEONAEZE 0 %, BEEHTEREID TSI dyye 27 d. AE—IIZATTT D

JERE S D% T, & U Eq. (-14)I2 X W rFAzEE RO T-.
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0 =360 — (3-14)

Fig. 3-7(a)~(d)DFEFRN D, HEFEIO /RN KRE 2D & 2 SO ORHR AT L 72
DT EDRSIVTUWED, Fig. 3-9 OFERN B JEEER £ 2R < LIS AIc B8 W TR DZ
EENKE L RD T ENbhotz. £=150 Hz & U7235A13AIEs B o I L AAFHZE 0
DEALZE TG TE TRV, £=5Hz & LTEGAE, /R & R OREHZHIE LT
BEONARZE 0138 K2 28 deg. L 72 o7-. ZORERND G, AT 2 AL L & K& R
LI oL, WEREOREE RS DN E9 D 2 Edbhotz. £, Fig 3-8 8
L O'Fig. 3-9 l\TRT L B0, MBI L 0 /O L UizfilEsRe s, 7L AT X

DGR A FT BT IERRH T, JUBTERIZEL 22 5 A3 CREHZ Il W T~ A 7

B AR DR LIZFBE D FE Vi ENFHZE 6 13 & HICE LTV D,

2.00
e EDM
O Metal Stamping Ji=5[Hz]
¥ 1.60 .
d o?
gn 1.20 '
= .
S e/~ 10[Hz]
2 0.80 - o
% . °
& . °
M 0.40 /.= 30[Hz]

* R . ®O :fj=50[Hz]
o , e = 100[Hz]
0.00 —— i 33 3 Ji=150[H7]
40 60 80 100 120
Micro-hole diameter d,, [um]

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 V;,,s measured
by the microphone. When the sample hole diameter increases, also increases the effective
voltage V.. 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.

3. 4. 3 MR

Fig. 3-7()~(IZB1F b~ A 7 v O, HERME D ESE M GET 5 £ T
BELIRNZ EIVRINTND. £IT, ~A 7 aiRy PRS2 EEOIZNE AN
LET 2 E CTOMERM T, ZRedT=. MBI L AARZENZET HIERY T, 25k 5
ZET, REYAT AR AT D T2 OIS B 2 i N 23R 5 Z L N TE 5.

~A 7R LT 20 A OBEFMEOTVIIE Ve &, A T, &L OFEETER)
T Vs & DTETZE Vi = Vg - Vs 2 Fig. 3-10(2)~(d)| 2757, Fig. 3-10 Ot L FEE 7 Ve
RN ZREEH T, 27759, Fig. 3-10@IRT, TR dye = 46.9 um OHRIERECIE, T,.=4
ICBWTIIBEZ Vg SR E VD, T,25 2B IO OER TG BEZE Vrl3+50 mV
PINIZIEL 72> T, Fig. 3-10(b)~(d)ZOWTiE, 7,24 ([ZB W TXEEZ Veel3+10 mV
DNIZIRLS 725 Z & 3bhro Tz,

F77, A=W A~ANULEEEBEREL, ~A 7okl LIZEEREO 20 By
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NEFRZE Oayg &, JEH Ty 28 DRIAHZE 6 & D7 Oyif = Oayg — 0 % Fig. 3-11 (a)~(d)IZR 7. Fig
3-11 OMEINTARZE Oq5¢ %, FRENIHIEEY T 2777, =5 IZBWUIWTHoRER X
OVEPHCT HAARZE 04361320.02 deg PIZIE L 725 Z &5, JIEEH T, 53 T=4~5 LIFRIZ T

LE LT E BT Vi 38 K ONARZEO ZE TE 5 2 LAVRENT-.

Voltage difference Fyir[V]

Voltage difference Fy:[V]

1 2 3

4 5 6 7 8 9 10
Wave cycles Ts

(a) Sample diameter: d, =46.9 um

Voltage difTerence ¥y [V]

0.10
—e— f,=5Hz
0.08 c-o=-Js=10Hz
0.06 +f =30 Hz
0.04 --a=- =50 Hz

0.02

0.00

-0.02
-0.04

—a— /=100 Hz

2 3 4 5 6 7 8 9 10
Wave cycles Ts

(b) Sample diameter: dy,, = 70.1 um

0.08
0.07 ——f.=5Hz ——f =5Hz
0.06 — fi=10 Hz 0.06 ——f=10Hz
0.05 ——Ji=30Hz & —t—ﬁ =30Hz
0.04 —a-f;: 50 Hz 0.04 ——Js=50 Hz
—— /3= 100 Hz —=—/2=100 Hz

0.03
0.02
0.01
0.00
-0.01
-0.02

—~fi=150 Hz
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(¢) Sample diameter: d,, =91.3 pm

Voltage difference ¥y [V]

0.02

0.00

—o=J2=150 Hz

-0.02

-0.04

Wavé cycles Ts
(d) Sample diameter: dy,, = 108.3 pm

Fig. 3-10 Deviation of effective voltage from the average of 20 cycles. The vertical axis
shows the voltage difference Vg from the average value for 20 cycles, and the horizontal
axis shows the measurement cycle 7;. Fig. 3-10 (a) shows the voltage difference Vy; falling
within = 50 mV at any frequency, if it is after 7.= 5 cycles. The other results show that the

voltage difference Vg decreases to within =10 mV at 7y = 4 cycles.
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(a) Sample diameter: d,,, = 46.9 um
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(c) Sample diameter: dy, =91.3 pm
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(d) Sample diameter: d,,, = 108.3 pm

Fig. 3-11 Deviation of phase difference from the average of 20 cycles. The vertical axis shows

the phase difference & 4 from the average value for 20 cycles, and the horizontal axis shows

the measurement cycle 7;. Fig. 3-11 (a) shows the voltage difference V¢ falling within + 50

mV at any frequency, if it is after 7= 5 cycles. The other results show that the phase difference

4 g decreases to within =0.02 deg. at T, = 4 cycles.

I, ETOREREZRAE LTZBRD, 20 0 OB EMEDIEIER 2% Table 34 (2

T ETCOEEEICB O CTEESENMEITR K TEB L% 10 mV OIEMERZAENH 5. Table 3-5

1% T=5~20 JE#1 £ T 16 JEHILy DOE

EEMEOFE R 2 RS, T= 1~4 AR OEEEL)

EZFR< 2 & T, BEEFEATIRRTOREIZL 2mV &/hs<kd Z bz,

~A 7 v R HFHATT D FEEFIE Vi & THE doe DEEFRZ7R LTZ Fig. 3-8 DFERIND,

WEH T 2B A =5 Hz 95 &, [EHEE dag= 102.7 pm ORI AR L2561
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FEET um H72 0 OFEFEENME Vi 28T 36.6 mV T o7, G L7 EBEFZNE Vi D
JEI T, Z & DIX B> & & 7R LTz Table 3-5 DFERMN D, T= 1~4 DELEFNMEZERS Z L T,
EREFATRKRTOBLE 2 mV L07el b 2 LRbpolz. ZDizw, 5 EHILIROE
JEFEME Vi ZRAEMEE L CTERAT 5 2 & T0.05 um OFREZEEZ R TE 5 2 LAVRENTZ
ZEnn, A7 L 00 pum OREREERHT A Z LN TE .

