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2008 c 5 � 25 F ADVANCES IN MECHANICS May25, 20086N6Ä�>.w£¯KïÄ?Ð*Ç«� † êI� ± ²�ënó�Æ, $1ó§�åÆÆÜ, ó§åÆX, ó�C�(�©ÛI[­:¢�¿, �ë 116024Á � �C�Ac5, �Xy��/B�ÿÁ±9©fÄåÆ�[Eâ�ÑyÚuÐ, 6N6Ä�>.w£¯KïÄ¼�
â��?�uÐ. >.w£�'ïÄ�N�©Ǳ 3 ��¡: ¢�!©fÄåÆ�[ÚnØê�©Û, cüöÌ�±uy>.w£y�!&¢>.w£��)Ån±9�Ï�é>.w£�KǱ5ÆǱÌ�ïÄ8�, 
�öÌ�ïÄ>.w£�Ôn�.!�'¯K�O��{±9>.w£é6NXÚ6NÄåÆ1Ǳ�KǱ. �©Äk{�£�
�N6Ä�>.w£9Ù�'¯K�@ÏïÄ{¤, ��é>.w£¯K�ïÄyG?1
nã,��Ð"
T+�8��ïÄ­:9ÙA^cµ.'�c >.w£, 6NÄåÆ, �/B�, w£�Ý, 4�}Aå
1 Ú ó6N6Ä�>.^� (boundary condition) ´û½6NÄåÆ (hydrodynamics)1Ǳ��­�Ï���. êzc5, A�¤k²;6NåÆÚdwåÆ��Ö9�EØ©¥, Ñk���Ó�­�b�: 3��.¡þvkw£, =�NL¡þ�6N©f��NL¡��é$Ä�ÝǱ", ùÒ´²;� “Ãw£>.^�”. Tb���
�þ÷*¿Âþ�¢��y, ¿�2�A^u6N6Ä�'¯K�nØ©Û!ó§A^Ú¢�ïÄ�.�´�C�Ac5, �X�/B��E9Ù�'+��uÐ, <�/Ïu�
y�ÿÁÃã (X�fåw�º (atomic force microscope, AFM)!L¡å¤ (surface force apparatus, SFA)!C|-1�Ý¤
(near field laser velocimetry, NFLV)!��âã�ÿ�¤ (micro-particle image velocimetry, µ-PIV) �)9©fÄåÆ�[ (molecular dynamics simulation,

MDS)Eâ,ïÄuyÃw£>.^�b�3,
�¹eØ2¤á, =>.w£3Nõ�¹ek�Uu) [1∼3].>.w£ (boundary slip) Ǳ¡.¡w£ (in-

terface slip) ½9¡w£ (wall slip), ´��NL¡þ�6N©f��NL¡�m�3�é��$

Ä�Ý. ïÄL², ÷*ºÝe>.w£Ø´u), =¦u)ÙKǱǱ�Øv�. �´3�/B�ºÝe, AO´3,
�/BÅ>XÚ (micro-

electromechanical systems / nano-electromechanical

systems, MEMS/NEMS) Ú�6NXÚ¥, >.w£�UéXÚ�5U�)­�KǱ [4∼6]. d	,>.w£�'¯K�ïÄǱ�UǱ MEMS/NEMSïÄ+���
5Ã¯KJø#�)ûg´. ·����ì��ºÝl 1 mm ~�� 1µm �, ¡È~�C 100 ��, 
NÈ~�C 10 ·�. d�, �'u¡È��Þå!Å5åÚL¡Üå���'uNÈ�.5åÚ>^å��'O�êZ�. �ÏǱXd, 3�/B�ºÝeXÚ��O!�EÚ¦^L§¥, �L¡�'��Þå�L¡å�^Óâ
Ì�/  [7]. L¡�Þå�¦�XÚ3$1L§¥UÑ�!���!Æ·á, ù$�¦Q²�Ý´IS	9�ïÄ�^=�.ê�Ø�Ø=��·Ü�/BºÝeó����ê�. {I SandiaI[¢�¿3�.uÄÅ�ïÄ¥Ǳuy [8], �����Ì��Ï´�ÞL¡���Ú�k. Ïd3�/BºÝeXÛ~�ì��L¡�Þ{å®¤Ǳ½�I�, Úå
<��'5Ú­À [9,10]. 
 Ou�< [11] ïÄuyÏL3�Ï�L¡Ù�5K�PY5��Î½�à`�±¦6NÂvFÏ : 2007-10-09, ?£FÏ : 2008-02-29
∗ I[g,�ÆÄ7 (10721062, 10672035), I[pEâïÄuÐOy (2007AA04Z405), Æ¬:Ä7 (2006014007) Ú�ënó�Æ�c����Ä7]Ï�8
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266 å Æ ? Ð 2008 c 1 38 ò�)é��>.w£, l
¦6N6Ä�ö�{å���ü$� 40%. w,, ù
(JÃ¦Ǳ·�)û�/BºÝe��Þ~{¯KJø
#g´.¢Sþ>.w£��9�Ù§¯õ�ÆEâÚó�+�, Xõ�0�¥�6N6Ä [12,13]!7áW� [14,15]!àÜÔ@Ø¤. [16]!]2�6Ä [17]!��6Ndw [18∼21]±9)ÔÆL§ [22,23]��. �u>.w£é�/BºÝe6NXÚ�­�KǱ, Ù�'ïÄ�@Ǳ´8�åÆuÐ�#���� [24]. �©òÄk{�£�>.w£�'¯K�@ÏïÄ{¤, ,�é8cT+��ïÄyG?1µã, ��?1
o(�Ð".

2 >.w£�'¯K�@ÏïÄ{¤6N3�NL¡6Ä�ATÀ��o��>.^�ºk'ù�¯K�ïÄ�@�J���
200 õc±c. 1738 c, Bernoulli[25] ÄgJÑ
6N6Ä�Ãw£>.^�b� (�ã 1(a)). â
Stokes[26] �P1, T*:����
 Du Buat[27]Ú Coulomb[28] �¢�y¢, �Ó�Ǳ;�
��Ù¦�
Æö [29∼31] ��é. Ù¥ Girard[30] Ú
Prony[31] @Ǳ3�NL¡þ�U�3�½þÝ�6N�, ���S6N��NL¡Ã�é$Ä,=/¤¤¢�Å¢� (stagnant layer),
3TÅ¢��6N��.¡þ6N�)w£ (�ã 1(b)). �uÅ¢��þÝ, K@Ǳ���.¡�Õ�A5 (�d5) k'. XYÕ/Àæù«pÕ�5.¡þ, Å¢�þÝ�@Ǳ´" [30]. 
 Navier[29] K3d�JÑ
�5w£>.^�b�, Tb�@Ǳw£�Ý�ÛÜ}�Ç¤�', =
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(1)ª¥ b ¡�Ǳw£�Ý, ´J��NL¡ (3dL¡þw£�ÝǱ") �¢S.¡�ål, Xã 1(c) ¤«, vx ´6N÷�NL¡ x �����6Ä�Ý, z ´÷.¡{����I. ª (1) �¡�Ǳ “w£�Ý�.”(slip length model, SLM), du b Ǳ~ê, ª (1) Ǳ~�¡Ǳ “�5w£�Ý�.”. 1879c Maxwell[32] 3ïÄD�íN$Ä9ÙÅ5{å�Äu©f$ÄnØí�Ñe¡� 1 ��VÐmCqw£���§
vs =

2 − σ
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(2)ª¥ σ Ǳ.¡��ÄþN!Xê (0 ≤ σ ≤ 1) , ÙÔn¿ÂǱíN©f3�NL¡u)û���©fê'~ê. 3¢Só§¥~~b½�NL¡v
o÷, íN©fu)û��, u´ σ �Cq�Ǳ

1. λ ǱíN©f²þgd§, � σ=1, b = λ �, ª
(2)�ª (1)3/ªþ���Ó,�5<�3¦^w£�Ý�.�Ǳvkî�«©6N´�N�´íN.�î�5ùª (1)¿vklnØþ�y²·^u�N,
�´ Navier¤��b�. ¢S¥6N´/¤Å¢��´X�5w£�Ý�.¤ã��3�NL¡�)w£, =¦æ^�c�k?�¢�*ÿÃãǱJ±�Ñî�«©, ØL®k��
©fÄåÆ�[ [33∼35] L², �X��.¡5��Cz,��.¡þ��N©f�±3Ãw£!/¤�NÅ¢�Ú3�NL¡þ��u)>.w£ùA«G��mCz.

