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�3g��ÅN�ÞÿÁ�þéý\1Öéff�Þ�ÅX���É5A5�K�?1

¢�ïÄ. ¢�(JL², 3_9mffg,���òÑ¢yøN�, ff¤É�Þå�{�å¤�', �ÞXê
� 0.6; ÷^ffg,���ò\¢yÅN�, �ý1ÖO\�ÞåO\, {�ådÅNåC�½å. 3Ó�ý1
Öe, ò\����Þå´òÑ��� 2 �±þ. �©JÑ
�Þ��É5A�ëê, é9mff�ÅX��Þ�
�É5?1
½þL�, ù«A5´dff��9õ�?(�û½�.

'�c: 9mff, ÅX, �Þ, ��É5
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1 Ú ó

)Ô.¥, éõÄÔU3E,�¸egX$Ä,

ù�ù
ÄÔ�A�NL(�¤Ak��ÞÚÅ
NA5���'. Ù¥, 9mÏU�Ër9, Ù$Ä
Å�¹É<�'5 [1−3]. 9mff¤LyÑ5�
�ÞÚÅN��É5!rÅN!$øN [4]!g'
5 [5]!g��ÅX [6] 9~�e�ÅX [7] �A5
Ñ�Ùff��*(����' [8]. Xã 1 ¤«,

9mz���þkC 20 �½, ��½kC��m
ff, �mffåkêz�ff [9], z�ffY"
à��õg©�, 3�"à/¤ 100—1000 �÷
/��(�. ïÄff�ÅX��ÞA5kÏun
)9m�÷�ÔnÅ�, ¿é�)ff9�)L¡
��OkéuÚ��¿Â.

�N��*ÅXÉ�L¡o÷ÝÚ�¸�Ý
�Ï��K� [10−11], ù
Ï��UK��9mf
f�ÅX��Þ. ÏL¢�ïÄ, <�®�y9m
ff�ÅXÅn±��uå�Ì [12], o÷ÝÚf

[å���)�K� [13−15]. d	, 9m�±Ï
LUC���ò\òÑÄ�, gX/��ff�9
¡mÅX��Þ. Xø� [9] JÑ��.w«, ÏL
UCff"à��(���l�Ý, 9m�±N!
�Þå�ÅXåA�êþ?, ¢y�Ä.L¡�¯
�ÊøN.Autumn � [16] 3üg\1öÄ¢�¥,

ïÄ
ü�!
�ff99m��¤LyÑ��
Þ�ÅNA5, uyff÷�Ù������
� (���òÑ���Ó) $Ä�, �Þå�{�å
�Ì¥Õ½Æ, ^��� (���ò\���
Ó) $Ä�, ¤É{�ÅNå��´�Þå�ê�,

ÎÜ “�Þ - ÅN” �.; ëÆ!� [17] ÏLCzý
1Ö���, ?�Úuy÷^Xff���öÄ
�½���Þå�{�å¥r���5'X, ¤
É{�ÅNå��ÞåO�kO��~�. ± 
3é9mff�¢�ïÄ [16,17] ¥, ÷^Xff�
��� (ò\��) öÄ�, ¤\{�1Ö�Ì�
ÑØ�, öÄ�Ð©{�ý1U�ff�{�ÅN
å�Ü-�, ¦�{�åLy�ÅNå.
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�ý1Ö?�ÚO��, ff�U¬p�@3
�å¦�ff��ÅNL¡��>G�u)��
Cz, l¦^ff���öÄ�{�ÅNå�
UÜ©-�Ð©{�1ÖLy�½å, éù«y
������. d	, ��9m¢y¯�ÅøN�
�A5, �Þ��É5´µd�)9mff��
���I, é�)ff9�)L¡��Oäk�
�¿Â, 3�c�9mff�Þ1�ïÄ¥�ké
T5��½5£ã, �¿�k½þL�. �éþã
ü�¯K, �©�	
ff3��ý1Öe¤Ly
Ñ5��ÞÚÅNA5, ¿}Áé�Þ��É5?
1½þL�.

