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摘要 

 

本文重點分為兩大部份。第一部份為彈性支承之研製，其中包括支承

材料的選擇、支承材料的幾何形狀、支承的製作，使揚聲器之系統共振頻

率降低，並且能夠使揚聲板於大功率時穩定運動，以求揚聲器有較大的頻

寬與能夠承受 10w 之功率。由於本文中之振動板屬長形振動板，聲壓曲線

中於中音域 1kHz 附近有一聲壓落差會影響揚聲器之表現，因此第二部份為

改善聲壓曲線之中音谷問題。利用有限單元軟體 ANSYS 研究含附加點質量

振動板之振動行為並探討附加質量位置與重量對不同加勁方式振動板之振

形及聲壓曲線的影響，由分析結果找出適合之附加質量位置與重量以減緩

中音谷之落差，設計結果與實驗結果比較，證明本法確實可行。 
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ABSTRACT 

 

Two parts are discussed in the thesis. The first part is the fabrication of the 

elastic suspensions including the choices of materials and geometrical shapes of 

the elastic suspensions. The purpose of using the elastic suspensions in the 

design is that the speaker can eliminate the sound interference caused by the 

sound radiated from the back of the vibrating panel, the radiating plate can 

vibrate in a steady way, and the speaker can radiate sound of 10W. Because the 

shape of the radiating plate in this thesis is a rectangle, there is a dip in mid 

frequency range on the sound pressure level (SPL) curve. Such dip can be 

harmful to the sound quality of the loudspeaker. Therefore, in the second part of 

the thesis a method is proposed to suppress the dip in the mid frequency range. 

The finite element model of the loudspeaker is constructed through the FE 

software ANSYS. The mode shapes of the radiating plate with added point 

masses are analyzed using ANSYS. Different composite plates are studied to 

find the appropriate locations of the masses to suppress the dip on the SPL curve. 

Experiments are performed to verify the feasibility of the proposed design of the 

loudspeaker. 
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X�¥ « � Fortran � Y R g � %~�h Y : e ~� �i �U Ô i

� ¢ ~�� � ��� � �] 4 � Q I J j ��$ ê Y � k ] ê l ¢ ]

^ m n (Ö � µ ê Y 4 \ o p � Õ �q Þ A B 
 � � Ó + � a �+ Q

F Y �_ 2 � � �~�� r s ��$ � 
 � ~� � � �ï �] 4 4 \

� R ���t �( 

 

1-3 
 � � 

 � � 

 � � 

 � � 
  

E�� � �% u 3 F � � v w x �u 3 (Classical Plate Theory�

¾Ü CPT)[1]� � �� % w x ô W�u 3 (Classical Lamination 

Theory)�J K���� y �%£ z �� e � 7 \ 
 { %� Q � $ |

1 AK � }  +K 80 � � � J K} �� % ��K����ô W�

� ~ G � £ ê [ (Shear modulus) � = > F G%� � s [ (Young’s 

modulus)® � | ��E } N � B y �O ¢ { | �� D û ! � � ~ G�

b � �R � w x �u 3 
 1 ���B } � �����(.D �Mindlin

À ¢ õ & � � b � u 3 (The First-order Shear Deformation Theory�¾

Ü FSDT)[2]� � � � ~ G � £ %ö ÷ + � � � � $ �� . � 9 ~ G

� £ � � . - [ � 
 8 �] ^ %� n �K�Whitney[3P4]� À ¢

õ � £ � ] � � Z+ � � ] �D 	 u 3  B 1 �AE� }  +K 15

%� ) �  � Õ �z 4 � À ¢ õ � 	 O � � b � % u 3 �� * À O u
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3 � �] ^ m n I  � � ^ � �$ ¼ ¼ B 1 AK } �� ) Ñ � }  +

K 15Ò� � n ��; : e �  B �Ë { | ��ø ù < � A� ���

�� ) � 
 E} �� ) %� � ú �R � � �& � � b � u 3 . � �

Z�� � s �� b � d .( 

Eþ � � & � �%ù � F � �Reissner[5]ñ � governing eqn.@ A

E� b � PL G� % � & � ��ù � � 9 � W� y � ���� � õ <

� W� d � W%@ £ (v D �{ | ù � � E � & � �%u 3     %b

?(Õ Z Liaw and Little[6]5 6 Reissner u 3 ¡ ¢ õ | W� & � � )

¢ � % £ ¤ (Azar[7]¥ ¦ Liaw and Little%� Q Z 2 3 § L G� �

W(O’Connor[8]À ¢ A* S T - Z��� & � � ) �̈ A� � m �

T - Z) V < � W�© T - Z) V � W(Kanematsu[9]A Ritz method

Z��/ Y �%¢ � ª � s (Chiba[10]� Ciancio[11]� � " A Ritz 

method ê l H Ó + � a � cantilever plate ê ë d .( 

J K~ z �~�: e F � �Morse[12]< ñ � ¢ õ ~ « Eò ó < �

¬ � ~�F � Y �E Takeo[13]< ­ A¢ * S T - � ~�F � Y ��

Tan[14]< 2 3 õ ® � ¯ s t (actuator)� s ° ± J � �� ~²%ö ÷ ( 

ù � [15] < ³ ´ õ r K} ~t a H % � µ [ % 2 3 �ù � [16] < ¶ 2

3 õ � ¹ · � Y 
 ¸ ¹ Y %m � ¶ º %9 : xþ � U � ( 

» ¼ ½ ¾ ½ .g AY * S T - ��U Ô �e f C g @ AKz ¿ À � Á

Â À �Ã Î ü ý õ � ) @ £ P� s Ps ë PÄ � PÅ Ô P° Ä ²P~

²PÆ �² L ��(ø ù � " A » ¼ ½ ¾ ½ �� � s �� J K ê ë �Ð §

÷ @ �� �~�: e �S �� ¢ } ~t � ~�� � �� �� Ç } ~t

� ã ä (�
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� � �� � �� � �� � �  � � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � � ����

����

ø È É ´ � �%� s ��(; < AZ: e � s �b � a %� �%

u 3 * A\ & � � b � ª | W& � � b � � 	 (�Kø ù < � s �*


 � Í Î % + Q �Ê + Q í Ë . Ì Í Î Ï �� A& � � b � Z� d �

���+ Q %í Ë Ð K � & � � ) �¶ � A| W& � � b � Z� d �

�( 

 

