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Abstract Based on the modal interaction method, this study presents a structural-acoustic coupled model of a rect-

angular enclosure consisting of two flexible panels on opposite sides of the enclosure. A simplified relationship between

the panel parameters and the NVH responses of the coupled system is derived. Using this modal, parametric studies

aiming at reducing the total weight of the structure and simultaneously improving the NVH performance are conducted

for cases of single flexible panel-single excitation (SPSE), dual flexible panel-dual excitation (DPDE) and dual flexible

panel-single excitation (DPSE). For the SPSE and DPDE cases, it is found that in the low frequency range the sound

level inside the cavity is most sensitive to the panel thickness, then to the panel modulus, and nearly independent of the

material density. It is therefore concluded that a panel with larger thickness but lighter material may be able to reduce

the structural weight and low frequency sound level simultaneously. For the DPSE case, proper lightweight design can

enhance the coupling effect between the motions of the two flexible panels in certain frequency range, especially around

the lower order modes of the panels and the cavity. This leads to both reduced modal response levels and pressure within

the acoustic cavity. For mid to high frequencies, increasing the thickness and density of the panels is beneficial for all

three cases in terms of reducing the noise level inside the cavity.
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x − y h�i�h�j�_�k�l�i�m \�n�o m peq r�si \�t�o�u�v�cew l�x�m ( m 1) k�y�z X�{�|�}�~�

f0 = F0e
jωt
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1.1 ¦�§�¨�©�ª�«�¬�­�® – ¯�°�±�²�³�´µ�¶�·�¸�¹�º�»�¼�½�¾�¿�À T
1 bI� ·�Á _�ÂÃ�Ä�·�¸ a�Å [7]:

∇2p−
1

c20

∂2p

∂t2
= −ρ0

∂qv
∂t

, (1)

�Æ�
qv
\ ¼ Z�[�Ç�È�É�Ê _�b������ Z�[ ·�Ë }�ÌÍ È�Î�Ï�Ð � � ρ0

\�����Ñ�È��
c0
\����Æ� · Ç�c

f n�o m ~�Ò ��Ó X�} Ì peÔ bÕ� · Ë Í È Î�Ï »É�Ê�\�Ö
qv (r) = −u1 (r1) δ (r − r1) − u2 (r2) δ (r − r2) , (2)�I�

r, r1 × r2
Î�Ø ��bI�ÚÙ n�o m 1 × n�o m 2

k�Û X�Ü _ (x, y, z) Ý�Þ c u1 × u2 ß É m 1 × m 2_ Ç�È�à À c δ(·) ��á�â�ã�m É i�aÆä�_ X�å Dirac

delta
Ð � ceæ�ç�� peè�é�b Z�ê�ë�ì a�ä \ m ~�Ò_�í�aÆä c+î z � (2) ï æ�ð�ñ�ò�ó ¹ p+b�_�ô n õæ�ð Ý�Þ à À p pn

» É�ö�\
[7−10]:
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p̈n + ω2
npn = −

ρ0c
2
0

Λn

[

s1

∞
∑

q1=1

u̇q1Cnq1
+

s2

∞
∑

q2=1

u̇q2Cnq2

]

,

(3)

���
si(i = 1, 2) ß É m i

É i [�� uqi

¿�À m i _�ô
q õ æ�ð�Ç�È�à À � Λn =

∫

V
ψ2

n(r)dV ; Cnqi = (1/si)
∫

si

ψn(ri)φqi
(ri)dsi ��ô n õ�b æ�ð g m i _�ô q õæ�ð�� _������ æ�ð ����� � � φqi(ri) ��� ��� �m i _ ô q õ æ ð ä�� � ωn × ψn(r)

Î Ø � w to�u�v���� l�b�_�ô n õ���� ��� × æ�ð�~�ç�c k�
(3)  ���!�è ������" bI� ·�Á à À _ Ò�� ¸ aÅ (EOM)

c�#�$�% p \�& ½ a�'�p ����(�)�*����+ � t
c
, X a i p�- ) m � _/./0 �/� ï m g ê v ·1 _ �2� p »232425 n o m i

~ Ò26 ð _ EOM��S
[7]:

