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1 Ú ó

<N��3Ì�1Ö (X$Ä
Ôö!K$
Ä!�Ô�) e¬u)�N�ú, 3�½���S,
ù«�ú�±ÏL�|��2)?1?E, �XJ
�úÈ\L¯, �L
Ù?EK�, Ò¬/¤�N
5�ò. ��N�ú®¤�3K¹Ä¥u)�ò
��d3%�. XÛé��N?1@Ï�ä�®
¤��c��µd�¡�9:��.

��N��)¬��X�*(��UC. ©
z [1, 2] éÌ�1Öe����*(�?1*ÿ,
uy��N�ú��*�« (30—100 µm) ��)
ÚÈ\k'. �ù«��*ÿ��{©EÇ�$,
ØUé��N��ú?1�ä, �dud�[B!
>lË���Ï, �ØU÷véK<
¢�ÿþ
��¦. ���u)�N�, Ù)nëê�¬u)
�A�Cz. ©z [3—6] ©OélN��?1�N
ÿÁ, (J�Ñ�N�ú�î, ����Ý��,
�5�þÚÑt'�¬�$, Å�5K�r.

Cc5, �(Eâ3µd��G¹�¡É�2
�À. Ù¥�(�Åéá��A5é¯a, U'

��¡��NÅ�SÜ�(�&E, 3µdÅ�á
��¡äkÕA�`³. ©z [7,8] æ^�( Lamb
Å��{é�N�Gá���NA5?1
ïÄ.
3��ï��¡, 8cæ^��.��Ñæ^�G
(�, ¿r�á�w�´���50� [9−11]. ,,
¢S����Ø5K�+G(�, ��3Uþ�Ñ.
¤±, ù«�.ØUO(��[�(�Å3��¥
�DÂL§.

�©JÑ^Å�5á��+G(�5�[�
�, ¿b½�á��Ù¦)nëêX�Ý!Ñt
'!ÅÝ�ØC (¢Sþ, �u)��N�, ù
)
nëê�Cz��), éØÓ�5�þe��¥�(
�Å�DÂA5?1
ïÄ. F"ÏL�(�Å�
�{5�N���5�þ�UC, ?d�5�þ
�UC�íÑ����N§Ý, ��@Ï�ä��
�N�8�.

�©ÄkÏL�5ÄåÆ�§O�Ñ�(�
Å3��¥�nØªÑA5, �Ñ�Å+�Ý��
5�þ�m�'X±9�Å £��m©ÙA:.
,�æ^ FDTD �{�[��¥��Å, �y�ý
(J�nØO�(J���5, ¿?�ÚïÄ�(
�Å¥%ªÇÚUþP~��5�þ�'X, l
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����@Ï�N�äJønØ�â.

2 ��¥��(�ÅnØ

��(3käN>.�0�¥DÂ�, ¬3>
.?u)��Úò�, ¿��XpÅ!îÅ�m�
��=z, ���ÅÚò�Å2g��#�>.�,
q¬�)#���ÅÚò�Å, ù�Øä/��Ú
ò�, �ª�Ó� �îÅ½pÅ¬u)ÍÜ/
¤�Å. �(3+G��¥DÂ�¬/¤+G�Å.
�â�5ÄåÆ�§±9>.^�, �±é�Å?
1êÆï�, ?¦��Å3A½Å�¥�nØ)
Û).

�©^S	L¡þ�gd>.��%�+5
�[�� (ã 1), ±ïÄp��Å��3T�.
¥�DÂ5Æ, L(0, n) L«ØÓ�ª�p��Å,
n = 1, 2, 3, · · · . �+�S�»� a, 	�»� b, þ
Ý� h(h = b − a), ¿b���´��Ó5�Å�
5á�.