2-1 � � �  ! " � # $� � �  ! " � # $� � �  ! " � # $� � �  ! " � # $ ����

 

2-1.1 % & ' (% & ' (% & ' (% & ' (  

& � � b � u 3 FSDT(The First Order ShearDeformation Theory)

Zº .ô W���%/ Ñ�; / ø � 9 	 � Ò 

1.�% � Pß.�%} N % 15 Ó �� ( 

2.�% Ô � b � Õ � � � � � ( 

3.} N � � � 
 b �¨ z� =0( 

4.�%b � a u, v, w � � ( 

; Ø Ù ²% � 9 	 � Ò 

t)y,(x,z�t)y,(x,uu x0 +=  

t)y,(x,z�t)y,(x,vv y0 +=  

t)y,w(x,w = ���������������������������� � �������(2.1)�

; @ b ²	 � Ò 

0
1

0
1xx,x0,1 z��z�u

x
u

� +=+=
∂
∂=  

���� 0
2

0
2yy,y0,2 z��z�v

y
v

� +=+=
∂
∂=  
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���� yy,4 �w
z
v

y
w

� +=
∂
∂+

∂
∂=  

���� xx,5 �w
z
u

x
w

� +=
∂
∂+

∂
∂=  

0
6

0
6xy,yx,x0,y0,6 z��)�z(�)v(u

x
v

y
u

� +=+++=
∂
∂+

∂
∂= ����������(2.2)

� �

; < uPvPw� Õ � ã ô W�E xPyPz F G� Ø Ù a �t � ã » # �

0u P 0v � Õ � ã ô W�< # � E xPy F G� %Ø Ù ��
x
w

� x ∂
∂−= P

y
w

� y ∂
∂−= � � @ b R � � � Ö × a (Shear Rotation)( 

�< # � � � § .�

yx
w

2�

y
w

�

x
w

�

2
0
6

2

2
0
2

2

2
0
1

∂∂
∂−=

∂
∂−=

∂
∂−=

 

 

2-1.2����� � � � � �� � � � � �� � � � � �� � � � � � ����

����ô W���| W y Ø (Lamina)�V ��� %�� Ù & W

%= > Ú Û F G�ô W� � Ü F GÝ & nθ X(	 � 2-1)� ¶ E�� Þ

æ ¸ ZYX ′′′ Þ æ %) � F � Y (Constitutive Equation).Ò 

15

n

5515 �Q� ××× = �                                    (2.3) 

; <  
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�
�
�
�
�
�

�

�

�
�
�
�
�
�

�

�

=
×

n

55

n

44

n

66

n

22

n

12

n

12

n

11

n

55

Q0000
0Q000
00Q00
000QQ
000QQ

Q ���������� � ����������(2.4)�

� 

)vv(1
E

Q
2112

n
1

n

11 −
= ������������

)vv(1
vE

Q
2112

12
n
2

n

12 −
=  

)vv(1
E

Q
2112

n
2

n

22 −
= ������������ n

12

n

66 GQ = �� 

���� n
23

n

44 GQ = ������������������ n
13

n

55 GQ = �������� � ����(2.5) 

; <
n

ijQ .m � s [ � n
iE . � � ê [ � ijv . ß à  � n

ijG . � £ ê [ (����

� Þ æ × á % r s �$ ¢ ô W� �� Ü F GXYZ Þ æ ¸ %@ £

x@ b r s  

n
15

n

55

n
15

t
55

1nn

55

1nn
15 �Q�])T[(Q)T(� ××××

−

×

−
× == � � ��������������(2.6) 

; <  

�
�
�
�
�
�

�

�

�
�
�
�
�
�

�

�

−

−−

−

=−
×

CS000
SC000
00SCSCSC
002SCCS
002SCSC

)T( 22

22

22

1
55

n
���� � ����������(2.7) 

; < �

)cos(�C n= ���� )sin(�S n= ���� 

�

�

�

�
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� 

�
�
�
�
�
�

�

�

�
�
�
�
�
�

�

�

=
×

n
55

n
45

n
45

n
44

n
66

n
26

n
16

n
26

n
22

n
12

n
16

n
12

n
11

n

55

QQ000
QQ000
00QQQ
00QQQ
00QQQ

Q ��� �����������������(2.8) 

; <
n

55
Q

×
/ 0 �

n

55
Q

×
/ 0 # � r s .Ò 

4n

22
22n

66

n

12
4n

11
n
11 SQS)CQ2Q2(CQQ +++=  

)S(CQS)CQ4QQ(Q 44n

12
22n

66

n

22

n

11
n
12 ++−+=  

���� 4n

22
22n

12

n

12
4n

11
n
22 CQS)CQ2Q2(SQQ +++=  

���� 3n

66

n

12

n

11
3n

66

n

12

n

11
n
16 )CSQ2QQ(S)CQ2QQ(Q +−+−−=  

���� S)CQ2QQ()CSQ2QQ(Q 3n

66

n

12

n

11
3n

66

n

12

n

11
n
26 +−+−−=  

���� )S(CQS)CQ2Q2QQ(Q 44n

66
22n

66

n

12

n

22

n

11
n
66 ++−−+=  

���� 2n

55
2n

44
n
44 SQCQQ += � 

���� CSQCSQQ
n

44

n

55
n
45 −= �  

���� 2n

55
2n

44
n
55 CQSQQ += �� �������������������������������(2.9) 

 

��������� � � �� � � �� � � �� � � � � �� �� �� � 	 
 �	 
 �	 
 �	 
 � (governing equation����  

� ����ô W��& â � � u 3 * R � � �; � � � EK��

ô W� �� � � � \ Ù & Wy Ø %£ z � � �K Õ ï �ã ä å + Ý

Z�Þ S 7 \ �@ £ x�@ £ / (Stress and Moment Resultants)Ñ 	 �

2-2Ò���ô W� �� @ £ �@ £ / . 

