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`)„�·�¹�î���S"¯�,�ü��(?•� * 1).��+��b�J�K�ÝBüEO�Ã�`4È�ÃP¬�¨�z�Ã	Ã��

�)
`P¬�
4‡!¨1�(M�û>•�S"¯�h*ü�b7þ0N7þ�ý
`�Î1%�¹/ß,���_�V�ûM6/Ã�þL�+	"4L	�Ã;X7p5Ð�Ã��

!è�ý4“�Ã�þL��Ú�Ã�a�9�£Eó>™5B�Ã�þ0N8�
`"�0Ÿ�•7p4§�X1 � (�0�ó�[1���2006,��)_KS�Ñ1���2007,��6µ

#K�}��2016,���A/c�o1 � 2017).��'
5à,��;X7p+��bM6�ê�k���î�zEW� " (G£4{��	n�z,X�Ý õ�•),��5àM6�Y�î

�z,Ì�ÍEWP ¬ (G£4{��	n�z,X�Ô õ�•),���´!8,��;X7p4§�X�ç	¥*óM6�ê	¬�6�Ã��0�
`?
,….��	«L$;X7p
`

;X�Ç1�;X�•4§�XEîE›�û��M6�ê0��n� û (CK,…) �9L!�"M6�Y,X�•��/	_4ý6Ñ,��Eî��>•Ax����CD	å&RL’

�û.�
#,XEè� X (Ba�åant��2000,��Wang��et��al.��2016,���ÍE¯�o1 � 2019,��Luo��et��al.��2020).���¢	º�Ô�•M6,ß,��Lc

-��U0Ã	¬�6�$�m
`�¨�û4§�X,X�HCK
`�h* ü (Li��et��al.��2012,��Reis��et��al.��2018,��Reis��2015),��	Ã�¹	¡E›�9

�ý*üE­/¡���Æ��0�> ���r)„(M�n,X�s6Ñ,���_�VEîE›	Ã4ê/ß,XCK,…4•)Ú�6�ä�þ>™,‚6 x (Pikul��et��al.

2017),�� �é �9 �‚ 4§ �X ,X?
 ,…	� 
³ �n � ! (Yan��et��al.��2014),�� �ý *ü �§ �%�ì �ê ,X �´?
 ,…A’A u (Luo��et��al.

2017),��EC�'PE�|,X�6B`�{� 
 (Si�pfert��et��al.��2019),��7¾��PE�|,X�Ú�h�é�Ð�'	 D (Jiang��et��al.��2019),���6

(Š	Ã4êEe,X�î0��ÕCY><M 6 (Bende��et��al.��2015),��?
,…�e�Ò
�B`,X�|�ÕA×� { (Paulsen��et��al.��2016) �¹

	ž7¾EÖ�h!è�|�û6Ñ�{� 
 (Terwagne��et��al.��2014) 1�.��	ÃEÚ,X��0�
¡�h�¡�{,���ø�J�����Æ
`0��n(Š�Õ

��KÈ,X&I#�E›#õ,���Ú��,Ì�G�s6Ñ�û�h*ü,X�GK�,��	Ã���´�)�§�%,Ì�G,X�s6Ñ�û;X7p4§�X,X�N6Ñ�
Eô

�¤�o�Û�Ð,���K�Ý�SKè,X�h*ü�!�C.

�GM6;X7p4§�X,X?
,…��0��6B �̀ü	Ø�þM6�Y���z�ßEW��,Ì��,��><)„��� �́��z��� h (?•� * 1(a)���a��� * 1(e)).

'
5à,���ñ�Ÿ�Æ)[�E
¡�ß;X7p4§�X,X	¬�6��0��6B`	HEW���á� � (?•� * 1(f)���a��� * 1(j)),���â�GM6�X
_�ß

,X?
,…�e�Ò�,�ü�â���Â�Ö,��	¡�ô�Î�Æ)[,X�0*ü���p.��EC7p�í.@
Î�i2Ï4³��,X�Æ)[	Ã�¹�é�Ð5�LK7¾

4˜>™,���_�V>–4•�=�)CÃ� X (Mitchell��et��al.��2017) 
`?
,…�6B ` (Irvine��et��al.��2010,��Ma��et��al.��2019,��Jans-

��

��

�*����

�9	8�f�Ò�7�ŸLŽ�°� · (a)���a��(e) �:��LŽ�°� · (f)���a��(j) :°6È3ÿ�°>b+Ý�ŽA¸�%!�:��(a) -�
Ô& � (Bao��et��al.
2009),��(b) �	6" :°6È,��(c) 8£ 	 " (Xu��et��al.��2020a),��(d) /Ã � D (Vandeparre��et��al.��2011),��(e) �VK_�u �2 ,
(f) �[��-ß3ß1Ÿ0 Í (Poncharal��et��al.��1999),��(g)��PDMS �Ú) / (Breid��&��Crosby��2013),��(h) +ª	47Ý* � (Li-
ang��&��Mahadevan��2011),��(i) =Â� | (Yang��et��al.��2018),��(j)��Google !@)/
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sens��et��al.��2020).���Æ)[�ü���Ç4§� X (Li��et��al.��2011;��Zhao��et��al.��2014;��Xu��&��Potier-Ferry��2016;��Xu��et��al.

2017,��2020b;��Zhao��et��al.��2021) 
`7p
Î2Ï4 ³ (Cai��et��al.��2011,��Yang��et��al.��2018,��Xu��&��Zhao��2020,��Zhao

et��al.��2020,��Ding��et��al.��2021) ,X?
,…�õ�ÕEÝ�½
`�6�ÕE@�ê��CK�GK��0*ü.��7¾	¥�Æ)[�î�Ð7È;X�Ç�Ÿ

E@�Í/Ä�û.�5�
`CÇC—���Æ��0 � (Zhang��et��al.��2018,��Pezzulla��et��al.��2018).��	º�ê,���Æ)[	Ã�Ê4ç
��Ô*ó

KS2Ï4³��?
,…,X�6� ä (Jia��et��al.��2018).���ü	¥6†��,X
Î�G�|(=�û6å"s�¥�6�Õ,X�ÖBü2Ï4³��,���Æ)[�ã

,X	�
³Oj�� 	¥*ó��0 � (Budday��et��al.��2015).��4§	Ü�Æ)[
`�>>•A’Au	Ã�¹�r)„"¶�ü�l4Œ4§�X��,X�ô

� • (Rafsanjani��et��al.��2019).���ü�•���0*ü�ß,���Æ4“�ñ(ŠCY4§�X5%4°	Ã�¹�S	¬�6�õ�ã�¢�•�������ÆE@

	 ¬ (Yan��et��al.��2020).������,��)Ú?·�Æ)[�Í?
,…�6B`$è	¬
`��0��õ�Õ�ä�6,X�o�:��)Ú�Í�b�Ý���ý*ü��

0��r)„�N6Ñ><M61��s6Ñ�û*üEè7Ç�GG¡?U.