ã 1 6N6Ä��Ý>.�.«¿ã
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19 ­V 30 c�, k'À��o��6Ä>.^���Ø®C��~-�. Stokes ÄuYÚYÕ3Àæ+¥6Ä¢� [36], ÌÜæ^Ãw£>.^�, Whetham[37]!Couette[38] Ú Ladenburg[39]�<Ǳ±aq*:, � Poiseuille[40]!Darcy[41]!
Helmholtz Ú Piotrowski[42]!Brodman[43] �<q�UJÑ
Ãw£>.^�Ø¤á�¢�yâ,ØLù
¢�duÉ��^�¤�, ¢�(J°Ý��, "yv
��&5. Bingham[44]!
Goldstein[45] ±9 Neto �< [1] é@Ï�ù
ïÄó�Ñ?1
�Ǳ�[�£�Úµã.?\ 20 ­V�, <���@Ǳ=¦>.w£�3, Ǳ´�~���, Ò���¢�EâÃã
ó��Ã{?1O(*ÿ,
�Xd��>.w£é6N÷*6ÄA5ǱØ¬�)²wKǱ,�þ�÷*¢�ǱL²Ãw£>.b��åè3÷*ºÝþ´�(�. ù«G¹��±Y� 20 ­V 80c�,ÏdÃw£>.^���[�É¿�2�A^uó§¢S¥,±�u3A�¤k6NåÆÚdwåÆ��Ö±9�EØ©¥,Ãw£>.^�b�Ñ��¤��n¤�,�(Ø\±0�. �=BXd,ùÏmEk�
k'>.w£¯K�ïÄ��. X Traube Ú Whang[46] uyÅÝO+93²Lh� (oleic acid) ½Ù§45kÅzÜÔ?n�, 3Øåé$�, Y�6þ´vk²L?n��ê�. Weber Ú Neugebauer[47] òù«y�8ÏuY3²LAÏ?n�9¡þu)
w£. 1956 c,

Schnell[48] �¢�L²Y3²�`Ä�Å7��ð?n�f[Àæ+L¡u)w£. 1959 c, Debye�< [49] 3ïÄ��%�zÜÔ3õ���Àæ¥�6Ä�uy¢�¤ÿ�ÅÝ�²;Ãw£nØýÿ��m�3 �,¿@Ǳ>.w£´��T ���U�Ï��. 1984 c, Churaev �< [50]uyYÚYÕ3Lv�=Àæ+¥u)>.w£,w£�Ý©O3 30 nmÚ 70 nm�m,
�§Ý�,p¦w£~�. láÆÚåÆ�ÆÝ5w, ýé�Ã>.w£´Ø�U�. ÏǱ�N©f�m½��.¡©f�mØ�U«ÉÃ¡��}å�^,ÏdlnØþù, ��}�Çv
p, =�)v
��.¡}�å,ÒoU�Ñ��©fm��p�^
�)w£. ^B�Ñ�´, lùp·�Ǳ�¿£�ºÝ�Aé>.w£�KǱ.3�é$Ä�²1mY�m,}�Ç´²��é$Ä�Ý��N�R����þÝ�m�'�,O\�ÝÚ~�6N

�þÝÑU¦}�ÇJp. Ïd÷*ºÝe�6NØN´�)>.w£, 
�/B�ºÝe6NN´�)>.w£.þã@Ï¢�ïÄǱ,"yv
�°ÝÚO(5, �·�E�l¥¼�NõkÃ�é«. ~X, ÏL@Ïù
ïÄ��, �NL¡��d5
(��^�>Æ5LÆ, �>Æ�L«�d5�,��©fm��p�^�é�f) é>.w£�u)9w£Ì�Czk­�KǱ. ¢Sþ@Ï*ÿ��>.w£Ä�Ñu)3�d5���L¡ [42,48,50], Ïd<�3±��ïÄ¥  ÏLü$�NL¡��d55¼��²w�>.w£y�, ¿��
Nõ�~k¿Â�ïÄ¤J [11,51,52].

3 >.w£�'¯K�ïÄyG
20 ­V", �.zÚ�/B��EEâr?
�/B��EïÄ+��×�uÐ, ��¡�¦·�é�/B�ºÝe�Ôny�9Ù��k��[
O(�
), ,��¡ÓÙ§+���
#Eâ!#�{�år?
Nõäkp(¯Ý!p°Ý�¢�¤ì�Ñy, X

AFM[53,54]!SFA[55]!NFVL[56]!µ-PIV[57]!�=¬N�U² (quartz crystal resonators microbalance,

QCM)[58]!�Ï� (micro-channel) Eâ [11,51,52] ��. ù
k?¤ì���Ñy�±­#é6N6Ä�>.¯KÐm�Ǳ°(�¢�ïÄ. d	,©fÄåÆ�[Eâg 1957 cÄg� Alder Ú
Wainwright[59]¤õ^uïÄíNÚ�N�G��§±5,�XO�ÅEâ�?Ú,\þõN³¼ê�JÑ�uÐ, ®²�2�^uïÄ�«ÔnÚzÆ¯K [60]. 3ù«�¹e, k'6N6Ä>.w£¯K�©fÄåÆ�[�¡�©zǱ�þuL [4,61]. o�5`, >.w£¯K�¢� ïÄÚ©fÄåÆ�[Ì�±uy>.w£y�!ïÄ>.w£��)Ån±9�«Ï�é>.w£�KǱ5ÆǱÌ�8�. d	, ê�nØ©ÛǱ´>.w£�'¯KïÄ���­��¡, Ì�ïÄ>.w£�Ôn�.±9>.w£é6ÄXÚ6NÄåÆ1Ǳ�KǱ,Ǳ�'6NXÚ��O!�EÚ¦^JønØ��. V)
ó, ¢�!©fÄåÆ�[±9ê�©Û´ïÄ>.w£�'¯K� 3 �­��¡, nö�mkX�Ø�©�éX.Ǳ
Bu�Ö,�©òr>.w£�¢�!©fÄåÆ�[�å\±0�, 
r>.w£�'¯K
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3.1 >.w£¯K�¢�Ú©fÄåÆ�[ïÄ>.w£�'¯K�¢�ïÄ�{, �Nþ�±©Ǳü�a: ��ÿþÚm�ÿþ. ��ÿþ�¶gÂÒ´ÏL,«�{��¼��NL¡9NC�N©f�6Ä�Ý|, l
dd5�ä´Äu)w£±9w£�Ý���. X µ-PIVEâ [51,57,62]!NFVL[56,63]!�S��F1¤x¡EEâ (total internal reflection fluorescence recov-

ery after photobleaching, TIR-FRAP)[64,65] ÚV�:F1�'1Ì (double-focus fluorescence correla-

tion spectroscopy, D-FCS)[66] ��{Ñáuda��ÿþ>.w£��{. Ǳ,ùA«�{¤^¤ì��k¤�O, �ÙÄ�Ãã��Ñ´ÏL3�N¥\\�½êþ�F1�â, ÏLØÓ¤ì¼�a,�«�ù
�â��Ý|, ¿^5CqNC��N©f�Ý|. w,, da�{���`:Ò´�*, �duÉF1�âº�!�â�*Ñ$Ä±91Æ�¡�Ï��KǱ, Ù°Ý�� (>∼50nm).>.w£�m�ÿþ��´ÏL¼�,
É>.^�KǱ�Ônþ, ,��²;Ãw£nØ)±9�Ä>.w£��nØO�(J?1'�,l
m��äÑ´Äu)>.w£±9w£§Ý.