ã 1 Î�Ie����.: a �S»; b �	»; h �þÝ

2.1 ������¥¥¥���ÅÅÅÄÄÄ���§§§

þ!!��Ó5Å�5á��ÅÄ�§�L
«� [12]:(

λ + φ
∂

∂t
+ µ +

η

3
∂

∂t

)
∇(∇ · U)

+
(
µ + η

∂

∂t

)
∇×∇× U = ρ

∂2U

∂t2
, (1)

Ù¥ U = U(z, r, θ, t) �Î�IXe� £¥þ; ρ

�á��Ý; λ Ú µ �.r~ê; φ Ú η �ÅÝX
ê. � φ = η = 0 �, ª (1) C����5á��
ÅÄ�§, Gazis[13] �Ñ
äN�)Û). �©r
ª (1) ¥dá�Å�5Úu� £é�m����

©�
∂

∂t
C��ª�, ¿#½ÂEê/ª�.r

~ê, ª (1) �C�:

(λ′ + 2µ′)∇(∇ · U) + µ′∇×∇× U = ρ
∂2U

∂t2
,

(2)

Ù¥ λ′ = λ + jwφ; µ′ = µ + jw(η/3); w ��ªÇ.
ª (2) ����5á��ÅÄ�§/ª�Ó, du
�©æ^�´¶é¡��+�., ��Ñ £�±
�©þ, 3Î�IXe, ª (2) �)�L«�:

ur = (x′ + ky) e i(kz−wt), (3)

uz = i(kx +
1
r
y + y′) e i(kz−wt), (4)

Ù¥ x = A0Z0(pr) + B0W0(qr), y = A1Z1(pr) +
B1W1(qr); p =

√
ρw2/(λ′ + 2µ′) − k2, q =√

ρw2/µ′ − k2; k � z ¶���Åê; x′ Ú y′ L«
é r ��� �ê; Zn Ú Wn (n = 0, 1) � Bessel
¼ê (½?�� Bessel ¼ê)[14].  £©þ (3) Ú (4)
éA�Aå©þ�L«�:

σrr =µ′
[
− λ′

µ′ (p
2 + k2)x + 2x′′ + 2ky′

]
× e i(kz−wt), (5)

σrz =iµ′[2kx′ + (k2 − q2)y] e i(kz−wt). (6)

2.2 >>>...^̂̂���eee���ªªªÑÑÑ���§§§

S	L¡þ�gd>.��%�+�>.^
��L«�:

σrr = σrz = 0 (r = a, r = b), (7)

rª (7) �\ª (5) Ú (6), ��Xe¤«�Ý
�
§:

M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44

 · N = M · N = 0, (8)

Ù¥ N = [ A0 A1 B0 B1 ]T ����o��¥þ;
M �¹k Bessel ¼ê�o�Xê�
. -XêÝ

�1�ª�", ���ª (8) ��)Û):

|M | = 0, (9)

ª (9) �+G��¥p��Å���ªÑ�§, T
�§�)� w-k ²¡S��q�, z�^��
L,��A½��ª. Ù¥ k �Eê, ¢ÜÚJÜ
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éAuDÂ�ÝÚP~. �dª (10) íÑ�ÅnØ
+�Ý�ªÇ�'X:

cg =
dw

dkreal
. (10)

2.3 ���ÅÅÅ   £££������mmm©©©ÙÙÙ

À�,��ª w-k �þ�:, �\ª (8), �
�'u��¥þ N �o��g�§|, r�§|
�)�\ª (3), (4), =�O�ÑT:?�¶� £

©þ uz(r, z, t) Ú»� £©þ ur(r, z, t) [15].
�©¥���.�Ð©ëêXL 1 ¤« [16].

r�5�þ (E) ©O��Ð©�� 20%—100%, O
�ÑØÓ�ª�Å+�Ý�nØªÑ�±9 
£��m©Ù. �5�þ!Ñt'�.r~ê�'
X�:

E = µ × (3λ + 2µ)/(λ + µ), (11)

V = λ/[2 × (λ + µ)]. (12)

L 1 ���.�(�ëêÚ�á�ëêL

ëê a/mm h/mm ρ/g·cm−3 V E/GPa φ/N·s·m−2 η/N·s·m−2

ê� 15 3 1.85 0.37 8.59 0.1 40

3 FDTD �{�ý

þã��¦)ÅÄ�§��{�,U
°(
O�Ñ�(�Å�nØ)Û), �=·^u{ü�
Å�(�, éu��E,�Å�, �æ^ FDTD �
{?1�[�ý.