0
jij

0
jij

0
j

N

1n

N

1n

Z

Z

0
j

n
ij

Z

Z ij
n
iji �B�A)dzz�(�Qdz�QN 1n

n

1n

n

+=+==� ���
= =

++
������ 
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�� ��
= =

+ + +=+==
N

1n

Z

Z

N

1n

Z

Z

0
jij

0
jij

0
j

20
j

n
ijij

n
iji

1n

n

1n

n

�D�B)dz�z(z�Qdz�zQM ���

(2.10) 

; < �

��

��

��

=
+−

=
+−

=
+−

−==

−==

−==

N

1n

3
n

3
1n

n
ij

h/2

h/2

2n
ijij

N

1n

2
n

2
1n

n
ij

h/2

h/2

n
ijij

N

1n
n1n

n
ij

h/2

h/2

n
ijij

)z(zQ
3
1

dzzQD

)z(zQ
2
1

zdzQB

)z(zQdzQA

����� 

(i,j=1,2,6)���������������������(2.11)�

; < nz . æ nW y �� ã � \ < # � %ç è � ijijij D,B,A (i,j=1,2,6)�

Õ � ã é ¦ P ê �P ¢ � Q N / 0 (Extensional Stiffness MatrixP

Coupling Stiffness MatrixPBending Stiffness Matrix)



��£ x�£ /

g � / 0 � Y 	 � ë  

	
	
	
	




	
	
	
	

�

�

	
	
	
	




	
	
	
	

�

�

+

+

�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�

�

�

=

	
	
	
	




		
	
	

�

�

	
	
	
	




		
	
	

�

�

xy,yx,

yy,

xx,

x0,y0,

y0,

x0,

662616662616

262212262212

161211161211

662616662616

262212262212

161211161211

6

2

1

3

2

1

��

�

�

vu

v

u

DDDBBB
DDDBBB
DDDBBB
BBBAAA
BBBAAA
BBBAAA

M

M

M

N

N

N

���������(2.12) 

 

2-2 � � � � � � � � � � �� � � � � � � � � � �� � � � � � � � � � �� � � � � � � � � � �  

�K���� � & � �% � W� Ý � W # ��� � � � � �

+���� W��
 � = > F G%����W�R C �  � D �� W

� Ý � W# E� & F G%Q N Û * � +% � � �R ����� � & �

� � � µ } N F G%Ø Ù  
 	 & � � b � Ø Ù ² � � u 3 R � 9

% � µ �} N .& ì § I � % í � �î � � µ ����� & � �%Ù
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& WÖ º & µ & � � b � %Ø Ù ²� � � Ù & W�W� # Ø Ù %ï

ð � ( 	 � 2-3)(� Õ ��D Ø Ù ²./ Ñ������� � & � �

% J K Ð § �ê ë ( 

 

2-2.1 � � � � �� � � � �� � � � �� � � � �  

| W& � � b � � � u 3 ������ � & � W�% Ù & WÖ º

& µ & � � b � %� �Z��( � 9 W� ñ & W%Ø Ù ². 

)M,,2,1i(

)y,x(w)y,x(ww

)y,x(z)y,x(vv

)y,x(z)y,x(uu

)i()i(
0

)i(

)i(
y

)i()i(
0

)i(

)i(
x

)i()i(
0

)i(

�=
==

φ+=
φ+=

                        (2.13) 

; < � )i(u P )i(v P )i(w � Õ .ñ & WE� � µ � Þ æ < xPyPz

� � Ø Ù �a �� )i(
0u P )i(

0v P )i(
0w � Õ � ã ñ & W� W�< # � EF

G xPyPz � � Ø Ù a � )i(
xφ P )i(

yφ ¶ � Õ � ã . ñ & W ò í K xPy

Ü � Ô � % Ö × a ( 

ø ù < �W [ 9 .� W�	 � 2-4 R � �� � � W. § L G� �

��< � W.L G� ��� ó 6 Y (2.13)� � a Ù & WK ô À � �

%Ø Ù � � ï ð �S 7 Ù & W%Ø Ù ². 

)y,x(w)y,x(ww

)y,x(z)y,x(vv

)y,x(z)y,x(uu

)1()1(

)1(
y

)1()1(
0

)1(

)1(
x

)1()1(
0

)1(

==

φ+=
φ+=

                      (2.14a) 

)y,x(ww

zt
2
1

t
2
1

vzvv

zt
2
1

t
2
1

uzuu

)2(

)2(
y

)2()2(
y

)2()1(
y

)1()1(
0

)2(
y

)2()2(
0

)2(

)2(
x

)2()2(
x

)2()1(
x

)1()1(
0

)2(
x

)2()2(
0

)2(

=

φ+φ+φ+=φ+=

φ+φ+φ+=φ+=

   

(2.14b) 
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)y,x(ww

zt
2
1

t
2
1

vzvv

zt
2
1

t
2
1

uzuu

)3(

)3(
y

)3()3(
y

)3()1(
y

)1()1(
0

)3(
y

)3()3(
0

)3(

)3(
x

)3()3(
x

)3()1(
x

)1()1(
0

)3(
x

)3()3(
0

)3(

=

φ+φ−φ−=φ+=

φ+φ−φ−=φ+=

  

(2.14c) 

; < )i(t . æ iW } N ( 

� 9 } N F G@ b � � � 
 b õz=0�@ b S ã � .Ò 

[ ]

	
	
	
	
	
	




		
	
	
	
	

�

�

	
	
	
	
	
	




		
	
	
	
	

�

�

∂
∂+

∂
∂

∂
∂+

∂
∂

∂
∂+

∂
∂

∂
∂
∂

∂

=

	
	
	




		
	

�

�

	
	
	




		
	

�

�

ε
ε
ε
ε
ε

=ε

y
w

z
v

x
w

z
u

x
v

y
u

y
v
x

u

)i()i(

)i()i(

)i()i(

)i(

)i(

yz

xz

xy

y

x

    i=1,2,3          (2.15) 

; <
xε P yε .� � µ � Þ æ < xPy� � @ b �

xyε .� � µ � Þ

æ < xPy� � � @ b �
yzε .� � µ � Þ æ < yPz � � � @ b �

xzε .