���[J\�Í�ÆM6;X7p4§�X?
,…��0�> ��,���¢�Æ)[�E
¡�ß,X;X7p�•��0��n�û
`7p
Î4§�X><M6��

0��6B`EÝ�½�ø2OKÂNl,X-è0JE¯�)E¯> 4ÐEÄ,��G¡&•�È4©�Æ)[�Í��0��õ�Õ,X�E
¡	ž�o�:��)Ú�Ã�õ
_

�â�•"©E¯> KäEÄ�Ú�d,���Ô	â�Í�J	¥�)C_�“E¯> �)�ï.��

2���������()½�§���A,º;º7Ò�ÿ�n0i�Ð�]
��

2.1���������©M˜;º7Ò�ÿ�nC­,ç�j+‚

�`	��H�!,��Friedl 1 � (2000),��Cerda 1 � (2002) �¹	ž��Cerda��&��Mahadevan��(2003) ,Ì4»�Á/��Z	)EH

�•���ß�GM6;X7p�î�Î)„�þ	å?
,….���ÞEÄ-è0J�¹	ž�J�ª�½�ó-è0JFÑ	«L$�b�ã�h	 ¬ (4 z 1%) CK,…> 

�� ,��-è0J�ÍB5Eî �� �� �ô4³ .@�$�m,���VG¥�2
` �%�m;X7p.��Friedl 1 � (2000) 4­ �Î �Z ��+ �• �h �o,X><

E’�ã

�J�� ��!¨�_2Ï�D,�� ��KS�z�•	å,X�h�o,�� ���þ	å�h�o,�� ��KS�z,�� ���‘�z,��� H ��7p

	n,��� % ���
�û�õG£,�� ��"ž�R!¨,�� �Ú�ÿ��KS�z�•	å
`�þ	å,X	�"¶�D.��Lc	â,��Cerda 1 � (2002) �¹	ž

Cerda��&��Mahadevan��(2003) EîE›6ÑG£�U�ã�ê	s)Ú�|�Ð�Î?
,…"¶KS
`���� ,X�Û�z�_�G2Ï

�J�� ���•���h	¬.��E¯�Ô!9
�,��Jacques��&��Potier-Ferry��(2005) 
Î�b0��n�û)ÚAŽ,��?·�d9‹�k�Z��+ �•

�h�o 
`�þ	å��0�"¶KS�� ��,X><E’�ã

�J�� ��KS�z�•	å���ÆKS�z,�� ��(M�UKS�z,��� K ���þ	å��0�"¶�D.��Lc	â,��Kim 1 � (2016) 
 ` Puntel 1�

(2011) EîE›6ÑG£	¬�Ú,��4­�Î�Z��+ �•���h	¬,X><E’�ã

�J�� .��
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2.2���������©M˜C»�o�];º7Ò�ÿ�nC­,ç�D�Ã0i�Ð

Lc-�EC(=Bü�o�:,X	¥� ) (�ƒ?S�91 � 2017,��Reis��et��al.��2018),��M24“�
�û�ÝL$	¬�6)ÚAŽ�k���S"¯�h

*ü.��	à �Ê,���Ž �À�Ô�Ÿ�ý*üEC�$�m�û	¬�6 
` ��0�0U	¬1�(M�û�r )„ �6B`A×�{1� �s6Ñ�û*üEè.��Zheng

(2009) Oj õ	¥)„�ZE›�z�•��,XCY�
�û;X7p��,X�a0�� n (�G�H�ê) > ��,��	GLc-��•��,X�Õ4Á�r�t,��;X

7p?
,…�������r�t�Ã	â�£�ã,���Ô	â#\� � ( ���a��0.3),���V� * 2 ��/�.��E­��EC;X7p�û	¬�6	â�Î)„,X�80Ÿ��

�—�Ú� h (isola-center��bifurcation) > ��,��$d7¾�•��6Ñ�â���Æ6Ñ��KÈ,XM24“�û0²�],��LÔ?U�¢?·�d�Ã�D

��
`�rP`�Þ�Í�J�o�:��)ÚE¯> #Å�9�v0J.��	à�Ê,��+��b;X7p�•���{*óEW�û,XM6�Y	¬�6,��4£�L,X�ã�h

	¬�S�Ç�õ
_�Æ�á�aEÖ*ü,��LÔ?U	¥�)�„,X�S�Ç)ÚAŽ
`Au1k�•"©�9NX�yCY�
�û;X7p�•��CK,…�â�a0�

�n)„B5.

Healey 1 � (2013) EîE›� ü F�|ppl-von��K�irm�in��(FvK) ;X�S�´�)�•/ß���é�9M6�YM24“�û	¬�6�ƒ�z

NM,���¤�Î�Z
Î� b Saint-Venant��Kirchhoff��(SVK) ���X,X�ÝL$�h	¬;X�S�õ
_.���J���k�í�•���ë�¹�h	¬

�ôG£></���

�J�� 
` �Ú�ÿ></�M6�Y�!/Ï
`M6�ê�ô�z,�� ></��`4ÈM6�ƒ�z,�� ></��ôG£/Ã.���'�Ñ+9� ã (5) ��,X

M6�YM24“�ûNM ,���íEÔ�ê��4£�L, X FvK �S�õ
_.���ø/¡�õ
_FÑG›*ü�Z4“�û�Æ)[.��EîE›6ÑG£	¬

�Ú,���Ô	â	Ã�k�G>5�‚�Ú�•/ß

�J �� �� �S ��M6,X1� � ` Piola-Kirchhoff��(PK) �h �o �ôG£.��"¼�ã ��M6�Y �G>5�• /ß �� ,���á 	à �b4£ �L

FvK �S�õ
_1�� ` PK �h�o,X�7�z��LÊ,��!8� Ø SVK �S�õ
_��1�� Ô PK �h�o,X�7�z��LÊ.���ý*ü û�•�í

(/NS�D��1k"©"�?·,��	Ã�k���ô�z�í�h	¬$è�ê�Ú�h� * 2(b).��4§�p><� â SVK �õ
_6ÑNX#�CK,…�í#\,…,X

�80Ÿ���—�Ú�h> ��,��5à4£� L FvK �S�õ
_�´"©NX�y?
,…#\��)„B5.���´!8,���´�)�•/ß��,XM6�YM24“�û

NM�Í?
,…,X#\��CK-��‡�n�û�0*ü.��E¯�Ô!9
�,��Li 
 ` Healey��(2016) �v0J�Z�$�mM24“�û> ��,��	 G neo-

Hookean��(NH) 
 ` Mooney-Rivlin��(MR) CY�
�û���X�Í�80Ÿ���—�Ú�h$è�ê,X�E
¡.��4§�p><�â	Ã�£EÄ

�$�mM24“�û> ��, X NH 
 ` MR �õ
_�üNX#�?
,…#\��,X�a0��n&•�Þ!¨4“�
�û���X, X SVK �õ
_�È

2’.B.��'
5à,��SVK �õ
_�¡C‡�¹�)����?
,…,X�Î)„
`#\��> ��,��><�â�á	à,XCY�
�û�$�m���X�õ
_�J

�á�î�ÍE­�Ô�80Ÿ���—�Ú�h> ���{*óBü,X�E
¡,��AÈ�âA¹)„B5��?U�qC*�b�´�)M24“�û.