72, 1720 [ OEEINEV s DIFTERE0, & FEIEV, 25 Eq. G-15)IC & D KD

T- 258 C.V. % Table 3-6 |2, 5~20 JE#AE TOLEENEEL C.V. % Table 3-7 12777

(3-15)

BRI B R 22 % PIHE CEI o Tl CH D720, FHEICHT 27 —4 LiIEH &0
BIER 2RI ZREM 9~ 2 BV 5. Fig. 3-8 OFERN D, B AT 28I L~ T
A RRENS LD D Z L DR SIVTUWEA, JEEEIZ K-> THEEEDOKE S b #Ep > T
H. Lo T, MEREROIZOSE EFHGT 2 72 DITITRIEBEDAEZ B E T 2 03
W 5 1= OB BRI A KT, Table 3-6 3 L (X Table 3-7 DR O b, 1~4 JEOEEFE
MV oms Z PR 2 & CEBREAV NS 2D Z e dohotz. £z, AT 28N LMK
JEE O A EBRE /N S < 2R DD B
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Table 3-4 Standard deviation of effective voltages (1-20cycles).

Standard deviation Speaker input frequency f; [Hz]
mV 5 10 30 50 100 150
46.9 2.06 1.71 0.47 0.86 1.57 1.07
g 584 3.68 3.41 1.00 0.49 0.36 0.26
E%O 70.1 4.24 3.41 1.80 0.67 0.30 0.23
‘é 76.6 4.29 6.36 2.82 1.24 0.71 1.32
4 91.3 491 8.29 4.13 2.04 0.59 0.36
é 98.6 6.46 8.49 5.02 2.65 0.67 0.44
A 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 Speaker input frequency f; [Hz]
mV 5 10 30 50 100 150
46.9 0.29 0.24 0.19 0.73 0.86 0.71
§. 584 0.72 0.50 0.29 0.37 0.31 0.26
“S%o 70.1 0.38 0.50 0.77 0.42 0.28 0.25
é 76.6 0.43 0.83 1.09 0.68 0.68 1.33
£ 913 1.21 0.92 0.52 0.64 0.45 0.29
Lé 98.6 1.62 0.92 0.45 0.65 0.41 0.31
A 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).

CVx10° Speaker input frequency f; [Hz]
5 10 30 50 100 150
469 145 233 18.3 512 1073 573
E 584 | 118 211 179 138 164 155
§ 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
g 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
3 102.7 5.9 7.0 10.0 43 5.4 0.0
1083 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 V10 Speaker input frequency f; [Hz]
5 10 30 50 100 150
46.9 2.0 3.3 7.5 434 584 383
E 584 | 23 31 520 105 144 153
§ 70.1 0.7 3.1 8.1 7.1 7.8 9.3
é 76.6 0.7 2.4 8.8 8.7 146 389
= 91.3 1.1 1.6 2.5 4.9 5.7 5.2
'é 98.6 1.3 1.3 1.7 4.0 4.2 43
A 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

[FRRIZ AT ORERE A I L72BRD, 20 JE 5 OATFRZE 0 DIEYE(R A% Table 3-8 1277
R TEEZ 6 deg DIEHERZZ) % 5. Table 3-9 1% Ti= 5~20 EH £ TD 16 A/ OAARFE
DIEW R Y. BEIZNMETORME L TR, T= 1~4 FWONABZEZBRO T HAREHE

IRZZDOBEBNDEN T L AR I,
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Table 3-8 Standard deviation of phase differences (1-20cycles).

Standard deviation Speaker input frequency f; [Hz]
deg. 5 10 30 50 100 150
46.9 1.70 3.04 1.36 2.30 3.49 3.33
g_ 584 0.83 1.80 1.32 1.75 1.65 5.24
“S%O 70.1 0.98 0.64 1.11 2.68 1.12 4.98
‘é 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
Lé 98.6 0.91 0.51 1.31 1.54 1.66 6.31
A 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 Speaker input frequency f; [Hz]
deg. 5 10 30 50 100 150
46.9 242 1.38 1.20 1.76 2.94 3.71
g 584 1.07 1.52 0.95 1.47 1.57 5.28
“tfo 70.1 0.56 0.39 0.58 0.96 1.58 5.28
‘Q‘é 76.6 1.51 1.32 0.94 1.47 1.92 0.01
3= 913 0.31 0.98 0.88 1.25 1.58 5.78
é 98.6 0.15 0.39 0.47 1.47 1.57 5.77
3 102.7 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

A=A ~DAINE T E~A 7 vk OFHINE 5 ONAEZE 0 L REE dy, OFEfRZRLIZ
Fig. 3-9 OfEFE, WEICHAT 2815 f=5Hz £ T 5 L, [EHE de=102.7 pm OGN
A LTEAE 0 =227.7 deg. TH Y, B dye = 108.3 um OFGHI/ A MRA L7=35451% 0
=2242deg. THH Z LD, 71 um H72 0 ONAHZE 0 D2 EIL 0.61 deg. TH -7z,
L7AAEZE 0 OJEMI T, = & DIX B0 & 278 LT- Table 3-9 OFERMN G JEHEL f= 5~100Hz O

PP 2RI R OEWERZEIL 3 deg THD Z LD, FRFE dye= 5 pm (IZFHY T 5

69



fELzolz. ZORRND, AAEE O KLV bEEIZME Vi ZHET D13 5 DR DSy
fREEN RN T &b o7, ERRMIENG S 2 SDOE SOMMELFHIITLL0 S, <

A 7 vk OFHAT B EIESEZMEOARNET HIE ) DS R TIELE N2 B,

3. 4. 4 T R0OE

FERRH IR E RO SRR > TVBR, FREN X - P IcsE L CllEL
T5 T, 7 SORENAEIIC IS R SRR LT, Fig. 3-12 137 L AT L7 BlER
Bl JOBEM L L7z Es b 2 £ eh & - P& IciRE LT, B 10 Hz 1IZTHEI
LTz & & DOFEITEFIME Vi 235 Y 7L O RIBTHEIFARIZ Fig. 3-4 X° Table 3-1 2379738
D, HEMTREEF I im K& <, 7 VAN TRIEEREAS im KE 08, WP |
A&« T & IZERE LEBRICHNE Lo BEFENMEICA B AT Sz oT. LIcii> T,

1.00
o Front side Metal Stamping’_
0.80 !
O Backside
0.60

Effective voltage [Vl

= (=]
(5= -
(=] =

ot
=
S

40 60 80 1 OIO 1 ZIO

Micro-hole diameter [pum]
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.(f; =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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WRREB AR Z S\ CIREE M DONEEZED L pum OISV CEIREMI NS, T3

(CTHRAET DBRCIE, EamOREREBIAREL 2D Z N7,

3. 4. 5 SRS DOEE

WERIR DR E BRI DA, MBI ED X DI 0% T L. HEsE
L C/RERDS 0.29 mm —7E, FUREA 034 mm 205 1.56 mm £ THERD A RYVINT.LHE
L7z, FERLETGREDT ALY MIIB L Z 1 05 5 Th D, Fig 3-13 ITREHHIE L72BR
DFEEFIINE Vs EIMLRDT A7 MOBRE 7T JEIHER L7z A B — 0 DAL
[X10Hz & L7z, 7T AT MEBKREL 22D LMEEEDITZNMEIMEL 725 Z b, Al

BIETTEEIDT TR RRS I L TH BB A Z T 5 2 L b,

2.80
" 2.70
2.60
2.50

2.40

Effective voltage [V,

2.30
0 1 2 3 4 5 6

Aspect ratio
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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3.5 & &

REE TR LR HAITE, B 60 BB T 2~ A 7 ks> THRHIL,
KBNS CTe~A 7 aiRr ORESDO KRNI L > THREZHMT 26D THS. Fig.
3-8 DIAEFEBRERL LY, v 7 n R A HEEMEPLENT DMERYEZ KD, T,=
5 A BILARE DA 5B EAE OFE HE(R 2% % 7k L 72 Table 3-5 205, AF THRE L-MA BN
100£0.1 pm ORBEEZREARETH D Z LN RENTZ. LTEER-T, F2ETIRELL
TR R B O MRAEZ 1] 975 Z LN TE, EHIC CO H At OB
OREZRIEE D@ ESTHEICE, HoRESHAETHD.

