
�
48 � � 1 � � � � � Vol. 48, No. 1

2023 � 1 � ACTA ACUSTICA Jan., 2023�
	
�
�


�
�
85 �
�

A0 � � Lamb � � � � � � � � � � � �  ! " ∗
#
$
% 1 & ' 1,2 ( ) 1,2 † *
+-, 1,2 † .0/
1 3

(1 2434546454748494:4;4<4=4>494?4@4A4B4C4D4E4F4G4HI243 210016)

(2 2434546454748494J4K4L4M4NIJ4K 518057)

(3 O4P48494Q4R4S4T4U4V4W4X4Y4Z4D4E4F4G4HIO4P 315211)

2022 [ 8 \ 2 ]_^4`
2022 [ 10 \ 20 ]_a4bcedgfeheiejekelemon4peqereseteuevewexeyeze{e|e}e~��e�e�e�e�e�e�e�e�el�vewe~��e���euele�e�e���e�e�e����he�e~�e� teue�e�e�e�e�e�el��e���e���

A0 �e  Lamb
pele¡e¢eqere�¤£e¥e~¤¦e§e¨�©e���e��lev�w�ªe«�¬

Lamb
pe­e®ele¯°e±e² ~´³eµe�ep�¶�·�vew�¸�¹�l���ºe»�¼�~¾½�¿eÀ���q�r�l�vew�����Á¾ÂeÃ�~¾��ÄeÅ�Æ�Ç���È�¡�¢eq�r�l�É�Ê��eË�~¾Ì�Í¡�¢�Î�Ï�Ð´¢�Ñ�Ò�Ë�º�Ó�Ô�Ð´¡�¢�¸�¹�Ð´É�Ê�­�Õ�Ö�Á´×�Ø�~ ��� ¿ÚÙ�Ù�Û´��ÈÚq�r�����l�Ü�Ý����¾Þ�ß�vÚà���á�~´�Ú��lqereËeâeãemon4pe¡�¢et�ä�¥��e��Î�Ïe~æå�t�çeè�é�vew�ª�«el�ê�ë�ìeí���îe��l�ÉeÊ�ï�ke­�Õ��æÈeq�r��e����ð�íe��¡�¢�eËeñeòeÐ´�e�eó�Ð´ô�h�õ�ÉeÖ�ñ�Ñ�~´ö�÷�¡�¢�qer�t�ø�ù�úeû�Ð¾Ë�ºeü�ý�Ö�þ�ÿel�¿�������������ª��e�

PACS �
	 43.38, 43.40, 43.50

The structural design and experimental investigation of

focusing lens of A0 mode Lamb waves

SONG Shichao 1 WANG Bin 1,2 LI Peng 1,2† QIAN Zhenghua 1,2† MA Tingfeng3

(1 State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of

Aeronautics and Astronautics Nanjing 210016)

(2 Shenzhen Research Institute, Nanjing University of Aeronautics and Astronautics Shenzhen 518057)

(3 Key Laboratory of Impact and Safety Engineering, Ministry of Education, Ningbo University Ningbo 315211)

Received Aug. 2, 2022

Revised Oct. 20, 2022

Abstract The previous flexural wave lenses designed via refractive index are usually perforated on the plate, which

destroys the structural integrity and reduces the stiffness and stability. In order to overcome this problem, an A0-wave-

based focusing lens is designed based on the interference principle, in which different prisms are distributed on the plate

surfaces. Firstly, the prism influence on band gaps is systemically investigated, the quantitative relation between prism

height and phase velocity is obtained, and the lens is finalized. After that, the working performance is examined via

FEM software, including focusing position, energy distribution near the focusing point, focusing size, frequency region

and so forth. Finally, the lens is fabricated and experimental measured, which validates the structural design. Both

numerical and experimental results demonstrate that the lens in this paper can efficiently focus the incident flexural

wave on a fixed position, and also can work well in a frequency region centered the target frequency. The present design

scheme has the advantages of superior focusing performance, high rigidity and easy processing, which provides guidance

for the practical applications of acoustic focusing lenses in the fields of nondestructive testing and energy harvesting.
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ν = 0.33 [36]
�gf � +&h&i \&j�¯&k&l�Ã�¤ ñ »&mn�o�p�q�r�s
Floquet

q�t�u X�¤ »�v q ¥�½ Ò ¨�]wxf ¤zy�Þ�{�|�G P ±�}�~�����¤z!���­�®6¯�°6±�¦�&�&� �&���&��� ¸�¹&�&�&� ~�����}�¿&���W��¤
K ú 2(a) û6ü �



156
+ ^ ^ � 2023 �

ú
2(a)

� 
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ÿ��6��8������ o�u =
� ´���� � A0 � � � S0 ���� � � ö�¤�����3�H�I�������� ' ¤ A0 � � Lamb

������������� ' �z �� � ö�¤ »a=
��¡6¹ ò ��¢ >£�¤ ¤z� ��» ����� � ��¢ ¤�¥ ¤z¦�7 ñ ¸�¹�N [&�
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Ò
[&� ¸�¹ ÿ � T � ­�ïa§ A0 � � ��¢�£������ ci
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N
Lf = 10 cm, «�¬&��­&ï�� Ò 2n+1 = 51, ð

î6­�ï	§
� P�Q �6� m = 20 ( ø���J6� Ò 1 cm), û
«6¬���J6� L=20 cm

� N ð u ­�ï ë y
�	ì � ô �Ò

5 mm,
ò Ò�> A�B6­�ï � ���6§��6�� 6¤
!�§�"

­�ï ��# 0.2 mm
� ¨ Ê6õ6ö6©6ª6«6¬ ñ 3 kHz

¸6¹
ÿ&��©�ª&8���«�¬ n&p � é } Lf = 10 cm ��¤Mõ�­
ï	§
H�I6�6� d �6�6� c �6­�ï6û ñ ¼6½ y T �	ì
ý þ �6�6��K ú 4 û6ü �

¬
4 f = 30 kHz, Lf = 10 cm Â�$�%�&�'¯Ê¯ÓÔ ±¯² Ä¯Å d ( y )�*¯´�+¯¾

3 ÚÜÛÜÝÜÞ-,/./021
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\�]�^6��_�� ¸¹ 2 �43�5 ²�³�� � ¤ K ú 5 û�ü�¤ æ�©�ª�«�¬a§&½ñ6ô � Ò 5 mm ��b6ø � ¤ ñ »�m p 5 cm ú � � �ù ë z T �	ì r�s ·6Þ�]6¤ Þ6��6�� A0 � � Lamb

� � b6ø�7�k6¥6½ 1 cm J6������8�9�:�;6¤ Þ6��<
Ô�b�ø q�t ú ��� è ��¤ A�= »�º ©�ª�>�Ñ����� �

¬
5 ��?�@�A¯³�B¯´���������C�D¯¿¯Àú

6
Ò ��� 3 kHz �	§ ½6©6ª6«6¬6��E	§ ½6«

¬�b6ø	§
� |uz|2 F ú º e ¤ § ½6©6ª6«6¬���b6ø ñ©�ª�«�¬ n&p G �&> �,îHGJI,��©Wª,8 �>Ò,>,R �K � ¥ ´�µ�¤ Ì�Î Ö N�> |uz|2
ë

x � y
o î �aì �¤�¥�L�M ¤ K ú 7 û�ü �zf 7 ��N ¤ » ©�ª�¼�½ Ò x=

0.29 m ú ¤>�6¥6¦6©6ª6¼6½ x=L+Lf =0.3 m O6§P
1 cm ( Q Ò 0.29λ; 30 kHz �6¤ A0 � � Lamb �6�

å Ò λ=3.44 cm),
��R ´�STG > Ì Î « ¬ ¥ ¦ ��U

(a) V�W����

(b) X�V�W����¬
6 f =30 kHz

Î�Y ' |uz|2 ´�C�D¯·�Z

(a) y=0 m Â |uz|2 [ x \�+¯¾

(b) x=0.29 m Â |uz|2 [ y \�+¯¾¬
7 f =30 kHz Â |uz|2 ´�+¯¾�]�^
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��_ � Ã�� ©�ª�8 |uz|2
Ò

8.68×10−6 m2, ��Ea§&½�«
¬���b�ø�§ e ¿���` '�> 24 a � � |uz|2 � 1/4

Ò�b

6¤ ë x T�� y T �	ì �6©6ª6À6Á6´�� Ò 10.55 cm

� 2.33 cm,
�

3.07λ � 0.68λ,
ë

y T �	ì �6©6ª6À
Á�B6�6��å6¤>©6ª�>6Ñ�I�c6¤
d6Ë6¥6¦6à�� �e 9 ú 2 ����f�����¤ ñ 30 kHz g : ¤ A0 � �
õ =x��¡�¹ � ¤�¥ � ( B�¤ ��h�i 3 » ¢�£������ Ì��¤ ¤ f 7 ����j 0 � ñ õ�ö�«�¬��6�����6� � ��¢£�¤ � �� ÿ�¤ ¨ ¶�· ¸�¹ ñ 30 kHz g : ��¤ 7�«�¬k j�¯�������©�ª�>�Ñ ��Ò�> È�É � ��l 0 ¤ Ì6Î�º
Ê6«6¬ R�S�m6¸ ´6µ6¤ ����>6» ñ 25∼35 kHz

