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Abstract Using ultrasonic guided wave to assess long bone fractures and fracture healing has become a promising

diagnostic issue. But the multiple guided wave modes alias has always been a big challenge. To solve this problem,

a low frequency signal is used in the two-dimension finite-difference time-domain (2D-FDTD) simulation and only S0

and A0 modes are excited. The amplitudes of guided waves S0 and A0 in long bone with different fracture width and

angle are analyzed. The results show that both S0 and A0 amplitudes decrease with the increasing of fracture width in

different oblique fracture angles. A0 amplitude increases with the increasing of oblique fracture angle while S0 amplitude

decreases with the increasing of fracture angle then increases with the further increasing of fracture angle with a turning

point at around 45◦. The ratio parameter between the amplitude of S0 and A0 can evaluate the change of fracture width

in different fracture angle cases. Thus, it can provide basis for evaluating fractured long bone with vertical and oblique

angle and monitoring the healing of fractured long bone.
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(a) ���

(b) �Lc£¦LW XLYLZ 0.5 mm (c) �Lc£¦LW XLYLZ 1 mm

(d) 26◦ ¤£¥£¦LW XLYLZ 0.5 mm (e) 26◦ ¤£¥£¦LW XLYLZ 1 mm

(f) 45◦ ¤£¥£¦LW XLYLZ 0.5 mm (g) 45◦ ¤£¥£¦LW XLYLZ 1 mm«
3 I 150 kHz 5 JLKLMLNLOLP£¡LQLRLSLTLULVLW `La£§£¨Lb [�� ¬£§£©£¦�� ��� r − t
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(0∼45◦)
0 [P� �P8P�&Ø tPfPaPb�� z t�3&é , 0◦

0
ÿP�P�P� à

1 mm
M c û k��P��� z 3.02 dB,

c ���
,

45◦
0 � z 22.38 dB

ß ,&ò�3 Ø � �P8P�P0
S0 2�&û ò�4 Ø&ÿP�P�P�

(<0.25 mm)
c ûP� ¥�¦&é û ò

3 Ø&ÿP�P�P�
(>0.5 mm)

Ì ò�¥�¦&ß � dP� �P8P�P0
a$b �$´ � z 11.44 dB

ß �
5(b)

à � d ÿ$�$�$�$0
S0 2 � [P� �P8P�&Ø i���é Ú o$� d ÿ$�P�$�$0 S0

2 �P´ [P� �P8P��� z 4 s t�3&é , 45◦
0 6P�Pa�4

� é � d ÿ$�$�$�$0
S0 2 � , 45◦

0�Ø��$´ � z à
12.45 dB

ß g$D$� �$8$�$� � Ó t�3�é S0 2 �$_ gÝ���éja$b$O 4�ÿ$�$�$��Ø
S0 2 � , 76◦

M c û k
45◦
0��$´ t 2 à 12.11 dB

ß�á �
5(a)

Û �
5(b)

Ú
o [P\ 8P� t�3

S0 2 �&û&ÿP�P�P�&Ø ¥�¦�9 � t��s z �&é Î 45◦
M ¥�¦�9Pa���	 d � ÿP�P�P�P0 S0

Ø
2 � [ 8P� tPf � z 4 s t�3&é Î 45◦

M 2 � a�4&ß
2.3 ������������������� S0 � A0 ������
��

�����Ý�
 t�m ø ù é ,�4 Ø � �P8P�P0
A0
û&ÿP�P�

��A f�¥�¦&é
S0 2 �&û&ÿP�P�P�&Ø ¥�¦�9P[$� �P8

� t |�� t�� s z � Ø�} ~�é
Ú o S0
Û

A0 2 � ,� ·�.�/�0 Ú ì k���� ÿ�������Ø ½ ~ ß���g������ìKJ�ä�å�Ø 2 ������������.�/ � î�ï ä�å 2 �
Ñ�Ò ��� Ø ö�����È�É�Ê ê 
�� =�> é
g S0

Û
A0Ø c û 2 �$����� Ý�
�
�� =$> é ë�ì S0

Û
A0 2�*Ø Ì��*û ø�� � d�� ��8���0*ÿ��������������

��� ß �
6(a)