Fu 1 � (2019) �¢�Ý4ÈCY�
�û�h	¬6Ñ�Ñ�D�Î	¥�|�Ð�Z�î/¡�`4È;X7pCY�
�û���X�õ
_,���¤�Î�ZEÖ

*ü�b�î/¡	Ã	_4ý
`�á	Ã	_4ýCY�
�û���X	ž�h	¬.@�ê�$�m,X�ÝL$�h	¬�S�õ
_,��G›*ü
Î�bE²4Á���|

)ÚAŽ,X�D��#äE¥"©�â	Ã�Ø)Ú0NKÈ�‚�Ú/•�7,XB�G!&•�•"©,Ì5ú	Ü,X�D��Au1k���Š,���š.BNX#��Z;X

7p�•��CK,…�í#\,…,X$è�ê�<�C.��Wang 1 � (2019) 
Î� b Koiter 0��n�û)ÚAŽ,��Oj õ	�?·�d
�NX#��Z�8

0Ÿ���—�Ú�h&•,���v0J�Z"ž�R!¨�Í;X7p�•��CK,…�â�a0��n,X�E
¡,��	¥)„EW�ã,X"ž�R!¨�î�Ð7ÈEW$²	â

,X?
,…�Î)„�Ã�È�",X��0�����
`EW�½,X?
,…#\��> ��.��(M�ÿ
�,���'"ž�R!¨�"�b�Ô�þKÜ���Ê,��;X7p

�ü	)EH�•���Ê�á�î�Î)„?
,….��	º�ê,���';X7pKS�‘!¨�û� b 4 �Ê,��;X7p���—CK,…�Ú�Ú>–���ø0ÃCK,….
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���<�ç�µ �
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L85×<%	Ø	å	à�û�$�m;X7p�ê,��Sipos 
 ` Feh�pr(2016),��Zhu 1 � (2018),��Liu 1 � (2019),��Yang 1 � (2020)

�v0J�Z	Ø	å�Ö�û�$�m�Í;X7p��0�> ��,X�E
¡.��Liu 1 � (2019) 	¥)„�
	¬�$�m���•	å
`�•���•	å,X

�
?¦	Ã�Í?
,…�•	åE¯> �n	åA×�{.��Taylor 1 � (2019) �v0J�Z�á	Ã	_4x4È�r��;X�S�ü�î/¡�o�:�tEQ

�ß,X?
,…�6B`.��Yang 1 � (2020) EîE›�ü�û�h	¬�S)ÚAŽ���é�9	Ø	å�Ö�ûCY�
�û���X,���Î0Ÿ�Z	Ø	å�Ö

�ûCY�
�û�ÝL$�h	¬�S�õ
_,��	¥)„�'4x4È�â
ÎBü,X�>�Û�õG£!¨P¬�b��+ ���Ê,��?
,…#\��,��	G;X7p�ü

�•��E›/ß���±�Õ><M6�G�).��

2.3���������(M˜;º7Ò0i�Ð�]�D�()½#¾,ç�p�l

;X7p4§�XEî���K�Ý�ÆM6�´�)�X
_,��7¾'
5à'
�é�Î�Ô�o/¥�:KÂNl:���Æ)[��	ú�E
¡?
,…��0�	¥*ó

	¥�)?��;X7pCK,…��	ú�qC*�b�ñ�Ÿ�Æ)[?���Æ)[6Ñ�—E¯�z�ê���e�
;X7pCK,…> ��?

Wang 1 � (2020) 	¥)„ �Æ)[	Ã�¹ �Ý�� �è2’.B
�A×�{CK,…�â#\,…> � � (?•� * 3).���' ;X7p�� �Æ�Ê

(�K�Ý�ñ�Ÿ�Æ)[),���á	à�b�GM6;X7p�•���Î)„��F¼CK,…)„B5,���ÆM6;X7p�î�Î)„��F¼CK,…�â�H�'���Æ

,X5ú	Ü	¬�6> ��.���è�,�ü��+ �Æ)[,���'�Æ)[�û�bKÜ���Ê,��;X7p�•���Ê�Ÿ4œ�±�Õ><M6��$¥,���á�î�Î)„

?
,…,��	G�Æ)[	Ã�e�
?
,…	¥*ó.�����nG£)Ú?·�J�Y�ü�o�:��)Ú
`�E
¡�´2ô,��Wang 1 � (2020) 
Î�b�S

�� �Æ4“
$�Û2Ï,X�‚ �Ú�´ �) ,���Î0Ÿ�Z	Ã�¹�£EÄ�ÅM6,X�ÝL$�h	¬;X�Ç�õ
_,��	Ã�š.BNX#�;X7pCK,…�í

#\ ,… > �� .�� �Í �b �Å M6 �´ �) ,��G› *ü �û K S � S 
` EH K S � Z 4˜ �ä �Æ 4“ 
$ �Û 2Ï ,�� �í �Å M6 	Ã �¹ 	– �D �ê ��

,���è�J�zG£�ôG£
`�Æ)[�ôG£�Ú�ÿ></���

�ÅM6�ß,X���k�í�•���ë�¹�h	¬�ôG£	Ã�¹></���

�J�� ��4“�û�h	¬�ôG£,�� ��M6�Y�!/Ï,��� W ��M6�ê�ô�z,���à7��+!¡ ,�������ü 	ª��,��G¡�á�Û�Û$µ

C‡"�
`4z�n.��5×<% ,���J�� ,���í�,�ü�¹�ß�ø/¡�™�‰:

��

��

�*����

�Ÿ LŽ B± �e �S :° 6È �õ �d B£ +Ý �í"´ +Ý $@ �B .�� (a) �• D  �õ �d �Ê O¸ ,�� �% �À �õ �d �À 	� �2 �W �f
;��(b) :°6È�õ�d�]/_�2�À� * (Li��&��Healey��2016),���¢�Y%å�>3ë��%å3ë��;†3ë�ö�Ê3ë

�2�W=”. f NH,��MR,��SVK,��FvK �M�·
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(1) �ã�Æ)[:�� 
` .���ã�Æ)[�ß�ÅM6;X7p�h	¬�ôG£��

�'1� �`NMM6�YM24“�ûNM�Ñ+9�Ê,���õ
_EÔ�ê��4£� L Donnell-Mushtari-Vlassov��(DMV) �Ç�õ
 _ (Ya-

maki��1984).