¸6¹
ÿ���¿���´���¤ K ú 8 û�ü�n 7�o�¤ ú 9 p�� > x T
� y T�q ì �6©6ª6À6Á6¾ ª�8 é ¥6¦6ã x=0.3 m �r P ¾�ª�8 ú ��¿���` ' a�s�� ¸6¹ � ¤�¥�L�M ¤ »

� ©6ª6À6Á��6ª�8 é ¥6¦6ã x=0.3 m � r P6òut Þ
§�¨�����å R�S�> - ��� ¤�v n f 7�w N ¤ ��36¶�·¸6¹ ��x�y6¤ ë x T6¾ y T
q ì �6©6ª6À6Á ò ¯�z�BL�M ¤ ò ë y T�q ì ��©�ª�À�Á ò�{�|�ñ �&î�}&å� §4n f � ¸�¹ ��x�y�¤�«�¬�õ�­�ï	§x����~ P�� Û
����� ' ¤z¦�7�©�ª���¼�½�Û���� ì «6¬�� : n K�Ñ��é }�¥�¦�ã x=0.3 m � r P ��' � 0.5λ

Ò�� û�¤
û6Ê6«6¬��6¶6· ¸6¹ ¨ Ò (26.35 kHz, 30.25 kHz), Kú �4����þ�� n ��� ü�à�S�Gx����¤ ¨�¸�¹ ��¢ £�¤
ê�¤Mõ�­&ï�§ f �&� è �W« è Ó�� �W¿����,~ � ~� E ¤ A0 ������}�� ¤�¥ P�� Û6Æ � § E ¤�}����
¢�£�Ú�� � ��9�:����&�,¢ >,� E � ~,� £&¤ n
�
��76¤ 51 î6­�ï�� P�����s ê6¤>¿�������a�s�Æ �
� � Ã ¤g¥ ¤ K ú 9(b) û ü�n @��gKg7 ¤ ñ 7 ¶ ·

(a) 26 kHz (b) 28 kHz

(c) 31 kHz (d) 33 kHz¬
8 º�� Î¯Ï¯Ð |uz|2 ´�C�D¯·�Z

(a) ( x \�� y \�)�*¯´�������� (b) ��������?¯¹¯Ë��¬
9 ��������@¯º�� Î¯Ï¯Ð ������Z
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Ò,>,R � K ÈWÉWÊW«W¬,��_ � ÃW¤ ÌWÎ�ª�«�¬> §��&��Ç�È�Ï�Ð�nMy�Þ�­ ��®�¯ s ¶�q�°W´,� s
¶ 51 î6­�±�²4³�ê	§
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1 Ó (9 î ) Ô�Õ4Ö�×ÙØ�Ú�Û�Ô�Õ4Ö�Ü�Ý�Ý�Þ 3 cm,ß�à�á�â�ã�ä�å�æ�ç�è }�é�ê�ë A0 ����ì
í�î�ïð Ñ Ò�ñ�ò�ó�ô × ß�à�õ�ö í�î�÷�ø ç�ù�æ�ú ×£û�üý�þ�ÿ�������� ç���� ì���	�É�Ê�

��� ß ¼�� â��
½ á�â 30 kHz

ç�è�ú é�ê�ë�¼������ ß�� À�Á���½ÿ ê�ë�¼������ � À�Á������ ÿ��������������� 
15 cm ! ç ��"�Ô�Õ4Ö�#�����¼�� á�$ ��%�& á�â�ç' ú�(�)�* ���������� �+�,�-�. ç�ã � ú ì Lambú�/ É ��������0���þ�1 Ð ��� �32 ß�4 Â ½ ÿ����576�8 ç�9�: ¼�������2�;���< 4�= Õ¡Ô�¼����/ É�Î ú ½�>�?�@�A�2�;�A ç &�B�¼���� ÿ &�B�¼
������C�D�E�F�G�H 4�I >�J�A�K�B�L���ì