Di∇
4wi − ρihi

∂2wi

∂t2
= fi (ri) + pi (ri) . (4)�Æ�

Di = Eih
3
i

/

[12(1 − γ2
i )]
\ m i _87:9 t�È�� wi,

ρi, hi, γi × Ei

Î�Ø ß É m i _���; à À Ù�<�= ÑÈ Ù?> È Ù?@8A:B ×8C:D æ � � fi ������i [ k�_ ê}�Ì8E8F��
pi ��bÆ� ·�Á8G m i

É i�_ Î�Ï�c À z8.
08H8I Ð ��ï g8J85�·�¸ EOM K8L8M8N�_8O�Å�p �����" � m ~�Ò EOM

»�¼ É�Ê�\
[7]:

ẅqi +ω2
qiwqi =

si

Λqi

∞
∑

n=0

pnCnqi
+
Fqi

Λqi

, (i = 1, 2) , (5)

� �
ωqi � m i _ ô q õ Â �P� æ ð � � � Fqi =

∫

si

fi (ri)φ
2
qi

(ri) dsi � m i _ ô q õ/Q é æ ð � �
Λqi

=
∫

si

m (ri)φ
2
qi

(ri) dsi ��m i _�ô q õ�Q�é æ�ð
��� � m (ri) = ρihi ��m i _�i Ñ�È�cew�R ��m df l�p m

\�S � c ¿ � (3) × � (5) T�U�V�j�W�XY +�Z p\[ V�W ô n õ · b æ�ð�]�^ B ζn ï�ô q õm æ�ð�]�^ B ζqi
,
3 Ö

Pn(ω) = −Zn(ω)

[

s1

∞
∑

q1=1

Uq1(ω)Cnq1
+

s2

∞
∑

q2=1

Uq2(ω)Cnq2

]

,

(6)

Uqi(ω) = Yqi(ω)si

∞
∑

n=0

pn(ω)Cnqi
+

Yqi(ω)Fqi(ω), (i = 1, 2) .

(7)

k8T �Æ� p Â �8�8�8" _�ô n õ · b æ�ð8]8_ Zn(ω)ï�m i _�ô q õ æ�ð�`�a�]�_ Yqi(ω),
Î�Ø�b�c�\�Ö

Zn(ω) =
jωρ0c

2
0

Λn (ω2
n − ω2 + 2jζnωωn)

, (8)

Yqi(ω) =
jω

Λqi

(

ω2
qi − ω2 + 2jζqiωωqi

) . (9)

w�X è ���8d:e � V�W8f8g N õ · b æ�ð × Q

õ�m æ�ð p�h � (6) × � (7) z ��i�����É ¾ Ö






















{P (ω)}Nx1 = −s1Z(ω)C1U1(ω)−

s2Z(ω)C2U2(ω),

{Ui(ω)}Qx1 = siYi(ω)CT
i P (ω)+

Yi(ω)Fi (ω) , (i = 1, 2) ,

(10)

j�k��
(10) l�m 3�¾ V�W ¿ x n�o m�_ ·��������"

(
S�T

1 n ö )
w����

ω l�_ æ�ð�à À Ö
|



























P = −
[

I +
(

s21ZY1couple + s22ZY2couple

)]

−1
(s1ZC1Y1F1 + s2ZC2Y2F2),

U1 =
[

−
(

I + s21Y1Z1couple

)

−1 (

s1s2Y1C
T
1 ZC2

)

]

U2 +
(

I + s21Y1Z1couple

)

−1
Y1F ,

U2 =
[

−
(

I + s22Y2Z2couple

)

−1 (

s1s2Y2C
T
2 ZC1

)

]

U1 +
(

I + s22Y2Z2couple

)

−1
Y2F2,

(11)

|�Æ� k�Þ T
É�ö8�8i _8o8p � P = [P1, P2, · · · , PN ]T� ·�Á æ�ð�q Þ à À N õ�rIäs� � Ui = [U1i, U2i,

· · · , UQi]
T ��m i _ Ç�È�æ�ð8q Þ à À Q õ8rÆät� �

C i �:u Cnqi v8w _ N×Q
å · b – m æ�ð �8�8� ��8i��

Y i � ¿8x8y8z \ Yqi _ Q×Q
å ¿8x i��

Z �¿�x�y�z \
Zn _ N ×N

å ¿�x i��
F i ��{�| Fqi_ Q õ8rÆät� �~}�ê p Y1couple = C1Y1C

T
1 , Y2couple =

C2Y2C
T
2 , Z1couple = C

T
1 ZC1, Z2couple = C

T
2 ZC2

c

� m 2
\�t�o m�p�� Y2 = 0, k ��{ 
 w � n�om ·������ æ�ç�Ö







P = −
(

I + s21ZY1couple

)

−1
(s1ZC1Y1F1),

U1 =
(

I + s21Y1Z1couple

)

−1
Y1F1.