� � µ � Þ æ < xPz� � � @ b ( 

J K W�% ö G � s (transverse vibration) £ ¤ � S � 9

0)y,x(u )1(
0 = x 0)y,x(v )1(

0 = � �Y (2.14) � « Y (2.15)�S 7 \ @ b

÷ a [ ]ε Ò 
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[ ]
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�

�

∂
∂+φ
∂
∂+φ

∂
φ∂

+
∂
φ∂

∂
φ∂
∂
φ∂

=ε

y
w
x
w

x
z

y
z

y
z

x
z

)1(
y

)1(
x

)1(
y)1(

)1(
x)1(

)1(
y)1(

)1(
x)1(

)1(                       (2.16a) 

[ ]
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�

∂
∂+φ
∂
∂+φ

�
�

�
�
�

�

∂
φ∂

+
∂
φ∂+�

�

�
�
�

�

∂
φ∂

+
∂
φ∂+�

�

�
�
�

�

∂
φ∂

+
∂
φ∂

∂
φ∂

+
∂
φ∂

+
∂
φ∂

∂
φ∂+

∂
φ∂+

∂
φ∂

=ε

y
w
x
w

xy
z

xy
t

2
1

xy
t

2
1

y
z

y
t

2
1

y
t

2
1

x
z

x
t

2
1

x
t

2
1

)2(
y

)2(
x

)2(
y

)2(
x)2(

)2(
y

)2(
x)2(

)1(
y

)1(
x)1(

)2(
y)2(

)2(
y)2(

)1(
y)1(

)2(
x)2(

)2(
x)2(

)1(
x)1(

)2(   

(2.16b) 
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∂+φ
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∂+φ
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�

∂
φ∂

+
∂
φ∂+�

�

�
�
�

�

∂
φ∂

+
∂
φ∂−�

�

�
�
�

�

∂
φ∂

+
∂
φ∂−

∂
φ∂

+
∂
φ∂

−
∂
φ∂

−

∂
φ∂+

∂
φ∂−

∂
φ∂−

=ε

y
w
x
w

xy
z

xy
t

2
1

xy
t

2
1

y
z

y
t

2
1

y
t

2
1

x
z

x
t

2
1

x
t

2
1

)3(
y

)3(
x

)3(
y

)3(
x)3(

)3(
y

)3(
x)3(

)1(
y

)1(
x)1(

)3(
y)3(

)3(
y)3(

)1(
y)1(

)3(
x)3(

)3(
x)3(

)1(
x)1(

)3(  

(2.16c) 
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2-2.2 ���������������������������� 

 
��&µ�W�������E ��� Ü F G % @ £ � @ b r s

S � ã � 	 � Ò 

�

	
	
	




	
	
	

�

�

	
	
	




	
	
	

�

�

γ
γ
γ

ε
ε

�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�

�

�

=

	
	
	




	
	
	

�

�

	
	
	




	
	
	

�

�

τ
τ
τ
σ
σ
σ

12

13

23

2

1

66

55

44

332313

232212

131211

12

13

23

3

2

1

0

Q00000
0Q0000
00Q000
000QQQ
000QQQ
000QQQ

  (2.17) 

� æ 1P2� ã � Ü F G �� � � � W= > % F G �� 
ijQ .m �

s [ �´ ø 	 � Ò 

∆
νν−=

32

3223
11 EE

1
Q  

∆
νν+ν=

∆
νν+ν=

31

133212

32

233121
12 EEEE

Q  

∆
νν+ν=

∆
νν+ν=

21

231213

32

322131
13 EEEE

Q  

∆
νν−=

31

3113
22 EE

1
Q  

∆
νν+ν=

∆
νν+ν=

31

132123

31

311223
23 EEEE

Q  

∆
νν−=

21

2112
33 EE

1
Q  

2344 GQ = P
1355 GQ = P

1266 GQ =  

; <
321

133221233231132112

EEE
21 ννν−νν−νν−νν−

=∆  (2.18) 
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� ����� � 
 � X N % W�V ��� �R � � � � � Ü F G

% ��� � � × á È W�% Þ æ  xùy F G � 	 � 2-1 R � ( ¶ E �

� � Ü Þ æ ¸ % ) � F � Y  (Constitutive equation) .Ò 

{ } [ ]{ }ε=σ Q                                           (2.19) 

ú q g �  

�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�
�

�

�

γ
γ
γ

ε
ε

⋅

�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�
�

�

�

=

�
�
�
�
�
�
�
�

�

�

�
�
�
�
�
�
�
�

�

�

σ
σ
σ
σ
σ
σ

xy

xz

yz

y

x

66362616

5545

4544

36332313

26232221

16131211

xy

xz

yz

z

y

x

0

Q00QQQ
0QQ000
0QQ000

Q00QQQ
Q00QQQ
Q00QQQ

          (2.20) 

; <     4
22

22
6612

4
1111 SQSC)Q2Q(2CQQ +++=  

)SC(QSC)Q4QQ(Q 44
12

22
66221112 ++−+=  

2
23

2
1313 SQCQQ +=  

 4
22

22
6612

4
1122 CQSC)Q2Q(2SQQ +++=  

 2
13

2
2323 SQCQQ +=  

 
3333 QQ =    

 3
662212

3
66121116 CS)Q2QQ(SC)Q2QQ(Q +−+−−=  

 SC)Q2QQ(CS)Q2QQ(Q 3
662212

3
66121126 +−+−−=  

 CS)QQ(Q 231336 −=  

 )SC(QSC)Q2Q2QQ(Q 44
66

22
6612221166 ++−−+=  

 2
55

2
4444 SQCQQ +=  

 2
44

2
5555 SQCQQ +=  

 CS)QQ(Q 445545 −=  

ii sinS,cosC θ=θ=  (2.21) 
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������ x�y ��� 	 
 θ (��2-1)
� � � � � � � �

� � �� 
� � � � � � � � � !" # $ ��� % 
& '� � � �

� � � ( � !�� !) �
��2-4* + 
, - . �/ 0 

( )

( )����

��

����

==

=

==

++

+

++

κ+ε=κ+ε=σ=

σσ=

κ+ε=κ+ε=σ=

N

1n

z

z

0
jij

0
jij

0
j

20
j

n
ij

N

1n

z

z

n
ii

N

1n

z

z

n
yz

n
xzyx

N

1n

z

z

0
jij

0
jij

0
j

0
j

n
ij

N

1n

z

z

n
ii

1n

n

1n

n

1n

n

1n

n

1n

n

DBdzzzQzdzM

dz),()Q,Q(

BAdzzQdzN

 (2.22) 

, 1  6,2,1j,i = 
zn2 
3 n � � �/ 45 6 1 7 5 ( 8 9 


��2-6* + 
A ij:B ij:D ij % ; < 4= > ? $ ) @ (extensional stiffness 

matrix):A � ? $ ) @ (Coupling stiffness matrix):B C ? $ ) @

(Bending stiffness matrix)0 

( ) ( )��
=

+=
N

1n

z

z

2n
ijijijij

1n

n

dzz,z,1QD,B,A   6,2,1j,i =         (2.23) 