FDTD ´�«Å|�O�Å�[�{, 3>
^ Å ! / � Å ! ( Å � + � Ñ k é 2 � � A
^ [17−20]. §|^�VÐmrÅÄ�©�§=z
��©�§5¦)Å|©þ, l��Å|©þ'
u�mÚ�m�ê�Cq). �©æ^� FDTD �
ý�.Xã 2 ¤«.

ã 2 k��©�ý��.«¿ã

3.1 ÅÅÅ���555ÅÅÅÄÄÄ���§§§������©©©lllÑÑÑ

�+¥Å�5á��ÅÄ�§Xª (1) ¤«,

�Ñ±� £, T¥þ�§�3Î�Ie©)�ü
�Iþ�§ [21]:

(
λ + φ

∂

∂t
+ µ +

η

2
∂

∂t

) ∂

∂r

(1
r

∂

∂r
(rur)

)
+

(
µ + η

∂

∂t

)∂2ur

∂z2
+

(
λ + φ

∂

∂t

+ µ + η
∂

∂t

) ∂2uz

∂z∂r
= ρ

∂2ur

∂t2
, (13)(

λ + φ
∂

∂t
+ µ + η

∂

∂t

)1
r

∂

∂r

(
r
∂ur

∂z

)
+

(
µ + η

∂

∂t

)∂2uz

∂z2
+

(
λ + φ

∂

∂t

+ µ +
η

2
∂

∂t

)1
r

∂

∂r

(
r
∂uz

∂r

)
= ρ

∂2uz

∂t2
, (14)

Xã 3 ¤«, éu�m���©�, æ^����
���¥%�©�f?1lÑ [22]. ±ª (13) �~,
Ù�m�©�L«�:

∂2ur

∂r2
=

1
∆r2

(
ur

i,j+1
−2 ur

i,j
+ ur

i,j−1

)
,

∂2ur

∂z2
=

1
∆z2

(
ur

i+1,j
−2 ur

i,j
+ ur

i−1,j

)
,

∂ur

∂r
=

1
2∆r

(
ur

i,j+1
− ur

i,j−1

)
, (15)

∂uz

∂z
=

1
2∆z

(
uz

i+1,j+1
+ uz

i+1,j
− uz

i,j+1
−uz

i,j

)
,

∂2uz

∂r∂z
=

1
∆r∆z

(
uz

i+1,j+1
− uz

i+1,j
− uz

i,j+1
+uz

i,j

)
,

Ù¥ ∆r = h/jmax, ∆z = d/imax ©OL«»�Ú
¶���mÚ�, d ��+�.��Ý; i, j ©OL
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«¶�Ú»�� �, Xeª¤«:

ur : zi = i∆z, rj = a + j∆r

(i = 0, 1, · · · , imax; j = 0, 1, · · · , jmax)

uz : zi = i∆z +
∆z

2
, rj = a + j∆r +

∆r

2
(i = 0, 1, · · ·, imax; j = 0, 1, · · · , jmax)

(16)

ª (13) �m���©��lÑL«�:
∂2ur

∂t2
=

1
∆t2

(
n+1
ur
i,j

−2
n
ur
i,j

+
n−1
ur
i,j

)
,

∂X

∂t
=

1
2∆t

(
n+1

X
i,j

−
n−1

X
i,j

)
,

(17)

Ù¥ ∆t ��mÚ�; n ��m¢Ú�, = tn = n∆t;
X ��á�Å�5k'�Ü©.

ã 3 »�Ú¶� £©þ�����©Ù

3.2 >>>...^̂̂������������

�ý�.>.?�!:du"��Ù���
!:, ØUæ^þã�{?1�©lÑ, I3>.
�	ÜÚ\J[�. ØÓ�>.^�, J[���
ê±9����¦�Ø�Ó.

