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394 å Æ ? Ð 2008 c 1 38 ò�Ç3©f�g�|¤�ã 2 [3]. ã 2 ¥
d!e �����x(�¥��(�. ý�d�«S¹�5�xÚ���n��¹Yv�GÄ�Ô�¤�¤, Ù¥���n�´ý��Ì���,­þÓý�Z­� 60%∼80%[4,5],NÈÓZÞGÚ�Gý�� 66%∼69%[6]. 3ZÞGý�Ú�Gý�¥Ñ¹kd I.Ú III.����¤

�n�, 3ZÞ�¥ III .���� I .����'��Ñpu3�G�¥�'� [7],
 I.���Ó
o���¹þ� 80%∼90%. R5��5�x©f(¤
�Ün� (��G) �ä, ùÜ�ä3ý�SÜ�K�7Xo�����n�, �±'Ù�ÉåG�e��©�Ý�Ð 2.5� [8,9].

ã 2 �Ç�÷*©f|¤ [3]

1.2 �ÇåÆ�­�5�ÇåÆ3�KÚzD¬�A^¥ (~X�/Ãâ!ú�¡E!;¾uÿ!xE!�Ô5�Ú�Ç��, ±9é>úõUÚDÛ�
)) Ñäk�©­���^. Ó�, <a�ÇåÆ5U��¡Ýºéu��!��!zD¬1�mu#�¬9U?yk�¬, Ǳ´��­��.

1.2.1 3zD¬A^¥�­�5�ÇåÆ3zD¬¥�A^,�)SL!øfÚ�Çon (¦^oÇUÚdÇ�), ��. �ÇåÆ5U�þz3#.oÇ�¬�mu¥´�'­�� [10], ÏǱØÓa.��¬ÏLUCØÓ�Ç�G�5u��^. ~X, k
�¬ÏL³��ÇL¡�Y©�u5u��^, k
zÜÔÏLáÂ¿��òYz��º���Ç¥5u��^,


Ù¦�¬��^K´¦<¼�h5�Ç½Å5�Ç.

1.2.2 3��A^¥�­�5��Kk'��Ç)ÔåÆ�;.~fÒ´�/	�!�Ç�ÆÚfLØú¾ÏÆ.3	�ÃâL§¥, I�ò�Ç�m, ,�2òú�?1¿Ü. Ǳd, I�éÐ/ä��Ç5U (�)�ÇåÆ5U)�¡��£. �Ä<N�Ü Ú�Ü �Ç�åÆ5UòkÏu
�/G�`z. Ó�, ½þµ��Ç|��åÆ5Uéu
)KǱú�¡EÚmè/¤�Ï�Ǳ´�~­�� [11].�ÇåÆkÏu�Ð/
)NõÔn�{��'Eâ. �Ç�åÆ5U®²�2�^uµd¡Ü1zÆ�ú�?E£�Ú�Ï�J, ¿^uµ�¡Ü²�£��k�5 [12]. Äu�ÇåÆ5



1 4 Ï ©Uè� : �Ç�åÆ5UVã 395U�O�Å�[Ǳ�^5ÆÏ?1�/Ãâ, ~X�½Ãâ�Y!O�Å9ÏÃâ!	��)�ÔXÚÚ	�Åì<�O [13∼15].3ÀJ�Ç*Ð�{Ú�Ç|�Øº�§S/?n!�OO��Ç!O�½?Ö “k"��”�Ç±9�E�U “Ǳ�¬¤�É�” �Ç��ÿ, Ï~Ñ��Ä)ÔÅ�|��5U [16∼18]. éu�ÇåÆ5U�n)Ǳò¬kÏu�Ç�^¬��O [19,20], 
ùéu�ú¾<5`´:I�.