 

2-3 �������������������������������� 

D E FG � H I J K L7 M N ( O P 
& Q R S ��2-5 * + 


H I �L7 M N TU �(Translation)VW X (Rotation)LYZ T4+ 


�, * [ \ (  ] ^ 
0 

dSwV
2
1

U
s nT �=                                   (2.24) 

� �
=

φ=
3

1k
S

)i(
nR dSM

2
1

U                               (2.25) 

, 1 
UT
U �LY* [ \ (  ] ^ 
UR
W X LY* [ \ (

 ] ^ 
S
L7 M N ( H I 

nV 
U �!
 nM 
B ) _ 

U �!
nV VB ) nM & % ; 4+ 
0 

wKV Lnn =                                        (2.26) 
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�
=

φ=
3

1i

)i(
Rnn KM                                       (2.27) 

`a(2.26)b(2.27)< c a(2.24)V(2.25) & ` ] ^ 4+ 
0 

��

��

==

==

++

+=

a

0 by

24La

0 0y

23L

b

0 ax

22Lb

0 0x

21L
T

dxw
2

K
dxw

2
K

dyw
2

K
dyw

2
K

U
             (2.28) 

( ) ( )

( ) ( ) ��

�φ+φ+

��

� φ+φ=

��

� ��

==

= ==

a

0 by

2)i(
y

4Ra

0 0y

2)i(
y

3R

3

1i

b

0 ax

2)i(
x

2Rb

0 0x

2)i(
x

1R
R

dx
2

K
dx0

2
K

dy
2

K
dy

2
K

U
        (2.29) 

, 1 
 LnK 
G � d H ( U �e 7 ( Translational stiffness)
 RnK 


G � d H ( W X e 7 (Rotational stiffness)_ 

 

2-4 ������������������������ 

    f g h i � � � � � � (  ] ^ �j ^ k

� � l m� � � � � � � � � 
 ] ^ & 4+ 
0 

[ ] [ ]� εσ=
V

)i(T)i()i(
p dV

2
1

U     3,2,1i =                (2.30) 

 n J a�(2.14):(2.19)a
& o ' )1(
pU : )2(

pU V )3(
pU 
� � � �

� � B C (  ] ^ 
0 

�
=

=
3

1k

)k(
pp UU                                    (2.31) 

p  ] ^ U
� � � � � � B C (  ] ^ (
pU )�L7 M N [ \

(  ] ^ (
TU : RU )�p b_ 

RTp UUUU ++=                               (2.32) 
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q m� � � ( j ^ )i(T 
0 

)(

V

2)(
2)(2)(

)()( d
2
1 i

iii
ii V

t
w

t

v

t

u
T � ��

�

�
��
�

�

∂
∂+�

�

�

�

�
�

�

�

∂
∂

+�
�

�

�

�
�

�

�

∂
∂

= ρ    r 3,2,1i =   (2.33) 

 n J a�(2.14)a
& o ' )1(T : )2(T V )3(T 
� � � � � � ( s

t j ^ 
0 

�
=

=
3

1i

)i(TT                                       (2.34) 

� � � � � � ( p ^ u v w Π & 4+ 
0 

TU −=Π                                        (2.35) 

 

2-5  ��������- � � �� � �� � �� � � (Rayleigh-Ritz method) 

Fx y 1 
z n Rayleigh-Ritz method 
{ | } ~ w � (deflection 

function)VU � 5 X 	 w � (cross-sectional rotation function)� K � �

% ; �w: )1(
xφ : )1(

Yφ : )2(
xφ : )2(

Yφ : )3(
xφ V )3(

Yφ 
q m� w � T� � � �

& 4+ 
0 

��
= =

ηΨξΦ=ηξ
1

1

1

1
1111

I

1i

J

1j
yjxi

)1(
ji )()(C),(w                       (2.36a) 

��
= =

ηΨξΦ=ηξφ
2

2

2

2
2222

I

1i

J

1j
yjxi

)2(
ji

)1(
x )()(C),(                      (2.36b) 

��
= =

ηΨξΦ=ηξφ
3

3

3

3
3333

I

1i

J

1j
yjxi

)3(
ji

)1(
y )()(C),(                      (2.36c) 

��
= =

ηΨξΦ=ηξφ
4

4

4

4
4444

I

1i

J

1j
yjxi

)4(
ji

)2(
x )()(C),(                      (2.36d) 

��
= =

ηΨξΦ=ηξφ
5

5

5

5
5555

I

1i

J

1j
yjxi

)5(
ji

)2(
y )()(C),(                      (2.36e) 

��
= =

ηΨξΦ=ηξφ
6

6

6

6
6666

I

1i

J

1j
yjxi

)6(
ji

)3(
x )()(C),(                      (2.36f) 
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��
= =

ηΨξΦ=ηξφ
7

7

7

7
7777

I

1i

J

1j
yjxi

)7(
ji

)3(
y )()(C),(                      (2.36g) 

, 1 )1(
ji 11

C : )2(
ji 22

C : )3(
ji 33

C : )4(
ji 44

C : )5(
ji 55

C : )6(
ji 66

C : )7(
ji 77

C 
� � � � 
ξ:

η
� � � � � 
� ξ= ax 
 η= by 

xΦ :

yΨ � �Gram-Schmidt�

� � � * � � ( � � aw � (polynomial functions)
��* � �� �

w � (shape function)_ 

T
xΦ 
� 0 

( ) ( ) 011 B Φ−ξ=ξΦ  

( ) ( ) ( )ξΦ−Φ−ξ=ξΦ −− 2kk1kkk CB   2k ≥                  (2.37) 

, 1  

�

�

− −

− −

ξξΦ

ξξΦξ
= 5.0

5.0

2
1xk

5.0

5.0

2
1xk

k
d)(

d)(
B      

�

�

− −

− −−

ξξΦ

ξξΦξΦξ
= 5.0

5.0

2
2xk

5.0

5.0 2xk1xk

n
d)(

d)()(
C     (2.38) 

f � � aw � � � � 0 

ij

5.0

5.0 xjxi d)()( δ=ξξΦξΦ�−                            (2.39) 