3.2.1 gd>.
�©�+G���.S	L¡�gd>., X

ª (7) ¤«, ùa>.�I��J[�. �â�5Ä
åÆ�§±9AåAC'X, �íÑAåÚ £�
'X:

σrr = (λ + 2µ)
∂ur

∂r
+ λ

(∂ur

∂r
+

∂uz

∂z

)
,

σrz = µ
(∂ur

∂z
+

∂uz

∂r

)
.

(18)

éTª?1�©lÑ��\ª (7), �O�ÑJ[
�¥!: £I÷v�^�, ±SL¡�~, L�
ª�:

ur
i,−1

=
λ + µ

∆r
ur

i,j+1
+

λ

2∆z
uz

i+1,0
− λ

2∆z
uz

i−1,0
,

uz
i,−1

=
∆r

∆z
ur

i+1,0
−∆r

∆z
ur

i−1,0
+uz

i,1
.

(19)

3.2.2 áÂ>.
�(3¢S���¥DÂ�, duDÂål�

�, ��à�/GØ5K, �Â&Þ�Â���Å
�Uþé�. �òT���.�üà������
� (PML) áÂ>., ±��(Å3T>.?u)�
�, é�ý(J/¤Z6.

3.3 ÐÐÐ©©©^̂̂���±±±999½½½555

�ý�.�u�àæ^pd.�G(, L�
ª�:

S(t) = e−(t−N/f)2/3 × sin(2πf · t), (20)

Ù¥ f �ªÇ; N �±Ïê.

��yk��©�{�½5, �mÚ�Ú�
mÚ�A÷vXe'X:

∆t 6 min(∆z, ∆r)/
√

V 2
L + V 2

T , (21)

Ù¥ VL =
√

(λ + 2µ)/ρ �pÅ�Ý; VT =
√

µ/ρ

�îÅ�Ý.

3.4 ���ýýý¢¢¢���

�©æ^¶�DÂEâ, lu�àÑ\ªÇ
� 0.5 MHz, 3 �±Ï�pd-y&Ò, ²L�ãå
l�DÂ�, d�Âà�Â¿ÑÑ. u�àÚ�Â
à��Ýþ� 2 mm, DÂåll 100 mm ÅìO\
� 180 mm, �ý�m� 250 µs.

3.5 êêêâââ???nnn

é�ý&Ò�?n6§Xã 4 ¤«. Äké
&Ò?1á�Fp�C� (STFT), ���ªã. ,
�é�ªã?1)ä?n, é�ã¥ØÓ�Å�ª
�géA�4��:, ?O�Ñ���ª�+�
Ý!¥%ªÇ±9P~.
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ã 4 êâ?n6§ã

3.5.1 STFT C�
�©¥æ^{ük�� STFT C�:

STFT(f, t) =
∫ ∞

−∞
[x(τ) × h(τ − t)]× e−j2πfτ dτ,

(22)

Ù¥ x(τ) ��ý&Ò; h(τ − t) �pdI¼ê.

3.5.2 4��:
STFT C������ªã´�Ì�Ýã�,

éTã��)ä?n�L«�:

(s ⊕ b)(f, t) = max {s(f − x, t − y) + b(x, y)} ,

(f − x), (t − y) ∈ Ds; (x, y) ∈ Db, (23)

Ù¥ s(f, t) ���ªã; b(x, y) �(���, �©
¥(�����Ñ�� 0; Ds, Db ©O��ã�Ú
(����½Â�.

' � ) ä � � ã � (s ⊕ b)(f, t) � � � ª
ã s(f, t), 3�Ó �?, �Ý��Ó�:=�
4��:, �IP� (fc, tc). Ù¥ tc L«éA�ª
�Å�DÂ�m, fc �T�ª�Å�¥%ªÇ.

3.5.3 +�Ý�P~
3�ý�.¥, ,��ª�Å�+�Ý�de

ª?1O�:

Vgr =
l

tc − to
, (24)

Ù¥ l ��Å�DÂål, to ��m?��, �)u
�&Ò�±Y�m�.