(1) MAmeH

AR DWW TS, BEFEINE Vi DEMI T, Z& DIXH-D>E %71 L7z Table 3-5 DFER
Mo, T=5 LLETHIUTLE LTMERBG O D720, f=100 Hz DBEIZBWTIE, 15
0.01 s DRI Z 5 FHDHIETIUTENZ 05,0055 Z & OB & 725, f=5Hz
DOEAIZBNTE, 1EM02 s THH70H 1.0 s TEORERHZET L L LD, ~A
7 a7k EHAEE D FZMED A Z L OIFUERZE% 7R LTz Table 3-5 &, BEMRHAR LT
Table 3-7 75, MRANME 92 SR EBISAMEE TH 213 EMA o iEReD 92 Z L AVR
SNTWDN, L LTCIERE R Z 15 57212, RERIE AR 2 259 % . [E48 100
um ORI 2R U 7B DB DMREES, f=5Hz OEA1E 100£0.05 um, £=100 Hz
DYFEIL 100027 pm Th D . EDT-8, RAXGR L 72 DI O % & OFREEDREE T
FRET D MENH D0y, FIIFTER SN HRERHIC Lo THEMT 2 BRI A R 2 2
5.

(2) RS DR

R B D TR S DA T- Fig. 3-13 OFEEMND, [HAL 029 mm ORIEREHT
BOTEL, SIREDRELST AT Msm< 25 &, ~A 7 vk M7 % EEEME

TTAHZENRIINZ. TUEE 034 mm 725 1.56 mm OFPFHNICIBWTIX, A1 7 ko
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FHEEEIZNME Vs 12233 mV 2632 2 &5, 7URS 1 mm 729 OZ{EEIT 191 mV T
Hb. Fiz, Table 3-1 1R LIZBHI RAEHIEIEM 2 O CTINT. L <Y, WEIX
100 ym THD. ARRO~A 7 v A H3FHAT 2 EEREIE Vi & T dyyy DBIFRZ R LTZ
Fig. 3-8 OFER G, WIEIHEAT 2B % f=5Hz & L, B dye=102.7~108.3 um DO
AT AR LT8O 1 um 72 ) OFEEIZME Vi 2L EITIB L Z 16 mV Tho 7o,
FIEAS 1 um 2816 L7 BROFHAEIEOZAEIE 0.191 mV TH 5728, SN TIE dye= 0.012 um
YT 5L ETHD. T VAN TIZHW O DI EHE, IENKES BT D L
(T2, BIZITHIED 1 um OFPANTEIL SN TOOMEA R L7256, RS
METum BT 52 L &7 D728, RERAERERIZIL dye= 0.012 pm DFREZFZATND Z
LR L TR LERHD.

(3) ~A 7 vk OIREEFRFEIC X 2 AR R~ DR

ARECIRET DAL, Fig. 3-1 (2R3 & 9 2250 TR Ol X7z 2 DOZERD

JENZED DRI R 2 HE 5 b O TH SH. il L g 2t o~ A 7 nk iy,
k% R L7z Table 3-3 205 %, JREZERIC X - T-0.008 dB/COBELELNH 5. ~A
7 vk ORI Z7~ LTe Fig. 3-7 OFERD G, BAEIO 70 de=93.8 pm TO
FHREEE O B KAV = 0.59 V, JXEDS dyye= 108.3 pm T D FHAIEE O e KEIELV,= 1.34
V Thote. ZoOLxDFMELEOENEEZXG-16)IZL Y T U NWELAZT D L L=

3.56dB THH. LI=->T, & 1um H720 OF V24 0IE 025 dB/um & 72 5.
14
Ly =10log o — (3-16)
Vo

TR dyyg= 93.8 um~d,,= 108.3 pm OFPHNIS 1T 5 FHUELE DT~ /EL= 3.56
dB &, IREICKD~A 7 vk OREZE{E-0.008 dB/CH D, KiEN 1 CE(L L7BRICE
Fb~A 7 aRrOHNEE, RO TBRITHE T2 & 0.033 um/ C L 725, ARRA AT
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100£0.13 pm OFRAEOMIHNANATHE & OFEREZF TV D0, IREZKIZ X 57T 0.033 um/C
DFEEZTTLE D Z L, MARROGEEOHE D bR TE HETIT V. 2oz
EMD, MRENGOI PR L < EBT D 0EN & D50100E, BIEREORE 22— &Ik
DT LR, WERROFREMRES AT LANT 4 — RNy I TR EOTRPLEL R D.
(4) ABRAEHAM A E T D RALRE
AREFIHNIE S E~ A 7 0k y ERERSR L OMICRERB 2Bk 2AL T K TH 572
O, BAREO LI IZ~A 7 ukR O L FEERLEL 2%, S~ 7 ki
REICE R EOYHAN Z BT RII RO R VWKERGS TH LI OERICHREL FE
Mg HMERH D, BEICET DREITEHINE B OLES DN BRI, ~A 7
a7k O TFEORIIE A TR, Z07d, TLVANMTITRIZBT 514 v 714 28K
B AT L K0 G, IRE: EOREN D ARERENES T MEERETOFT T 1
RAERIZE L TV D EE 2 HLD.

(5) JIBROBEIZONT

FERCHEA L7277 VAT, Fig 34 IR B0 N B3RBAEL TS Z &, HEM
TIUZ2UT b Table 3-1 7> HFREE TRV pum B 570 &, I 52272 MfE R
IFENZ LAVREN TS, LavL, Fig 3-8 DFERMNG, 7L AN & L L=k
T, REDOYEERBENE LE dye=102 pm TR Y 70 TlE, W BRIEEIC R E 722E
FUIHER TE 720 Eq. G-6)5 b, BHI/AT# ORI & AHREIRMRIC 5 5 729
ARAETTELTEDEN L - TE L 2l EOZ ki TE 5723, FIRIROBRAILT
. L, WESTEEZ BRI E L7 i 2 AT 2B, HliZa R R OER %
MAET 2720 T, ERRICERESLZEET 2 0L THMOBRARR, FHIIINHIOMZES
V—r & Y, EihOMRERIEL FZBLCE 5 2 LITKRERFENH LMEHEL VLS.
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3.6 # E

AREECIL, ZBER IS L DM IR EEIN AR L, AT 2 A B O ERIK
Bk, NEOPESFRE L OBRERD-. £7o, REICET 5 5y M2 EZBRIC X v koD
7z, THHORERIZE ST, WITRTHEIR & RS-

1) Zli s JOM#ET 5 2 LI K DMy R A A R R L7z, i i L7z

B
o

FEE T E~A 7 uRTHRIET 2V AT A EWHET 5 2 8T, Wil RO ERE B

s

R 7R IR A S ATRE & 72 o 7.