, 1
ijδ �Kronecker
 

� 1)(1x =ξΦ V 1)(1y =ηΨ  


o � � � � 
� 

0C )1(
ji 11

=∂Π∂ 
 0C )2(
ji 22

=∂Π∂ 
 0C )3(
ji 33

=∂Π∂ 
 0C )4(
ji 44

=∂Π∂ 
 

0C )5(
ji 55

=∂Π∂ 
 0C )6(
ji 66

=∂Π∂ 
 0C )7(
ji 77

=∂Π∂ 
        (2.40) 

`(2.24)< c J a& 'm� � ( � �  �¡0 

( ){ } { }0CMK 2 =ω−                               (2.41) 

o ¢ J a£& '¤ � � � � � � ¥ j ( ¦§ ¨ © ω_ 
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2-6 �������������������������������� 

 
    mª « h - ¬ ­ ® ( ¯ x Q ° 
� { | 
� ± ² � ° / ( ¦�¥

j Q ° 
, ³ j �¡a& ´ 
0 

        0}X]{K[}X]{M[ =+��    (2.42) 

    , 1 
[M]
µ u ) @ r[K]
? $ ) @ r{X}
} ~ �u r�D

l ¶ ·7 - ¬ ­ ® �� (̧ ­ ® �¹ !�] � º � 
·7 )
J a1 �

[M]:[K]» 
¼ � D ½ (Real Symmetric)) @ _ 

    o ¢ l ¶ ·7 - ¬ ­ ® ¾ 
¿ À { | F- ¬ ­ ® 1 
� Á Â Ã }

�¥ j 
Ä Å ³ j 
�, ¥ ¨ �Æ } » 
Æ Â 
£ 

        iwte}{}X{ Φ=    (2.43) 

        }X{}X{}X{ 2 λ−=ω−=��      (2.44) 

    , 1 }{Φ 
¼ �u rω
Ä Å ³ j �	 ¨ © r 2ω=λ _ 

    < Ç a(2.36)& '0 

        }0{e}]){M[]K([ iwt2 =Φω−     (2.45) 

    J a1 }{Φ K È É ¢ �Ê Ë 
[K]- 2ω [M]
Ì Í 7 (Singular)
�

£
0 

        0|]M[]K[|det 2 =ω−     (2.46) 

    J a£
f ­ ® �� � �¡a
 rω 
­ ® �3 r � ¦§ ¨ © 
�

Æ D  � r}{Φ 
� � �u 
´ S ) @ � a
0 

         

        
�
�
�

�

�

�
�
�

�

�

ω
�

�

0

0
2
r 
 ]}{}[{][ r1 �� ΦΦΦΦΦΦΦΦΨΨΨΨ =  

 

 



 20

2-7 �������������������������������� 

 
    { | f ­ ® Î K Ï � ± ² (Proportional Damping) 

        ]K[]M[]C[ β+α=      (2.47) 

    , 1 α:β`T/ Ð � Bandwidth Methodb Rayleigh DampingÑ

': 

 

(m)Bandwidth Method 

    �� 2-6 * + 
m¥ j � 1 Ò �¨ © - Ó  �
, 1 Peak 

response
Ô m� ¥ ¨ © Æ D  �¥ Õ 
 1f V 2f 
C ·b /peak 2

�� Ö _z n / ao '� ¥ ¨ © �± ² Ï 0 

2 1

2 1

f f
f f

ξ −=
+

                                          (2-48) 

   ξ
f � ¥ ¨ © �± ² Ï _ 

 

(×)Rayleigh Damping 

    � Bandwidth Method'¤ q m� ¥ ¨ © Æ D  �± ² Ï Ø 


& � l ×Ù � ¥ ¨ © Ó  '¤ ­ ® ± ² Ï (�� 2-7 * + )_z n /

a& To '­ ® Ú-dampingbÛ-damping0 

( )( )
i

i
i2 2

αξ β Ω= +Ω                 (2-49) 

iξ 03 i � Q ° �± ² Ï  

iΩ :3 i � Q ° �	 ¦§ ¨ ©  

Ú0�µ u ) @ K º ( ± ² Ï  

Û0�? $ ) @ K º ( ± ² Ï  
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¥ j ­ ® �³ j �¡a& ´ 
: 

        t{F}sin[K]{X}}X[C]{}X{]M[ ϖ=++ ���    (2.50) 

    � 
[M]:[K]:[C]
¼ D ½ ) @ 
* TÜ Ý `, D 	 � 
0 

        
�
�
�

�

�

�
�
�

�

�

=ΨΨ
�

�

0
m

0
]][M[][ 2

r
T  

�
�
�

�

�

�
�
�

�

�

=ΨΨ
�

�

0
k

0
]][K[][ 2

r
T                 (2.51) 

�
�
�

�

�

�
�
�

�

�

=ΨΨ
�

�

0
c

0
]][C[][ 2

r
T  

    Ü Ý `{X}= ][Ψ {x} < c (2.43)aÞ ß J T][ΨΨΨΨ & à ´ S 
0 

     t{F}sin][]{x}[k}x]{[c}x{]m[ T
rrr ϖϖϖϖΨ=++ ���    n,...,2,1r =  (2.52) 

£& o ' 

��
�

�
��
�

�

η+η−
η+

η+η−
η−=

2
r

22
r

2
r

22

2

r

r
r )c2()1(

c2
j

)c2()1(
1

k
F

x     (2.53) 

, 1  / rη ω ω=  

� f 
­ ® Ó  {X}& ': 

            {X}= ][Ψ {x}= rr

n

1r

x}{�
=

Φ                       (2.54) 
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����������������� � � � 	 
 � � 
 � � � �� � � � 	 
 � � 
 � � � �� � � � 	 
 � � 
 � � � �� � � � 	 
 � � 
 � � � � ����

k

kkkkJ Ð á â ¥ j � ¦§ Q ° �¨ © Ó  ��� 
�& Tã ä K å æ

ç % è é ê 'â 
& �ë ì n �K í î ( �ï 7 
�x y ì n ( K å

æç % è ð ñ 
 ò ó ô õ ô _x ö ÷ �ø Ð � � ò ó ô õ ô Q � ( ù ú �a:

¼ û J % è � � ( Ñ'
ü K ý Ð ò ó ô õ ô % è Q R þ ���� C ·¾

* � � ( ��� a_s Ø û � ò ó ô õ ô Q � ( �ï 7 _����

 