à � d$� �$8$�$0
S0
Û

A0 2 �¿ÌÁ�[ ÿP�P�P�&Ø ½ ~ i��&ß£Ú o ,
0◦
Û

26◦
0 é

S0
Û

A0 2 �¿ÌÁ� [ ÿ$�$�$� t$f$g�t�3�é a$b t Ú�t$f
21.49 dB

Û
4.43 dB,

�$´ t$f
12.96 dB

ß
D$� �$8
� 3$k

26◦
s é

S0
Û

A0
Ø 2 �¿ÌÁ� [ ÿ$� t�3$g0�y é
,

37◦, 45◦, 63◦, 76◦
0��$´$0�y

11.18 dB
ß

�
6(a)

J Ú o ,
0◦
Û

45◦
0 é

S0
Û

A0
Ø 2 �$¾ÿ�������^�R�� ò�3 Ø�Â 9 � é û*ÿ�������Ø�	�


9�ò$��é t Ú�t$f
21.49 dB

Û 0�y
19.08 dB

ß
�

6(b)
à � d ÿ�������0

S0
Û

A0 2 � Ì��[$� �$8$��Ø i���ßjÚ o D$� �$8$� 4$k
45◦, S0

Û
A0 2 � [$� �$8$� t$f$g z 4�é ã ÿ$�$�$��� 3�é
S0
Û

A0 2 �¿ÌÁ� [$� �$8$��y*í�� ¤ G ã�a$b z4 2 ��� 3�é , ÿ$�$� 0.25 mm
0

45◦
c û k

0◦ z4
14.91 dB,

, ÿP�P�P�
1 mm

0 z 4 40.57 dB,
� d

ÿP�P�P�P0��P´ z 4 30.24 dB
ß DP� �P8P� 3Pk

45◦s é
S0
Û

A0 2 �¿ÌÁ� [$� �$8$� t$f$g�t$f*é
ab$c û k
45◦
�$´ t$f

10.08 dB
ß � �

6(b) �$  é
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25∼35◦
^PR O .���Â ��� � è&é Ú o

S0
Û

A0 2 �Ì��*û*ÿ������*Ø�	�
�´ ò s 	
,
45∼60◦

^�R
S0Û

A0 2 �³Ì��&ûP� d ÿP�P�P�&ØP	P
 9 ´ òP��	 D� �$8$� 4$k
25◦ � , 35∼45◦

^$R é
S0
Û

A0 2� Ì��*û ò�4 Ø*ÿ������
(0∼0.5 mm)

��� ò�� Ø
	$
 9�é û ò�3 Ø�ÿ$�

(0.5∼1 mm)
	$
 9�ò s 	 D

� �$8$� 3$k
60◦, S0

Û
A0 2 �¿ÌÁ��û ò�3 Ø�ÿ$�

(0.5∼1 mm)
	P
 9&òP�&é û ò�4 Ø&ÿP�

(0∼0.5 mm)	$
 9�ò s ß

«
6(a) `La£§£¨Lb [ V S0 � [�� A0 � [

k�� (dB)
�LXLYLZL[������

«
6(b) `La XLYLZL[ V S0 � [�� A0 � [

k�� (dB)
� §£¨Lb [������

2.4 �	�	
	�%�& ì�M�q���r�s�t '�� ����t�m*ÿ������ Û� �$8$��û�í�ú Ö ×
S0
Û

A0 2 ��Ø$=$> ß�ö�÷�øù ÿP�P�P�&Ø tPf
�
S0
Û

A0 2 �P´P0�y (
� �

4(a)Û �
5(a)),

� � d Ø � �$8$�$0
S0
Û

A0 2 � [ ÿ�P�P�&Ø ½ ~P�P� X � cPd&ß ÿP�P�$�P� ½ é � �P8
�&Ø tPf Ö
�

A0 2 � t�3 (
� �

4(b)), S0 2 ��� z4 s t�3
(
� �

5(b))
ß

9�: Ö ×���9�:�E*× , ��� � ·�F�G*Ø�H�I J;�<���h
[30],
õ ;�<�����H�I*Ø ° � ê ö�����9 Ñ