2) FERHERMND, A 7wk S LT EEED T Vi (IS KD, BRI DI 24
HTExBZ Enbhotz. £77, AV—D~DANEELE~A 7 R ORBEZD 2
DOIFHIETEORFHZE D I O B A HERC X 2 Alfetk 2R L7z,

3) MRAICHEI 92 E R A FTREZR IR  ARJEE & 5 2 & ThdigRes B L, IEMH
DIXHHE BT H 2 Enboh ol JEEEE S Hz & LG, 7 100 pm (23t L
T 0.1 pm OREZEERINTE 5.

4) <A 7R T 2 EEIZMENZE T D A ERIC K VSN L. JEEEK

% SHz ICRE LTZ5E, LE LTI RE PG 2 72 OIC B R R I 1s L7205,

o, ARETRE LGB X DB RAETINE, AR TRET S i

“

WO TR D FRRED & <, TR OMRA FEENEAES 100£0.1 um THDH Z &, HiE

S

Ze O /U S TR 2 FIETH D T2 DA D IR & OPRIES FIREZR 2 &, &

BHARAL DS ATHEZR Z & 5 Table 3-10 (IR TR Z AT 5. RAEEED YA XIZHON T,

|

RER OEEZIEER S FHIIT 572012, ABRORE RIFHE A 7 aRr~A 7 akys
AL TWD Z &0, KL TRET DMETMO P TR b EE Y A XD RE V.
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Table 3-10 Performance of the inspection technology proposed in this chapter.

Inspection Inspection
) Guarantee of Small
resolution , speed
flow rate instrument
1005 um 1 sample/s
Inspection technology o O A o

proposed in Chap. 3
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BAE ALLFRLVYFMARIC & B RE7RER

4. 1 #

52 B CTHRE LA/ ORS&E ZHH LU7oaEE i, B2 10021 um DR
BRAZRMTELZLZRL, H3IRETIIIOLRIMAEREDOR L2 HE L, BHE100
+0.1 pm OREEFEE RN ATREZ e S 2 M Lo AN 2 IRE L7z, Zhbod 2508
AL, BRHI S OSSR OBE S 2~ A 7 0k DEA T 77 N TZETH
FHRTHDHT, BERZOWH GG L~ A 7 vk Z[Efh FIZEET 2 0ERH D, L
Teid o THEERENTIRISND 2 X0, ZWHTHL~A 7 uRr DEAT 77 LOIEL
D AMANZFLE SN DRI OBRAITEE LW Z LA TS D.

Z T, AETIIHRARS OB AEICHM M 2 ET 5 2 & T, ~Ladkryd
SR N AT 2B E2RAL, v~ 7 vk 2Rl EICREST & bR RS
DFEIZOWTIRET D, ~V ARV IIRERIT, A2 T 585 ONEIZH 5%
ARERE L TORFERZL, HIBT2Z L THEEARTL2EBETH Y, LBEHREIX
KEOBRMEBOMWMOIIRIC L > TEILT D2 LAURENTWNE OO F7- 0 ~jr
LAY IS Z R L 7e B EOFHITFE & LT, WREFHROIE S~ S F 23
ENTND O REE TR 2 Bl L 7 RN OF B~ o 7 a Rl &

DEHIIL, HIREEEE RO D Z L TIREEAMAETED 2 L &2RT.

4. 2 BRERHE

4. 2. 1 ~IVATRVY SR E K

AL LRV BRI Fig. 4-1 IR T X0 ICHBEHEZ AT 284G TH Y, OIS

JEAREFRS | LB 2 525 &, RasOBEBECH D3O ARIZIS U7 BT T 2
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Circular tube
diameter

Circular tube
length

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

W%, ~oL AR BB 0GR A LS HAD +5 2 & T, TOTRLE—
NADT RN X — BRI NEHT 20O THY, ZORMEZRIH L CHHEESY 7
F— X OEEREIHN IS LT BIR S ST 580808,

RN FRO BRIV ('], PV OB & d, ], REORS &
le[mm], BH ORI 5B O IE R % g [mm] , FiEZc[m/s]& T 5 & LG
JEWEK fi[Hz]iX Eq. (4-D) TR SN D, B HSHERIIMEMR TON Yy 7 VOF R E0

IIBICIE L T < DRED I HHY, 2 2 TH/S y 7 L1810 P L 00 L, Eq. (42)

IZTHIIET 5.
- LI 4-1
h = Jav o, (4-1)
d
Iy = 0.85 X — 42)

2

AV BTIL Y SRR DA H A TR £ L, BRI 60.0 mm, A S % 65.0 mm,
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HiHZ 3403 m/s L35 &, BHOEOMEE K & L JE O RFRIX Bq. @-1)22 5

Fig. 42 DX 91272 5.

Fig. 42 (ZMHAEE SLZ 05mm —E & L, HEENZRD%Z 0.1 mm 75 6.0 mm £ T
Ezl-%6EE, HAEENREDZ 05 mm —EL L, HEEESLEZ 0.1 mm»5 6.0 mm
FCEXTHG AT OWTCHIBE A2 E LR 2 md . #l21E, MEEBERD D
3.0mm, HMfEHER S8 0.5 mm OPE OHLIGHHE f13 216 Hz TH -7z,

Fig. 42 LV MEEOER L ESICL > THRBEBEENZET L2 L3RI TEY,
B 1 5 0D [ 15145 7 TSR o/ i L2 1B X 4 2 CHRIB R S A SR oD 2 = LT L 0, B s

DIRERNIRSZHRETE L Z LN HENTE 5.

g 200

-

S /

S 150

g e Constant hole depth

) O Constant hole diameter

3 100

mhe

o

é % / l\ﬂ\ﬁ\?ﬂﬂ
0
0.00 1.00 2.00 3.00 4.00 5.00 6.00

Hole depth and hole diameter [mm)]

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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2 AV LTRVY JEIRER OO B I AR AT

4. 2.
FERT L

WIZ, BIREZMENTY 7 b7 =7 femtet & W T~L Ak /Ly Hhg
Fig. 4-3 (2R 7 & 9 72kt PR

Bas NI D F T L LD o3 Ah & Hne J5 i 5 & ffead L 7=
DETIVERN Y 7 b7 =7 FIT/ER L, BERIEm25 1 Hz ~10 kHz

MR IR A %
L CORBEIRG Lo EW AT D L OBOE Lc. RAWNEROZER & Bl 1D 22/,
(2B AR oD b ERZE R & AT SEIB S RE L, H NP 1D & it LRSI ICS B Bi st
e en boundary
v (gtmosphere)
r"’ \1
i® =
A =5
Anal(ys@s area i e & EEEEE Point A
AN ™ _~- Point B
° g
Sound wave
— generate surface

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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FMZRE LT, BanBR P 0 AR 72 & Ot 51 % Table 4-1 (27”7,

B IARAT IO CTRIBRNICEB T 2 B O EEE L FE L~V O KIEL RO R % Fig.
4-4 R AR BB 19 2 AR A b % B BT 0 Point A 36 K UVAZRIfI O Point
B @ 2 D F(Fig. 4-)IZEE L, BELNVORKIEZ 7 vy b Uiz, B EEPH 1 Hz ~
10 kHz (\Z8 W T B — 7 JER I, ~ f DHER T, i HIRWER IS 1T Bq. (4-1) TR 7=
fl 216 Hz IZUTVW210Hz TH Y, 4 DO — 7 F IS E R ThH D Z & &, i
RN ZYTHDLZLE2WR L. Lo~ flIfiDEROILEF I L HAI SN D.