(2) �ÝL$�Æ)[:�� 
` .���ÝL$�Æ)[�ß�ÅM6;X7p�h	¬�ôG£��

4“�û�ê,X���Æ�h	¬�ôG£	Ã></���

�J�� �Ú�ÿ��	–5×
`�' �! �X
_�ß
Î-¶G£,X#Ë	Ü/Ã.����A’-Á"¶��0��ß	¥*óEÖ�',XM6�êE@�|

("©-¶G£E@�|EW�ã),���í���Æ�h	¬�ôG£,XM24“�ûNM	Ã�¹�Ñ+9,���èE¥���Ý ,��	à�Ê	¬�6(Š�Õ�ß

�zG£�ôG£E¥��� � 1.��,Ì�h
�,���,�ü�ø/¡�™�‰:

(1) �ã�Æ)[:�� 
` .���ã�Æ)[�ß�ÅM6���Æ�ôG£></���

	G��4£�L, X DMV �Ç�Æ)[��A ’ (Yamaki��1984).

(2) �ÝL$�Æ)[:�� 
` .���ÝL$�Æ)[�ß�ÅM6���Æ�ôG£��


Î�b û�•�í�•���ë�¹�•/ß,���Ô	â	Ã�k�ÝL$�Æ)[�ÅM6;X7p,X�G>5�‚�Ú�•/ß4˜

��

��

�*����

(a)��(b) �Ÿ�•+°=Â�|	��õ�"�&(Ü�V	=>b+Ý,��/«B£+°=Â�|	��õ�"=”LŽ�u#ý.��(c)��(d) ��LŽ:°6È�õ�d�ÊO¸
=ñ4š�ö�u�1=”LŽ�ŽA¸"wFû.��(e)���a��(g) ,$	8�õ�d�À	��7
Ê�S��(³	��½�b>b+Ý,���@�S�º�`*x��(³�":°
6È�	�-�u#ý.��(h) ��(³�•	ù�7+°/_�Æ�SDå*x�54 ,$�*.��)2@æM°"w+°/_�Æ�S*xL Ž (� �•�[��	��Ž�:�l
F�B£>b+°Då*x) �:�ÊO ¸ (�•%å) �,7  (Wang��et��al.��2020)
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��">�K�������ÆM6;X7p4§�X?
,…��0��o�: 347



�J��;X7p�o �â��-½ �Ú�ÿ></���

�J�� 
` �Ú�ÿ��;X7p6Ñ�š�z
`���Æ6Ñ�š�z.

EîE›�D��#äE¥"©
`B�G!&•"©	Ã�nG£"�?·�•/ ß (15) �JNX#�EÑCþM24“�û��0��6B`$è�ê�<� C (?•

� * 4).���Í�b�GM6;X7 p (�Æ)[ ),���ü�•���h	¬4 z 2.5% �Ê?
,…�Î)„,��Lc-��•���h	¬�r�t,��?
,…����

���r�û	â�£�ã,���Ô	â#\��,���H�þCÃ�X	G���80Ÿ���—�Ú�h$è�ê.���Í�b�ÆM6;X7p,���ü�•��E›/ß���Î)„�H

�'���Æ�â��F¼CK?
5ú	Ü,X��0�> ��,���è?
,…����Lc-��Æ)[,X�r�û5à�£�ã.���'�Æ)[P¬�b��+ ���Ê,

;X7p�á�î�Î)„?
,…,��	¾	¥*ó�H�'���Æ	¬�6.��E­	Ã�¹�¢���Æ6Ñ
`;X7p6Ñ,XM24“�û0²�]�9)Ú? · (?•� * 4(b)).

��

��

�*����

(a) �À	��í�L�Ò�2�À��3ë,���•��(³ �",��	��&(Ü� �•�[� � (��>b).��(b) �[��6)�í�À	�$@�B
��3ë,��4+7ž�f
�=”.f� �•�[���:�lF�B£>b+°5R	4=x�f,���…7ž�f
�=”.f	��ý*K� �•�[��	�� Ž (��>b).
(c) 3û� ¤ DMV ���M�·��"�M°�Ñ>b+Ý"´�](ÜA•.��(d) )2@æ@Í0Ã$@�B�:�ÊO¸�%! � (Wang��et��al.��2020)
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�GM6;X7p�ü�•��E›/ß��,��?
,…�Î)„�!�J���Æ6Ñ�±�Õ��LÊ;��?
,…�Î)„	â,��Lc-�4»4Á�•��,�����Æ6Ñ���r

�t	â�£�ã;���'?
,…#\��	â,�����Æ6Ñ�a õ	¬��LÊ.���Í�b�ÆM6;X7p,���ü�•��E›/ß��,�����Æ6Ñ�Ô,È�Ø�b��

�Ð,���Ÿ4œ�r�t,���è�'�ñ�Ÿ�Æ)[�û�b��+ KÜ���Ê,�����Æ6Ñ�á	¥*ó0U	¬.��"¼�ã��4£� L DMV �Ç�õ
_�´"©

NX�y?
,…#\��,X�a0��n&•,��5 à Wang 1 � (2020) �¤�Î,X�ÝL$�h	¬�Ç�õ
_	Ã�š.BNX#��ÆM6;X7p�•��

CK,…�í#\,…> ��.��)Ú?·�Æ)[�ÍEC;X7p0��n�û�6B`$è	¬�Í�b�Ý���ý*ü?
,…�0���6B`A’Au7Ç�GG¡?U,

�3��;X7p4§�X�G�H� ê (#\?
) �¤�o�Z�„,X�ñCÃ.��

3���������()½�§���A7Ò�05	�º>žM˜�g0i>‚�p
��

3.1���������©M˜7Ò�05	�º

�^;X7pJÎ�ü
Î�i�Þ,���í�6�ä7p
Î4§�X.��EC(=Bü><M6��0�)„B5,��	G7p
Î4§�X><M6CK,…> ���ü7¾

'
+ ���BF!�,�ü,���_�V,‚6x,…4 • (Efimenko��et��al.��2005)�Ã�û6å"s� ² (Tallinen��et��al.��2016)�ÃN¢�F"�

� p (Li��et��al.��2011) 
`8…	Ê�6B ` (Xu��et��al.��2020a) 1�;��)„�·�¹�î��,��7p
Î4§�X��0�> ���ü><M67¾#Ù"Õ�Ã

L�"5� 3 (Pocivavsek��et��al.��2018)�Ã�6B`�þ> ™ (Pikul��et��al.��2017) 
` �‚4‡2G�e�Ò�ä� 6 (Bowden��et��al.

1998) 1�NZ
³�K�Ý�S"¯�h*ü.��'
5à,���V�)�nG£NX#��JE²4ÁEÑCþ	â���ÆM24“�û��0��õ�Õ��,X�îG¡�Ú

�hE@	¬�¡���ÔNM�å�ì.

+� �b ;X7p?
 ,…"¶K S � � Eî ��E° �û �b7p 	n ,�� ;X7pM6 �Y �h 	¬ �Ô8� 	Ã * ü FvK ;X �S �´ �) �• /ß �£EÄ

(Chen��&��Hutchinson��2004,��Huang��et��al.��2005)

	)EH	_4ý�ß,��7p
Î2Ï4³Eî���î�ü��+ KÜ���Ø���Æ�{*ó!7�ú�6?
, … (Allen��1969;��Biot��1963;��Xu��et��al.