Ò FPGP.P/&Ø
�
� ß ,P%P&&î&ï -�� ÛP° �&Ø �
� Ùþ¿JÁ�$h á
S0
Û

A0
3$4�í�ú Ö ×�Ù�ô é
[$\ ÿ$�

�$��Ø t$f Ö	� ö�� Ø ¼$½ û
S0
Û

A0
;$<�Ø	�	�

z ��é�
$g$[$\ ÿ$�$�$��Ø t$f S0
Û

A0 2 �$0�y
(
� �

4(a)
Û �

5(a))
ß��
� 	P

�Pq 6P7 [16]

ø ù D
S0
Ù	� Ö × Ñ � ·$8$��>$W � ÿ$�$M �$N$, ÿ$�$Ä���*Ù*ô�_�` Û�� W é�õ :��UØ�t�� X ��´���|��

ù : Ø*×���� �o9*é
ã�� � � �o9�X �"!�� # 9 ×>$W � G$Q$M�Ø
Snell

·$l é ¾$8$��Ø i�� �	$$Â 9
Ø ß

Wilcox ê [31] 6P7 � dP� >PWP8P�P0
% �
&
' ××�Ø � W ��9�é õ �$� Û$�	(�ö�÷ ´ �$�
S0
Ø	)$W

� � [ >$W$8$��� z 4 s t�3�é _$�$¹ Î$, 45
�	*

n�ß2%$&$, ÿ$�$Ä$� d 8$��>$W$0
S0 2 � ½ ~$�	+� · } � Ý	, Wilcox ê [31] - ö�÷	. � é
� � 5(b)

�$  é S0 2 � [$� �$8$���$0�y�s Ý���é _$�$¹ Î,
45◦
* n	/
0 1�ë�ì

S0 � A0 - 2 � � ����� ��8�� ,ÿ������ ,���� 
�� J ����������.�/ � î�ï ä�å
2 � Ñ$Ò �$�$È$É
Ê ê 
�� =$> é
%$&�2 Ô��	3 S0,

A0 2 � - Ì���¾*ÿ������ ,�� ��8�� - i�� /� �
6(b) �$  é S0

,
A0 2 �¿ÌÁ��û � �$8$�	4 ò5�¥�¦�é
,

0∼45◦
7$R O 4�ÿ$�$�$�$0��$´�0�y Î

5
7 dB/10◦,

,
45∼76◦

^$R O 4�ÿ$�$�$�$0��$´ Ý
�$Î	5

3 dB/10◦
/�� �

6(a) �$  é � d$� �$8$�$0
S0
,

A0 2 �³Ì��&û&ÿP�P�P�P� ò$� 	$
$� ÷�é 45◦0
S0
,

A0 2 �¿ÌÁ�$¾�ÿ$�$�$� - Â 9 � a$�
Î	5
−20 dB/mm

/ ÛPÜ&ÿP�P�P�P0
S0
,

A0 2 �³Ì��&ûÿ$�$�$� - 	$
$� 6 21 dB/mm
/

Bossy ê [32] 6$7ø ù D ¯ I �P° � (h)�
]76
6P�

(λ)
M

FAS
GP� â

3$k
S0 - G$� éjD h<0.25λ, FAS

G$� ,	8	6 - S09�ô ��� � � / Dodd ê [7]
,

200 kHz (λ≈ 20 mm)îFï 0 � � , �:( - öF÷Fø ù FAS 2 �FûFü �þ ,²�²� þ � �²0�ÿ²�²�²� - 	²
<;²� a 3²Î<5
2 dB/mm,

õ � � , �"( � ì ¯ I � ° � 5 6 mm

(h≈0.3λ), FAS
GP� 3Pk

S0
GP� X $ 8
6

S0
9&ô /

%P& � ì ¯ I �P° � h=4 mm,
,

150 kHz
-�� î�ï

0
λ≈27 mm (h≈0.15λ), FAS

���
,
S0
GP� � � é%$& ë�ì

S0
,

A0 2 �¿ÌÁ� , � d$� �$�$�$0�û�ÿ� - 	$
	;$�$´ â��$k Dodd ê [7]
ë�ì - FAS � /%$& Û$Ü�ý�ÿ$0