BT i~ BT D, ~IL ARV FERNOEIE L)L D554 % Fig. 4-5 125
AR TR, SRR Fig. 4-3 (SR LI REIR O A 0y D B Fom LTV D 78,
BN ORSEE B & SHRAMEEZ BRI L LTI PRE T LV CRIT L7272 Th 5.
Fig. 4-4 & Fig. 4-5 DFEEMHTHE RS, B OFHRLE OE M K - TILIRE EES, ~f,
TSN WVN, B SR A > FOEWNC L > THEELVCENEL D Z & 2

BLT-.

200

point:A ----- point:B

180

160

140

120

100

Sound pressure level [dB]

80
0 2000 4000 6000 8000 10000

Frequency [Hz]
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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fi=210Hz fo=2.6kHz fi=53kHz  f,=7.9kHz

Fig. 4-5 Contour plot of sound pressure level. Since it was analyzed by the axisymmetric
model, it displays only the right half range.

A~V TR VY IR AR U2 N SR RO 72 D OB EMEEL A Fig. 4-6 IO~ T. £
7z, Fig. 47 IZEBRAROEESTEB LG, REEEDIBILZTT. RERSHD
WEIZARSE I 225 10 kHz £ TOM KIS LAY = 2N L, BT L0
Point B & [f] LT Ch DR s OMIEIC 2 7 o P ARFEHE~ f 7 AR o2 A LT,
WA 2N T L= AR IR AR O FEICERE L, F3EIC CRER M A E
5. U~ A 7 v A OFMET 30.0 mm, FRAARZGHNEO R ST L€ 65.0 mm, fRA
ReaxDWNPEL 60.0 mm TH Y, Fig. 4-3 TR L72 S ARHTHEIR & AR SRO R %2 [l —
& LIz B 5RALTIHz ~10kHz DJABESRmGI LIESEAE—HICGEA5 2 LT,
MR PR G RSN IS CTe B AR AT 5. ARSI IR 15s & L. B

ARBF ORI Lo TR 2 BBE B A MAR S ICEE LB~ A 7 nk
TR L, BHESZE BRI Tl 7 — ) B H(FFT) T 5 2 & THIBE &K%
R, BRAERBIRBEOBENE MR L.
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Sound Analyzer
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— Microphone e o
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Swept sine wave for
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Fig. 4-6 Configuration of the inspection system and the structure of the inspection container.

Function
Generator

Standard
Microphone

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

4. 3. 2 fAae

AR CARERAET D720, Fig. 4-8 (TR 975 R — 7 ookl i FE N TRk 4
L, 7"d DR HHMERBIZER- Lz, IBEA—F 22 E 2 FU VLT, B

BBLZEd=05mmM»NDd=2.0mm E THREZZEZ, EMN L TIXTERBLZE d=50 um
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>

N d=110 ym £ TREZEZT-HMA ML LZ., BEREOMEHIW TN HES
100 pm @ SUS304 & TH 5. Fig. 4-9 ([ZHA RO F£ M OBEMESE {4 %, Table 4-2
ICRAERE O NIR d 2R T IREAR—Z12XK 5 RUVINTRIZOWTIET VXL~ A7
2 A= CREE d ZJIE L, BN TRIZOW L L —Y R =Rk R E

I CHIE LT,

(a) Machine appearance (b) State of drilling

Fig. 4-8 Processing of micro-hole inspection sample by jig borer.

Drilled hole (D5) S  EDM hole (E6)
d=1.65mm d=92.4pm

: 2t S S e
a¥ ¥ i e m——

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

Hole diameter

Processin

Sample No Metho dg d [pm]
El 44.2
E2 56.8
E3 68.4
E4 74.0

EDM

ES 88.4
E6 92.4
E7 100.2
E8 107.6
D1 507.0
D2 756.3
D3 Drilling 994.1
D4 1354.6
D5 1651.6
D6 2009.6

4. 4 ZEEBRER

4. 4. 1 5% 0.5 mm~2.0 mm OFH /DR SR

IBEAR—Z12 TR Y VI L7230l 7R A mkE d = 507.0 pm ~ 2009.6 pm % fRAx L
B A 2 BRI L 0 SR 72, A B D1(d=507.0 um ) Z A L, 15 538485 T 1 Hz
~10 kHz OfF 5% 15 BRI CEMERE L, ~A 7 ok 0G5l L7255 % Fig. 4-10 |2
R E Tz, WIBEEER A RO DO~ A 7 a R U PEHILTE S EmE T — U =
(FET)L, 10 [BlOBENFEEIC L 0 8L L7 fE R % Fig. 4-11 [ 7. ZORERNS, &
WEFRHTHE R & AR DL E B2 2 L 5 2 L 2l L.

Fig. 4-12~Fig. 4-14 135 MAFEHC BT 2 LB~ D FFTHE R 2R L T 5.
RRAFRBIO 7R T LA A B ET 5 2 & T, FFT B3 RRIZIG LTy 7

2L LTWAZ LR TE 5. £/, Fig 4-15~Fig. 4-17 I35 Ak
DILIG A & AT O N & DERZ R LTV 5. AR 7R & IR Rt &
DN IERRIE OABIBR R 8 D = & ZhEsd LT,
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Fig. 4-10 Microphone detection signal by frequency sweep (d=507.0 um).
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Fig. 4-11 Frequency analysis result of drilled hole (d = 507.0 pm). 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 (f7).

500
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400 — d=0.994 mm
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Fig. 4-13 Relationship between micro-hole diameter and amplitude of spectrum by FFT
processing (f3).
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Fig. 4-14 Relationship between micro-hole diameter and amplitude of spectrum by FFT

processing (f3).
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Fig. 4-15 Relationship between resonance frequency and micro-hole diameter (f;).
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Fig. 4-16 Relationship between resonance frequency and micro-hole diameter (f).
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Fig. 4-17 Relationship between resonance frequency and micro-hole diameter (f3).
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4. 4. 2 JREZ100 um LA T ORI O ks 25

KEEd = 100 pm LU T OBGHITUZ DN T b AR TR SBR 2 5406 L 72, 13X LI, N

H

L 7 AR A S UEE E1 (d = 44.2 pm) % f s U SEIR EE 2 F2BRIC L W SR 7. 55

o

FE#T 1 Hz ~10 kHz OfF 5% 15 BB CEEERGIL, ~A 7 R o nqhill LefE
5% Fig. 4-18 1T~ d. I, LR B A RO DT~ A 7 ok gl LI 5%
R 7 — U ZZSHAFFT) L, 10 BIOBENEIC L 0 SEib L2 #5584 Fig. 4-19 IR
S d =05 mm L EORAEGE L FERC, ~A 7 2R RHNE S % FFT o35 2 &
T3 OOHBERENE T TNDZ & 2R L7, Fig 4-20~Fig. 4-22 [IKMRAFEHT
BT B ISR fi~fs O FFT f#ER A2 /R LT 5. B f, & I8V TE, FFT
INTIED SBRITIE T 7 M T D9 IC28{ELTWAD Z LR T& 5. £72, Fig
4-23~Fig. 4-25 (35 MAEE O LG R & AREI O S L ORRZ R L TV 5.
FFT 3Hri I CIlI /R T LB b 8 5 Z & SRR T 723, A sl /Ut & g fE

B L ORICHPERR Z MR T2 Z LT TE o7t
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Fig. 4-18 Microphone detection signal by frequency sweep (d=44.2 um).
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Fig. 4-19 Frequency analysis result of electric discharge machined hole (d = 44.2 um).