2014,��2015;��Xu��and��Potier-Ferry��2016),��!8�Ê;X7p�o	Ã></� � � (Genzer��&��Groenewold��2006,��Chung

et��al.��2011)

�J�� ���<!ã�õG£,�� ��"ž�R!¨,�� ��;X7p	n�z,�� ���‘�z,���ß� Û f 
 ` s �Ú�ÿ></�;X7p
`
Î�i.���h�o�U

�ã�ê$µC‡�5�Ê ,��	Ã�k����+ ��0�"¶KS

�J�� .��� ã (19) ><�â?
,…,X��+ "¶KS+��õG£!¨
`7p	n�‡�n.��,Ì�h,X?
,…��� � � ! 
`��

+ �h	¬ �Ú�ÿ��

	Ã�¹,ß��,����+ �h	¬ �™	ª�‡�b�õG£!¨.���¢6ÑG£?¦�z,ß,��EC
Î�i�Þ;X7pCK,…���ü;X7p���Æ6Ñ�Ã�•

1� ��2���ó �d�µ �
���<�ç�µ �
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��6Ñ
`
Î�i,X	¬�66Ñ��KÈ�Ï"��G>5,XE›/ ß (Khang��et��al.��2006,��Huang��et��al.��2005,��Song��et��al.��2009,

Fu��et��al.��2018).���'E’����+ 	_4ý�h	¬�Ê,��;X7p�î	¥*ó���Æ�¢5àL!�"2Ï4³,X���“6Ñ.��5×<%�Æ4£CK,…

,X;X7p	«��Nq�ê�‘�t,X�h	 ¬ ( ),��Jiang 1 � (2007) 	¥�)�Z�Ô/¡�ÝL$	¬�6���Š�ß,X�õ
_*ü�bNX

#�?
,…"¶KS
`����

�J�� �� 
Î �i,XNX�h	¬,�� .��� ã (21) �¤�o�Z�üNq�ê�‘�t�h	¬�ß?
,…

"¶KS
`����,XNX#�.

�Í�b7p
Î4§�X	«	 EH	_4ý,X�™�‰,����+ �h	¬ 
`�h�o �â	)EH	_4ý,X)ÚAŽ?·�™�,�ü2Ï�D�Þ,X

�Â�Ö,���Ú�ÿ></�� � (Audoly��&��Boudaoud��2008,��Chen��&��Hutchinson��2004)

Zhao 1 � (2015) �v0J�Z	«L$	Ø	å	à�û*óK S (7|6”) �5�Ê�ß,���þ	å���Ì�Í�¨�û
Î�i�Þ;X7pCK,…,X

�E
¡,���k����+ *óKS�h	¬ ��

�J���•�6;X7p,X�‘�z�� .��� ã (23) ><�âL8�
�õ!¨�ê,���•�67p
Î4§�XCK,…,X��+ *óKS�h	¬�3�qC*�b

��+ "¶KS
`;X7p�‘�z.

�Í�b�õG£!¨ 8×�È�Y,X7p
Î4§�X,���ü��+ ��0�	âE¯�Ô!9�tEQ,���î�Î)„�á
<�ó�õ

� Õ (
<�ó�û,X�ä�Í?
,…) ,X�` õ�Ú�h��0�,���ÈE¯�Ô!9�tEQ�î�Ð7È�¯�á
<�ó�õ� Õ (Brau��et��al.��2011,

Cao��&��Hutchinson��2012).���'2Ï4³�,�ü4§�X5�LK�ÃNX�•���ê#†�'
Î�i�Ê,��E¬	Ã6Ñ�Î)„�J�ª�õ�Õ,���V

�Ý�á
<� ó (Budday��et��al.��2015a,��2015b)�Ã�Ì6 Þ (Auguste��et��al.��2018,��Cao��&��Hutchinson��2012)�Ã�î4{

?
, … (Cheng��&��Xu��2021) 
`7¾�y?º�l+ © (Pocivavsek��et��al.��2008,��Sultan��&��Boudaoud��2008,��Sun��et��al.

2012) 1��á���6B ` (?•� * 5).

E¥�H�9Lc-�7p
Î4§�X><M67¾4˜>™�T�� ,XN²Eó	¥�) ,��	Ø/¡ ;X7p�$�m�Ù�À�´ �� ( = (Chen��et��al.

2017)�ÃG¥� 2 (Bowden��et��al.��1998)�Ã6. 	Ü( = (Rodr�tguez-Hern�indez��2015) 
` �„ 
_.‡�$� m (Hu��et��al.

2019) >•*ü�b�
Eô�‚/4‡2G4§�X.��PE�|;X7p7¾4˜>™,X���„�o	Ã+��ê�:	¡� h (�_�V><M66.	Ü
`!û�ê)

(Rodr�tguez-Hern�indez��2015) �ê (= )Ú �� % ” (�_ �V &Á �h 	¬ �Ã NX �h 	¬ Gž �� 
` �� 7È 	¬ �6 )�� (Ohzono��&

Monobe��2012,��Fu��et��al.��2018,��Zhao��et��al.��2019,��Zhao��et��al.��2021).���� ��,��EC
Î�i �Þ;X7p,XCK,…�6B`�Ã

�õ �Õ
` (M�U�� �z 	« �î 	– � D (�_ �V ;X7p 
` 
Î �i �õG£!¨ �Ã ��G! �h 	¬ 
` �h �o �Ú �×1� ) �E 
 ¡ (�þ �›1�

2018).���½�ó,X�¹�0�û�î6.&ú�b�GM6�ñ�Ÿ�X
_�ß,X7p
Î4§�X,��E¥�H�9C^�9C^�î,X�:5Ù�Ô�Ÿ�G"¼�Æ

350 �o�Â�Â�Â�:�Â�Â�ÂE¯�Â�Â�Â�) ������� ��H������1� ��������	K



)[�Í><M6?
,…�6B`,X�E
¡.
��

3.2���������'M˜7Ò�05	�º

��8VA|AŽ�ü	Ø/¡EQ9K� ß (�_�VEH	å	_4ý�Ã&Á7|6”/�
4ý
`�'/Ã�rKS) ,X�ÅM6���Ç4§�X><M6CK

,…> ��.���ÅM6
`JùM6FÑ���K�ÝLÊP¬�ƒ�Æ)[,X	Ã�)�ÆM6,���´�)�Þ�2	à�Ô2O�ÆM6�X
_.���Í�b	��X� � �2,

�ê��	n�z�� ,X�ÅM6���Ç4§�X,��4£� L DMV ���Š� ß (Yamaki��1984) ,X�h	¬�ôG£
`�Æ)[�ô

G£��

�â�GM67p
Î2Ï4³,Ì!¨,��DMV #��Ç�õ
_��)ƒ	å�h	¬�î�Z�Æ)[,XBõ)�,��	G .���� '
,���'�ÅM6EÔ�ê��

�GM6� Ê ( ),���Ý ,���´�)�•/ß�â�GM62Ï4³�Ô7È.���¨�û���—�î�z 	ª�‡�b
Î�i,X�
�õ
`��

�Æ	�"¶KS ��(Allen��1969,��Biot��1963)