S0
¾

A0 - 2 �¿ÌÁ� c û k ÿ$�$�� ½ ~ 5
21 dB/mm

¾ ���*ê [29]
, � È�É�Ê - ��

24 dB/mm ×	= / ��C$%$&$�$� - S0
,

A0 2 �[�� ��8�� - i���2�Ú � 8���� 
�� J�` =�> >�W8$� , -�� - Ï$Ð é Í �$, 45◦
�$� þ � �$0 é

S0

2 � ò�4 (
� �

3(f),
�

3(g),
�

5(b))
ã$[$\ ÿ$�$�

� tPfPg 0�y é@?&î&ï&ñ - S0 2 �
A ��� � uPk S09�ô - �	B	,7C Ð éjÚ ë Ð t�� S0
9�ô - î�ï ' ô
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���$D�t�3 ` =	> >$W � � /
%�& º�»

2D-FDTD '�� , í�-�0�� � 3 ���9&þ&ÿP�P�P� ,P� � � �P¾&í&úP9P: 8
6 9&ô
S0
,

A0 2 � - i��	/ %$&$�¿� ÿ$�$0 - ö�÷$d l	4 = ìkP�¿� ÿP� - �P� é Dodd ê [16] - ö&÷ 4�� � 3 �� ÿ���¾ � � ÿ�����+ � � é
� áLk ;�<���	�� dÚ�=
N
8 � � · - 2 ��
Ps /��$��
�� [33] - ö&÷&øù ,�%�& ���*ë*ì - -���0 � � ��� 9*þ�¾�����9þ$- � �ÁÂ¿J
S0
,

A0
�jÂ ��� ����� �	8	6$, �

J ,�� J�;�<���� , � ·�s�8 /
È�É�Ê������ - �,�N =�> ��8�6 - ;�< [4,25],
û

S0
,

A0 - 2 � ,G���´�� � ·�=�> /���C������ �*ÿ�� - �������������� - [6,26−27],
%�&*ð û õ J���o - ü*ý ,��� þ*ÿ�������3 6�7 ��ÿ�� ø Q - ������4 ��N û8�6 - ;�<���T � · - =�> /
%�& � ( 9*þ�ÿ���ÄÅ�Æ�Ç 5�È�É�Ê � ����Ý������ ����� - � d ú��ÿ$�$Ä É$Ê	��9$N ½ ~

[18,34], � N =$> S0
,

A0 -
2 � , G�� / 0 � Ó���% ������È�É�Ê ,���� Ñ�Òÿ���Ä É�Ê���9���
�� ��� ����� � - ����� d M,�� E -�� F �	, E�F �$Ý	( � %$& - ö�÷	/

3 &',
%�&� �!

2D-FDTD '�� Ô 7 ��� ÿ������ ,� � � �&û�"&úP9P: 8
6 2 � - =P> / S0
,

A0 2 �´ [ ÿP�P�P� tPfPg 0�y��
A0 2 � [P� � � � tPfÝ�� �

S0 2 � [P� � � � tPf �P0�y�s Ý��
/ � g� ! ��������� ��
�� =$> - S0
,

A0 - 2 �¿ÌÁ� ���� � dP� � � �P0 - ÿP�P�P� / ö&÷&ø ù S0
,

A0- 2 � Ì�� , � d�� � � ��0*û*ÿ�������´���� ò� - 	�
 9 � õ J/ü � þ , 45◦
��� þ � ��0�Â 9

� òP� t B
5
21 dB/mm

,
−20 dB/mm

/ Ú o�"&ú
8	6 9�ô

S0
,

A0 2 �¿ÌÁ� Ú�! � ø�� � d$� � ��$0 �$�$� �$�$���
S0
,

A0 2 �$¾ � � � �$^$R- i�� � Ú � 8 � d�� � � ��0�#�$�-�� , ` =�>� � - Ï�Ð / á�k������ �����KJ/ÿ������ 4 N ST ½ ~�� 
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