Three peaks of the resonance frequency were confirmed.
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Fig. 4-20 Relationship between resonance frequency and micro-hole diameter (f;). At the
resonance frequency f;, 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 (f5). The

FFT amplitude level changes by hole diameter.
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Fig. 4-22 Relationship between resonance frequency and micro-hole diameter (f3). The

FFT amplitude level changes by hole diameter.
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Fig. 4-23 Relationship between resonance frequency and micro-hole diameter (f;).
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Fig. 4-24 Relationship between resonance frequency and micro-hole diameter (f).
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Fig. 4-25 Relationship between resonance frequency and micro-hole diameter (f3).

4. 4. 3 RE=IANEZLE~A 7 R RHNE S OMARZE

RAELEEICN T D A= ~DAINEF L, ~A 7 vR BRI LTIAEED 2 5DE S
ORFRZEZ DN T, AR L B T & O ERD T A= D ~DAINEHHFEIE 1V,
10 Hz~1 kHz ¥ CHEEEdmo | LIZBICRIT 2, BAREIO/ BT & D 2 SOfE O A
% Fig. 4-26 |\Z/R T, ZOFRERND, 1 IROLEFERES L0 IRWEREKICB N T, Bk
AELO BRI Ko TNAHZEN R D Z LD, Fig 427 1ZAE—I~D AJIMEZD
JAB %)Y 100 Hz, 200 Hz, 250 Hz, 500 Hz (2317 2 BAEREI O R L 2 DDE B OAL
FAORRERT. 70k, Fig. 427 133 MIOERIZ X 5 FHMEZ R L TS, JEEEN
500 Hz TIIMRAREHT L 2E W ITHEWAY, 250 Hz BL T O Gl el o sk &
2 ODIFHONARZEE ORNCFENH D = L MR TE 5. F7=, Fig 428 Ik bHE
RELD TR Z & ONABZEDE NN KE o 72 B 250 Hz TORRETH L. HaaE
DREE d=0.507 mm TOMFEZEE, d=2010 mm TORFZEDENTE L% 25 deg. T
b, Bl D REOHRERBHIB W TR CAAHZETH D10, KPR L7
ENARZEDBIR Z R I LR 2 B K& <A o ERE G H Y, 2 SDOIE 75 DONFEE

WO REZHENT 2 Z LITREETH L LW D.
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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 frequencyf,

the phase difference varies depending on the hole diameter of the test sample.

300
e f=100 Hz
Merereniiag. .,

550 L L Ao, P X s =200 Hz
& C— - A f=250Hz
B el
=.200 Wy . © f=500 Hz
3
5150
=] ® .0 N 2 S
2 100 ?

50
0.0 0.5 1.0 1.5 2.0 25

Hole diameter mm

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.

4. 5 £ =B

(1) FFT {RIEMEOHEIIZ L 5 ERE 100 um LL T O SRR A

AV LRV IS ITEq. (4-1) & Eq. (42128 L2 K 9 (IR SR O RS & B 1 i
DFGARIT & o TG JER AN 26T 5 . RAFURFO I oA B M & R 72 U TR s LG
IJENER AR T2 2 LT, RBOEEZRIETE D Z L 2R L Fig 42 N OHEHI L
7=, FEBRTIE, RER—FI12X Y RUIIT L=k D1(d = 507.0 um)~D6(d = 2009.0
um)Z A L7z & 25, Fig. 4-15~Fig. 4-17 (2o L7z K 9 (L@ ik & Sl o
R DRICAEERMEZA L TWD. B 100 pm LA T ORI L L 7 Mol 7 Ok Ak
Bt E1(d = 44.2 pm)~D8(d = 107.6 pm)iZ > T, Fig. 4-23~Fig. 4-25 (T L7= kL 9 12k
N JE B 2 & AR RO SR & ORI BT o 7o

INHDOFRERMNG, RETIERET H2Mma UKW TRER 100 um LT ORI
DWTIE, B G EE 2 RO 5721 TR A AT 5 Z E N TERNI LR
Shiz. L, L, Fig 4-20~Fig. 4-22 TIFEAEE 100 pm LA T ORAZTEHZI SOWTH, <A
7 a7k OFBEUE 5O FFT ST IL RIS UC FFT IR ZE L3 2 87 D3 hRE

T&%. £IZT, FFT irilB 02 b2 X 0 SR 9729012, IR JEEE D& LTI
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72 PO EE T L O FFT IRIEMEDOZEAIZAE B L, [EAS 100 pm LLF O 7B A 0O Al Re
BEZRD. NN BREAT HRARE El(d =442 um) D08 I H0E, Fig. 4-19 Ot R
NG fi=244.4 Hz, f,=14949 Hz, f;=4583.8Hz TH VY, Z OILBEEEIZHIT 5 KM
HiE E1(d = 44.2 pm)~ES8(d = 107.6 um)? FFT MR % K b 7245 % Fig. 4-29~Fig.

4-31 12”7,
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Fig. 4-29 Change of the FFT amplitude level by the difference in hole diameter (f;). There

is not correlation between hole diameter and resonance frequency.
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Fig. 4-30 Change of the FFT amplitude level by the difference in hole diameter (f,). 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 (f3). There is

linear correlation between hole diameter and resonance frequency.