1.2.3 �Ç�¯a5<a��Çäk�Ü©�­�aú, ~X>úÚÛú, �Ç¥�e-aÉìé�ÇC/�ØÓ.ª�ÑØÓǱA [21]. Birznieks �< [22] @Ǳ,dáÆ���É5Úå�ØÓAC.ª�±)º>úD\ǱA���5. Moy �< [23] uy, �Ç�Å�5é>ú�a�äkwÍ�KǱ. Biggs Ú
Srinivasan[24] Q��, ,
�Né¦�c:þÉ����å'��Øå�¯a, �´éu�^3Ã�¡þ�å,¦��aúK�Ð��.<��@Ǳ,aú5U��Ç��Þk' [25∼29]. nþ¤ã, ù
*ÿ(JL², �Ç�)ÔåÆéuÃX�Ç¥�Å�5e-aÉì´XÛÉ�-y�, ±9DÑ��M�&Òa. [30] �¯K,ÑU
lÅnþ�Ñ(Ø. k'�Ç1Ǳ��[�£ǱÚå
>úw«�O<
�4�,� [31∼33].

1.2.4 3Åì<Eâ¥�­�5�XÅì<�uÐ, ~XgÄ	�ÃâóäÚÅì< [34] �Ñy9Ù3�«�¹e�2�A^, é�Ç�åÆ5U?1°�ÿÁ�I¦FÃ½�. d	, Åì<�uÐ®²Jp
éÅì<�Ç��¦, ùò¬¦Åì<3pÝgd��¸¥�A�\¯�p�, < - Å�p�\{B, ¿�U
&ÿØÓ�aú, ~XØå!�í/�ÝÚÔN�MÝ. ¤kù
Ñò�Ãué�ÇåÆ5U�?�Ú
).

1.3 8��(�SüǱ,8c®²k�
`D�lØÓÆÝé�Ç)ÔåÆ¤?1�nã [1,35∼39], �´ù
nãÑvkV)yk�é�ÇåÆ5U�¢�êâ,
3�©�nã¥, Kéù�Øv?1
·���Ö.�nã��:Xe: 0�
3N½lN¢�¤^��{Ú��; ?Ø
�Ç�Ì�åÆ5U,

¿±L��/ª�Ñ
�nã¤Ú©z¥�êâ;?Ø
�5�ïÄ��.

2 �ÇåÆ5U�ÿþgl 1861 c Langer æ^���/¤ìÀØ<a�N��Ç±ïÄ�Ç|����É5±5,du�Ç|��åÆ5U3�KÚzD¬A^¥�­�5, <�é3NÚlNé�Ç|��åÆ5U?1
2��ïÄ.3@Ï�ïÄ¥, Q¦^LNõØÓ�¤ìÚÿþ^�. <�uy: <a��ÇÏ~33N^�e?uÜ;G�, Ù5Uäkõ�!��É5!��5ÚÅ�5�A:;kNõÏ��±KǱ�Ç�åÆ5U, ~Xc#!5O!3<Nþ� �!Yz�^!PH �!�é�Ý±9�U¥�ØÓ�mã. d	, du¯õ��Ç(�¤©ÚõU, ±9ØÓ�N�m�Ç5U�·A5Ú�C5, ¦��ÇLyÑ�~E,�åÆ1Ǳ.;.��Ç|�3ü�ÚV�.�e�Aå - AC'X�ã 3. lã 3 ¥�±*	� 3 �w,ØÓ�«�: 1 1 �«�Ǳ�5�þ�é�$�«�, 3T«�S�Ç/CÌ�d�5n��.�È\¤E¤; 1 2 �«�Ǳ�5«�, 3T«�SAåA��XAC�5O\, ù�AÆÌ�´d�p�é����xn�S����x©f�.�Úw£, ±9���xnj�w£¤Úå; ���Ǳ¯Ñ«�, ´duåÏu���n�(�»�E¤�.

ã 3 �Ç�.�Aå - AC'Xk'�ÇåÆ1Ǳ�¢�Ì��±©ǱlN



396 å Æ ? Ð 2008 c 1 38 ò¢�Ú3N¢��a. lN¢��)ÿÁl¹Nþ�Ø��Ç|�, 
3N¢�KÿÁE,�N3¹Nþ��Ç. ��ý����(½�Ç5U��{´ÏL3N¢�, ÏǱ3lN¢�L§¥,�Ç´�ÙKǱ�¸ (~XÉ�/5!�n+Ú6!#���! ²XÚN!Ú-�N!) �©l� [14,40]. �´, 3NÿÁ�É��Ç|���±9�Ç|�¤�N�Ù¦(��KǱ, Ï
3?1ÿÁ�éJ3��¥¼�þ!�AC|Ú��>.^�, ¤±Ǳ²~I�?1lN¢�.NõÆöïÄ
lNÚ3N¢�(J��É.