(12)w 3�¾ æ�ð�à À�� pebI��� Ü · Á ï m�k/� Ü�Ç Èà À�» u æ�ð�ñ�ò�ë�b�c�Ö
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





p (r, ω) = P
T(ω)Ψ (r),

ui (ri, ω) = U
T
i (ω)Φi (ri) , (i = 1, 2)

(13)

���
p ��Ý�Þ \ r _�b�� X�Ü ·�Á ����à À � ui �m i
w�Ü

ri � _ Ç�È�����à À � Ψ (r) × Φi (ri)
ÎØ�\�Ü

r × ri � ¿�À _ · æ�ð ï�m æ�ð�~�ç ä�� c
1.2 ­�®���¯�°�����ª�����	\ a8' NVH

o�
���
 p �8�8�8" bÆ� R a ·�Á
ï�m�_ R a Ç�È�Î�Ø�b�c�\�Ö

〈

p2
〉

=
1

V

∫

V

P (r, ω)P ∗ (r, ω) dV , (14)

〈

u2
i

〉

=
1

si

∫

si

ui (ri, ω)u∗i (ri, ω) dsi, (i = 1, 2) . (15)

� �
“∗” ß ÉPg���� � bPc c V�� ¼ dB � � É Ê_ R a ·�Á à À�� (MSPL) ï�m R a Ç�È�à À��

(MSVL) è�é \�Ö

MSPL = 20 lg

√

〈

p2
〉

20 × 10−6
, (16)

MSVL = 20 lg

√

〈

u2
i

〉

1 × 10−9
. (17)

#8$8%��
(14) × � (15)

Î�Ø è�é * · b × m�_��� h R�à À c�� T Y�� Þ���� * �/" f Z ~�Ò ×� ·�� h�p�� ¿���� o�
 _ ��
 p��� �!�ï�m�k�" �� � è�# Ü _ Ç�È " ·�Á à À c
1.3 $�©�ª�«�%�&�«�³�'�����(�)�*�+�,d f �/�/
 f bÕ� · b _ � o  + peÔ bÕ� ·Á _�- +�. g n o m�/ ��0�1 c u � (12), - ) ó�Õ� l Þ “1”, m _ Ç È à À ! è ã � � �/i (I +

s2Y Zcouple)
−1

Y
c�2 ã Y × Z 3�� ¿�x i p V�W4 L�m æ�ð g�· b�_ �/� y z�p k 5/� � �/i » {


 \�Ö
|

(

I + s2Y Zcouple

)

−1
Y ≈

















1 + Y1s
2

N
∑

n=1
C2

n,1Zn

. . .

1 + YQs
2

N
∑

n=1

C2
n,QZn

















−1















Y1

...

YQ















. (18)

h � (18) ß�5 � (12)
3�¾ m�_�ô q õ æ�ð�à À�6 N \�Ö

Uq(ω) ≈
Yq(ω)

1 + Yq(ω)s2
N

∑

n=1

C2
n,qZn

Fq (ω) . (19)

7�8
Yq × Zn, [�- )�]�^�9 3 Ö

Uq(ω) ≈
jωFq(ω)

ρh
(

ω2
q − ω2

)

∫

s

φ2
qds+ jωs2

N
∑

n=1

C2
n,qΛn

(

ω2
n − ω2

)

. (20)

|: }�Ì�����; ã�m�_8l�<�õ æ�ð������ p � (20)»�¼ V X�=�{ 
 \�Ö
Uq(ω) ≈

jωFq(ω)

ρhω2
q

∫

s

φ2
qds+ jωs2

N
∑

n=1

C2
n,qΛn

(

ω2
n − ω2

)

.