AFM[67∼71]!SFA[72∼76]ÚQCM[77,78]�{Ñáudam�ÿþ�{. æ^ AFMÚ SFA?1>.w£ÿþ�,��ÏLÿþXã 2¤«¥/@Ø�XÚ�6NÄØ{å Fh Ú���þ h0 �m�'X­�, ,��²;Ãw£nØ)½�Ä>.w£��O�(J?1'�. ã 3¤«´ Zhu�< [75] |^ SFA ¼��ÿÁ(J, ¢�¥¤^�NǱ�o� (C14H30),�N©OǱ1w�1L¡±9�Èk�l�Än¯�Ä7�� (octadecyltriethoxysilox-

ane, OTE) ��1L¡, ©OéAã¥��Ú!/ÎÒ, J�¤«Ǳ²;Ãw£nØ).ÏL'��±w�, ��NǱ1w�1L¡�,XÚ�6NÄØ{å�²;Ãw£nØ)¬Ü, ¿�X�N31w�1L¡©ªØ�)w£. �´�6N����þ�u� 150 nm±�,�NǱ² OTE?n��1L¡�, @Ø��6NÄØ{åBm© l²;Ãw£nØ), =u)
>.w£, 
��X6N�þ�?�Ú~�, >.w£�KǱǱÅìO\. QCM �{�Ä��n´|^�%��NL

¡��ÞA5KǱXÚ���A5, 
��.¡��ÞA5�´Äu)>.w£k', l
�ª�âXÚ��A5�CzÚnØýÿ(J�'�íäÑ�N3�NL¡�w£G�. ���ÿþ�{�', m�ÿþ�{¥� AFM Ú SFA �{äkép�åÚ £©E°Ý (å©EÇ�±�� nN$� pNþ?, £©EÇ�±�� 1 nm�m), 
 QCM �{Ó�äk�p�°Ý, ��±�éN´/¼��~p�}�Ç. ØLù
m�ÿþ�{Ñk���Ó�":, @Ò´Ù¢�(J��ã���6u�nØ)�'�, Ïd>.w£¯K�nØê�©Ûéuda�{
ókX­�KǱ, 
>.w£�nØÚê�©ÛEâ8cǱE?3��k�uÐ��ã, e��!òéd\±�[0�.

ã 2 ¥/@Ø�«¿ã

ã 3 @Ø�6NÄØ{å���6N�þ�Cz­� [75]ØþãA«�{�	, �Ï� (+�) EâÿÁ�{ [11,51,52,79,80]Ǳ´²~^5ïÄ�N6Ä�>.w£¯K��{��.T�{{ü�*, 
��X�\óEâ�?Ú, ÿÁ°ÝǱ�±��é
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����U¢y$}�Çw£¢�. T�{�6|w«ÿ½Eâ(Ü, B¤Ǳ��ÿþ>.w£��{ [51,62,66]. ÏLÿþÏ�S�A�Øü - 6�­�, ¿�nØ)?1'�©Û,¤Ǳm�ÿþ>.w£��{ [79∼81].w,, >.w£¯K�¢�ïÄ�±Jø>.w£´Äu)���yâ, ´ïÄ>.w£¯KØ�½"�­�Ãã. �´du��.¡�«Ï�*d�3XÍÜ�^, �?Ø�Ï�é>.w£�KǱ5Æ�5æ�.~X, o÷ÝéL¡�d5kX­�KǱ [82], 3ïÄ�d5é>.w£�KǱ�ÒØ�Ø�Äo÷Ý�KǱ, ùÒ�¢�¥�NL¡���±9¢�(J©Û�?Ø�5
�½�æ�. d	, ¢�^�Z��O, yk�
(ØǱ�3X½�½���É, k�$�p�éá [83], ù�&?�)>.w£�ÔnÅ��5
�½�(J. ©fÄåÆ�[�{´ïÄ>.w£¯K�,�­�Ãã, �¢��'`:3u�±é��.¡A5?1<Ǳ��, Q�üÕ�	,�Ï�é>.w£�KǱ5Æ, q�nÜ�	�Ï�é>.w£�ÍÜ�^. �duÉ8cO�ÅO�Uå±9³¼ê���, ©fÄåÆ�[�{�ØUé�
�.E,6NXÚ?1�[, I�?�ÚuÐ.Äu�C�Ac5>.w£�¢�Ú©fÄåÆ�[ïÄ¤J, 8BÑ±eA::

(1) �â¢��n�ØÓ, >.w£¯K�¢�ïÄ�{�N�©Ǳ��Úm�ÿþü�a,Xc¤ã, ¦�kX�g�`":, �§�Ó©fÄåÆ�[�{��Ñ´ïÄ>.w£�'¯K�­�Ãã.

(2) 3�/B�ºÝe, 6N6Ä�>.w£3,
^�e(¢´�3�, 
�é�/B�ºÝe6NXÚ�6NÄåÆ1ǱkX­�KǱ, X�±wÍ~�6Ä{å [11,52,79,80]!~�6NÄØå [65,67,70,73,76] �. ¢�ïÄL², w£�ÝlA�B��A���$�þz�� [79,80] Ø�,ùÒ¿�X>.w£é�/B�ºÝe�6NXÚ5U¬kX­�KǱ, 
3÷*ºÝþÙKǱÄ��±�Ñ.

(3) L¡�d5é>.w£kX­�KǱ, �KǱ5Æ8c�"yÚ�@£. ��@Ǳ�d5�k|uw£ [84∼90], ,
¢� [56,57,74,91∼93] L²

>.w£�U3��d5L¡u), �´ Bonac-

curso �< [68,69] �¢�L²�N=¦3���d��NL¡ǱUu)w£. Joseph�< [62] uyY3�d�ÀæL¡ǱU
u)w£, �ÀæL¡²ÕY?n�¿vk¦w£O\, ùÒ´`L¡�d5Ú>.w£�Ä¿vk7,�éX. ���Ñ�´, Cho �< [94] ïÄuy�456N�w£â�L¡�d5k', 
456N�w£�L¡�d5A�Ã'. ØLl�õ�¢�(J5w,·�@Ǳu)>.w£´�Ñ��.¡�^å�(J, �d5�¿�X��.¡�p�^�f,Ïd�d5��L¡�k|uu)>.w£, 
�©fÄåÆ�[ [95∼98] Ǳw«, �N3ÕY5L¡N´w£, 3�Y5L¡Ø´w£.