éu�Å&Ò�UþP~, ½ÂXe�P~X
ê:

α = −20 log
(Ac

A0

)
, (25)

Ù¥ Ac �éA�ª�Å3�ª�¥4��:�Ì
Ý; A0 �u�Å/3�ª�¥���ÌÝ.

4 nØ9�ý(J

dª (9) �O�ÑØÓ�5�þe���Å�
ª�ªÑ�, ã 5 ��ªÇ�½� 0.5 MHz �,

���Å�ª�+�Ý��5�þ�'X.

ã 5 nØO�+�Ý��5�þ�'X (ªÇ� 0.5 MHz)

�Å� £©Ù�dª (3), (4) O���, »�
 £©þ3�+�.	L¡ (r = b) ?R�uL¡,
�d�Âà�Â. ¶� £©þ3T?�L¡²
1, ØU��Â. ¤±, 	L¡?�»� £���
ïþ��Â�ÅUþ���IO. ã 6 ����Å
�ª3	L¡?�»� £�ªÇ�'X, �5�
þ�Ð©� 8.5945E/GPa.

ã 6 ���.	L¡��ª�»� £�ªÇ�'X (�5
�þ�Ð©� 8.59E/GPa)

k��©{�ý¥, ÏL��ØÓ��5�
þ±9DÂål, ���ØÓ�¹e����ý
Å/. ��5�þ�Ð©�� 70%, DÂål©
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O� 100 mm, 120 mm, 140 mm, 160 mm, 180 mm
���ýÅ/Xã 7 ¤«. ã 8 L«�DÂål
� 100 mm, �5�þ©O�Ð©�� 100%, 80%,
60%, 40%, 20%�����ýÅ/.

é�ý&Ò?1�ª�©Û, ã 9, ã 10 �Ø
Ó�5�þ!DÂåle���Å/!�ªãÚ

���ª�4��:. Ù¥, ��nØªÑ�,
��ý(J?1é', �:�é�ªã?1)ä?
n�������ªéA�4��. ã 9(a) Ú (b)
éA��5�þ�Ð©�©O� 70%Ú 40%, DÂ
ålÑ� 140 m; ã 10(a) Ú (b) éA��5�þÐ
©�Ñ� 80%, DÂål©O� 100 mm Ú 160 mm.

ã 7 ��¥��ýÅ/, DÂål: (a) 180 mm; (b) 160 mm; (c)
140 mm; (d) 120 mm; (e) 100 mm. Ù¥�5�þ�Ð©�� 70%

ã 8 ��¥��ýÅ/, �5�þ�Ð©��: (a) 20%; (b)
40%; (c) 60%; (d) 80%; (e) 100%. Ù¥DÂål� 100 mm

r�ªã¥4��:��m�I, �\ª (24)
�O�Ñ�ý�+�Ý, 2ÏL4��:�ªÇ�
I, �3ªÑ�¥é�nØO��+�Ý. �ý
+�ÝÚ¥%ªÇ��5�þ�m�'XXã 11
¤«. du�á��Å¢A5, �Å3��¥DÂ
�¬u)P~, dª (25) �O�ÑP~Xê. ã 12
��½DÂål� 140 mm �, �Å�UþP~�
�5�þ�'X. ã 13 KL«�ÅUþ�DÂå
l�P~5Æ, �5�þ�Ð©� 8.59E/GPa.

5 ©Û�?Ø

nØO�(JL², �(�Å+�Ý��5
�þ�'X�ªÇk'. �ªÇ�½�, ØÓ�Å
�ª�+�Ý��5�þ�'X�Ø�Ó. lã 5
�±wÑ, �ªÇ� 0.5 MHz �, L(0, 1), L(0, 2)

Ú L(0, 3) �ª�+�Ý��5�þ�O\O�,
� L(0, 1) �ª��5Ý�p.  L(0, 4) Ú L(0, 5)
�ª�+�Ý��5�þ¥��5�Cz.