3-1 ANSYS � � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �  

 

3-1.1 � � � � � � �� � � � � � �� � � � � � �� � � � � � �  

x g Fý Ð ANSYS K å æç Q R % è þ �� ¥ j � ( ä

¡
, 1 `�n � � � � m 	 
 ] � � i ( � æç Shell 91 
 Q R

¥ j � � � � Z ? ( � � 
V� � 2mm Ò � � Z ? ( � � _� H

2 �T � � æç Shell99 Q R _þ � � J � Z ( � Ë ü K � � bM

N ( � � 
� 
 � � Ã � ( � � � $ � þ � � � 
� f % è Q R

ä ¡1 { | � � Á � Ó � � ( - ¬ � f � � Ã � � Tµ Ö æç

Mass21 
 Q R � � ( µ u � Z F¥ j � ( g Ö J 
�M N �  u

� ¥ j � 
 ! 
 " � # $ M N  u � � Ó 
 % & L7 M N 2 TL

Yæç Spring-damper14 Q R _ 

 

3-1.2 ANSYS � � � � � �� � � � � �� � � � � �� � � � � �  

' ( � Ã % 0 

1. Preprocessor � Element type0�) ¥ j � Shell91
 � H æç
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Shell99
LYæç Spring-damper 14
� � :M N � � ( µ Ö

mass21 

2. Preprocessor � Real constant0| � æç �� � 
�LYÀ � *_ 

3. Preprocessor � Material Props � Material Models0| � ¥ j � æ

ç �� � � 7 µ _ 

4. Preprocessor � Modeling0�Ö :·:5 ù ú ¥ j � ( Q � & + _ 

5. Preprocessor � MeshTool0�) æç � � :� � 7 µ :� æç �

, - t . 
Þ % / æç _ 

6. Preprocessor � Modeling � Copy � Nodes0`� � ù ú � H (L

Y)( 0 �1 ~ � 2 
 1 ~ �8 9 £
LY� 3 $ _ 

7. Preprocessor � Modeling � Create � Elements � Auto 

Numbered � Thru Node405mÖ �T6 � g Ö 
mÙ �g Ö


 ù ú LYæç 
�& � 7 � ¡a8 9 : S f  � 7 j ; _ 

8. Preprocessor � Modeling � Create � Keypoints �on Node05

mÖ �� � :M N Ã � ( } < ù ú Keypoint4_ 

9. Preprocessor � MeshTool0�) � � :M N ( æç � � _ 

10. Preprocessor � Coupling/Ceqn � Coincident Nodes0 �̀ � æ

ç �¥ j � Q � J Æ Â } < �g Ö | � S Î K Æ Â ( ¦�$ 



 Q R ¥ j � J � Z � � ( = ¼ � P _ù ú : S ( Q � (��

3-1 * + )_¤ f ' ( � £ê : S 
 > / 
 & T ? Q ° % è @ �
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�� % è Ã % _ 

A ÷ B � Q ° % è Ã % 0 

11. Solution � Analysis Type � New Analysis0�) % è � ° 
¦

§ ¨ © Q ° % è Ö �“Modal”_ 

12. Solution � Analysis Type �Analysis Options0No. of modes to 

extract
 � % è ( Q ° � � _ 

13. Solution � Define Loads � Apply � Structural � Displace- 

ment � On Nodes0å C LYæç % mD g Ö ( E Ã ¦�$ _ 

14. Solution � Solve � Current Ls0o ¢ _ 

15. General Postproc �Results Summary0 F â * K ( ¦§ ¨ © _ 

16. General Postproc �Read Results �By Pick0� â G H Mode 

Shapes ( ¦§ ¨ © _ 

17. General Postproc �Plot Results �Contour Plot �Nodal Solu0I

� Nodal Solution �Z-Component of displacement
 F â Z��

( } ~ _ 

£& '¤ ¦§ ¨ © VQ ° _ 

�. � % è ��
F ANSYS Ã % �/ 0 

11.Solution � Analysis Type � New Analysis0�) % è � ° 
Ä Å
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 �� � 
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� � �� 	 
 �� � 
 � � � � � � � �

	 � � � � � � �� �� 
 � � � � � � � � � � � �

� � � �� 	 
 �� � � � � � � � � � � �

� � � �� 	 
 �� � � � � � � � � � � �

� � � �� 	 
 �� � � � � � � � � � � �

� � � � � � � �ρ �� ! "
3m �� � � � � � � � � �

 
# $ [15] 

%& � ' ' � � �

�( ) * + ,

- . � 

Shell91 
�/ ( ) * +

, - . � 
Shell99 

Mode 1(Hz) 23.05 23.275 23.464 23.464 

Mode 2(Hz) 43.91 44.649 45.167 45.167 

Mode 3(Hz) 71.06 70.092 72.1 72.1 

Mode 4(Hz) 78.37 79.926 81.311 81.311 

Mode 5(Hz) 90.85 90.887 93.795 93.795 

Mode 6(Hz) 123.82 125.22 129.92 129.92 
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4 3-3 � U V �¥j �þ �� � �   

Mass Added to Cone=    2.89 Gram 

 

------------------- Electrical/Mechanical Parameters -------------------- 

Revc(DC VC Res ) =   7.60 Ohm             Qms (Mech  Q)  =   2.539 

Fo  (Res Freq  ) = 163.5751 Hz              Qes (Elec  Q)  =   0.839 

Zo  (Zmax at Fo) =  12.5498 Ohm           Qts (Total Q)  =   0.631 

Sd  (Piston Area)=   0.0011 sqM            Vas(Acous Vol) =   727.239 uM 

BL  (Flux*Length)=   3.96 TM           Cms(Compliance)=   569.044 M/N 

no  (Ref Effncy) =   0.0741 %               Mms(Total Mass)=   1.72 Gram 

SPLo(SPL at 1W ) =  85.7168 dB              Mmd(DiaphmMass)= 1.68Gram 

 
 

���� 5-1 x y z Y l m ! h �x y z Y l m ! h �x y z Y l m ! h �x y z Y l m ! h � P1 � v� h� v� h� v� h� v� h ����ANSYS���� 