(4) L¡o÷Ý´KǱ��.¡w£A5�,�­�Ï�, Pit � [65]!Zhu � [3,76]!Hervet� [56] ±9 Léger[99] �@ǱL¡o÷Ý�O\³�w£, 
 Bonaccurso �< [69] �¢�%L²L¡o÷ÝO\�±r?>.w£. ,	, Watan-

abe � [79,80]!Ou � [11] ±9 Choi �< [52] �¢�L², ÏL3�NL¡Ù�5K�PY5�«!�Î½ö`GâåÔ/¤�ÕYL¡ (ultra-

hydrophobic surface)[100],U¦6N�)é��>.w£, ¿�±¦6Äö�{åwÍü$. 
©fÄåÆ�[ïÄǱ�3ØÓ�(Ø, Cottin-Bizonne�< [101,102] @Ǳo÷Ýr?w£,
 Kopli� [103]Ú Jabbarzadeh � [104] ��[(J@ǱL¡o÷Ý³�w£, Galea �< [105] Ú Priezjev �< [106]@Ǳo÷Ýé>.w£�KǱ�ǱE,, ��N©fº��L¡(�º����Ãw£, 3�o÷½n�1wL¡u)w£. o�, 3T�¡�I?�ÚïÄ.

(5)�â Navier��5w£�Ý�. [29,45,107],w£�ÝATǱ~ê, �}�ÇÃ', ���w£�ÝØǱ", K3?¿�u"�}��^eÑ¬u)>.w£. ,
¢� [62,64,65,68,72,88,89,92]�d(Ø�¬Ü, �·�5¿�,	�
¢� [3,67,71,73,75,76,81,84,108∼110] �(Ø%�d��,=w£�ÝØǱ~ê
´�}�Çk'. ,	,

Craig �< [67]!Zhu �< [75,76,84] ±9 Sanchez�< [111] uy>.w£�k3}�Ç (}Aå)��,�4���âm©u), ØÓ��.¡þT4�����ØÓ, �w£u)±�w£�Ý�}�Ç¥ér���5'X. Thompson Ú
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Troian[112]!Priezjev � [113,114] �©fÄåÆ�[Ǳw« Navier �w£�Ý�.�k3$}�Ç�â·^, �}�Çpu,�4�}�Ç±�,w£�ÝØ2´~ê, 
´�}�Ç�'. d	, Na-

gayama �< [115] Ú Olgun �< [116] @Ǳw£��)´�Ñ���m�^å�(J. ù
ïÄ¿�Xdª (1) ¤£ã�w£�Ý�.3,
�¹e (cÙ´3p}�Ç�) �UÃ{O(£ã6N3�NL¡�w£1Ǳ.

(6) Ø
þãA«Ï�é>.w£kX­�KǱ�	, 6NÅÝ!zÆ5�!L¡�U�3�B�í�½íN� [117∼120] �Ï�é6N6Ä�>.w£1ǱÑkX­�KǱ, ���@Ǳ6NÅÝO\!�NL¡B�í�½íN���3k|u>.w£u). o�, �«Ï�é>.w£�KǱ´E,�, ATnÜ�ÄÚµd, I�?�Ú�ïÄ&?.

3.2 >.w£¯K�nØê�©Û>.w£¯K�nØê�©Û´�'XÚ�O!�EÚ¦^�cJ�Ä:, ǱǱ>.w£�¢�ïÄJø
nØ��. 
ïáO(k��>.w£�Ôn�.´>.w£¯KnØÚê�©Û�cJÚÄ:, Ó�Ǳ´�ck'>.w£�m�ÿþ�{ (X AFM!SFA!QCM �{) �nØÄ:. d	, �(�>.w£�.£ã��Ǳk|u·�é>.w£�S3Å��@£. Ò>.w£�Ôn�.
ó, 8cÌ�kü«: c¡¤ã��5w£�Ý�. (Ï~{¡w£�Ý�.)[29,32,45,107] Ú4�}Aå (w£) �. (limiting

shear stress model, LSSM)[121∼127].

3.2.1 >.w£¯K�Ôn�.�©1 2 !®éw£�Ý�.�½Â?1
Qã, 3dØ2Kã. �XJr6N©f��3�NL¡u)w£w¤´�« “ý¢�w£” (true

slip, �ã 4(a)), @o���« “L*w£” (appar-

ent slip, �ã 4(b)). �ý¢w£ØÓ, L*w£�)�w£�Ý b ´�«��1Ǳ, ´du�NL¡NC6NÅÝü$��� [107,111,128∼130]. b�T$ÅÝ6N��þÝǱ δ (�ã 4(b)), ÅÝǱ ηs,6NÅÝǱ ηB, @o¤���L*w£�ÝǱ
b = δ(ηB/ηs − 1) (3)àÜÔLN�>.w£k�@Ǳ�ù«L*

w£1Ǳk' [129,131,132]. ¦+ý¢w£ÚL*w£äkØÓ�Ôn��, �duüöÑæ^ª (1)éw£�Ý?1£ã, ¤±3?1�'6NÄåÆ©Û�üö  Ø�î�«©.

ã 4¥/@Ø�6ÄXÚ (�ã 2) ´ AFM Ú
SFA �{¥�~^��«ÿÁXÚ, Äuª (1),

Vinogradova[107] �Ñ
�Ä>.w£�ü¥�m�p�C��6NÄØ{å. éuã 2 ¤«@Ø�¯K (h0 � R), �Ä>.w£KǱ��6NÄØ{å (½6NÄØ«1å) Ǳ
Fh =

6πηR2v

h0
f∗ (4)Ù¥ f∗ ´w£?�Xê, �üL¡Ñu)>.w£�, ÙL�ªǱ

f∗ =
h0

3b

[(

1 +
h0

6b

)

ln

(

1 +
6b

h0

)

− 1

]

(5a)��kÙ¥��L¡w£�, ÙL�ªǱ
f∗ =

1

4

{

1 +
3h0

2b

[(

1 +
h0

4b

)

ln

(

1 +
4b

h0

)

− 1

]}

(5b)� f∗ = 1 �, ª (4) Ǳ²;Ãw£) [133], Ïd
f∗ Ǳ�¡Ǳ«1åXê, ÙÔn¿Â´u)>.w£�XÚ«1å�Ãw£�nØ«1å�'�.u)>.w£�, f∗ < 1, dª (4)!ª (5a) Ú (5b)��, >.w£¦ã 2 ¤«@Ø�XÚ�6NÄØ{åü$. AFMÚ SFA�{´ÏLÿþ¢S�6NÄØå Fh, ,��ª (4) ?1'��Ñ f∗ ��, ¿�ªÏL[Üª (5a) ½ (5b) ��w£�Ý
b ��.3¢�¥²~æ^�,	��ÿÁ�{´�+6 (�Ï�) Eâ [79∼81], 6N6²�+, b�6NǱ¿©uÐ��6, XJæ^²;Ãw£>.
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Q0 =
∆pπr4

8ηl
(6)Ù¥ ∆p´÷�ÝǱ l!�»Ǳ r��+�Øü. XJu)>.w£, ¿æ^ª (1) 5L«w£�Ý,@oNÈ6þǱ

Q = Q0(1 + b/r) (7)ÏLÿþ�+�¢S6þ - Øü­�, ¿�ª (7)�nØNÈ6þ?1'�, �±m��Ñw£�Ý b ��.w£�Ý�.´8c¦^�2��w£�.��, ÙêÆþ�{ü²
Ǳ��'¯K�nØê�©Û�5
é��B, �31 3.1 !¥®²J�w£�Ý�.3,
�¹eØO(. ¢�L², ��¡w£�ÝØǱ~ê, 
´�}�Çk' [71,73,75,76,81,109,110,112,113]; ,��¡3��.¡þ�U�3��>.w£´Äu)�4�}Aå,�k�}Aå��T4�}Aå±�>.w£â¬u) [67,68,75,76,84,114∼116,135,136],ù
Ñ´�w£�Ý�.���. 4�}Aå�.´£ã>.w£�,��~^�., §�@�^5£ã�56NÄådw (elastohy drodynamic lubrication, EHL)¯K¥dwJ�6CÆ1Ǳ. 1959 cÚ 1960 c,