2 ¢�L§

2.1 ¢¢¢���ááá���

¢�¤^ffå5gXã 1 ¤«�9m (�/:

¥I2Ü, =©¶:Tokay Gecko). �¢�¥¤^f
fåº���� 0.37 mm×0.40 mm, Xã 1(c) ¥¤
«, ¢�còÙÅ3�»� 4 mm �g¥þ. ¢�¥
�ffé��L¡�1w�'�1À¡, ÙL¡o
÷Ý Ra �u 10 nm.

2.2 ¢¢¢���CCC���

¢�¦^g����ÞÅNó��, Ù(�X
ã 2 ¤«. ¢�¥ÏLÚ?>Å��÷{��\1
����öÄ; N�¬�N!ff�ÀæL¡��
é �, ¦�¢��öÄ���Ð÷Ùg,��
��, ¿�ff
��"à²¡²1ué�ÀæL

¡, ã 2(c) Ú (d) ¤«=�N�Ðff�ÀæL¡
�é ��ýÀ�:Àã. åuÿ�nXã 2(b) ¤
«, Êk9mff
��g¥�½3Vù��¡�
"à, ��¡ç�Ù�, �>µ6 £DaìÏL
uÿ £Czÿþff¤É{�å; ,�éY²Ù
��V]:ù"à�ý¡�½k�ffé��À
æL¡, T]:ù�,�>µ6Daì��Ü, �
^uÿÁff¤É�Þå (ÀæL¡¤É�Þå�
��^å). ü���åÿÁ5UXL 1 ¤«. �

ã 1 ff�?(� (a) 9m�N; (b) 9m�; (c) lN
�f
f, ã¥w«Ù¡È�� 0.37 mm× 0.40 mm; (d) ü�ff; (e)

�"à���(�

ã 2 ¢�C�{ã (a) ¢�C�{ã: 1,2 Ú?>Å, 3 Y²²£�, 4 ç�²£�, 5 N�¬, 8 ÿåC� (��ã�ã (b)) �
) 6,7 ©O¤«�²1��{�ü�åÿÁü�; (b) ÿå�nã, Å3g¥ºà�9mff
�3ÀæL¡\1öÄ, {�å
��ÞåÚå��¡�)LÝ, TLÝ�>µ6Daì¤uÿ, �ª��¤å; (c) Ú (d)�N�Ð��9mff�ÀæL¡�
�é ��ýÀ�:Àã
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L 1 {�å��Þåuÿü�ÿåëêL

fÝ/N· m−1 ÿå©FÇ/µN ÿå°(Ý/µN

{�ÿåü� 157 20 200

�ÞåÿÁü� 175 8 80

�>Å÷1À¡�{� (e©¥�{�) \1, ¿°

(��?� £ (0—90 µm) ���X�ØÓ{�
ý1Ö, zgý\1��± 3 s, ,�k�÷^!_
ffò�� EöÄ (��öÄ), ¢y�ÞÿÁ.

öÄ�Ý�½� 100 µm/s, öÄål 2 mm, zg¢
���1, £�¢�m© �.

出

ã 3 öÄ�ffÉå«¿ã9;.¢�� (a) Éå«¿ã; (b) ;.¢��, Ù¥¢�L«�Þå, J�L«{�å. ¢
�L§�©��C!ý\1!öÄ (k÷ò\!�÷òÑ��)!�1

V

V

V
V

ã 4 ÷_ff���1Ö��Þå¢�(J (a) �Þå F−V , {�å L−V �ý\11Ö L0 'X�; (b) �Þå F−V

�{�å L−V Cz'Xã

3 ¢�(J9©Û?Ø

3.1 ;;;...���ÞÞÞååå - 111ÖÖÖÿÿÿÁÁÁ(((JJJ

�g\1!öÄ!�1L§¤���;.¢
�êâ, Xã 3(b) ¤«, ü^�©O��Þå F

�{�å L. ff�à�ÀæL¡�>c, {�å
��ÞåÑ�"; �\ý1Ö��A��Þå�{
�å©O� F0,L0; ý\1�÷²1uÀæL¡Ä
k÷ò\ (e©¥£ã�^ff���), 2÷ò
Ñ (e©¥£ã�_ff���) ��öÄ, E

�� 3 g, ��Þå�{�å3öÄL§¥�²þ
���ò\���Þå (F+V ) �{�å (L+V )!
òÑ���Þå (F−V ) �{�å (L−V ), öÄ��
å����½Â�ã 3(a) ¤«.