��

��

�*����

6È
&3ÿ�°�]/_�M�-$@�B.f�;�*:��(a) 
&�ÁM°�·4U:���Ÿ� �:>b+Ý�:�5�9	”�K�:�Ä+�,��(b) , �Ñ�·4U:���Ÿ
� �:>b+Ý�:�9	”�K�:���9	”�K�:�Ä+�,��(c) 
&�ÁM°�õ� d (P��MFû!�):���Ÿ� �:>b+Ý�:�$66,��(d) 
&�ÁM°
�õ� d (�z�MFû!�):���Ÿ� �:>b+Ý�:�F3Ó>b+ Ý (Cheng��&��Xu��2021)

1� ��2���ó �d�µ �
���<�ç�µ �
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�'�ÅM6���Ç4§�X	«��EH	å	_4ý�Ê,��+��b�Æ)[�â���—,X�E	à�0*ü,��;X�Ç	Ã6Ñ�����Æ�äEH�Í/Ä,X

!7�ú�6�õ� Õ (?•� * 6(a)),��4»4Á�tEQ�ßE@	¬�äM2EH�Í/Ä,XJ•-Ç�6�õ� Õ (?•� * 6(b)).����><�U�ÅM6���Ç

4§�X,X�õ�ÕE@�ê?˜�_,��Xu��&��Potier-Ferry��(2016) EîE›�Ú�d
Î�i�â;X7p	¬�66ÑG£4{,���k���Ô�þ�´G£

4†	–�D

�J><�U�Z���Ç�
�õ!¨ 
`�´G£4†�Æ)[	��X .���' ,�����Æ�õ�Õ��EH�Í/Ä, X (?•� * 6(a)),

�èCY��+ �Ú�h	â,X?·��0��n,X;���' ,���ÅM6���Ç4§�X	¥*ó�n��+ �` õ�Ú�h��0��äJ•-Ç�6�õ

� Õ (?•� * 6(b)).��!8�ê,���Í�b�UEC,X���—,���J	â���Æ> ���yE¥�b0N�—�Å�Ç,���K�Ý�U��,X5�LK�#�ó�û.

�ÞEÄ�ø/¡��0��6B`��EH	_�ß�ÅM6���Ç4§�X,X�BF!�6�ã,��L8�Z�ü�õ�ÕE›#õ	�� � ( ) 	Ã

6Ñ�î�Î)„�ø/¡�õ�Õ�E�,,X�™�‰.���rL��Þ,���ü�á	à�´�)�X
_
`EQ9K�5�Ê�ß,���î�k���á	à,X��0��6B`


`�Ú�h�õ� ã (?•� * 6(c)).��+��b	–�D ���¢+�
Î� b DMV ;X�Ç�•/ß4˜
`4“�
�û���—,XG£4†�Ú�d���k

��,X�BEÖ�´G£4†	–�D,��	ÃEÖ*ü�b�î/¡��0��õ�Õ,X���Ç2Ï4³�Ú�d,��!8&•�ü�ß�[)×M6���Ç4§�X���î�k

���')„.

�ê���Ç
`���—��KÈ,X��G!�h	¬	Ã+��êF¼%”�…�éCK,XM2
��Ô7|6”/�
4ý�{*ó,���V&Á�
4 ý (Tan��et��al.

2019,��Yuan��et��al.��2019),��$Š���éCK,X7|6 ” (Li��et��al.��2015,��Yin��et��al.��2014) 
`�'/Ã�rK S (Ben��Amar��&

Jia��2013).��Chen��&��Yin��(2010) �ü�Ú�Å���Ç4§�X���é�9�GM6�h	¬��A’,���k���!���Æ��;X7p	_�h�o��

� ã (27) ><�â,�� 	«
Î�i�Æ)[	�� X �2�Ã��G!�h	¬ 
`�
�õ!¨,X�E
¡.���¢1T�ê,X)ƒ�6�GM6�h	¬7p
Î�õ


_�� 	Ã�¹ �k �� ��+ "¶�D �Ã��+ "¶KS �Ã��+ �h�o �Ã��+ �h	¬ 
`CK,…�� � � �!��(Chen��&��Yin

2010)

�J�� .���¢� ã (28) ��	Ã?•,���´G£4†�Æ)[ �ÍCK,…> ���Ý-�G¡?U�E
¡.��Lc-�

�Æ)[,X�r�û,����+ �h	¬Lc���r�û,��AÈ�â�Æ)[�|E³�Z2Ï4³,X><M6CK,….

�ý*ü�N6Ñ�$�m�Í�î(=)Ú
�%”�…�{*ó,X	¬�6
¡�h	Ã*ü�b�6B`�e�Ò,X&I#�A’Au�âA×�{.��Zhao 1�

(2021) �Ú#†�J�Ú�$	ª	å�{*ó,X	Ø	å�Ö�û7¾	¥�h	¬�é�94£� L DMV ;X�Ç)ÚAŽ��,��	¥)„�'�Û	å-¶�ü�Ú

�ÅM6�Y�f�×�Ê,����0��6B`	«���Ç�î�z!¨
`�Æ)[�E
¡,��	Ã�Î)„EH�Í/Ä�Ã"•�5(Š�êJ•-Ç�õ�Õ;���'�Û	å

-¶�ü�Ú�ÅM6�ê�Ú�×�Ê,��;X7p��,X	Ø	å�Ö�û7¾	¥�h	¬�î�Ð7È�p�54•�Ã�G> )´JÒ�êJ•-Ç�õ� Õ (?•� * 7).

EîE›�
	¬#†�JP¬6.(=5%4 ° (LCN) ;X7p��#†�J�ñ�Ÿ�Û	å-¶�•	å,��	Ã�r)„><M6?
,…�e�Ò,X&I#�A’Au.
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	º�Ô/¡�L
_�™�‰��EC�Ç�ü�ÅM6���—�ÞEH	å	«	_�´2lE²$¥/ Ï (?•� * 8(a)).���GM6�´�)�X
_�ß�ü

� M6�Þ�ø	_�Ô�ô4Œ,X)„B5EW��1T	),��4Œ�ô�H�' �� �Æ�ä	) �Ô�Ì6 Þ (?•� * 8(b)���a��� * 8(d)).��Yang 1�

(2018) 	¥)„�ÅM6
Î�i�ÞEC�Ç�üEH	å	_4ý�ß,��+��b�Æ)[,X�E
¡,���îOj�����Æ�ä!7�ú�6?
, … (?•� * 8(f)),

�rP`�â)ÚAŽAu1k><�â��+ ��0��h	¬�â�´���—�Ú�Å�ÇEH	å	«	_�Ô7 È (van��der��Heijden,��2009)