Smith[137,138] @Ǳ3 EHL �>¥�pØÚp}��¸e, �}Aå��,�4�� (4�}Aå)�, dwJ�6C1ǱdÅ5=CǱ�5. �5
BairÚ Winer[121∼123] l¢�þédwJ�ù«Å�51Ǳ��
y¢, ¿JÑ
Xe4�}Aåúª [121]

τL = τ0 + κp (8)Ù¥ τL ¡�Ǳ4�}Aå, τ0 ¡�ǱÐ©4�}Aå, κ Ǳ�5ØåXê, aqu�NåÆ¥��ÞXê. Ǳ,ª (9)�N�´dwJ�6CÆ1Ǳ,� BairÚWiner �¢�¤æ^�´Ó%�Ùª6C¤, nØ©ÛL², ���ÙØ´ýéÓ% (¢SþØ�UýéÓ%), �N���}Aå7,u)3���.¡þ,Ï
þã4�}Aå¿�´�N�6C5�¤�,
´���.¡þ�4�}Aå [127]. Craig� [67]!Zhu�< [75,76,84]±9 Sanchez�< [111] �¢�Ú Olgun �< [116] � MDS w«3��.¡þ(¢�3��>.w£u)�4�

}Aå. Ïd�l>.w£�*:éª (8)?1­#Lã: �L¡}Aå�u4�}Aå�, Øu)>.w£, �L¡}Aå��4�}Aå�, u)>.w£. �du��}Aå  u)3��.¡þ, Ïd=¦ª (8)£ã�´dwJ�6CÆ1Ǳ, �ªǱLyǱ>.w£, 3?1ê�O�©Û���N�ý¢>.w£1Ǳvk?Û«O.ÃõïÄÏLØÓ¢��{éª (8) ¤£ã�4�}Aå?1
ÿþ [14,122,123,139∼143]. ¢�L² [14,122,141], 3aqg/hù«�d5L¡, τ0��3 0.16∼8MPa �m. '~Xê κ Ǳk�
�'ïÄ [14,141,142,144], §��l 0.007 � 0.15, 
��§Ýk'. ·�@Ǳ4�}Aåëê (τ0 Ú
κ) ����L¡áÆ!�N«a!L¡�d5!L¡o÷Ý±96NÅÝ�Ï�k', AO´L¡�d5é4�}AåkX­�KǱ. éu��d½Ü©�dL¡, �â�� [3,76,84] 4�}Aå���~�, k��w«3�lfY/Û OTE 1w�1 (�Åo÷Ý� 0.2 nm) .¡þ�4�}Aå��3 0.3Pa[3], 
3�o�ÚþãÓ��NL¡þ�4�}Aå��Ǳ 0.6Pa. ©z [3] @Ǳ4�}Aå��>Æ�O\
~�!�6NÅÝO\
~� [69], 
o÷Ý�KǱ8c�Ø�Ù. ÏLþ¡�©Û, �±}Ál4�}Aå�*:5n)Ǳ�o Bonaccurso �< [68,69] ¢�*ÿ��N=¦3���d (�>Æ�C 0◦) ��NL¡ǱUu)w£, 
Ù§�
¢� [56,57,74,92,93] 3�dL¡vk*	�w£. ·�íÿ�U´du�dL¡�4�}Aå��, I�é��}�ÇâU¦L¡}Aå��4�}Aå
u)>.w£.¢� [56,57,74,92,93] U���}�Ç (}Aå) ��,

Bonaccurso �< [68,69] �¢�}�ÇK�é��,���� ∼105 s−1. Ø+þãíÿ´Ä�(, 4�}Aå�.éu·�n)>.w£�'y�Ú�)ÅnäkÈ4¿Â.@o��5w£�Ý�.�', 4�}Aå�.qäk�o��`³QºÄu4�}Aå�.,Ç«��< [125,145,146] �Ñ
u)>.w£�¥/@Ø��6NÄØ{å�ê�¦)�{, ¿�¢�±9Äu�5w£�Ý�.�nØ)?1
'� (�ã 5Úã 6),éN´wÑ,4�}Aå�.�nØý��3é���SÑU�¢�(J¬Ü�~Ð, �´w£�Ý�.�nØý��¢�(J�3��Ø�. Ç«��< [125,126] �Ñ, �



272 å Æ ? Ð 2008 c 1 38 ò5w£�Ý�.3p}�Ç��UØ2·^, 
4�}Aå�.·Üp}�Ç���/. d	, 3$}�Ç�, 4�}Aå�.@Ǳvkw£ (}Aå�u4�}Aå) Ǳ,Ø�½O(, �duw£��, é6NXÚ6NÄåÆ1Ǳ�KǱ��Ñ.Ïd, 4�}Aå�.�±^5O(£ãp}�Ç6N6Ä�>.w£. ,
, æ^4�}Aå�.é>.w£?1ê�O�©Û��3O��¡�(J, áu��r��5>.�½¯K.

ã 5 ¥/@Ø�6NÄØ{å�nØý�� [145] � AFM¢�(J [67] �'� (�N:ÛkþÝǱ 15.1 nm7��7�¥Ú�1²¡,�N:ø0YM�)

ã 6 ¥/@Ø�6NÄØ{å�nØý�� [145] �
SFA ¢�(J [75] �'�±ã 7 ¤«�mY6ÄXÚǱ~, �u)>.w£�, Äu4�}Aå�.T¯K8(Ǳ¦)Xe?�� Reynolds �§ [126,146]

∇ ·
(

h3

12η
∇p

)

= ∇ ·
[

h

2
(ua + us

a + ub + us
b)i+

h

2
(vs

a + vs
b)j

]

+
∂h

∂t
(9)Ù¥ ua Ú ub ©OL«�NL¡ a ÚL¡ b ��

÷ x ���wÄ�Ý (�ã 7), us
a Ú us

b ©OL«6N3L¡ a ÚL¡ b þ÷ x ���w£�Ý, 
 vs
a Ú vs

b ©OL«6N3L¡ a ÚL¡ bþ÷ y ���w£�Ý. du us
a!us

b!vs
a Ú vs

b Ñ´�¦þ, ¦���¯K¤Ǳ��>.�½¯K,3¦)þ�3é�(J. DÚ�{��æ^k��©{(ÜS�¦)Eâ [14,147,148]. X JacobsonÚ Hamrock[147] �âdw«S�Uu)�w£G�, í�Ñõ@�A� Reynolds �§, ,�é,�Aå:?1�ä, �O§�w£G�¿æ^�A� Reynolds �§?1¦). ¦)(J��k��O?1'�, ?��2?1¦), Xd�E?1,����NN�Ø�Ǳ�. ù«�{�O�þé�,
��3ÂñJÝ��¯K. éu��6Ä�>.w£¯K, duw£�±÷²¡S?Û��u) (��>.w£¯K¥w£��U÷�Kü���), S�¦)�{Ä�´Ø�1�. ,	�«O��{æ^�´pÖ�{. Strozzi[149] æ^pÖ�{©Û
w¬¶«ü.¡w£¯K, �´¦��{Lu{z, ØU÷v���ó§I�.

Spikes[18,19] Äuk��©�{Ú4�}Aå�.éL¡4�}Aå�u"ù�AÏ���6Ä>.w£¯K?1
©Û, w,Øäk��5. Ç«��< [124,150,151] æ^ëCþC©�n9Ù�A�ëê�g5y�{é��6Ä�>.w£¯K?1
©Û,LyÑ
ûÐ�ê�A5. êI�� [126,152] æ^ëCþC©�n9Ù�A�ëê�g5y�{¿Ó�Ú\©ã�5z�g�, )û
��6Ä>.w£¯K�O�(J, �±rw£�Ý>.�½¯KÚØå|>.�½¯K�ÍÜ>.�½¯K�g¦)¤õ. �DÚS��{�', T�{ÃØ3O��Ç�´3?nE,¯K�UåþÑäk`³.