3.2 ___ffffff���������111ÖÖÖ - ���ÞÞÞåååÁÁÁ(((JJJ

ý1���ÏLUC?�þ5¢y, ã 4(a)

¤ « ¢ � ( J L ², _ f f� � � ö Ä
�, � Þ å F−V , { � å L−V � ý 1 L0 ¥
� 5 ' X. é ¤ � ê â ? 1 � 5 [ Ü, � ± �
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Ñ F−V =0.591L0+0.734, L−V = 0.99L0 + 1.440, 3
ö Ä L § ¥, f f � F−V � L−V � m ' X X
ã 4(b) ¤«, �5[Ü(J� F−V = 0.596L0 -

0.003.

3.3 ^̂̂ffffff���������111ÖÖÖ - ���ÞÞÞååå���ÿÿÿÁÁÁ
(((JJJ

^ f f� � � ö Ä �, f f ¤ É { �
å L+V !�Þå F+V �ý1Ö L0 �m�'X
Xã 5(a) ¤«. L0 < 2 mN �, L+V Ly�ÅNå,

�� F+V ��, � L0 O�O�. L0 l 2 mN O
\� 3 mN 2O\� 5 mN L§¥, L+V kLy�
ÅNå, Ù��d� 0.5 mN ~��", �C�½å,

¿l"m©O�, �Þå F+V K��O�, �´
O\��Ç� L0 < 2 mN ��'��.L0 l 5 mN

?�ÚO\� 9 mN L§¥, L+V � F+V ÑCq
¥�5O�, � F+V O��Çq��u 2 mN< L0

6 5 mN �ã. öÄL§¥, F+V � L+V �'X
�Xã 5(b) ¤«, � 5 mN 6 L0 �, F+V � L+V

Cq¥�5'X, �5[Ü(JL²O��Ç�
� 0.36.

ã 5 ÷^ff���1Ö - �Þå¢�(J (a) {�å L+V ��Þå F+V �{�ý1 L0 �'X�;(b) �Þå F+V

�{�å L+V Cz'Xã

2008 cëÆ!� [16] ��
ffý1 L0 <

3 mN ^�e�¢�(J, ��¢�¥ L0 < 3 mN

��(J��. �ë�<¿vk�� L0 > 3 mN �
��¹. ã 5(a) Ú (b) ãw«, L0 > 3 mN �, L+V

òdÅNåC�½å, �� L0 O��5O�,

Ó��Þå F+V ��O�, �O�ª³~�, ��
� L0, L+V O��5O\, é F+V , L+V , L0 �
m�'Xò3e©�[Øã.

3.4 ??? ØØØ

ïÄL², 3¿§�¸e, 'ÀÀæL¡áN
�Y©f¬¦ÅXå��ÝO\, ÅNå��Ý
�mäk�üN�'X [11,18], .¡m�3��þ
�N�NÈCz�¬éÅNå�)��K� [19],

Huber[13] �^ü�ff�"à���ÀæL¡
?1�ÅN¢�L², �í�é�Ýl 1.5%O\
� 90%�, ÅNåCq�5O� 70%. 3�¢�ï

Ä¥, ÀæL¡3¢�c�g^ZÑË°�lfY
�(�W¿ZH±üØ�%��3; ¤k¢�þ3
�Àm¥?1, ¢��§Ý� 25◦, �í�é�Ý
� 34%, �Ä�½, Ïd, �ÝéÅXå�K�3
�1Öeþ��, ØK�1Öé9mffÅX��
Þ�K�5Æ.

3.4.1 ^!_ff���öÄ�ff�
Éå

_Xff���öÄ�, F−V , L−V �ý
1 L0, F−V � L−V Ñ¥�r�5'X, � F−V <

L−V , '�� 0.6. �wÑ, ÷_ff���öÄ
�, ff¤É�Þå�Ì¥ÕZ�Þ½Æ, ��Þ
Xê�� 0.6, 5Æ�c<�ïÄaq [16,17]. �ë
Æ!� [16] ���(J� 0.26, Autumn � [17] �¢
�(J� 0.31. ù«�É�U5gué�L¡á
��ØÓ99mff�N�ØÓ. ©z [16] ¢�
¥�é�L¡�àÜÔá�, Autumn �¦^
7
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¡, �ïÄ¥¦^'ÀÀæL¡. á�ØÓ, L¡g
dU��Ø��, ��uå�)�ÅNÚ�ÞåÏ
~Ø��. 9m�N�É��U�)�½K�, X
�¢�¥¤^ff�Ý3 80—90 µm �m, ëÆ
!!Autumn �¤^ff�ÝK�� 110 µm. Hü
� [20] éü«9mffÅNå�ÿÁ¢���«f
f��Þ5U�ÙAÛ/Gk'.

