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Abstract According to the principle of synchronous demodulation, the modulation information in the output signal

of vibro-acoustic modulation test was investigated and the nonlinear interaction of sound and vibration on the crack

interface in a metallic rod was analyzed. A swept signal excitation was used to obtain a proper high frequency parameter

in the test of aluminum rod samples with different size of crack, and the modulation information in the output signal

was analyzed. It was found that the ultrasound wave in the structure can be separated into two parts. One is the

wave which passes through the crack interface modulated by the low frequency vibration, and other wave has no any

changes. The nonlinear modulation model was modified and a quantitative method for crack detection was proposed.

It is demonstrated by comparing with the ultrasonic C-scanning that this method can be used to estimate the fatigue

crack size in the metallic rod.

ÙÛÚ
ÜØÝØÞØßØàØáØâØãØäØåØæØçØèØéëêíìØîØïØåØð

ñòÞòóòôòõòö{÷òøòåòùòúòÜûÝòÞòßýüýþòÜýÝýÿòèýé
��������� å�����	�
�����
������ å����

(
�����

)��� æ ç���� î ï ö��������������! �"�#ØÞ ß!$�%
�&� � �&�&'&(&)&*&�&+òÿ&,&-&.&/&0&1&2òú3�&�

* =1>54761H16989: (51575134, 51175113, 51105033, 51205083) ;9<



508
Ý � � �

2016 �
� ö ÷ ø Ü Ý õ��������������� 	��
 æ	� ö
�	� ùúòÜòÝ����&�&�&� � å&,&-&.&/&0��&*&�&���ò÷��
� ö
��� ö
������� å����	������ �� ùØú Ü Ý	���
! þ	"ØðØñØÞØß	#	$ �

[1−3]
$

%'& Ý'(')'�'�
(Vibro-Acoustic Modulation,

VAM)
àýáýâ��ýùýúýÜýÝýðýñýÞýßýôýõýö+*ýüýþ�,

-�%�& ���
(
-�.�/

f1)
��0 - Ü Ý����

(
-�.�/

f0)å�(�)�1 þ ö32�4�5 ß�(�)�6 -
(f0 ±nf1)

å���� ö
���3��7ûß3�3� � å3.3/3	+8�93	+:�;303132ýú3�
�&�& òÞòßòö+<�=�>�?�@�A�B�Còèòéòå�D�)

[4−8]
$

Donskoy
üýþ��ýôýõ3��EGFIH�J � å�H�K�L�M�N3�

 Þ ß ö
2�4�8�O�(�)�6 - å����Øö
P�Q	?�@ � à�R
+Øÿ!�!�

[9−10]
$S�	T	�	�	�	UWVX 	�ØôØõ ! þ	"!"

Y	Z	[ 	+\	]	^	_	`	a & Y	b	c åØÞØß �
[6]
$

dfe öhg þ�� ô õ��������� �i ï æ�� ô�j å��
�!)�k öl� � á�m�n���o à %�& C Ü Ý���p�1 þ å Y
qWr =WsX
!$

Sutin
0	t	uØá	m	v	w	x	yØö{z / , -

%�&�|�} å&.&/�~�j��&-���2�4�~�jòå�0 - ÜýÝ&�
� �!�	� � ú	�	wØö��	u	�	(	)!# ! [11], Donskoy �� c ê .&/�j&1&2��&�����I�3.&/�j ! �ýö+��"�6
-	� �	�!�!�	�!*	�	�Øå	�	�

[5]
$

Zaitsev
t	u	�	�

���òïòñ��òå�(�) q�� ö+z / .3/�~�j��&132���$ÿ�, -�%�& 1òþ�� ��� ö+�3���� òÞýß � �ýß�"òå
) � å�0�¡�6 -

(n>2) ¢ u���£�¤ [12]
$Äá�¥����	�

¦�z / .&/���$òå�§��òú���¨�©���u�ª�«��ýùòúòö
U�+ ÿ�¬�­�� ù ú öl0�¡�6 - å�u�� à�®�¯ â�� ù ú
°!-	1ØþØå!�	±