ã 7 mY6ÄXÚ«¿ã
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�5w£�Ý�.±94�}Aå�.±	, Thompson Ú Troian[112] �â©fÄåÆ�[(JJÑ
�«��5w£�Ý�.
b/b0 = (1 − γ̇/γ̇c)

−1/2 (10)Ù¥ b0 ǱÐ©w£�Ý, γ̇ = ∂vx/∂z Ǳ}�Ç,

γ̇c Ǳ�.}�Ç. dã 8 ��*/wÑw£�Ý�}�Ç�m�'X. Priezjev �< [113] ÏLéàÜÔ}�6Ä�©fÄåÆ�[, Ǳ�Ñ
aq�(Ø. ØL�C Priezjev[114] �ïÄw«, w£�Ý�}�Ç�m�'X���.¡�p�^rf
Cz. ���.¡�p�^�f�, w£�Ý�}�Ç¥��5'X, ����.¡�^�r�, w£�Ý�}�Ç¥�5'X.��5w£�Ý�.3$}�Ç�@Ǳw£�ÝǱ~ê, �±òzǱw£�Ý�., 
3p}�Ç��±^4�}Aåw£�.5£ã. �du��5w£�Ý�.��'XE,, 8c��U^5©Û�
�Ǳ{ü�6Ä>.w£¯K [153]. d	, SpikesÚ Granick[154] �JÑ
�«?���5w£�Ý�.: �}Aå�u.¡4�}Aå�, vk>.w£; �}Aå��4�}Aå�, u)>.w£, w£�ÝE,Ñl�5w£�Ý�.£ã.

ã 8 w£�Ý�}�Ç�m���5'X [112]

Salant Ú Fortier[155] æ^T�.éäkØÓw£5��w¬¶«?1
O�©Û, ��4�}AåØ�u"���
ê�Ø­½�¯K. ¦�@Ǳù´du¶«���Ôn$1Ø­½¤�, ·�@Ǳù´du?�w£�Ý�.Ã{O(£ãw£���51Ǳ¤��, ·�æ^4�}Aå

�.éaq¯K?1O�©Û�¿vk��Óa¯K [152,156]. o�,�«>.w£�.kX�g�`":, 3?1>.w£¯K©Û�A�â¤ïÄ¯K�A:ÀJÜ·��.ÚO��{.

3.2.2 >.w£¯K�6NÄåÆïÄïÄ>.w£émY6Ä6NÄåÆ1Ǳ�KǱ�±Ǳ�'XÚ��O!�EÚ¦^JønØ��, Ó�ǱkÏu·�l#�ÆÝn)¢Só§�¥����
²;nØÃ{Ün)º�y�. cÙ3dwåÆ+�, �u>.w£édw5�Údw���­�KǱ
É�NõïÄö�­À [157,158], Ïd�©ǱòédaïÄ?1µã.

Spikes[18] ©Û
��k·�w¬L¡u)w£�>.w£éw¬¶«6NÄåÆ1Ǳ�KǱ.uy�w£L¡�4�}Aå�u"�, ¶«�6NÄØ«1åTT´Ãw£����, ��A�L¡�Þåü$
A�êþ?. Äuù�uy,

Spikes[19] JÑ
�Oäk$�ÞXê¶«�g�.Ç«�ÚêI��< [20,126] �ïÄL², >.w£��3¦¶«L¡�Þåü$, �é¶«6NÄØ«1å�KǱ'�E,, �L¡w£5� (4�}Aå���)!L¡���$ÄG�±9¶«$ÄÚ·�L¡�w£5����Ñk��'X.ã 9 w«�´�Î/¶»¶«L¡4�}AåØÓ��é¶«Ãþj6NÄØ«1å�KǱ [20],Ù¥eI aÚ b ©OL«¶@Ú¶»L¡, ε Ǳ¶« %Ç, κ Ǳª (8) ¥éA�'~Xê.�±w�, ¶««1å¬�XØÓ�L¡4�}Aå��
�)E,Cz. Ù¥�¶»L¡
($ÄL¡) 4�}Aå���, =¦¶@L¡ (·�L¡) 4�}Aå�u", ¶«EU�±�½�«1å (�ã 9 ¥­� 2); �¶»L¡�4�}Aå�u"½v
��, Ø+¶@L¡4�}AåXÛCz, ¶«�ªÑ¬��Ô�«1Uå (�ã 9 ¥�­� 1!3!4). 
�ù«Czª³äk�½�â,5, ùéu¢S¶«(�
ó´�~�x�. ¢Sþ, �¶»L¡4�}Aåv
��,Ã{ò6Nk��\mY, ǱÒØU�)6NÄØ«1å. Ïd, é�NÄØ¶«
ó, ¶»L¡
($ÄL¡)ATdäkp4�}Aå�áÆ�E,±��$ÄL¡u)ì��>.w£
��¶«��. ,	, TïÄ(JǱl>.w£�ÆÝ)º
Ǳ�o�¶«üL¡æ^Ó«áÆ�E��N´u)»�, ù´ÏǱÓ«áÆ�L¡  äk



274 å Æ ? Ð 2008 c 1 38 ò�Ó�4�}Aå, ÏdéAã 9 ¥�­� 1, éN´wÑù¬¦¶««1åü$¿k�U��Ô�. w,, aq¯K�>.w£©ÛédwXÚ��O±9(�ÙS�$1Ñäk­�¿Â.

ã 9 ¶«Ãþj«1å�Ãþj4�}Aå�Cz�¹ [20]��rN�´, Guo �< [159]!Fortier �< [155,160] ±9êI��< [21,152,156] A�Ó�JÑ
EÜw£�Vg. ¤¢EÜw£ (het-

erogeneous slip) ´�Ó��NL¡ØÓ �äkØÓw£5� (ØÓ4�}Aå) �u)�>.

w£, �déA, ½Â�Ó��NL¡w£5�??�Ó�u)�>.w£Ǳþ�w£ (homo-

geneous slip), c¡¤ã�>.w£Ñáu�ö.ïÄw«EÜ>.w£3¦L¡�Þå�±�$Y²�Ó�%U¦XÚ�6NÄØ«1åwÍJp [21,152,155,156,159,160], Xã 10 ¤«´êI��< [156] 'uw¬¶«�O�©Û(J.dã 10(a)�±wÑ, �Ã>.w£��', u)EÜ>.w£�¶«3é��mYÂñÇ [156] ��Ñäk�p�«1å, 
u)þ�>.w£�, ¶««1å�é�$. AO´� ξ ≤ 0 �, =mYuÑ½ýé²1�, u)EÜ>.w£��¶«Eäkép�«1å (�� ξ ≈ 0 �, �A�¶««1å´Ãw£�¶«��«1å�� 2.5 �), ùÒ�»
²;dwnØ@Ǳ�kÂñmY (= ξ > 0) âU¦�NwÄ¶«¼�6NÄØ«1å�nØµe [161]. �dÓ�, u)EÜ>.w£�¶«�äk�$��Þå (�ã (10(b))). d	,?�Ú�ïÄ [146] �w«EÜ>.w£��±k�Jp¶«�ÄåÆ­½5, ¿U¦¶«3�½§ÝþLyÑg·­½�A5. w,, ù
Vg�JÑÚ#y��uyéu8��Oäk`ÉnÜ5U�#.�NwÄ¶«Ñäk­�¿Â.