�J �� .��� ã (29) ><�â �' �Æ)[ 	� �X � Ê (�ÅM6EÔ�ê�� �GM6),����+ ?
 ,…��0� �h 	¬

,��"¶KS ,��E­��?·Gž�Z�GM6�X
_�ß�´"©?–�³��
<�ó�û?
,…,X	s�´.��Lc-�	_�h	¬�r�û,��
<

�ó�û?
,…�` õ�Ú�h��0��ä	)�Ô�Ì6Þ�õ�Õ.��	«�Æ)[�E
¡,���Ì6Þ,XP¬�z�,�ü�UL$,���J�á�î�£�GM6�™�6

� ß (?•� * 8(b)��(c)) 	�"¶,XP¬�z�yE¥�b�H�þ;X(�KS�z,X�Ô	�.���ü��E’�ô�z�UL$	â,���Ì6Þ+��b�Í/Ä�û

.�5��æ	å�ÔE•5à	¥*ó�#E@.���¢� * 8 	Ã?•,���ñ�Ÿ�Æ)[�‡�n�Z2Ï4³,X��0��õ�Õ	ž�6B`$è�êE›/ß,��	G��

$ ¥ (smooth)���:?
, … (wrinkle)���:�Ì6 Þ (ridge)���:�R
 V (sagging) ,X�îG¡�Ú�h��0�> �� ,���� �Ô/¡#]	ž

�î/¡�õ�ÕE²4ÁE@	¬,X��M24“�ûKÂNl.
��

3.3��������*9M˜7Ò�05	�º

)×M67p
Î��	º�Ô/¡��?•,X�ÆM6�á	Ü4§�X,���K�Ý!7P¬�ƒ�Æ)[.��AŒ�î�p�r
`;�9°	Ã,ß�0�K�Ý���Ç

4§�X,X)×�'�ê2O)×�',���J*óKSE›/ß��
�)„�Î�î��,X?
,…�e�Ò�6B`,���_�V*ð*°�Ã7�"�8…2]2f
`M&B�

1 � (Yin��et��al.��2009,��Yang��et��al.��2016,��Li��et��al.��2011).��Yin 1 � (2009) 
Î�b�
�û;X�Ç)ÚAŽ
`�ÝL$��,���õ

�³�Ú�d�Z	Ø/¡)×�6���Ç4§�X,X><M6�á0��n�û
`��0��õ�Õ.���ª�À	¥)„)×M6���Ç4§�X,X��0��õ�Õ��

��

��

�*����

�5.ù�¤�·��LŽ�d��3ÿ�°�]/_�ŽA¸:��(a) D �·�7D �%/� •�R�Ž�M�-;��(b) D �·�7LŠD �%/�Iç-��Ž�M�-;
(c) &�D©8£�7!å�•'â�]/_�M� - (Xu��et��al.��2017);��(d)(e) �f�ÊO ¸ (Zhao��et��al.��2014) �2�W�%� À (a)(b) �M
�-;��(f) >«)�'…!å�•

1� ��2���ó �d�µ �
���<�ç�µ �
��">�K�������ÆM6;X7p4§�X?
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?U	ª�‡�b�Ý�����Ì/	n�z!¨�ÃC8F'/�U	��X!¨
`���Ç�
�û�õG£!¨.

5×<%	��X� � � 2 ,X)×�6
Î �i ,��?Z,ª�Ô�þ	n�z�� ,X.@�Ç,��#��Æ)[)×�Ç�h	¬	Ã></�� � (Xu��et��al.

2020b,��Xu��&��Zhao��2020)


`�ÅM6�™�‰,Ì!¨,��	Ã�¹	¥)„	¾�ü	º�Ô�•	å�î�Z�Æ)[�E
¡,��	G .��Li 1 � (2011) EîE›��+ 0��n�û�Ú

�d
`�ÝL$���õ�³,��-è0J� Z neo-Hookean )×M6���Ç4§�X�´���—�
4ý�éCK,XCK,…
`	â���Æ�õ�Õ.���'�


4ýE’����+ ���Ê,��)×�ÇOj���Î)„�È
Î)×��0��6B`,��'
	âEä!9$è�ê��EË�•�õ�Õ.��B B���"�9â4ý�rP`

E¯�Ô!9P`A•�ZE­�Ô�6B`,X$è�êE›/ ß (?•� * 9(a)).��
Î� b Koiter �
�û�Ç)ÚAŽ,��Stoop 1 � (2015) 	¥�)�Z

�Ô /¡ �S � � Swift-Hohenberg �õ 
_ ,�� *ü �b �£ EÄ 7p 
Î 4§ �X ?
 ,… �6 B` 
` �õ �Õ EÝ �½ .��L�ypez-Jim�pnez 1�

��

��

�*����

"Þ�¢P�5†'•4}4 � (LCN) ��LŽ�d��3ÿ�°=”LŽ�]/_�ŽA¸,$�*.��"Þ�¢�2�|�3	=-�	�	=�j9ƒ�•	ù>b+Ý�]
/_�ŽA¸E5� � (Zhao��et��al.��2021)
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��

��

�*����

D›���T�2��LŽ�6#ý�Ô	��·�]/_�M�-.��(a) �äB£+°=Â�|�6+°>b+Ý.��(b)���a��(d) �•D �·4U�xLŽ�6+°�,�L
�Ÿ�’+°3ä,��3äLŽK²B£�Ž�<�•�,�$66.��(e) ��LŽ�Ÿ6"!@)/�Æ�Ò ,���x�ƒ�T�v�° +°�Æ
�w�Ç�2�� �6 .��K»,l 	� �Ó�·4U+°
Ê�Ì ,���&(Ü�� .ù �9 	8+° 'â �- :��(e) �I �÷ �u#ý�° �· ;��(f)  • �R�Ž>b+Ý;
(g) �$66;��(h) �ª�®�Ž�$66.��(i)���a��(l) �2�W�%�À� º (e)���a��(h) +°'¥�­.f�;� * (Yang��et��al.��2018)

��

��

�*����

)/LŽ�d��3ÿ�°=”LŽ�]/_�[�,.ù�9�n+°C��f�Ò�Ç�’=x�f:��(a)��(b) �9'•�È�Ê�]!`+Ý4U�ŽA ¸ (Li��et��al.
2011,��Xu��&��Potier-Ferry��2017);��(c)��Ag �d/SiO2 �� �Ú)/3ÿ�°=”LŽ�]/_�ŽA ¸ (Cao��et��al.��2008);��(d) �9
	8�°�Æ!��7)/LŽ�d��3ÿ�°+°�]/_�M� - (Stoop��et��al.��2015)
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(2016) 
Î�b�S� � Swift-Hohenberg )ÚAŽ-è0J�Z�Æ)[
`�§�%4§�X�Í�ÆM6���Ç4§�X><M6�J�' 	_+©�e

�Ò,X�E
¡.��4§�p><�â	)�þ5�LK,X�!5B
`5�LKJÒ,X�•	å�qC*�b��F¼P¬�ƒ�Æ)[
`�ƒ�z,��E¯�Ô!9AÈ�â�Æ

)[�Í7p
Î4§�X><M6�6B`$è�ê�Ý-�G¡?U�E
¡.��Zhao 1 � (2020) E¯�Ô!9-è0J�Z�Æ)[	Ø	å�Ö�û
`�Æ)[�ƒ

�z�Í�ÆM67p
Î2Ï4³CK,…,X�E
¡,��4­�Î�Z�£EÄ	Ø	å�Ö�û�Æ)[,X�õ�ÕEÝ�½,Ì�Ò.���ª�À	¥)„,���'�Æ)[�ô

G£��	Ø	å�Ö�û�è?
,…
V,È�b���Æ)[�Ê,���ÆM67p
Î2Ï4³,X�ñ�Ÿ�á0��n�õ�Õ��!7�ú�6.��Lc-�!_�-�h�o

,X�r�û,��!7�ú?
,…	Ã$è	¬���AE•�6,���J4£	Z	 0��Õ#Ë	Ü�õ�ÕE¯�Ô!9E@�ê��EË�•�6B`.