(21)#�$�%��
(21)

� p . 0 Î�> _�ô X�9 g m�/��
0�1 cew�{�?�u�v���� l�p�@ 9 »�¼ É�Ê�\�Ö

ρhω2
q

∫

s

φ2
qds = σBC Eh3

12 (1 − γ2)
, (22)

���
σBC

. !�è�ã�m�_ u�v�����c
1.4 ¨�©�ª�«�%�&�«�A�³�'�����±�²�B�%

u � (11),
¿ ã�C n�o m ��" p : m 2  �D ê�}Ì�� p�q ~�Ò�æ�ð�à À�E�� !�è�ã�F }�Ì m ( ��m 1)

_ æ�ð�à À ï X�Y g ��� 0�1�_ ����� � ��i C p:

Cp =
(

I + s22Y2Z2couple

)

−1 (

s1s2Y2C
T
2 ZC1

)

. (23)

î z � (18—20) .�G�p ����� � ��i C p

»�¼
V X�=�{ 
 w S l ����Ö
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Cp ≈



















. . .
jω

ρ2h2

(

ω2
q2

− ω2
)

∫

s2

φ2
q2

ds2 + jωs22

N
∑

n=1

C2
n,q2

Λn

(

ω2
n − ω2

)

. . .



















(

s1s2C
T
2 ZC1

)

= s1s2YcpZcp,

(24)

|�Æ�
Y cp

\ ¿8x i p q�� g m 2 _8> È ï Ñ�È 0�1 �
Zcp = C

T
2 ZC1, q�� . g b�_ æ�ð�]�_���i ï�m gb�� � _ æ�ð ��� ��i�� 1�p�� g !�è�m 2 ����_

> È × Ñ�È /�����1 c
2 ���������
	 O

� z T 1 n ö _�`�a Z�æ�ç [ d f�� i \ > È
5 mm _ n�o�
 m�p2q�r 5 i \�t�o m c2w n�0 æ�ç����R���� _�����l�p���� î z � (13) ��� b�c�*U��

8
��� è�_�bI� Ü (0.6, 0.15, 0.2) � _ ·�Á c

B���.�G�� ö���� E�� � � p������! * k 5 æ�ç
K�L�_�í�" o�c @ æ�ç h�F z \ l U / � Î!# _�$%�c ����&�' � n�z�<�=�( o�)�É 1 n ö c

*
1 +-,-.-/-0-1-2-3-4-5-6

3-4 7 8 9-:;-< ¤-= E (N/m2) 1.95×1011 7.1×1010 —>-?
ρ (kg/m3) 7.8×103 2.7×103 1.21@-ACB

γ 0.28 0.33 —

¤-D-E-F B ζ 0.01 0.01 0.01

�-G c0 (m/s) — — 340

2.1 ¦�§�$�©�ª�«�¬�±�²�%�&�H�I�J�KV�W�. {�|�� n�o m (
T

1
� � i�m 1) _ ·��������" c f n�o m����/
 J _ ó�L / V f b�\ >È

3.52 mm _�M�m cew m�k Ü (0.65, 0.135, 0) � ò��� \ 1 N _ {�|�}�Ì�� ( � f0 = 1 × ejωt)
c z� � > È _ 
 m�N ß M�m ¼�O .�0�����
 ceÉ 2
� ¾

*QP�U n V�W _ 400 Hz
���8d:e �SR �8� �8� l�_

b�ï 3 T�m f b ¿�À _ æ�ð�����c u � (14)
»�¼ b

c � ��� l�bI�Ú_ ���/R a ·�Á�� p�V�� 3 % n VW��QU ��_ f8R a ·�Á�� (TMSPL)
c+T

2 V ¾ * Â

�
2 W-X-6-Y��-Z� �¡�¢�£-[-\-8-Y-] ?-^ �-_ TMSPL

( `-a-b-c-d-e 3.52 mm 7-Y-f-g��-h-, )

*
2 400 Hz i-_���� – ���-j� �¡-k-l�¤-D-m-n (Hz)

¤-D-o-p Y �
3.52 mm 7-Y-q 3.4 mm 8-Y 5 mm 8-Y ¤-D-r-+ 1.5×0.3×0.4 m 9�� ¤-D-r-+

1 96 142 (1,1) 0 (0,0,0)

2 107 159 (2,1) 113 (1,0,0)

3 126 186 (3,1) 227 (2,0,0)

4 151 224 (4,1) 340 (3,0,0)

5 185 274 (5,1)

6 225 334 (6,1)

7 273 405 (7,1)

8 329 (8,1)

9 373 (1,2)

10 384 (2,2)