^ff���öÄ�, ff¤É�Þå!{
�å9ý1Ö'X�E,, lÙoNCzª³5w,

�©� 3 ��ã:

ã 6 ý1�u 2 mN �, ÷^ff���öÄ�ff{�C
/ d �ý1Ö L0 �'X�

L0 6 2 mN �, d u 9 m f f Å 3 � � �
» 4 mm �g¥þ, nØþ, 0.4 mm ��ffé
A�%��� 11◦ ��l, ?� 2 µm, =�¦ff
L¡�ÀæL¡���>, �¢Sþff�¬L¡
�Ø²Ý��ud�. ¢�*	uy, �I� 20 µm

�m�?�, éA L0 ≈ 2 mN �, ff�ÀæL¡
âlÜ©�>C����>. ÏdT�ã F+V �
O\Ì�´d�>ffêOõÚå�; ,	, Ü©
�k�>�ff�>�Ý�C��ò¦ F+V O�,

ù�(J�9mff3¢SØ²�L¡\1O�
�>¡È±�)ÅN�L§k�½�q5. 3d�
ã, ÷{�, ý1ÖU�ÅNå��-�, l{�
åLy�ÅNå, �, ÅNåO�ÌÝ��uý
1O\ÌÝ, �ÅNåýé��ý1O�O�.

��5¿�´, ¢�¥õ�?�½õ�ý1âU¦
ff���L¡�>�ûuff"àL¡�¢S
²¡Ý. T²¡Ý�g¥��»!Ê���J9f
fL¡���²¡Ýk'. g¥�»��, ff�
"àL¡�§Ý��; 3�»���, KÏf

f¡È��, g¥Ç���ff"à��±�
Ñ. �¢�¥, dã 2(c) Ú 2(d) �wÑ, ffL¡�
N�§Ý�u�*åÏ, ff�é�L¡���
>¤Iý1Ö��Ì�dÊ��J9ff���
Ø²ÝÚå�nÜ�*åÏ§Ýû½, ff�L¡
Ø²Ý�¢�Àák', Ê��J�ÏLÙöö�
\±��.

� 2 mN < L0 6 5 mN �, � L0 O�, ff�
é�ÀæL¡�Ü�>, �>ffêþØ2Cz,

d�, ff÷{��²þC/þ d ��â?� £
9{�ÿå��C/þ���O�Ñ, ã 6 ¤«=
�TC/þ�ý1 L0 �'X. ã 6 w«, � L0 O
�, ff{�C/ d O�, 7,¦ff�ÀæL¡
��>�Ý θ (½�l�Ý) C�, �âc<JÑ�
ff�>�. [9], �Þå�ÅNå� θ ~�Ñòk
��O\. F+V �Cz�d�Þ��ªnØ5\±
`², Ù��Czdü�¡Ï�Úå, Ù�´{�
½å�O\Úå�Å��^�Or, O\��Ç�
u÷ò\��XÅ��^��ÞXê uim; Ù�´
�>�ÝC�¦ÅNåO\, ©f�^�Or. n
Ü5w, F+V � L+V O���Çò�u uim. T�
ãÅNåO\��Ç�uý1ÖO���Ç, �f
f¤ÉÅNå�UÜ©-�{�ý1, ff¤É{
�ådÅNåÅìC�½å.

� 5 mN 6 L0 < 9 mN �, ��¡�9¡�>
�ffêþªu�Ú, ,��¡ã 7 w«{�C
/ d Ø2Cz, l�>�Ý θ òØC. �ff¤
ÉÅNåªu�Ú. ?�Ú\�ý1, F+V �¬Ï
ff�9¡�Å��^Ork¤O�, l F+V

� L+V ¥�5'X (Xã 5(b) ¤«), �O��
�Ç�÷ò\��XÅ��^��ÞXê uim,

ã 5(b) w«, uim = 0.355. T�ãÅNå���Ú,

��UÜ©-�ý1, �öÄ�¤É{�å�ý1
O\Cq�5O�.