l�Å £©Ù (ã 6) �A:5w, du�
á��P~, �ÅUþ�ªÇ�,pÅìü$,
Ì�8¥3$ªã (0—0.2 MHz) S, �¹ü��
ª L(0, 1) Ú L(0, 2), Ù¥ L(0, 1) �ª�Uþ�
p. 3¥ªã (0.2—0.5 MHz) S�3Ø L(0, 5) �
	�o��ª, L(0, 2) �ª�Uþ��. pª
ã (0.5 MHz ±þ), L(0, 5) �ª�UþwÍ, L(0, 4)
�ª�$.

k��©{�ý���Å/(ã 7 Úã 8) w«
Ñ, DÂål�O\±9�5�þ�ü$Ñ¬¦�
Å�ÌÝ~�, �ÅDÂ��mC�. ����ª
��Å3�mþ·U3�å, Ã{?1©E. ã 9
Úã 10 ��Å� STFT �ªã, �±w�, ���
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ã 9 DÂål� 140 mm, �5�þ�Ð©�� (a) 70%; (b)
40%���ýÅ/!STFT �ªã, ±9éA�nØªÑ�

ã 10 �5�þ�Ð©�� 80%���ýÅ/!STFT �ªã
±9nØªÑ�, DÂål� (a) 100 mm; (b) 160 mm

ã 11 DÂål� 140 mm �, o��ª�+�ÝÚ¥%ªÇ��5�þ�'X: (a) +�Ý; (b) ¥%ªÇ

Å�ª©Ù3ØÓ�ªÇ��S, 2�nØO��
��ªÑ�?1é', �±�ß�©EÑØÓ�
�Å�ª, Ù¥Ï L(0, 4) �ª�Uþ��, �Uw
«3�ªã¥. Ù{o��ªnØ+�ÝÚ�ý+
�Ý��'XêÑ�u 0.99, `²�©¤æ^�k
��©�ý(J�nØO�(J�~ÎÜ.

�©�äN©Û
�Å�P~!+�ÝÚ¥
%ªÇ��á��5�þ�'X. Äk, lã 11(a)
¥�±wÑ, o��Å�ª�+�Ý��5�þÄ
�¥�5'X, �5�þ��, +�Ý�p, L(0, 5)
�ª��5Ý��, L(0, 2) �ª�+�Ý���
p. d	, �Å¥%ªÇ��5�þ�O\�5
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O�, Xã 11(b) ¤«, Ù¥ L(0, 5) �¥%ªÇ�
p. �ÅP~��5�þ¥K�', �5�þ�
p, �Å�P~�� (ã 12), Ù¥ L(0, 1) �ª�P
~��, L(0, 5) �ªP~��. ¿�, �Å�P~¬
�XDÂål�O\C� (ã 13).

ã 12 DÂål� 140 mm, �ÅUþP~��5�þ�'X

ã 13 �5�þ�Ð©��, �ÅUþP~�DÂål�'X

d±þ(J���(�Å�+�Ý!¥%ª
ÇÚP~þ��á��5�þ�Czk', Ù¥,
�Å�+�Ý!¥%ªÇ��5�þ�O��
5O\, P~K��5�þ�O�~�. �Ø
Ó�ª��Åé�þCz�¯a§ÝØÓ. 3$ª
��S, L(0, 1) �ªUþ��, N´uÿ. 3pª
ãS, L(0, 5) �ªé�þCz��¯a. l�*�
Ý©Û, �5�þL�á�SÜ�:m(Üå��
�, �5�þ��, (Üå�r, @o®�Ä��:
�N´�Ä���:u)�Ä, (Å�N´�cD
Â, 3÷*þÒLy�(Å+�Ý�O�, Ïd�

(�Å�+�Ý¬��5�þ�O�O�. ��
Å3Å�5á�¥DÂ�, ÙAC¢�uAå, �
Ü©Å�U¬=z�9Uu)P~, e�5�þ
,p, AC~�, K�(�Å�P~�¬��~�.
¿�, ù«ÏAå�ACØÓÚE¤�P~��
�ÅªÇk', pªP~�r, $ªP~�é�f,
¤±��5�þü$�, pªÜ©P~�\ì�,
�¦�Å¥%ªÇ�$ª£Ä, ��, ��5�þ
,p�, �Å�¥%ªÇ¬��O�.