11 391 (9,1)
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· ¸ ¸ �

2014 �

b�� ï A
b�� � b�� TMSPL � 
 m�> È _ + 
 c#�$�% m�> + 
�_�k�l�� \ 10 mm × 5 mm,

}��

 m Î�Ø�� 0 g / V M�m ��� _���� × 7 9 t�È�cTÆ� T���â ì�Î�Ø�\ 121.4 dB × 106.9 dBA, ß É /V M�m ��" _�Â b�� ï A

b�� _ TMSPL
c

u T 2
» ) p g / V f b�� BÚp 
 m�> È ¿ b

� ·�Á _8� à���w���Y 1�	 Ü�c ����p : z 6.85 mm
 m�N Z�ó 3.52 mm M�m � p .�0�����
�� * 33%,� � Â b�� · Á�� < *�
�� 2.5 dB; ��� ¿�À _ Ab�� ·�Á������ *
4.5 dB ��� c���X���Ø�É���Ö �

� 
 m�� � * � ��� � ·�� p�� � 0 î ã � <�< �� � · c q Ä p : 
 m�> È�\ 8.25 mm
� pebI�ÚÂb�� ·�Á�g / V ��" ��� p�� A

b�� ·�Á���� *�

�

5.5 dB(
��X ��� ��� ¾�� w 6.55 mm ï 7.25 mm

� )
c ô � p : 
 m8> È V X�=���ò8% 8.75 mm

� p Ab�� ·�Á  + p���Â b�� ·�Á�� < 6 dB,
}�� ¿�À .

0�
�� 13%
c ¼ k�.�G É�� p w�X è ����d�e ��p� q���< ��U p�� � .�0/�/��
 _ � ��� » ¼ 
�<� ·� �! c �8��p\u ·:�t�8� æ�ç8b�c _�l�"8���8


.�G g�·�Á�# è�Þ�$ ( Â b�� " A
b��

) Ù%
��'& Þï ����d e ��(�) z � 1 c+* G/- ) · b g ./0�_��� p µ�¶ & J�, �I�sS z _�-�.�./0 æ�ð � �  + _�����
 f b�ó Ô [3], / j�
 m�> È�\ 3.4 mm
c

}�� b���Â b�� ï A
b��

TMSPL h Î�Ø � ã�/�0��"
7 dB × 9 dB

c » )�{ 
�_ f b�1�)�2 ¼ -� 
����
�.�0�_ NVH

o�
�� � ��p w #�3�����l�4 »
 L�5 o�
 _�6�
 cw q�7 ���  + _�����l�p \ V�8 =�9�: m�_
����
 ¿ b�� ·�Á _�� à p »�¼ î z � (20—22) èo�ÎQ# !�ï�m��8��_ h, E ï ρ

����; /�� g�·�Á àÀ _�1 � c u � (21) × � (22),
w < ��� p m ( V��

bÆ� ·�Á ) _ æ�ð�à À�g C:D æ ��_�8 Ä a × m8>�_

� Ä a w �:B�p=< g <8= Ñ�È ��1 c �8k�>8*�? 2
�

@�A�B z�< æ ��C�D : � >�E�����m »�¼ w 
!��E��� � < � · c: }�Ì���� ��� [�F 6 #�õ�m æ�ð�� p � (21)

E { 
�1 �  �G�D�z c µ�¶ � (20),
}�� »�¼ Î�� T

�Q��H º m�E à À c �Q��p ¿ ã ����I�; ã }�Ì����
ω E æ�ð�à À�6 N�0 Ö
Uq(ω)≈

jωFq(ω)

−ρhω2

∫

s

φ2
qds+jωs2

N
∑

n=1

C2
n,qΛn

(

ω2
n − ω2

)

.

(25)

��< ��æ�ð�à À�g Ñ�È × m8> 
 5�J��:B c q Ä p :æ�ð���� g }�Ì�����K�L 6 � p � (20)
Î�>�� ô�89 6 N @ 0, m æ�ð�à À�E�� D�M�ã ·�N æ�ð�Î�Ï�O

ô � p ¿ ã I � ã }�~���� E�m æ�ð p�q à À�P�»�¼
u J�5 � (21)

6 N�p���� � C�D æ � × m�>�0 î ãQ 
 ��" à À O�R ��¼ k Î�# [�0�S � ã } ~�� �
E æ�ð ¿���" � à ��T p »�U wÕ� � ��U Ñ È × m
>�E�� ��¿�À�N � ·�Á à À�� < O@ �� ¼ k Î�# p ? 3