Xu 1 � (2020b) �¢�rP`
`)ÚAŽ�Þ	¥)„,���ü���—�
4ý�ê><��7|6”�Ê,��)×M6���Ç4§�X,X�õ�ÕEÝ�½��

?U	ª�‡�b	)�Ô,X�´G£4†	–�D ��(?•� * 10).���' �Ê,�����Ç4§�XEî��4£	Z�n��+ �Ú�h��0��ä��

F¼�ÍLK�6B`;���' �Ê,��2Ï4³�î��0��ä
<�ó�û,X�È
Î)×�õ�Õ;���' �Ê,���í�{*ó�´�c,X

EË�•�e�Ò.���' ,�����Ç4§�XE¥���b	 EH	_4ý�ß,X�GM67p
Î2Ï4³,����0��ä�Ÿ,¬(Š�e�Ò.��
Î�b	)

�Ô	–�D ,X�<
³�õ�Õ,Ì�Ò�â!û�ê6.�`+�
Î.�!û& Ë (PDMS) �‚)×,X�rP`?–�³4§�p�Ô7È.��-è0J4§�p

�á�™�Í)×M6���Ç4§�X��0��6B`EÝ�½�¤�o�Z�@�ã�ê?·Gž,���3���nG£�ý*ü�Æ)[
`�
�õA×�{><M6�e�Ò

��

��

�*������

�d��3ÿ�°B£+Ý�M�-,$�*.����Fû3Þ�î�œ �ß�Æ�²�lF��%K£��� 
&)/��E#�×	¸�÷,��wK +°�M�-E5��.
�lF��%K£�\� 
&)/+°,$	�Då*x�f ,��� 
&)/�\E#�×+°,$	�Då*x�f ��(Xu��et��al.��2020b)
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�ä�6	ž&I#�A’Au�¤�o�Z)ÚAŽ�q�B.��

4��������5	Að

;X7pCK,…)„B5+��b�J��� ,X><M6�6B`
`�á��,XM24“�û�o�:> ��,��E›	•�`	��HG �éCK�Z�S"¯

,X-è0J�HCw.���½�ó,X�¹�06.&ú�b�GM6;X7p4§�X�ã	¬�6CK,…> ��,X��+ �Ú�d,��E¥�H,X�¹�0�Ô�Ÿ�v0J

�Æ)[�Í;X7p4§�X�û	¬�6��0�> ��,X�E
¡,���—E¯�Z�ÝL$�h	¬�Ç)ÚAŽ,X	¥�).��-è0J	¥)„�r�û�ñ�Ÿ�Æ)[

	Ã�e�
?
,…�{*ó,����;X7p4§�X�G�H�ê�¤�o�Z�„�ñCÃ.��7p
Î	 ��4§�X��,���Æ)[�á�™�î�
	¬;X7pCK,…

,X��+ EQ9K,���3�î��:+�E
¡0NKÈ?
,…,X�õ�ÕEÝ�½
`M24“�û$è	¬,���K�'	Ã�&4‡���¹�ß�´&•:��(1) ��0�

,X��+ �h	¬�Ô8�Lc�Æ)[,X�r�t5à�r�t,��	G�Æ)[�î�ÊE³?
,…��0�;��(2) �Æ)[��A×�{><M6��0��6B`,X

G¡?U	–�D.���ÆM6���Ç4§�X!¨�GM67p
Î4§�XEî���K�Ý�È�û,X	¬�6,���È�•�ç�{*ó�Í/Ä�û.�5�,���S�J�ü

�á	à�´�)�Æ)[�X
_�ß�{*ó�È��� �î	¬,X?
,…�e�Ò;��(3) �ÆM6
Î�i	Ã�¹���r�—,X,���3	Ã�¹��0N�—,X,

	Ã�K�Ý	Ø/¡	Ø��C¼���z,X�´�)�X
_.��<Q'
�[)����Æ4£�r)„�Z�ûG£1��Æ)[><M6��0��6B`$è�ê,X�õ

�³,�����Í�bM2
��Ô�Æ)[><M6�Þ�È���á��,XCK,…�6B`,X2’.BNX#�,���¡LÔ?U�BEÖ,X)ÚAŽ�õ
_
`P¬��,X

Au1k�•"©.��)Ú?·�Æ)[�E
¡�ß;X7p4§�X,XM24“�û��0���)Ú
`�6B`$è�ê?˜�_,���Í�b�ý*ü��0��r)„�î�s

6Ñ><M6�
Eô�K�Ý�h*ü%0�o,��	Ã�—E¯�§�%�6B`,Ì�G,X�s6Ñ�û;X7p4§�X,XA’Au	ž�ì�ê.
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Curvature-affected��instabilities��in��membranes
and��surfaces:��A��review
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Fudan��University,��Shanghai��200433,��China

Abstract�� Instability��of��soft��materials��and��membrane��structures��usually��shows��similar��wrinkling��pat-

terns��across�� length��scales,��which��has��aroused��considerable�� interest�� in�� the��past�� twenty��years.��Curvature

and��mechanics��are��intimately��connected��in��thin-film��structures,��and��curvature��plays��a��key��role��in��the��crit-

ical��threshold,��mode��selection,��and��post-buckling��evolution.��Here,��we��review��the��advancement��of��instabil-

ity��mechanics��of�� thin-film��structures�� in��the��past�� two��decades,��from��planar��to��curved��geometry,�� focusing

on�� the�� curvature-affected�� instability�� of�� stretched��membranes��and�� film-substrate�� systems��under�� various

stimuli.�� Development�� of�� the�� theoretical�� models�� and�� numerical�� methods�� of�� finite�� strain�� plate/shell�� ad-

vances�� fundamental��understanding,��quantitative��prediction,��and�� tracking��of��multiple��bifurcation�� trans-

itions��in��morphology��and��shape��of��thin-film��structures.��It��not��only��promotes��the��in-depth��insight��into��in-

stability��mechanism��but��also��guides��wrinkle-resistant��control��and��the��effective��design��of��morphology-re-

lated��multifunctional��surfaces��and��membrane��structures��via��harnessing��instability.

Keywords��thin��films,��curvature,��wrinkling,��bifurcation,��large��deformation
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