ã 10 ØÓw£G�ew¬¶«6NÄØ«1åÚL¡�Þå�mYÂñÇ�'X [156]

3.3 àÜÔLNÚíN6Ä�>.w£1 3.1 !Ú 3.2 !Ì�lïÄ�{�ÆÝ©Oé>.w£¯K?1
µã, ¤�9��6N±Úî6NǱÌ, �XÚó¥¤ã, >.w£�9õ�+�, �'6NØ==´Úî6N,àÜÔLN!pßÝM�±9íN�Ù§/ª�6N6ÄÑ�U�9>.w£¯K. �u>.w£ (àÜÔ
@Ø6ÄïÄ+��S.¡�Ǳ9¡w£) éàÜÔ@Ø¤.ó²�­�KǱ±9íN>.w£�AÏ5, �!ò©Oé§�?1{�µã.

3.3.1 àÜÔLN�9¡w£3àÜÔ@Ø¤.ó²¥, ��¡F"�¬L¡�þÐ, ,��¡F")��Çp, �¢S)�¥<�uy@Ø�Ýé@ÑÔ�L¡�þk
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E,�KǱ. �@Ñ�Ý�$�, @ÑL§²­, @ÑÔL¡1w, 
�X@Ñ�Ý�O\, 3�L,�4���, @ÑÔ�L¡�þ¬Åì�z, d�ÐL¡��1L, �Ñy “}~�” y�, ?
L¡]àØ², ¥Ú^G!Æ!G [16,162,163], <�¡�ǱLN»�. ïÄL², àÜÔLN3@ØL§¥�¤±LyÑþãE,1Ǳ�9¡w£�u)�Ä���' [16,163∼165]. @Ø�Ý�$�, 9¡}�å$, vkw£u), 6Ä²­, @ÑÔL¡�þ1w; @Ø�ÝO\, 9¡}AåO\, Ü©>.w£u),ÑyØ­½6Ä, @ÑÔL¡/¤"�; �Ý?�ÚO\, Ñy���9¡w£, ��@Ñ¥S6G�, @ÑÔL¡qC��é1w, ØL�Nþ�U¥yÑ�±Ï5�Û­y� [16].�u9¡w£éàÜÔ@Ø¤.L§�­�KǱ, l 20 ­VÊ8�c�BÚå
<��2�'5,©z [16,129,166,167]é�'ïÄ?1
��¡/nã. @ÏïÄÌ�Ê33é¢�(J�½5©Û, ¢��{�)3��9¡XÚé@ØL§���*ÿ [168]!ØÓ6|/ªe�6CÆÿþ [169∼171]!�«6�ÿþ [172] ±96|w«Eâ [173]. àÜÔLN¥9¡w£��)Ån�©E,,��@Ǳ§�àÜÔa.!@Ñ���áÆ99¡G¹!@ÑL§¥¤¦^�V\J±9@Ñ§ÝÚ@Ñ�Ý�Ï�k' [164], 8céàÜÔLN9¡w£��)ÅnkXõ«)º. k*:@Ǳ9¡w£��)´àÜÔ©fó��NL¡ÅX��¤�� [174],´�«áN -)áNÅn;,�«*:@Ǳ9¡w£´àÜÔ�N¥�©fóÚáN3�N9¡þ�©fó�m�)�(J,´�«�( -)�(Ån [175];Ǳk*:@Ǳ9¡þ�3dw� [176],T�´dAåpu�$ÅÝ¥m�;��|!±±, [177] 3o(àÜÔLN3}�6|9¡w£ïÄ¤JÄ:þ, JÑ
 Z-W �., Ó��Ä
.¡©fó�9¡©fáN - )áN!.¡©fó�SÜ©fó�m�( - )�(�^. ©z [16,175]éàÜÔLN�9¡w£nØïÄk�Ð�µã. o�, 8céàÜÔLN@ØL§¥�9¡w£ïÄ�Ø
�\, éw£��)Ån!O��.�Ñ�I�?�Ú�ïÄ.duàÜÔ6C'XE,, �ïÄàÜÔ6Ä9¡w£�5
(J, �´T+��9¡w£ïÄkX­��ó§ïÄd�.

3.3.2 íN6Ä�>.w£3éíN6Ä�>.w£¯KÐm?Ø�c,ÄkI�0�íNÄåÆ¥ü�­��Vg ——²þ©fgd§ λ Ú Knudsen ê Kn, λ ´�©f3üg�U-EmrL�²þål, äNL�ªǱ [178]

λ = m/(
√

2πd2ρ) (11)Ù¥ m ǱíN©f�þ, d ǱíN©f�», ρ ǱíN�Ý. λ�íN�Ý!Ør±9íN«ak'.3���íØe, �í�²þ©fgd§��3
60∼70nm. Kn deª½Â

Kn = λ/h (12)Ù¥ h Ǳ6N6Ä�AÆ�Ý, 3íNdw¥, h  �í�þÝ. Kn �é��, �@ǱíN´ëY�, ²;ëY0�nØ·^, .¡Ãw£b�¤á. �´� h�u λ½üö?3Ó��þ?�, =
Kn ����, I�éÃw£>.^�\±?�.íN6Ä>.w£¯K�ïÄ�¤±É�ïÄ<
�2�'5Úë�, é�§Ýþ
uü��¡��Ï: (1) ´ MEMS/NEMS +�¥�6N°ÄÚ��Eâ�uÐI� [9], �«�Ï�SíN6ÄA5�©Û´`zÚJp MEMS/NEMS5U�'�Eâ��; (2) ´&E�;Eâ�uÐI�, Ǳ
÷vpNþ^��Ö��¦, 3Ø���>�cJe, Ö�^ÞÚ^��m�ål�¦�U�, l�Ð�A�B�, �8c� 10 nm �m [179], 
�e�¦^��;�Ý?�ÚJp�
1Tbit/in2, @o^ÞÚ^��m�ål�&�3
3 nm �m [180,181]. þã�/¥, íN6ÄAÆ�Ý�Ù²þ©fgd§�'®3Ó�þ?, $���, ríN��ëY0��²;íNdwnØw,Ø2·^.

Knudsen[182] u 1909c3ïÄíN6Ä�, ÿþ
�»�Ǳ 30µm Ï���þ6þ, Äguy
íN�>.w£y�. íN6Ä>.w£�¢�ïÄÌ�æ^�+6Eâ, ÏLÿ�íN3�½Ø�eÏL�+�6þ, ¿�^,«w£�.�ý�(J?1'�,l
�½´Äw£!í�w£þ½ö?�w£�.. Arkilic �< [183] ÿÁ
íN3��?�/�+¥�6þ, ¿í�Ñ
íN�þ�6þ�L�ª
Qm =

wh3P 2
out

24ηLRT
[ζ2 − 1 + 12σKn(ζ − 1)] (13)



276 å Æ ? Ð 2008 c 1 38 òùp QmǱíNNÈ6þ, wǱ�+�¡°Ý, hǱ�+�¡pÝ, Pout ǱíNÑ�Øå, η ǱíNÑ�ÅÝ, LǱ�+�Ý, RǱíN~ê, T Ǳýé§Ý, ζ ǱíN?�Øå�Ñ�Øå�'�. ïÄuyª (13) �¢�(J¬ÜéÐ, ª (13) Ú Arkilic�<�Á�(J3íN�+66ÄïÄ¥��þÚ^.3íNdw�¡, Burgdorger[184] u 1959cÄgæ^ 1 �w£>.^�, ��
 1 �w£?�
Reynolds �§, ��·Ü Kn < 1 ��/. �5
Hsia Ú Domoto[185] é Burgdorger[184] ��.'u
Knudsenê�·^��?1
¢�,¿JÑ
 2�w£?� Reynolds �§, �T�.E,�·^u
Kn �����/. Gans[186] l�5 Boltzmann �§XÃí�Ñ
aqu Reynolds�§�dw�§,@Ǳ¤í���§·^u?¿ Kn ��/. �5,