��* z�� n�o m · �s�� æ�ç�V 3 E�m�>�Ù C D æ � ï Ñ È ¿�N � MSPL

E8� à�O . � É 2 � ¶ p w N æ�ð 113 Hz, 227 Hz ×
340 Hz � � � ��w�W m�/�����1�E à À�X � Oew�

5 100 Hz ( ��ô�8�õ�m æ�ð )

¼ l�E�< ��� p8u�ã�YZ�[ 0�m æ�ð p : 
 m�>�� 3 mm
��ò�%

10 mm
�

(
��ò

233%), MSPL � 85 dB l � % 50 dB(l � *
35 dB)

O : C�D æ ��� 50 GPa
+�%

200 GPa (
��ò

300%)
� p ¿�À MSPL l � * 20 dB

O , 8�\�]�p?
3(c) � ö < � l�m Ñ�È ¿�N � ·�Á � à  
�O ���

�� *�� (21) E 6 N�1 � ï�. º O ��^ ��� E ���
(
*

100∼400 Hz
��_

),
��ò�Ñ�È O�·�Á .�` � < �� ò C D æ � × m/>�- +/* æ ð � � Î Ï p � q �

�
3 W-X-6-Y��-Z� �¡�¢�£-0-Y (a) ] ? h, (b)

;-< ¤-= E, a (c)
>-?

ρ b��-_dc-m-n ^de ���-hdf (MSPL) ldgdh



1 � � ��� Ö�������	 ·�N 
�������
 ¿�·���������� E�� à 65

�8>�E ��ò�� f���� 0�T�����	�
���E���
 O�����W
����� N������ E�� ������� ����� ����� T����

� �!�"�# ( $�%�& 2) ' ��(�)�*�+�, ��-/.10 +2 ��3�4���5�4�6�7�8 ( 9�: 0 ρh) ; )�<�=�>@?
��A�B�C ��D�E�F ,�G 6�H�I�����J�KMLON�P�Q�RS�T�U�V�W '�X E�Y�Z 6�[�C�Q ��\�]�^�_ � > 6 �� \�`�a�b�c�d�Z�e�- !�R + 2 ? _ 6�$�f�g�h�i>/? ��	�6�j�
�'�k � & 1 l�m � ��n�o�p�q�r 6
g�h�s�t�u�v�w ����+�x 6�h���C�y � g�h *�+�,z�0 +�, i���6�� � +�x�{@| C�}�~ -������ !��
j�
 ��������. i�� + 2 ��	���
�h���6�� � '
2.2 �����������������������������

��� & 1
��n .��������������� �b�_ C¡ \ (¢�Y/£ >�¤�¥�¦�§ m £1¨�© )�ª (0.65, 0.135, 0) �ª

(0.65, 0.135, 0.4) «�6�¬�X � 1 N 6�­�®�¯�°�±�'
$ ��²�³�.µ´�_���� 3.52 mm ¶ _ '�& 4(a)

d�Z�e
· ´�_ R S�¸�©�¹�º�» C _ 5�¼ >@? TMSPL 6 �
v�'�& .µ½�¾ § � $ ��²�³ 6 b�¿ 'ÁÀ1Â�& 4(a) �
& 2 Ã�Ä�C ´ &���
�Å�u�'�Æ � & 3 Ç E�����È�ÉÊ © ) & 4(a) 6�Ë�Ì�C�Í�Î F Ë�Ì�Ï ´�_ 6�H�I��²�³ Ã�Q�Ð�Ñ�y�Ò�'Ó Å�X E � � 6�Ë�Ì�[�Ô�Õ � ����_ (

_
1)
¢

¥ °Á±ÁÖØ× aÁ� 3.52 mm ¶ _ C �Á� gÁh �Á�Á_
(
_

2)
²�³ Q D���Ù H�I���'�Ú�Ë�Ì�Û�Ü ) Õ ���Ý�Þ v�i�ß�à�á�â S 6�Ë�Ì�'äã )�å�æ 6�ç�è�Cé!�ê

g�h�ß�à ��_ $�f�C ��ë�ì�í g�h�~�î�ï _ ( ð ��_ )²�³�ñ�T�U H�I���'�& 4(b) ò�ó e Ú�Ë�Ì�Ï >�? �
	�ô ¹�_ 2 5�4�6�h���'�¼�& 4(a)