Plate_ANSYS_P1 Bending Mode (Hz) Node (0,0) UZ Node (58,0) UZ Ratio dB drop 

PB 649  18.48 -49.638 2.686  27.305 

PB+0.1g 597  19.249 -44.652 2.320  21.623 

PB+0.2g 559  -19.924 40.616 2.039  16.056 

PB+0.3g 530  -20.522 37.364 1.821  10.603 

�������� 	 �
� � �� 
 ��	 � � � ��� 
 � � 1.649  5.489 

�����	 �� �� �� � �� 
 �	 � � � � �	 
 � � 1.511  0.529 

������ �� �� � � �� 
 �� � � � � ��� � � 1.398  � �� � � �

 
 

���� 5-2 {{{{| � } ~ Y l m ! h �| � } ~ Y l m ! h �| � } ~ Y l m ! h �| � } ~ Y l m ! h � P1 � v� h� v� h� v� h� v� h ����ANSYS���� 

Plate_ANSYS_P1 Bending Mode (Hz) Node (0,0) UZ Node (58,0) UZ Ratio dB drop 

CBC 1604  16.96 -35.1 2.070  9.94 

CBC+0.1g 1541  17.14 -33.22 1.938  8.76 

CBC+0.2g 1488  17.32 -31.155 1.799  6.58 

CBC+0.3g 1444  17.71 -29.8 1.683  4.5 

CBC+0.4g 
 ��� � � 
 � �� 
� �� 
��� � 1.583  2.26 

CBC+0.5g 
 � � �� � 
 
�� � �� � �� 
 � 1.495  0.76 

� �� ���� �� 
 � �� � � 
 
�� 	 � �� � �
 
 � 1.423  0.97 
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���� 5-3 � � {| m � Y l m ! h �� � {| m � Y l m ! h �� � {| m � Y l m ! h �� � {| m � Y l m ! h � P1 � v� h� v� h� v� h� v� h ����ANSYS���� 

Plate_ANSYS_P1 Bending Mode (Hz) Node (0,0) UZ Node (58,0) UZ Ratio dB drop 

CBC-side 973  -19.193 51.605 2.688  � � �� 
��

CBC-side+0.1g 890  19.599 -46.634 2.379  � ��	 � � �

CBC-side+0.2g 830  19.957 -42.368 2.122  
 � ��� �

CBC-side+0.3g 784  -20.294 38.87 1.915  
�� � � �

CBC-side+0.4g 749  �� ��� 
 � � � ���
� 
 �� �� � � 
 ���� �

CBC-side+0.5g 721  �� ��� ��� � � �� �� � 
 �� �� � � 	 ���
�

 
 
 
 
 

���� 5-4 l m ! h �l m ! h �l m ! h �l m ! h � P2 vw � v� hvw � v� hvw � v� hvw � v� h ����ANSYS���� 

Plate_ANSYS_P2 Bending Mode (Hz) Node (0,0) UZ Node (58,0) UZ Ratio dB drop 

PB+0.5g � � �� � ��� �� � ��� �� �� � � �� 	 
 � � � ��
 � �

CBC+0.5g 
 	 
 � � 
 � �
� � � �� � �
 � � � � ��
� � � � 	 �

CBC-side+0.5g � �� � � 
 �	 � � � ��� �� 
� � � �� � �� � � 
�� � �

 
 
 
 

���� 5-5 l m ! h �l m ! h �l m ! h �l m ! h � P3 vvvvw � v� hw � v� hw � v� hw � v� h ����ANSYS���� 

Plate_ANSYS_P3 Bending Mode (Hz) Node (0,0) UZ Node (58,0) UZ Ratio dB drop 

PB+0.5g � �
 � 
 � �� �� � �	 ����	 � � ��
�� � � � �� 
�

CBC+0.5g 
 �� � � 
 	 �
 � � �� 
�� 
 � � � �	 � 	 � � �
 �� � � �

CBC-side+0.5g � 	 � � 
 � �� �	 � �	 � �� � � � ��
� � � ���
�
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���� 5-6 x y z Y l m ! h �x y z Y l m ! h �x y z Y l m ! h �x y z Y l m ! h � P1 � v� h� v� h� v� h� v� h ����K ?K ?K ?K ? ���� 

Plate_��_P1 Bending Mode (Hz) Zimp (ohm) dB drop 

PB 637.9 12.4 15.28 

PB+0.1g 595.2 13.4 11.91 

PB+0.2g 585 14.4 8.89 

PB+0.3g 565.1 14.6 8.58 

�������� 	 
 
�� � 
 ��� � 7.15 

�����	 �� 	 ���� � 
 	 �� � 5.98 

������ �� 	 ����� 
 	 �	 � 5.03 

 
 

5-7 {| � } ~ Y l m ! h �{| � } ~ Y l m ! h �{| � } ~ Y l m ! h �{| � } ~ Y l m ! h � P1 � v� h� v� h� v� h� v� h ����K ?K ?K ?K ? ���� 

Plate_��_P1 Bending Mode (Hz) Zimp (ohm) dB drop 

CBC 1682 11.9 6.02 

CBC+0.1g 1625 11.1 3.61 

CBC+0.2g 1570 10.6 2.23 

CBC+0.3g 1570 11.1 1.75 

� �� ������ 
 	 �� � 
 ��� � 2.27 

 
 

���� 5-8 � � {| m � Y l m ! h �� � {| m � Y l m ! h �� � {| m � Y l m ! h �� � {| m � Y l m ! h � P1 � v� h� v� h� v� h� v� h ����K ?K ?K ?K ? ���� 

Plate_��_P1 Bending Mode (Hz) Zimp (ohm) dB drop 

CBC-side 1001 11.3 14.25 

CBC-side+0.1g 917.6 12.3 12.56 

CBC-side+0.2g 871.2 12.9 8.68 

CBC-side+0.3g 856.2 12.9 7.32 

CBC-side+0.4g 785.2 13.5 4.03 

CBC-side+0.5g 745.5 13.7 7.1 
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k

� ®�� � k� Z µ u ¼ û � � k

k

� ®�� � � � 	 � � Z µ u ¼ û u Y � � C · k
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k

� ®�� � R ã � � � � � Z µ u ¼ û u Y � � k

k

� ®�� ® R ã Ì Ã Z ? � Z µ u ¼ û � � C · k



 90

k

� ®�� ± kÁ Â ¥ j � � Z µ u � � Ï � k

� ®�� � k3 O Ï � t � þ � � � Z µ u � � C · �k
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