[4,13−14]
$�²ëêíå	³	´	µØüØþ	¶	·	¸

�
– ¹ ��º!��»�u���� å�¼ ����� �! �8	O ö½z / ��X¾	� +Øÿ!�!�	(	)	C -	. (	)	¯Øâ	1Øþ	x	¿

[15]
$

À�Á á�m�n���¦òà�(�)&# !�� �&��0 -�Â�Ã�-
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y�F��

Â�%�� �& �, -�Â�Ã ö Â�Ã �3��2�4�, -�� � � »
u�F���	�)òö+�òó � Ì þ�, -�Â�Ã F���
 /

1 A
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0 -	Â+Ã á��	gØþ -	.	/�
�����
��
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PZT � F���� Â Ã ö���������� 15 mm,�
4 mm, ������ �!�"�#�$�%�&�'�(�)+*�,�-�.�/021

Rigol DG3061A / 0�3�4 ��5 4�6 �  �7�8 �� &�9 6;:�<>= -�.>?@� 
�A�B 20 Vpp );C�D Rigol

DS1102E E�F �  �G�H�I�J�K�L�/ 0�6+M L�N�O�EP�Q�R�Q
1 )S 9�T 4 U�V�W�X�Y 6[Z�\�] � 2024 ^�$�_ 6�����

20 mm, ` 200 mm ) 1# X�Y ��a�b X�Y 6dce�f &�g�h�) 2#∼4#
� g�h�X�Y 6ji�k�l D�m�n�oprq�s !�t�u Z2=rv S 9�T�w�x c�y�z q�s�{�| )

}
1 ~������

1.2 �������������� S�������� ,���*�,�-�.�,�� z���������6� K�L�%���� z � S���� 6 � A�B $�� z � ,���*
,�-�.�,���)������>� 6 � ,�,�� z A�B��� �¡ z �
,�¢�8�£�¤�¥�¦ 6+§ � ,�-�.�,��� �¨�©  �¡�ª�«
£�¤�¬�¢�,���J 6 � S���� ��­ [5] )+I�® = ^�V°¯1²±�³�6 -�¢�´>µ²¶�u�^�V�·�¸ 6 � ,�-�.�!>¹ � ^
V�º2¹r» � )+u 0∼3 kHz ¼2½�¾ 6+§ � ,�-�.�,��
u 1.5 kHz � 1.8 kHz ¿�¨�J 6  �¡ � ��À�Á ��­�ÂÃ )jÄ A�B 1.5 kHz J 6  �G�/ 02= � S���� ��­�6Å�Æ�:�<2= � ,�-�.�,�� A�B 1.5 kHz )� S������ *�,�-�.�,�� z�����Ç ��È 6+É�ZÊ Å°ËjÌ�Í�Î ¥ «�Ï z K�n 6+Z A�B�Ð�Ñ�Ò ©�Ó�® �Ô 6+Õ � S�����Ö ­ J�× � z *�,�,�� � -�.�,
��) ��Ø * M L � � 6;:�<>= C�D Yoder

Ø À z�Ù ,
-�.�!�" 6 / 0�3�4 ´ 5 4�Ù ,�¼2½ � 50∼150 kHz,
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Ù ,�J
� � 1 s, 7�8�?�� � 20 Vpp
z�Ù ,�/ 0�6�  
�
��%�*�,
�
��(�) Æ -�.��
� À / 0 1 « U