ù
(J`²���u)�N�, Ù�á��
5�þ�ü$¬¦�(�Å�DÂA5�u)�
A�Cz. Ïd, �ÀJÜ·�ª��(�Åé�
�?1ÿþ, ¿�â�ÅDÂA5�UC�Ñ��
�5�þ�Cz, ?ÏL�5�þ�Cz5é�
���N§Ý?1�ä.

�©æ^+G!Å�50���.O(��
[
�(�Å3��¥�DÂL§, ¿ÏL&?�
á���5�þé�ÅDÂA5�K�, ����
5�þ�ÿþJø
�«g´, ¿���N�ú�
�(�Åuÿ�{Jø
nØÄ:. �,, �©�
ó��k�
Øv�?, 'X, ��Ä-y(�
ªÇ!\��Ý!���.�AÛº�±9�á
��Ù¦A5ëê (�Ý!Ñt'!ÅÝ�) �C
zé�ÅDÂA5�K�. ¿�, �©æ^�k�
�©{�ýæ^
+G����., ¦n�áN�
�.{z���²¡þ5?n, �¢S��¿Ø´
î���/+G(�. éù
¯K�?�ÚïÄ,
ò¬3±��ó�¥\±?1.

6 ( Ø

�©3�Ä��á��5�þ�Ä:þ, é�
�?1êÆï�, ¿æ^nØ©ÛÚ�[�ý��
{é��¥�(�Å�DÂÅn?1
ïÄ. (J
L², ��á���5�þ��ÅDÂA5ëþ�
��', Ù¥, ���Å�ª�P~��5�þ�
O\~�, +�ÝÚ¥%ªÇþ��5�þ�
O\�5O\. Ïd, d�(�Å�DÂA5ë
þ�±�NÑ���5�þ�Cz, l���N
�@Ï�äJø
�«�U��{.
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R, Lü J H, Hu X W 2009 Chin. Phys. B 18 3484

[18] Wang S Y, Liu S B, Le W J L 2010 Chin. Phys. B 19 084101

[19] Tang W, Yan Y B, Li Q L, Wu Z S 2004 Acta Phys. Sin. 53 4173
(in Chinese) [)è, A�Å, o��, Ç�Ü 2004 ÔnÆ� 53
4173]

[20] Zhang Y Q, Ge D B 2009 Acta Phys. Sin. 58 4573 (in Chinese)
[Ü�r, ��J 2009 ÔnÆ� 58 4573]

[21] Deniel G, Tobias L, Jürg D 2004 J. Acoust. Soc. Am. 116 3284

[22] Wang G, Wen J H, Han X Y, Zhao H G 2003 Acta Phys. Sin. 52
1943 (in Chinese) [�f, §-õ, ¸��, ë÷f 2003 ÔnÆ
� 52 1943]

134304-9



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 134304

Study of bone fatigue evaluation with ultrasonic guide
waves based on elastic modulus∗
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Abstract

How to diagnose the bone fatigue damage at early stages is one of the hot research subjects in bone evaluation field. In this study,

the propagation characteristics of ultrasonic guide wave in a long bone under different elastic moduli are analyzed using theoretical

calculation and simulation methods. First, theoretical solutions of guided wave in a long bone are calculated. Then, a finite difference

time-domain (FDTD) numerical method of simulating the propagation of guide wave in a long bone is presented. The simulation results

are in good agreement with the theoretical values. And, the relationship between elastic modulus and the propagation characteristics,

including group velocity, central frequency and attenuation, is discussed. The results show that group velocity and central frequency

increase with the increase of elastic modulus. However, attenuation decreases with the increase of elastic modulus. Those results

demonstrate that the propagation of guide wave can reflect the variation of elastic modulus of long bone, which provides a theoretical

basis for evaluating the early stages of fatigue damage in long bone.

Keywords: ultrasonic guide waves, long bone fatigue, elastic modulus, finite difference time-domain (FDTD)
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