Cook �< [41] uy, éuPà�Ç, 3ACþ�Ó��¹e3N¢��Üå�pulN¢��Üå, 
 Vogel Ú Denkel[42]!Vogel[43] �ïÄKL²,XJ¦^�Ó��ÇY±�{, �ö��Oé�.

Marangoni�< [44] *	
3NÚlN¢�Á�åÆ5U��É, JÑ
��¯�È/KEâ5~��Ø��ÇÁ���O. Jacquet�< [45] �Ñ, Aå - AC­��/G�ûu¢�´33N?1�´lN?1. 3N¢�¤���Aå - AC­��lN¢�¤���­��'u)
£Ä, 
ù�£Ä��Ç¥�Ð©Aåk'.�Ü©lNÿþæ^.��{, 
3N¢�ÿþ�~^�EâK´.�!Øè!ÛÝÚÄáÿÁ, z�«¢�Ñ�¦æ^�¤\Aåa.�·A�AÏ�{.

2.1 3N�Çÿþ<��OÚ¦^
NõØÓa.���5?13N��Çÿþ, ~XÿþÜå!ÛÝ!Äá!Øè!�5ã!ÅDÂ����. ù��K®²��
�¡�nã¤�9 [40,46∼48],e¡{ü0�A«~��3Nÿþ�{.

(1) .�{ (extension): 3ùa�{¥, /ÏuÊ3�ÇL¡�½ �½öÏLYäé�Ç?13N.�Á�. æ^ù«�{�3Nÿþ¤ì�)�Ç� ¤ (extensometers)!íN¶«>Ä¤Ú�5�Ç6C¤ (gas-bearing electrodynamome-

ter and linear skin rheometer).

(2) áå{ (suction): 3ùa�{¥, ��æ^áÚÞ�\��R�u�ÇL¡���á\å,ÏLÿþR�� £5���Ç��5ÚÅ�55�. T�{ÿÁ§S×�{B, æ^�ëêØÉ�ÇþÝ�KǱ, ®²^5ïÄKǱØÓ�Ï

�, �´Pz!Ü !5O��. æ^ù«�{�3Nÿþ¤ì�): �Ç�5ÿþ¤ (cutometer!
echorheometer!dermalabÚ dermaflex A).�´ù«�{ǱkÙ"�: Ù·^�ÿÁÜ kÛ�5, ØUÿþþÝ���Ç�Å�5Ú��É5.

(3) Øè{ (indentation): �á\{��, 3Øè{¥�\��R�u�ÇL¡���Øå, ÏLÿþR�� £5ÿþ�Ç�fÝ!|.rÝÚMÝ�5�. æ^ù«�{�3Nÿþ¤ì�)MÝÿ½O (durometer)Ú�ØèMÝ¤ (micro-

indentometer).

(4) Ûå{: 3ùa�{¥, ��æ^��Ûåê�°Äb3�Çþ���, ÏLÿþ�A�Ûå���Ç�5!Å5Ú�5�5�, æ^ù«�{�3Nÿþ¤ì�)�ÇÛå¤ (dermal

torque meter).

2.2 lN�ÇÿþlN¢��`:´�±©l�Ç���, ¦+<��¿Ø�Ùù«©lé���Ç�åÆ5UkÛKǱ. lN¢��,��`:´�±ïÄ�Ç�4�1Ö½�ú. Marks �< [46] Ú Wiles�< [49] é�«®²muÑ5�ü¶Ú}�¢���?1
£�, ùaü¶¢�õ¦^ Instron ¢�Å [17,40,50∼54]. Vogel Ú Papanicolaou[55] mu
�«ð½UCÿÁXÚ, Arbogast �< [56] KmuÑ
^u^)Ô|�ÿÁ�pª}�¤. U3ü������\¡S1Ö���Ǳ®²muÑ5 [5,57∼61]. Lanir Ú Fung[57] JÑ
�«äk§Ý��õU��i/V¶XÚ, ^u��/Á����.�!µþÚUC¢�. ±�mu��Ü©V¶XÚÑ´±dǱÄ:�. ThubrikarÚ Eppink[62] mu
�«�}EÜ1ÖÿÁXÚ.