÷^ff���fföÄ�¤É{�åL
y�ý1�öÄ�¤ÉÅNå�Üå, ^ff�
��öÄ�, ý1U�ÅNå�Ü-�, l¦f
f¤É{�åLy�ÅNå —- �XëÆ!� [17]

ïÄ���@�. �ïÄ?�Ú�«, �ý1O�,

ÅNå�ª���Ú, �UÜ©-�ý1, ¦{
�åLy�½å. ù�ïÄ(JkÏu?�Ún)
9m��÷Ån, =9mff��ó�3��ý1
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�¹e, �UÏL���$Ä5N��>G�, ¦
ý1U��)�ÅNå��-�, l¢y�÷.

Ù¦�ÄÔ½3~�����>�é$Ä¥, ��
¡ý1��, ,��¡, ¡�¡m�>Øû¦�é
$Ä��)�ÅNåk�, Øv±-�ý1, l
{�åLy�½å, ù�L§¥, ÅNåÙ¢��
3, �Ø´�a�.

3.4.2 �Þ��É5�L�

��Þå�{�å'���þ�ÞXê, ¿5
½ff{�å��Øå��ÞXê��, ���Þ
Xê µi(ò\), µo(òÑ) � L0 �CzXã 7(a) ¤
«. µo ½3 0.6 �mÄ�ØC.µi Ï L+V ¬Cz

��, ²{dK���Cz. �nØþ, µi 3 L0 ,
?Ø¬ëY, ��ªuÃ¡; ·1 L0 = 3 mN �, Ï
{�å��� 0.08 mN (ã 5), �Þå� 8.9 mN,

l�ÞXêp� 108. 3 L0 > 3 mN �, {�å
C��Øå, �d� µi � L0 O�~�.

�ÞXê�±w�ü {�å�^e¤�)
��Þå���. ff3ØÓ��þ�ÞXêØ�
��Czª³�N�´ff��Þ��É5. òÓ
��¸^�!�ÓÐ©1Ö�öÄ�Ýe, ü�Ó
é�L¡÷üØÓ��u)�é$Ä���ÞX
ê�'½Â��Þ��É5ëê, P� Af (friction

anisotropy), =

Af = µ1/µ2, (1)

100

60

20

-20

0.7

0.5

0.3

0.1

ã 7 �ÞXê!�Þ��É5A�ëê�ý1'X�ã (a) ^_ff������ÞXê�{�·1Cz�; (b) �
Þ��É5A�ëê Af �{�·Ö L0 �Cz�, ã¥J�L«êânØª³�, �¥¤«êâ:��ãXmþ�¤«

Ù¥ µ1, µ2 ©OL«÷1�!���é$Ä��
þ$Ä���ÞXê. �¢�¥, 1�!���©
O��^!_9mff���, Af � L0 Cz
�Xã 7(b) ¤«, � L0 O�, Af kK��, �K�
N�Þ¢�L§{�å���ØÓ.

e1�!���©O��¦��ÞXê��,

�����, K¤� Af B´A½1Ö��Ýe�
Þ��É5§Ý����, òT�½Â��Þ�
�É5A�ëê Acf (characteristic value of friction

anisotropy), Tü����Þ��É5A���, =

Acf =
µmax

µmin
. (2)

�¦ff� Acf �I���fföÄ�äk
��, ���ÞXê���. ��¡, ÷^ff�
��öÄ�, òäk���ÞXê, Ï�ff�(
�û½
÷T��öÄ�, �>¡È��, ¤ÉÅ
Nå����, ù�:½Ny3 Autumn � [7] �¢
�¥; �þ�!©Û, ÅNåU�Ü-�½Ü©
-�ý1Ö, ��½ý1Öe, ÷T��öÄ, ¤É
{�½åò��, l�ÞXê��, ã 7(a) w«,