��õ ò�ö�!�R�C-�÷ f +�x Ï�C�& 4(b)
. >�? ��	�ø ��ù�=�ú 0 ¥û�ü !�ô _ 5 � h���' ����- 3.4 mm «�Cý9 _ 2 þ

I < H e 67%
S i�� >/?1ÿ ��	�6�Å���� = X ( �³�� ��	���J * 1.5 dB) ' Ï���s \�] C � Å ��õ ¼_

2 � Þ�ì�í � > ¼ _ 1 � Þ 6 ����� Ì�	 � ' �
�� 6�[�C 3.4 mm
¹�_ ¼�$ ��²�³ 6 3.52 mm ¶_ � � 	�R�6 ����+�x '� yÁÅ
�
�
�@& 4(b) ÇÁó
�
�Á6
� � C�& 5

i@À e ã�� (17)
E�U 6�� � Ë�Ì�Ï _ 1 � _ 2 6

MSVL '�& .�� § ��_ 1,
½ § ��_

2 '�$ � Í 2,

& 5(a) ��& 5(c)
. ´�_ � � 	�R�6 ����+�x '�ÚS C _ 2 ¼ _ 1 6 ����� 4�� ¤�� ç 0 ) ~ �������S

( & 5(b)) ' · ´�_ 6 ������� C�Ö�¼�� � � >���� ����S C _ � � Þ 6 ����! ò�ö�7  '#"�ð
3.52 mm ¶ _�� 3.4 mm

¹�_ 6 (2,1)
��� ¼�$ �

113 Hz 6�� > (1,0,0)
��� ��� C�t�u - 100 Hz $� 6�%�& ? C _ 2 ¼ _ 1 6�'�4�
���¬�X o�( 	�R

( & 5(a) ��& 5(c)) '�ø�Ú�Q ¥ C�& 5
. � � Ë�Ì �

ò�ó -�÷ f +�x Ï�C#)�~�[ 0 +�,�G C _ 2 
�� �=�) _
1 
���C�9 ´�*�ì�í � > ����+�, '-�. � (24)

. i�/�0 Y cp ��1�0 Z cp 6�2�34 X�Ã�Q�5�6 c�7�Z�_ 2 ¼ _ 1
- !�R +�x Ï�6 �� � v�'98;:�C Z cp < a ) ´�_ �>= ¼�� > 6 ��� �� 1�0 C 1 � C 2 '�~�? ^�a�@ C C p

.BA
q Ò�2

3�C�Í _ 1 ��D ��� 
���i _ 2
A

q D ��� 6�E�F
v�f�C ~�X�¼ Y cp

.HG i�/�2�3�6�¬�X�I = ¾ � 	� '�ò � C · °�± +�x ¼ _ 2
A

q D ��� ��J D����� R S þ ��S C Y cp

.HA
q D G i�/�2�3 T�U Å

� V I�X�K�Ú S�L 	�� _ ��� ¼ >���� ��� Â�M�Ö-�F °�± +�x Ï _ 1
A
q D ��� �;G t ��� CON _ 2A

q D ��� ¼ _ 1
 ��� 'QP;R�CQS p i � �;T;U 6V���W ��X ,�´�_ � 6 ����¨�© 'äÚ ¥ CZY�[ 2.1 \. i�� (20)

\�]�^ 6�� � C · ω Â�I S C Y cp

. �
2�3�¬�X�ô ω, ρ � h 6�7�I � <�= '�9 +�x�_ 0 C´�_���� _ , C�Ö�H�`�a _ � ; ) 7  ´�_ � 6 �� '�Q � \�] ¼�& 5 Ç�ó�6 ´�_ '�4 +�x 
���6��

 È�É�b�� '

ã 1.1 \�6 ��n;c � Ã�Ä�C _ 6;� Þ�� � ¾ � <a�e >/? ��	���'�i���& 5
. Ç�ó�6�� � Ë�Ì�Q �_

2
�;d�b 6�Ë�ÌÁC & 6

d�Z�e > ?
MSPL 6 +�x 


��' i À�& 5 ��& 6 Ã�%�Ô -�_ � ����V  6 113 Hz

$ � C © 3.4 mm
¹�_�e�¸�f

3.52 mm ¶ _�D���Ù< þ 67%, Ö >@? ��	�J * e 4.7 dB g�h ( i�� e
& 4(b)