LabVIEW ������������)���Ó 6 u c ��� � ,�-�.z � ! � 6#" % $ %�u 50∼150 kHz ¼>½�¾ z *�,�,� p'& ))( * � � � ,�¢�8 6 ×� �G�% z / 0 ����*
��+�F 6-,�Z = z *�,�¸ i�i�. À�/ 6-0�l D�1�23 � t�4 = Ø Õ � S /�5 [18] ) 1 © � S ­�6 � ���
&�' z *�,�/ 0�7�6�8�9;: 6+Å�Æ Ø Õ �-� ==< �l D�*�,�, � p>& ×�� À / 0 �
�
? «
@ �
� [6] )Ö * 6 ×
? «
@
A * z � S /
5��
��B�J
C�D�E
FG 6)H I × M L  �Ô � � i J�6 4�Ä�K L " %�$�� z
*�,�-�.�,���)
2 MONOPOQORTSTUWVTX

Donskoy
Ø À T e {�| µ=Y�V ¾ z�Z &�[ � S

£ \ [5],
R�Q

2 ]�E 6�Z>= L
� V�` 6 H

� V�' y �^ � 6
x
� V�'�º2¹ 6 z

� V�' � ¹r) Æ £�\ =r6 �
,�¢�8�/ 0�I ��E � �

u(t) = U cosΩt, (1)

*�,�����/ 0 � �
v(t) = V cosωt, (2)

Z =
U
� � ,�¢�8 7�6�6 V

� *�,���� 7�6�6 Ω =

2πf1, ω = 2πf0 )
Donskoy _ � {�|�`  �a�b 6 K

9c: © {�|�`� F ξ:

K = K0 + αξ, (3)

Z>=
K0

� {�| ` d e   a b 6�6 α
� Z & [ $ f 6g

αξ � K0 ) ��� ,�¢�8 z�����6 Æ b 6 h J � i j
� [ F @ 6 4�Ä k�V>¾'� � l Y � % � S ))m n�o�(p�q 6

Donskoy r�s À «�t�u , 7�6�z ��v�" � �
U3 ∝ sαD2UV, (4)

Z2=
U3

��«�t�u , 7�6�6 s
� {�|�`�w 6

D
� y �

{�| � 6 )

}
2 xzyz{z|z}z~z�z� [5]

:�< o Æ � S £�\ ����� 6 4�� À / 0���6 �
��¢�8 / ����u�V2¾ z ��	�9�D�) I�� M L 3 Á 6 §
X�Y =�� u�g�h�J 6 � À / 0 ,�� = ¥ ��­�z * tu , À�Á 6-� �2� Z2=rc������ u 7�6 � S 9�D�)�
� Â�y�l D
�
�
��� – �
F G ×
� À / 0 �
� 3 � i
J�3 Á 6 � ,�¢�8 � *�,
��� A � c����
u 7
6 � S 6-�
� u�,�� � S [15],

Å�Æ � À / 0
I
��E � �
Sout =V0(1 + ma cosΩt) cos (ωt + mf sin Ωt) +

U ′ cosΩt · · · .
(5)

Z2=
V0

�  �G�/ 02= � � S *�, 7�6�6 ma , mf

i
k � 7
6 ��,�� � S
� f�)+��( � S /
5�� e u�*
,�¸ i V0(1 + ma cosΩt) cos(ωt + mf sin Ωt)

=r6 ×Z ����1�2 3 � 6-H�� o a�b / 0 cosωt
I�"��

|

V0(1 + ma cosΩt) cos (ωt + mf sinΩt) cosωt =

V0 cos (ωt + mf sin Ωt) cosωt + V0ma cosΩt cos (ωt + mf sin Ωt) cosωt =

V0 cos2 ωt cos (mf sin Ωt) − V0 cosωt sinωt sin (mf sin Ωt) +

maV0 cos2 ωt cos (mf sin Ωt) cosΩt − V0ma cosωt cosΩt sin ωt sin (mf sinΩt) =

V0

2
cos (mf sinΩt) +

V0

2
ma cosΩt cos (mf sin Ωt) +

V0

2
cos 2ωt cos (mf sinΩt) +

V0

2
ma cos 2ωt cosΩt cos (mf sin Ωt)−

V0

2
sin 2ωt sin (mf sin Ωt) −

V0

2
ma cosΩt sin 2ωt sin (mf sin Ωt) + · · · .