µmax 3,ý1?$�kªuÃ¡�ª³. ,��
¡, ÷_ff����öÄ�, �©�¢�(J
±9Ù¦(J [7,16,17] Ñw«�Þå�{�å�Ì
¥ÕZ�Þ½Æ, Ä�ØÉ{�ÅNå�K�, ö
Ä�, ý1Ö�-�é�, ¤É{�½åò��, Ï
�ÞXêò��. l)Ô?z�Ý5w, ÷^!
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_ff����öÄ©OéAu���ò\�
òÑ, 9m/±¢yÅN�øN, Tü��7,ä
k��!���ÞXê. nÜ±þ©Û, 9mff
�Þ��É5A���B´^!_ff���
�, =k, Af = Acf , lã 7(b) ½´ Acf �ý1 L0

'X�. ã 7(b) �w«, é9mffó, 3ý
1 L0 �u 0.6 atm (9 mN/0.37×0.4 mm2) � Acf >

2.5. �u L0 = 3 mN �, ÏöÄ�{�åªu 0

¦ µmin ªu 0, Acf kªuÃ¡�ª³, �ý1�
� 0.2 atm �, Acf ¬ÑyÛÉ:.

é,ÔNó,Af ´�é$Ä��!1Ö!ö
Ä�Ý�¼ê,  Acf K�´1Ö!öÄ�Ý�¼
ê. é²w, e�ÅNL¡äk��Ó5(�, �ÿ
Áó¹ (1Ö, öÄ�Ý, �§Ý�) �½, Acf B´
�~ê, T~ê�N
�ÞÔNL¡(�$��f
ü����É5�§Ý. �ïÄ¥, �´ff\�
/G!��9\à�?(����É5¦�3Ó
�ý1e, ÷ØÓ��u)�é$Ä�, 9mff
�/9�é�L¡��>�¹Ø��, l�)»
É��ÞÅN1�, =�Þ��É5, ¿�A3 Acf

���¥. éõ)Ôá�9ÃÅá�äk�Þ��
É5, ~X @��J��´�«äk�r�Þ�
�É5�)Ôá�, Ù�Þ��É5A���©O
´�c�, 31Ö�u 100 mN (�»� 4 mm �¥

�²¡�>) �, Ù Acf ��� 1.3—1.4[21]; L¡�
f?1w�x�13é��, 31Ö� 0.9 MPa!
§Ý� 130 ◦!ZH�¸e [22], Acf �� 3.5; L¡
� (001) ¡7f�>�3�f?1w�7f�L¡
wÄ�, �Þ��É5A���©O´÷ <100>

¬�� <110> ¬�, 1Ö�u 80 GPa � [23], Acf

��� 1.5.

4 ( Ø

XÚ�«
9mff�ý1O��{�å�
�Þå�m�'X, ý1�U�Ü½Ü©�öÄ�
�)�ÅNå-�lLy�ÅNå½½å. Äg
��
�ý1v
��, ÷^ff���öÄ�
�)�ÅNåò���Ú, {�åLy�½å, �
�Þåò�{�å¥�5'X. JÑ
�Þ��É
5ëê Af 9ÙA�ëê Acf 5½þL�ff¤L
yÑ��Þ��É5, TA5dff\��9\
à�?(��Óû½. ½Â�ëê Af , Acf ¦�é
�Þ��É5�@£d½5@£þ,�½þ©Û,

��9mff�)L¡5U�OJø½þë�; Ó
�l�ÞÆ��Ý5w, Tëê�^uÙ¦�ÞB
��ÞA5�L�.
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Abstract

The load effect on the anisotropic friction property of gecko seta arrays have been experimentally investigated on a homemade

micro adhesive and friction force detect device with isolated seta arrays. The result shows that when sliding against the direction of

the seta curvature to grip out, the friction force is proportional to the normal load with a friction coefficient of about 0.6. When sliding

along the direction of the seta curvature to grip in, the normal preload force could be fully or partly transformed into adhesion force and

repulsive force while friction force rapidly rose with the increment of the applied preload. Under the same normal preload, the lateral

friction force in grip in is more than twice of that in grip out. These properties of anisotropy in friction and adhesion are determined by

the micro and nano-structures of setae.

Keywords: gecko seta, adhesion, friction, anisotropy

PACS: 62.20.–x, 62.25.–g

* Project supported by the Program for New Century Excellent Talents in Universities of Ministry of Education, China, and the National Natural

Science Foundation of China (Grant No. 51021064).

† E-mail: tianyu@tsinghua.edu.cn

016202-8