. 6�� = X ª ) ' · ¹�_ 2 5�4�7�8 U 5 mmS C _ 2 ¼ _ 1 6 ����+�x !�i�þ � C ´�_ � ���< , C > ? ��	 ú 0  ;j � _ 2
�;d�b 6�Ë�Ì�' ��-

~�k +�x C ÿ�¤�� _ 2 5�4�6�h���i >/? ��	 o�(l � j�
�' û ) � Å ��õ C�i ) ÷� �b�_ > ��Ù 6�H
I���C Ã W : ��� � ¢ ¥ °�± _ 6 < þ�C  - Å a;TU Ï ( ð *�+ 2 )

� � < þ���J�K�6 V I���C�R S�mn ~�k + 2 K���A�B�o�p�! ¢ j�
�'� y�Å���q�r _ � ��� 6  , i�� > 
���6�j

�C�Q�& 5

. Ç�ó�6 _ � ����¨�©�V ò�ö�6 113 Hz

$ � � "�C�& 7 À1Â e�F +�x Ï�i���!�R  �b�_�²³ 6�� >�s�t D ��� 
���'�$ � & 5
��õ�� 	 � \] C�ô�u _ � ��� 6�7  (

_
2
²�³�v

5 mm
¹�U

3.52 mm ¶�C#i U 3.4 mm
¹

), w ) 113 Hz 6�x >A
2 D G t ����y�z�{ ��J * C v�� ��| c J * eF +�x $ � 6�x�}�X�'
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�
4 ��������	�
�����
���������������������������	�� (TMSPL) ((a) ������������ �!"�# ��$�%�& (b) '���������(�! " � 2 $�%�)�*�+�,�- 3.52 mm .���/�0�
���	���1 )

�
5 � 1 2�3�4�5���������������	�
�����
���6�������7���8�9�: (MSVL)

�
6 ��������	�
�����
���'�������������$�%������ MSPL ;�<�=�> "�?



1 � � ����Ô#1�������x > ï _ H�I���i�x�× ����	�b 6�j y 67

�
7 113 Hz ��
�������������$�%� �	���
���������8�9���1 (a) ����� (b)

3 ���ü � v��������� �b�_ ��� >�¤ 6�x/× ��� �n Z�� C ��t e� �b�_�º�!�	�b $�f�¼ ��� v�w yz 6 � Ü � v���'�Q -���Ù H�I���6�R S J * K�x
A�B � LON�C "�# \�]�e !ÁR  �b�_�� !ÁR�°�±�Ë
Ì�Ï�C º�!�����Ù $�f�i ��� v�w�x�} y�z 6�j y��´�_ � Þ�ì�í x > ��� 6 	�b ' ��õ Í�ÎµÔ

(1)
û ) ­$� � v ��n$%$& 6 ����\�] ¼ û ) È

� ��n 6�f�X$'$( ��õ Å�u�C*);�$+�ó e���Ù H�I$�
$�f�i ��Ù x/× ����	�b���_ � ����	�b j y 6��� ��, ��ü `�'

(2) i ) "  ÁbÁ_Á�-�Á ÁbÁ_Á¢ i-.Á°Á±Á6ÁË
Ì�C - Å�D _ ��� Q�Ï�6 *�+�, C ��� v�w >@? x
} G ç 4 < ) _ 5�6 3 ?�m ��º�!�/10 � I�C � ¼º$! 3�4 û�ü$2 � ' � Í Î - *�+�{ |�? C�H�I���¼
: 0 NVH

b�¿ 6 L N�Ã�Q�R S;� ��' ô;u +�x 6 ú0 C > ? x;}�¼ _ 5 � 3�4;I�u$3�P À�h���C�Ú S H
I�� � 4�¼ NVH

Y N�	�4�5�6�'
(3) i ) "-7 ¢ °Á±ÁÖ ´Á_ � � ÞÁìÁí x > �� 6 �� �b�_ v�w�C _ � ����¨�© ô +�x�ú 0���8

' < , ' _ $�f�6�h���Õ � -�´�_ ��� \�` 	�R z��� C�Ö _ ��� ¼�� � x ��� ����S�9 ò�ö�j y�>? x�}�K�Ú S i 2 °�± _ 6 Ê�· H�I�� ²�³ Ã�Q/Î
ò�J * F +�x $ � 6�K�x�A�B�'�~�k +�x Ï�C�Ã�Q:���2 °�± _ $�f�6�g�h û�ü !�j y ��� v�w�x�}y�z '
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