Hung Ú Williams[63] ¤mu�XÚ�±¢y���V¶1ÖÚþ!AC|. Reihsner Ú Menzel[58]muÑ
�«� Lanir Ú Fung[57] ¤JÑ�XÚ�q�XÚ, ��^u 12 ¶�/Á�. Mitchell �< [64] ¤mu�V¶C��±^5é^|� (~X�Ç)�\^r�½�AC,
 Sanders�< [65] ¤mu�¢�XÚ�±^ué�ÇL¡�\����Ø Ú}�1Ö.

3 �«åÆëê�µd|^þ¡¤J��¢��{, <�é�Ç�
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�þ�ÿÁ, �âù
ÿÁ(J,í�Ñ
�Ç|���«åÆA5, ~X��É5!
¼�þ!fÝ!Ñt'!Ø Xê!rÝ!>5!Ð©Aå/Üå!9)äXê!�ååÚ�lU, ±9�Ç�ÞXê. 3ù�!¥, ·�ò?Ø�Ç|��Ì�åÆ5U.

3.1 ��É5¢�ÿÁ�*	(JL², �Ç|�´��É5� [5,56,66∼84], =ù´3tµG�e [85,86]. ~X, ���n��äw«ÑdK�¼� (Langer’s

lines)LÆ�ò�5äk`k�� [56]. TK�¼�´d�«�/¤ìÀØ�/�Ç�¤Úu�, 3ù«�¹e, �än�ª�u÷ò�5�����ü�, �ª�Ç/¤ý�/. ��÷XK�¼���5�xÚ���n��'��R�uK�¼���5�xÚ���n��N´ò�. Ïd, 3K�¼����, �Ç�ò�5�� (Ï
éAX�p�fÝ)[87]. ïÄuy, ��Üå�´²1uº½��, ÏǱ�k�Üå3�Æ?������â¬/¤º½� [88]. îBù
Üå��ú�'²1uÜå��ú��k�U�)���½�þ5�mè. Van der Voorden Ú Douven [89]!MeijerÚ Douven [90] |^ Lanir ��Ç�., é¹N�Ç���É51Ǳ?1
LÆ. �Ç���É5Ǳ�Ü �Cz
k¤ØÓ, ~X, Ankersen �< [91] uy, Â�Ç���É53JÜé²w, 
�Ü�Ç���É5K�±�ÑØO.¯¢þ, ;.��Ç´����É5� [5,57,92,93], 
����É5��´�3'u��R�¡�é¡5; Lanir Ú Fung[57,92] 3éêf�Ç¤?1�V¶.�¢�¥*	�
ù«�¹.du��R�¡��Ç¥���n��J`��k', ¤±<�JÑ
�
(½áÆ¶���{.��`5, áÆ¶��(½I�ÄuéÁ���/G½n���(��*	, �´3�Ç|�¥,n�4Ǳ[�, ³Sú´Ã{*	�, ÏdïÄ<
JÑ
Xe�
þzn�(��Eâ.

(1) Dupuytren[66] Ú Langer[56] �Ð�ïÄ¤JÑ��{: �¬3NǱ�/��ÇÁ�3l¹N�Ø�¬C¤ý�/, ý�/�ÇÁ���¶½ÂǱK�¼�, ¿3Á�þIÑ [5,58]. |^ù��{, �uy��ÌAå���K�¼)n����²þÆÝ ���Ǳ −10◦ ∼ +10◦, ù¿�X

K�¼)n��Á��e��Â �ª�Î [5,57].