INHDORERNG, ILIGEIEEL fi CORERZ bR E ILGHEIEE £, LU IV T,
B 100 um L FORREFEHZ OWT 6, FEHEL 70 2 A skl & @ FFT RGO 25 % 5K
HHZETREERETED Z AR LTS, BN T L7250 R s R B A
FRENBLZ 10 pm OERD Y, LBEBI LB LV fICB O TEBRARE 2L o
BWEHERTE 5 2 b, ARALERE O REMASMFIEIT 10 um TH 5 2 L 2 FERIZ
LR LTz,

(2) MEIHEATL~A 7 0k OFEIZONT

—J7, USSR £, TIX Fig. 4-29 OFEE D, REEE FFTIREORGREZRD S = &
IZEDREITHE LN Do Tc. OB E LT, AREFIETRERBNTHLOLE
B JE G 2 o F oY RIS~ A 7 R A FEH LTV AED THD EEZD
o, arsFr3HHo~A 7 ar i dd Fig 432 \ORT X912, FENEM L EEEmO
2 b A, Eq. (4-3)I2 K 5 2 ERE OFFER B Ce,p [FIOEL L LTI A DA & 72
STWAY. Eq. 4-3)ICB W Ce[FmliTFAHER, S[m’ | PAREMOEFE, d,[m]i% 2 HH

DA R
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Ceap = Z—S (4-3)
p

B~ A 7 o R ATERBEICEE LV EZNET L2720 ORI TH L7720, K&
BIEE 525 & a[EEMmNARKE <IRE) L, Fig. 420 ~7 L 5 ICEHAEEOENEZ LT S
FR L 72 %, B 100 pm LA T OMARE ZMAT 2B21E, MaAsIEN S ok
REIZIEWZ E D BRERFNOIB T XL F—REm< 20, m0IEET 2L ¥ —ic Lo
T~A 7 aR e OEEMRORESHHRELS 2D, FELHORE IICORB>TND &
R END. ~A 7 vk OREEMOMIMZ RO 5 Z & T Fig. 420 73 KL 5 722300
BT DOELAVLENRE T X D[R B 203, T OHEIT~ A 7 vk OFEFH DR A
KFLTLED D, NSRARBEEZHRET LI ENH LD, LER-T, ~A47
2R U S EET N L — RAT7OBMRICH D Z Ennh, RREHFIEICBWTIE, g
JEWEL f; Z2FIA LU CEZ100 um L F OB 2 &35 Z L3 LWV E WX 5. B 100
um LA OFEHI I DWW TS 2 B CHRE L= KR 2R L7 e, 3 =T
R LTl 2R LI-RAERAN S L TR Y, RAENRO ARG U TRA B2 3

RIDUENDD.

Diaphragm Fixed plate
(Movable Electrode) (Electrode) Preamplifier

s \

Vibrations caused
by sound M

Electric signals

Voltage change due to
the distance change

Fig. 4-32 Structure of condenser microphone.
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(3) FFT {EMEAE O BT & 2 A 0.5 mm DL _E O R
I, B DI(d = 507.0 pum)~D6(d = 2009.0 um) DA FREHZ SN T, KA R
B LI E AT 31T D FFT #HRIRE D 722 R D 7. A #E D1(d = 0.507 mm) D i
We5ix, Fig. 4-11 OFER IS f,=244.6 Hz, f,=1500.0 Hz, f;=4592.8 Hz THV, Z D
IR A 2 51T B AR EUE D1(d = 0.507 mm)~D6(d = 2.010 mm) > FFT #EM&E % K

7GR % Fig. 4-33~Fig. 4-35 2”7,
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Fig. 4-33 Change of the FFT amplitude level by the difference in hole diameter (f;). There is

linear correlation between hole diameter and resonance frequency.
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Fig. 4-34 Change of the FFT amplitude level by the difference in hole diameter (f;). 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 (f3). There is

linear correlation between hole diameter and resonance frequency.

ZNHORERND, B 0.5 mm ML EOREFEHI OV TIE, SR & FFT R {E O [
(CHEFIR 24D Z & AR LT, Fig. 4-15~Fig. 4-17 (R L2 X918, "EZLED
SIS A B 5 Z & THIEEC RN TE 5205, RIZ6 M0 FFT BENH B —
JEERHT 2 X0 b, EUEL 70 5 AR O LIS E L f, ~f310 3510 2 FFT IRIEH %
PREG L7213 9 DEEIC SR AZZ RN TE L EE 2D, BIZIE, v AZ—HF 7LD

FEUB R A % SR od THRAMER A & L TRRE L, T OMOBRAEFEHT DU TR EEHEE 4k
TOEELV NNV EFHT 2 DB TREELRET D, 72 EOMG LA IEDEH
W CcE 5.

F 72, Fig. 4-36 (XIS fi=244.4 Hz, f,= 14949 Hz, f;=4583.8 Hz|ZET 5, H
££0.5 mm~2.0mm @ KU1 T DI~D6 &, [EAE 100 um LL FORLEM T/ E1~E8 Off
EHER TH 2 FFT #RIEE 22~ LT\ 5. (B2 100 pm BL T OB IS JEREL £, T
FERAPRE, MRAREIOREEE FFT IRIBESEAICE L L TWD Z e 2R L. =
DOFERNG, B 0.5 mm L EOREFT LM bMETE D Z LRSI, WAV
BRRICHETE D EWVWZ D, BT, AECTRET IMEHNNL, MARHRNO LG
W AEZRDODD D THY, AR E~A 7 vk & &Rl FIZEE S 2 /B
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Fig. 4-36 Inspection results all test samples. FFT amplitude value at resonance frequency f;=
244.4 Hz, f,=1494.9 Hz, f;=4583.8 Hz. For micro holes with a diameter of 5 mm or less,
inspection can not be performed at the resonance frequency f;. There is linear correlation

between an FFT amplitude level and hole diameter about other samples.

W2 DD, REEEOERFFOBEICAEHEORVMEETHHZENAY v LT
FiFohs.

(4) BAEREIOME

RETHRET DREF BT~V LRV HEBHEEF AL O TH Y, A FELL
Eq. @-1)3B X Eq. @-2)I2-7T &3 0 Bk & AamlEko R L OVUR S ISR
H. LIED o THRAERBOMEICITHELZ TRV EHRITE D0, ¥4 T 770K
9 IR OB TR AR A I A HEIE L T LRV, RARBOREY, N ELT 52 LT
B O ICHEE KT T 72w, AREFIEICITHE S 20

(5) MAERIROIRFE L A/ iRhE

RRALEEITITAME 30 mm DHEHIRE RIEHE~ A 7 nR o 2 L TRY, BAR

b~ A7 Ry ORIRICEDE THE 60 mm, 5 S 65 mm & L7z, Eq. @-)IZB T,
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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.

EAE 0.5 mm~2.0 mm, XEES 100 pm OGN Z AT HBRIC, ARSI OS S
%Z 10 mm~60 mm F TEAL S B7BRICBIT 5, BasNOHEE KO % Fig. 4-37
IRT. RERBNTOR S Z2/NELT5H2 LT, MBSO IR IZ X 2L E K
DENRELS 2D D, /IO~ A 7 vk ZdE LIIBRIRO/NMUE N FEBL T &
X, RO SMREENE LT 5 AR S 5.

T L AL RV VAL U 72 B R i DWW T, TEEREOERIC LW NEAR
HELDZENHD. ARRAEITEITWHE L ORI Ko TRAER RS R D 2 &
b, R~ AZ—F 7 NE LTREL, ARG E~ A X —F 7L L g
HZETARRWMERAMTHZENTESD. £, VAT X AW ffa o N U <2,
RUVINTR O ) JEDRNREERREZRESETGEICY, FRROBRESFETAHARMEZ KR

M HZENTED. INTEGIZBWTA S M3 2 BHgALE I &2 Hol Xk A HAfr I,
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EDHRA N FTRE CTH D 7%, SNINEBIZHAE LIEARZET 5 2 LITREETH 5. Ak
FAETE B 2P/ dE S TRE TS 2 &b, WO RERRNE CERIC S
ARG ATTRETH Y, INTHGITEB T 5 SRR R EFiE L& L TomE AR
FFEhbd.

4. 6 # E

AREETIEAV LAY B G 2R U, LIgs OB OIS /i 2 B iE 3 5 2

T, REBEEMRET D TFECOWTIRE L. 77, IR LA T IEIC TR/ GH &

DR IR Z FER L, LT OREERET.