(6)

Æ J � S /�5�� 3 � % � , 6 × Z ��� � ��+�F I�" � S /�5 SSD,
H " (6)

=rz�Ì
2 � �
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SSD =
V0

2
cos (mf sin Ωt) +

V0

2
ma cosΩt cos (mf sin Ωt) =

V0

2
J0 (mf ) +

V0

2
ma [Jo (mf ) + J2 (mf )] cosΩt + V0J2 (mf ) cos 2Ωt+

V0

2
ma [J2 (mf ) + J4 (mf )] cos 3Ωt + V0J4 (mf ) cos 4Ωt + · · · ,

(7)

|Z>=
Ji(mf )

����«������ ��� f (i = 1, 2, 3, · · · ), D
©�×�" (7)

=rz
	
� m � ��f����
�

 [19] ) Æ J �S /
5�� Á � � ,�¢�8�� Z�� t�� F�,���( z / 08�i
(
H �

2 ��� Z A * z ¸ i ),
,�Z�i�k ¶�� �

SD1, SD2, SD3, SD4, · · · ) Ä ^
� i 
 (
�

1 � ) ���
¶
� � SD0 )

K
��" (7)
I o 3 Á 6 � S�� f ma � mf

I �
� SDj(j = 1, 2, 3 · · · )

" % �
ma =

2SD3

SD2 + SD4
, (8)

J0(mf )

J2(mf )
=

2SD1 − maSD2

2SD3 − maSD4
, (9)

V0 =
2SD1

ma[J0(mf ) + J2(mf )]
. (10)

m�n�" (8) — " (10) �
� " % � S�� f ma �
mf ,

H
I ×  �¡ ¾�¢�8 � �
�
�
	�9�D
�
� Ç����z�i J�6 H�u Æ � � (�× Z ¾²¸
� 
 � ��¶ 
��
��)
3 ������ �!#"#$
3.1 %
&����
&
'
(
)
*

:�< o 2# X�Y ��+ 6-, �²*�, � ��-�.�,�� zA�B �
��) Q 3(a)
�

2# X�Y�u Ù ,�-�.
� M L  Ô 6 o�J�, Q z�. "���E 6�Æ J � S���� � Á � J�,Q = × � *�, (x º ) � � , (y º ) /
0�� z
1 
 ­2
(z º ) ) 1 © M L = � ,�-�.�,���3�4 c F 6;Å�Æ� S /
5 i�5 � ��6 º�N
��) � S������ -�.�*�,����6 � Á �+� S 1 
 ­ 6�7 *�, i
5�c
8
9�6 � "

%���È z � S�� Ô 6 -�.�,�� � A�B � * � S 1 
­ 6 × � z *�,�,���) :+<>= 2# X�Y A�B z *�,�-
.�,�� � 141.5 kHz,

Q
3(b)

�
2# X�Y�u Æ *�,�-

.�� z  �G�/ 0 ,���)-m
n Æ !�t 6 1#, 3# � 4#

^�V�X�Y�] A�B z *�,�,�� i�k � 116 kHz, 94 kHz

� 112 kHz )

(a) :<;<=<;<><?

(b) :<;<@<;<><? (f0 = 141.5 kHz)}
3 Az| 2# B<C VAM D<E<F<G

3.2 H
I
J
K
L
MQ
4
� ^�V�X�Y�u � ¯ Ö�N -�.�,��
�
� À /0 1 2 3 �� �Ô 6 1 2 3 � Ì Ó�× � À / 0 � ��*��

+�F�o
O
P � ,�¢�8 z�����6 Ñ�t L�
 Z SD0∼SD47 Ã H
�
� � S�� f ma � mf )1 Q
4 L "�z SD0 ∼SD4