Fukui Ú Kaneko[187] U?
 Gans ��{, í�
#� Reynolds �§ (¡Ǳ F-K Boltzman �.), ÙO�(J°(,�´¦) Boltzmann�§�O�þé�, Ïd¢^5É��½��,ØLNõïÄÑ±T�{�O�(J�Ǳë�IO, ^±µd¤æ^�.�O(5Ú�{�k�5. Mitsuya[188]�â 1 �w£�.� Boltzmann �.�'O�(J �, 
 2 �w£�.O�(J ��¯¢, r
HsiaÚ Domoto[185] ¤æ^w£�Ý 2��Xê¦± 4/9,JÑ
�¡�Ǳ 1.5��w£�.,ÙO�(J' 1�Ú 2�w£�.äk�p�O�°Ý,O��Ç� F-K Boltzman �{wÍJp, �T�.E�·Ü Kn �����/.eríN3�NL¡�w£�ÝÐm¤¹�½Xê��Ý 2 �Ðmª

us
∣

∣

∣

z=0

z=h

= ±A1λ
∂u

∂z
− A2λ

2 ∂2u

∂z2
(14)@oþãíN�Ýw£� 1 �!2 �Ú 1.5��.Ò�´Ly3Xê A1 Ú A2 ���ØÓ,e A2 =0, ª (14) BòzǱª (2) � 1 �Ðm/ª. Ǳ
¼��p�O�°ÝÚ·^u�� Knud-

sen ê��/, <�é A1 Ú A2 ���?1
ïÄ [189∼191]. Ù¥ Maurer �< [189] ÏL�Ï�Eâé�íÚ±í?1
¢�, uyé�í
ó, A1Ú A2 ©OǱ 1.3±0.05 Ú 0.26±0.05, é±í
ó,

A1 Ú A2 ©OǱ 1.2±0.05 Ú 0.23±0.05. ÏL¢�½�Akâ�[Eâ, ïÄ<
�UJÑ
�
Ù§�Äw£�íN6Ä�O��. [192,193], 


>.w£�ÃX96Ä�A [190,194]ÚB�ºÝ�A [181,195] �ÍÜ�^ǱÅì��ïÄ.���.¡w£ïÄ�', �í.¡w£��'X®²Ä���É, ¢�*ÿÃãǱ'�{ü. �´duíN��Ø 5, íN6Ä�íNÄåÆ©Û'�E,, �Ué�
AÏ¯K?1;�ïÄ, Ù¥ïÄ�õ��Uáu^P¹XÚ�B�íN�dw¯K. �Xó²Eâ�uÐI¦,Ù§�
Ï�Ǳ¬O\T+�¤¡�¯K�JÝ,X^Þ«Ø¡�ØäE,zB��'O��5
ã��]Ô [179],�Ǳ�´ù
]Ôe-
T+���ÆïÄÚEâ?Ú.é·I
ó, Ǳ,´O�Å���I, �î­"yØ%Eâ [179], ù
Ä:5�ïÄ´·I�'��¼�â»�'�. Ø
3O�Å�;EâÚMEMS/NEMS¥kX­�A^,3ÃX�ÊXÚ¥�p°��í¶«!Ø�¸e��Æ·íN¶«±9C�m�1Eâ��¡,íN6Ä�>.w£¯KïÄǱÑkX2�
­��A^, ÏdÙ�'ïÄkX�~­��A^d�.

4 ( ���y��/B�ÿÁEâÚ©fÄåÆ�[Eâ, <�uy
�þ�>.w£y�,¦�·��5��Ǳ/@£�ïÄ�/B�ºÝe>.w£�­�5. �u>.w£é²;nØ�ã�ÀÂ±9é�/B�ºÝe6NXÚ6NÄåÆ1Ǳ�­�KǱ, >.w£¯K�ïÄǱÏdÉ�
�5�õ�'5Ú­À. 3>.w£�'¯K�ïÄ¥,t�>.w£��)Å�!&¢�«Ï�é>.w£�KǱ5Æ´é6N�>.w£1Ǳ?1���O�Ä:�cJ. ¢�Ú©fÄåÆ�[�{ïÄL²,6�.¡�Ôn!zÆ±9AÛÿÀ�A5Ñ¬é>.w£kX­�KǱ.Ǳ,8c3�d5!o÷Ýé>.w£�KǱ5Æ±9w£�Ý�}�Ç�'X�¡��3�
�Æ, �ù¿ØKǱ<�3>.w£1Ǳ����O�¡��¤J. ~X, �ÕYL¡ [11,51,52,100]�VgÒǱ·�8��O�E´u�)>.w£�L¡Jø
�U. �¢�Ú©fÄåÆ�[��, é>.w£�'¯K?1�[�nØ©ÛǱäk­�¿Â. ��¡�±¦·�é�
DÚnØÃ{Ün)º�y�Ú5Æk#�@£�
),,��¡�
#�nØuyǱǱ·�8�U?6
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nØ�âÚ��g�, l
¦·��±;�>.w£�5�Ø|KǱ, Ó�|^Ù�5�k|Ï�.XÛé>.w£1Ǳ?1���|^ò´T+�8�ïÄ�Ì�SN, ùÙ¥k'XÛ|^>.w£5¢yL¡~{qò´8��ïÄ­:Ú9���, Ǳ´Ù�äA^cµ�­��¡. ~X, é~X�YeÉì
ó, L¡{å~��±¦Ù�ÝJp, ¦'�éÎÃ�m¢��«���é|��, l
Jp·¥VÇ, Ó�, dup�~Xäk���ÄU, 3·¥8I�äk���»�%å. �ÏǱXd, ­.�IÑ3�åuaq~X�YeÉì�~{ïÄ,Ù¥�Ûd3~X “���” ~{Eâ�¡®��­�¤J [196], Ù�#ª� “�ºÈ” ~X®��� 200m/s ��p�,´ÊÏ~X�� 4∼5�. �´ù« “���”Eâ�3Nõ5Ã¯K, AO´���)¤����­½��´ÙJ:Ú'� [196]. 
ÏL�©c¡�0���, |^>.w£~{�I��g5/éL¡?1Ôn�!zÆ�½AÛÿÀþ�?n,3k�~{�Ó�%�;� “���” Eâþã(J. d	, é�/BÅ�XÚÚ�6NXÚ
ó,L¡~{�±ü$XÚUÑ!JpÆ·±9$1�­½5�, ¦XÚnÜ5UwÍJp. o�, 6N6Ä�>.w£¯KïÄQäk­��nØd�, qäk2��ó§A^cµ,´8�åÆuÐ�­�����.ë � © z
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et des arts. Sciences Mathématiques et Physiques, 1801,

3
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A REVIEW OF THE STUDY ON THE BOUNDARY SLIP

PROBLEMS OF FLUID FLOW
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Abstract During recent years, great progress has been made in the study of boundary slip problem of fluid

flow with the development of micro/nano test technologies and molecular-dynamic simulation (MDS) technology.

In general, boundary slip problem is studied through experimental observation, MDS, and numerical analysis.

Experiments and MDS are usually used for discovering the boundary slip phenomena, revealing the physical

mechanism that triggers boundary slip, and investigating the effects of various factors. Numerical analysis is

used to study the appropriate constitute model of boundary slip, computational algorithm, and the impact of

boundary slip on the hydrodynamics of the flow. In this paper, we briefly review some early research on the

boundary slip problem, then review recent work, and end with a discussion of future work and prospects of the

boundary slip application.
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