1) VLR BB 2 L 72 A @ S oW TR IR L7, Hinodt
WA e —ET 5 2 L AR L.

2) RUVIITR KON TIZ L 0 G s E 2 HE L, ~ Ly JRIRE4

ZFRIR U725 E IS TRA L72AER, 1 Hz~10 kHz OFFANIZIE N TH~fD 3 DD
LIS N BN D 2 & RS LTz,

3) BAREI O IENE DD L IGHEE OB T 52 2R L, v A 7 akR i nGh
W L7555 & @l 7 — U =258 L CRARE 2 & ORIBEOE VAR D Z & T
EAEFS £ 50 pm~2.0 mm OGN D SRR % 10 pm DO /MRFE TRINT 5 2 &N T
=7

F7o, RETRE Lo b A0y EF IS X D0 & B, ol o g

% 10 um DMREE TR TE 52 2 &, B2 icmil S TRET 2 FIETH D

7o OPAR DB B DORAEN AIRE/R Z &, v A 7 Bk Y & AV — N AR L,

PRI bl &~ A 7 AR o e [l b (RS 2 BN RN T D R E R G 0 B DN

W2 &, 15s OFESRL LIEHE2AE—DIZANTH50E RS DH 2 &) D Table 4-3

ORI R E AT 5.
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Table 4-3 Performance of the inspection technology proposed in this chapter.

Inspection Inspection
, Guarantee of Small
resolution ] speed
flow rate instrument
100£5 pm 1 sample/s
Inspection technology O O O A

proposed in Chap. 4
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WSE & W
5. 1 F&o
ARFZE IR R 2 B B9 & U726 7S O BRI DWW T, INEES TOEM
AT LT F A L 20 R FIEA R E Lz, 251 =T, TR &8RO
ORI 7R i D TR AR AL B9 2 FHA - FEEAT 2B L, ARBFEo By Z R Lz

F2ENOHAEICBOTRRE L 3 DOMATFIEL, WTHbEEEZ HW TR
AT D DR EMERIENFTRETH U, JREGI#E 2 By & U 72 fei /s o
BRAEIZHE L TWD. @ENPSEEICRETE 52 &0, HBERETHD Z & T
LTCHEFTDLZENTES., £, REMZOABERLT VT VORE SR EIZEL>T3 D
DR FIEZLNI T D T & The & 220 7R O SR DS FRETH 5.

Table 5-1 (ZHERDBGI7RATL;T & AGRSCTRE LI RATAN & Dbl — B R AR
I ORHFE TR R E Lz CO H A& o HORGM /LR 1005 pm O /A HL &
WP EORGE, S HIHHEICHRET S Z RO TV, FH2 B TRE LN
E AR L 7 R A RN C U, SO R ST C O W RS AT K D E I O U R A
HEEL, NS K o CRESEN 2D 2 & 2RI LA R 2 i & 5 LIRE LT-.
SEERIT L0 SR ER i 2 D ORI E 2 FHII9 2 2 & T, EAE 100 pm OB TES R Ik
L+l ym ORBEAEZRATEH Z 2R L. K FITREEEICNBRLIZAY ATy
IR~ A 7 a R D TRINT 2720, SR A REEE IR E T 5720 TR TR
Thd. T, ¥EEZ/ILTE 22 L0, MLB COMERREIC R Liz%E
ERANARTHD. Fio, MEIHERT 2 HEEEIKRS T2 & CREERHBT LS
T D 2 L0, REBREWGSITERE ORI RE 7225 Lo ol m R
EFEBMEETHT DL EZMER L. ZNHORREND, CO H A& HEEH DL
WAL DR AT L 7o AR A 1R R T 5 2 L TE .

% 3ETIIREOMADMREDN L2 BN & L, @it s 28 L 7ol s & B &2
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ELZ. SERIESNTEE~ A 7 ok 2 TR oER S #4562 & T,
WA D EREEE 22 RN FTRE T 2 LARUE L, FEBRIZ X 0 EA 100 pm OGRS
flZXf L, £0.1 pm OSRREEZRETCELMEEAET A ER LT, £, vwA( 71
DR UTo R RAMEN 2T 2 A A FHRIC L D B BN Uiz, A EZ 10 Hz (23
LTSGR, 28 LT 2 UG T 5 12 DI E 2RI 0.5 s Thotz. THHOFER
D, W RO EREE Bl e IR S FTRE & 72 72, CO H A BT S
DWHTCE T, W AR RRED A L RFMILOBLND, WD/ N BED
FORAZENRE L DM H D, LavL, 53 B THRE LITMA B, R4k 5 15
~A 7 iR & O TWD 7o DINTTESS CORBUREZII0H S 72008, s Ay S
DORENFRETH DH. 5% D CO H A& Y5O m AT D AN 2 12223
HIENTETL.

AT TIT A~V LRV BB G AR Ui/ NSRRI A RE L.~ ARy
AT, FAOHAZ AT 2/aEmONEICH D250 En s LToRilZ2 R L, g+
HZETEHEERTHERTHY, LEEEBUIBHR O L B DO RRIZ L > TEk
T 5. ARUFFE TIERERROB DI/ NS 2R E L, BOEOZEKIZE > TV A
R G EE N EDLBRZFH L, FJXRERET 2 FEC OV TRE L. i
EB T, RERBOARENEDLD Z & CHIBAERENE T2 L 2FAL, ~A7
AR CNEH LB B A T — ) o8 L, AR & ORREO#EWEZ KD D Z
ECRBEEERIETE D Z L 2R LTz, REEORE S MREILH 2 B0 3 ECIRREL
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Table 5-1 Comparison table of the inspection technology proposed in this paper and the

conventional inspection technology.

Inspection Inspection
, Guarantee of Small
resolution ) speed
flow rate instrument
100£5 pm 1 sample/s
Image processin O
gep g ” o O
system (0.1 mm)
X-ray inspection AN
y 1nsp O % v
system (1 mm)
Optical apparatus for
P pp . o A » A
measuring
Measuring system
using an optical fiber © AN X X
probe
X
Air micrometers O © A
(<0.5 mm)
Chap. 2 Reflected wave O O © O
Chap. 3 Transmitted
© O A O
wave
Chap.4 Helmholtz
O O O A
resonance
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DO HARTRAIIE A STV 5. Fig. 5-1 1SR B OBy O Bl 2 s L7z
BV AT DAV RT. 2B IR v /A VT T EER L CRBEICY A 7 1k
VHESEFHIL TWER, ZORES AT AT Fig. 52 1RT LI, vyrAv
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Fig. 5-1 Micro-hole inspection system for multiple-hole.

GSEEEE NN NN NN NN,
-

\{:},‘_ﬁ/

-
-
-

Micro-hole parts

Microphone ‘: - Electric voltmeter
= ™ N L >

=
Wiy

Wims MY

[Smaller than the standard]

_______ o O o E \},\EI.{{/ .
; 0 o H ISSY. — H
r=-- = [Standard hole diameter] =
i : 5
! : W/ :
i o—0o : A :
———d ___| ooooom . :
€ SEEgag @ ._“ [Larger than the standard]‘:
LDUdSpeakefr Function generator ------------------------

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