M
10 A0 NPO Lamb QPRPSPTPUPVPW M

=�X 	�Y���	�É�ÊZ
 á�â�[�\�ö�ç�] A0 ^�_
Lamb

ú �a`�b�c�d ��e�f�g�h ç�ã îi

����Ç�È�ì� íuî�j ä�k 6 Û ' A, A1, B, B1, C, C1, l�muÚ'onop loq 0.3 m, Ë Ì 11 Í Î ìsrutovow ú woA
3 # ' ç &�Ý�q I >�x�y á�â�ç�ú + ]�z�= A0 ^�_
Lamb

ú ì|{ ß Ì 10 Í�Î ç�á�â�[�\�ö�}�~ �|� ' 2
;�A ç Õ�Ô�L���Ë�Ì 12 Í�Î������ 3 #�����
 n�p� &�Ý�q ç r�� I >�J�A���	�D����3� � Ë�j 1 Í
Î�ìa�
j 1 >���������	���J ç�� D�� ����� A0 ^�_çu� Du�u�u`u�u�u��l ÿ�� qu� � 5% û 8 ��jo�s`ub
��	�É�Êi
 á�â�[�\�ö�ç L�� = A0 ^�_ Lamb

ú ì

M
11 �P�P�P�P�P�P P¡PVPW M

(a) A, A1 �P�

(b) B, B1 �P�

(c) C, C1 �P�
M

12 ¢P¡P£P¤P�P�
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1 5 mm ªP�P�P�PTPUP«P¬PQP­P®P¯P°P±P²´³¶µ

QP·
¸P¹Pº¼»P½Pº TPUP¾P­P¿À¯P°P¾P­P¿ÂÁPÃPÄ º
(m) (10−5s) (m/s) (m/s) (%)

A, A1 0.30 13.50 2222 2132 4.2

B, B1 0.30 14.52 2066 2132 3.1

C, C1 0.30 13.46 2228 2132 4.5

Å k
30 kHz K�Æ�Ç ç Õ�Ô�����È���2�É ' ç Õ

Ô ç�ã�}�Ê�Ë Ë�Ì 13(b) Í�Î ç�Ì�Í�Î Ì�ì
Ì 13(b)


 / É���	�Ç�J ç�Ï�Ð B ç�Ì�Í�Ñ � ��Ò � Ì 13(a)

Í�Î ç�Ó�Ô � � l Ó � ��������1 Ð +�, X �ÖÕ çÌ�Í ��� ' � Ï ' Ì�Í�×�Ø�à ð 6 Ð B Ì�Í ì Å k�Ï

��� '�Ù
x Ú � y Ú ç�Ì�Í�Ñ � �����
Ë�Ì 14 Í

Î�� ��� '�Û à (0.3 m, 0.005 m) !�� ��Ü � ���'
(0.3 m, 0)

�
x Ú Û � ����� � y Ú Û ��Ý l�q

5 mm ìßÞ�à�� Ù x Ú � y Ú ç ����á�â Ñ�ã�= 2.19λ[
0.61λ,

Ù
y Ú }�ä�ç ����á�â�å à�æ Û ú�ç � ���è Ì�é�ê ì � q�ë�Æ k�ì�à û�Ç�í�Û }�ä ��c�d��

`�b ç ������� ] d�î�ï���Û /�ð�ñ 0 / É7�Öò�ïô \�ñ , � e >�ó�ô�õ�ö�÷�ø ����e�ù�ú�ÿ�û�ü
þý � \�ö�4�Ì�þ � î�ÿ � æ���ç�\���ä�� �£Í Å k�ç
Õ�Ô ]�Ï�\���ä�� 8 ç Õ�Ô [ [37−38],

ñ e ]�� ' !ç Õ¡Ô���ì��	��Ë�Þ��
Ì 13
[ Ì 14 
�� Ñ Y7� X

`�b ������� Ü � ��� ç�
�� è ì

(a) ������� (b) TPU����
M

13 RPSP¡��������P���P¬����

(a) y=−0.005 m
»

|V |2 � x ����� (b) x=0.3 m
»

|V |2 � y �����
M

14 f =30 kHz ���P�PTPU� P±

5 !#"
`�b�c�d�$ � X f	%�+�g�h î ç g�h Ø � ÿ�þÌ	& ��Ò ç���� �3� à Þ	' è Ü � X�æ	( A0 ^�_

Lamb
ú�ç ������� �P� /�)�Ó�Ô � ��	�*�+�,�- Xþ ï�. è Ì ì/,�-�� � ji�
� Ï ����������� Û ��0� � ��� ' Ì�Í t Ø � ��1 /�ã î�l�r
� þ Ì�Í�2 �3 ��>�w 24
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