7 Ã � 1�Æ ��� " %z Ê * , � F 7 6 V0

R � 1 ] E 6[Z = SD00 =

J0(mf )V0/2 ) 1 � I�Q�6 SD00 <SD0,
H

SD0

=²c��
�
R �
S � � S z *�,���F V0 ��¦�/�5�)T

1 U<V<Wz}<X<Y<E<Z<[z}z~<\<]<^<_<F<G
B<C SD0 SD1 SD2 SD3 SD4 ma mf V0 SD00

1# 4.673 0.03659 0.001782 0.0004582 0.0004839 0.4044 0.28 0.1827 0.0896

2# 0.09182 0.0008884 0.003371 0.0003112 0.0002629 0.1713 1.527 0.0141 0.0035

3# 3.583 0.05246 0.01312 0.0008418 0.00478 0.0941 0.306 1.1287 0.5512

4# 0.3939 0.06706 0.02104 0.003788 0.01069 0.2388 0.544 0.583 0.2703
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}
4 Az|<B<C����<X<Y<U<V<Wz}<F<G ((a) #1; (b) #2; (c) #3; (d) #4)

4 QOROVOX �������
	���
����
4.1 �����
(������������1 © : I�®�u
1
2 3 � �
� Ì���,  �G�/ 0�=z � ,�¢�8�/ 0 O�P 6 m n 1 2 3 ��Ê � 6 SD0

=²z
1 
 R
1 / ¯ ©� �G�/ 02= ,�� � ω =2πf0

z *�,
��) m�n�" (6) — " (10), _���V = a���� S z *�,
��F 7
6 � y ©�� 1

= ��� " % z V0, ������V =z *�, ��F 8 a���� S 6 � h *���� " % z ^�� i 

SD00

� � I���]�L SD0 � y�6 Ä�� 1
=r6 ×�]�¥�X

Y 8 ¥ SD00 <SD0,
H  �G�/ 02=rz ,�� � ω=2πf0z *�,�� c�� � e�a���� S z ��F�/�5 (V0) )���(

r � 6 _ ��V =²z *�, ��F i � ! ¸ i � « ¸ i ���
g�h " # � � ,�¢�8 � 	�9�D (V0), $ « ¸ i � c �� , � S (V1),

! ¸ i / 0
8 ���� �G������ À 6 RQ
5 ]�E�)
m�n Q 5 ]�E�£�\ 6  �G�/ 0 � ��E � �

S′

out =V0(1+ma cosΩt) cos (ωt+ mf sinΩt) +

V1 cosωt + U ′ cosΩt · · · .
(11)

× Z *�,���1�2 3 � 6+Z ^
� i 
 � �
S′

D0 =
V0

2
Jo (mf ) +

V1

2
. (12)

1 " (12)
I
Q�6 ^
� i 
 S′

D0

= � e � � S *
, V0 � Î � S *�, V1 /�5�)

}
5 xzyz{z|�%�&z}z~z�z�

4.2 ��'
%
&�(�)
L
M: I�® = g�h 8 � * U q�s�{�| 6 Å�Æ V = {�|` w,+ ��6 � � S ��F (V0 ) -�V = ��F ( .,/ V0+V1): + + ��6 u Æ � ! � 6   $�*�, ����u�^�V 6�0 `
( z 1 
 i 5�6-H�I ×�g�h�w�x�����¶�
21 ��) :
I�® = ^�V ^43 / 20 mm,

1�Z ,45 p�& (
Q

6)
I

Q�6 u :�< ] A�B z *�,�,���¼>½�¾ 6 ��F�u�^�V =
o L(0, 1) s�F .�6�7�8�6+Æ J���F�F�` � ©�V�' ^3 6 r�L���� 1 
�u�^�V 6�0 ` (�¨�9 8
9�i
5 )

}
6 Φ20 mm Az|�:�;�<<;�=�>�? ( @�Az��B )
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/
� « 2 � ¶�*�,
��F 1 
�u�^�V 620 ` ( zi 5���!�6+: I�® = l D LS-DYNA ����£���^�V=�� , � � z 7 8 � / 6 Q 7 / Z����  �Ô�	 Z>= -
. / 0 u · ` - . 6�
 ¹ 7 V º ¹ 6 C+D
�
� *
�

(a) ���<><?<X<Y ( ;�� 120 kHz)

(b) ���<><?��z|��<:<;����

(c) ���<><?������<X<Y

(d) ���<><?������������������<X<Y}
7 ���<><?��z|��<:<;����z���

9 � F ! " 6 � ��/ 120 kHz,
� � J���/ 10 ms,

R
Q

7(a)
	 K
����F�u�^�V =rz�7�8 # � 6 R�Q 7(b),I�3 Á �
� 1 
�u�V = o�¨49�N ` F z�.46 ¹ Ì478 	 u�×�$�· ` =²v�% u�& i�k�Õ 3 U�K�L�n 6 Ñ t

/ A ' B � C, (�G Z º2¹*) + , - . R�Q 7(c),
I

Q / # 0 B « 1 J�� ( . 1 ms) * . Æ 3 n ) + , -H v32 « ¶ 7 Ã34 c�0 F @ . Å�Æ
I _2/�u�5
� M
L # �76*. � � � 8 c�h 9 ��F @ 	 Q 7(d) /�� 8: ¶ * � n z � À ,�- (

Õ
4.92∼5.00 ms),

I o�; Á
6 v ) ³ ¢ 7 Ö � . u�& � Ö�� . É
8 u 1 « f�
�<
¾�. g�= k�> © !�?�@ 1 9�Æ 3 n ] " ,�-�u ��)�A
1
2 	 Å�Æ _4/ � � �3B 1 
�u�^3C 640 ` A I ¨
9�/ 8
9�i
5 .-4�Ä D @ ¶�

�
� # � 	
4.3 E F
H G H IJ A3K3L3M �
� A3.ON3P�Q�R3S�T3U�V�W3X�YZ�[�\�]�^ 
�_ 	`J�a�b�c ^�d�e 6*.`f�B g [ J�h
C3i 03j A3k493l3m3n�o3.Op�q�r3s j3t�u�h C�iv j3t3wyx{z3|3}3~3�3� V3W3�3� ^ f3B3�3� (V0)u C76*f B � � � ( � } V0 + V1)

w7x*�

DI =
S0

S
≈

V0

V0 + V1
, (13)

� 6 S0

} r s j t . S
} h C i v j j t .��76*�� � � � � � V1 �*� � � � �

V1 = 2S′

D0 − V0J0(mf ). (14)

� q \ ] � � V0, V1 � DI � � 2 � � �
�

2 ������� VAM �� �¡�¢
��� V0 V1 DI

1# 0.1827 9.1688 1.95%

2# 0.0141 0.1766 7.39%

3# 1.1287 6.0636 15.69%

4# 0.583 0.2471 70.23%

}3£3¤ q3¥ _3¦3§3¨3©Oª h�«3¬�­3J�® k3r�s¯ v ° ©O± ² ³ f C ´ µ ¥ _ ¶ · r s ¸ ¹ �Oº £»{¼ ² ^3½3¾ ~3¿3À3Á3Â f3Ã3Ä3Å ^3Æ3Ç3È3É ³ f
C ´ µ ¶ · Ê Ë ©OÌ Í »*Î �3Ï } 20 MHz,

¶ · Ð
Ñ � Ð 8 �3�3� ±3² MATLAB

\3]yÒ{Ó �3�3Ô �
�3� j3t3u3h3« i v j�t3wÕx © z � h3«�¬�­yÖØ×
r3s j3t3Ù � v j3t3wyx{Ú3Û � } 0%, 5%, 19% Ü
70%,

u � 2 Ý Þ U x �7ß © N P Q R ^ Z [ ¥ _ z
Ô ¦3§3à3á \ Ý3â Ö{× r3s3ã3ä ©Oå X3S�æ ¤ º3ça b d e ^ ¦ § ¨ �



4 � � ��� ����� «7Ö	��
 r s u���� /
³ f�
���� ² � � Z [ ��� 513

(a) 1# (b) 2# (c) 3# (d) 4#�
8 ����������� C ������� ���

5 ���
(1) ����� æ� ��! Â © n M ç ��� f � � ¶ ·»#" �$�$�3u3�3� ³ f$%$& J r3s$' j$( ^ 
$�$�² ��)+*�º+, ¶�·+-+.+/ %+& »Ø^ ��� %+0 ©�1+2�3�$3$4 ^ �3� ³ f z n }$53× n © �y» S × n J

r3s$' j$(3u " �$�$� %$&$
+�$� ²3©76 S × n$89+: u3�3� � ²3©�; J q$<$= (3a�b ç !+> ^ �3�d e �
(2) ��� a b ^ � � d e © Q R S T�? ^ r s ã

ä Z3[ ¥ _3©�@ J3�3� ³ f�g [ k+A3l�m$B�o ^$C4 � © r3s j3t3u3h3« i v j3t�wyxØz�|3}�~��3�
V3W3�3� ^ f Ó �3� (V0)

u3« » f Ó �3�3� ( � }
V0 + V1)

wyx � u ³ f C ´3µ3Ý3Þ3U x �yß © q3¥_ z Ô ¦3§3à3á \ Ý3â Ö{× r�s3ã�ä ©Oå X3S�æ ¤
º ç a b d e ^ ¦ § ¨ �

(3) q Zy[ ¥ _ED#FHGHIy²HJHKHLHMHN â 4
(
«O4 � ), UOPOQ
Ý
â ÖO× V
W Z
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������������ "!�#" �$�%"&�'
(*),+,-,.,/,-,0,1,2,3,4,5*6*7,8*9,:*;,<*=

1(a)>@?@ACB@D@D@EGF
Φ20 mm H@I ACJ 200 mm, K@L D@M H

I@N@O@P@Q@R 3@S@T@U@V@AXW@Y 8 mm, Z@[ D@M@(@\@U@V@]^G_ N +G-G`GaGbdcfeGg,F 1 A, h -GiGjGkG-GlGmGnGoGp.@/@Aq-@0@F
112 kHz,

.@/rc�s
20 Vpp

]q= N 2@3@4@5@67
(MI) t@u F@2@3@v@- (f0 ± f1) w@x - (f0) y 7@zr{�|

MI = 20 lg
Am−n + Am+n

2Am

,

} N Am

F h -�~�� (f0 ) y 7�A Am±n

F�2���v�-
(f0 ±f1)

y 7G] ^G�G� ?G\GUGVGDGMGBGDG�G�GA��f=G�G�GAC+,-G.G/-@0@�
1.5 kHz � 1.8 kHz

;@�@�@AC2@�@4@5@�G�G�G6G]
�,�,�,� 1,\,U,V H,I,� j ANSYS �,� +,-,� �,�� A�.@�@b@o@�@� H@I@�@� A F@¡G9 �@� A � �G¢ 0.1 kg (

.
�@b@�@£@¤@E

0.06 kg+ ¥@¦ 0.04 kg) §@¨@N@©@ª � ?@A¬« H
I@N ¤ § S@T@U@V@­@¢@W 8 mm, ® 0.2 mm §@¯@° � ?@]±�²G�G�G:G;G<G=

1(b)
>G?GA

1.5 kHz � 1.8 kHz
gGF HGI� �@�@� 1 §@Q@³@´rµ � � -G0GAf«G.G/@-G0G� 1.5 kHz

;
�@�@A } �@£@¶d·f¸G¹GUGVGºG» �G¼G½ A¾2G�G4G5G¿GÀG�G]
Á �@Â@Ã N@Ä@Å � -@0GFG+G-G.@/¾-G0G]

(a) ����Æ���Ç�È (b) É�£�}���Ê�Ë�Ì�ÍÎ�Ï �
1 Ð�Ñ�É�£�Ò�Ó�£�Ô�Õ�����Æ���Ç�È�Ö�×