(2) Borges[94] JÑ
�«{´�{5(½Üå�, ¿¡ÙǱtµ�ÇÜå� (relaxed skin ten-

sion lines, RSTL): l�Ç�¤�)����@^�B´Üå�, ÏǱ�lÑ5������Üå�����ÿ, §�´��, 
���.

(3) �1Ö{: 3Aå1Ö�Ó��¹e, ÏL(½=
��Uw«Ñ��Ú��AC�5£OáÆ�¶�. �¬�/�|�Á�d�����YäéY±, �Yä÷��Á��±Ù�,zéYä©Oý\1Ö, ¿3�5¶�þ���IP.����1��ÿ, ùü�IP¬�)��ý�Gã/, ã/����¶=ǱáÆ�¶� [95].

(4) �ÆÝ1Ñ� (small angle light scattering,

SALS) {: �¦^�Æ1Ñ�¤, ÏLþz�Ç|�¥� �þ���n��ÆÝ©Ù5�OÁ�Sn��Ì��, dd(½n��J`��Ú� ÆÝ [96,97].

(5) �¯a1�Z�Û X��ì�{ (pola-

rization-sensitive optical coherence tomography, PS-

OCT): d�{´±�Ç|�¥����Vò�A5ǱÄ:� [98,99].

(6) �g�Å¤� (second-harmonic-genera-

tion, SHG)  �ÿ½{: �«AÏ�^u����&ÿÃã, |^�Ç|�¥���©fÚu�
SHG 15ÿ½��� [100].

(7) Khatyr�< [74] |^'u��É5áÆ�nØÚ����É5�., Äu<aI5c:�Ç�3N¢�êâO�Ñ

¼�þ, (½
��É5�Ì���Ǳ lÃ:¶� 5.33◦ ± 5.78◦ .

3.2 
¼�þ!fÝÚÑt'�5�þ´£ãáÆåÆ5U��~^�ëê, Ùü ´zü ¡Èþ�å. fÝǱ´��~^ëê, ½ÂǱ�5N3Éå�-|L­ÚC/�Uå. 
¼�þ E ÏLp�AåÚå�AC5£ãáÆ�p�C/. 
¼�þǱ�¡Ǳ�å�þ!�5�þ½.��þ. }��þ G £ã�´î�AC�î�Aå�m�'X, ���Ó5þ!0�¥�}�ÅDÂk'. }��þk�ÿǱ¡ǱfÝ�þ. NÈ�5�þ K ^u£ãáÆ3	ÜAå�^e�NÈCz. ��Ó5�þ��N�,��Ôn5U´Ñt', Ǳü °Ýþ�î�Â �ü �Ýþ�p�ò��'.



398 å Æ ? Ð 2008 c 1 38 òþ�áÆ�DÚåÆA5éu�Ç5`¿Ø·^. �ÇQvkÕA�ü�
¼�þ, Ǳvkü�}��þ. þãù
åÆ5Uéu�Ç5`Ø´áÆ~ê, 
´�X¤�\�AC
Cz�. ØL, ù
áÆëêU
�N?Û�5áÆ (�)�Ç) �Ä��51Ǳ�ª, 
éu�Ç�51Ǳ�£ã, 
¼�þÚÑt'´�~^��.�Ǳ�ÇåÆ5U�­��ëê��, 
¼�þ®²��
2��ÿþ. L 1 ∼ L 4 ©OV)
<a�Ç�3N
¼�þ�!<a�Ç�lN
¼�þ�!ÄÔ�Ç�lN
¼�þ�!±9�ÇÆ���
¼�þ�. ù
L��êâL², 
¼�þ�ÿ½��m�3é���É:�Ç�
¼�þÿ½��É�p� 5 000 �, ��l

0.02MPa �� 100MPa,Ì��ûuí�áÆëê¤^��.Ú¤�\�Aå. Ñyù«�¹��U�Ï�): (1) ^5í�åÆëê����.ÚåÆ�.ØÓ, 
ù
�.¥��Ü©ÑÉ	ÜCþ (~X�\u�Ç�Aå) �KǱ; (2))¿(�±9¤æ^�Eâk�É; (3) �Ñ
�Ç�Ð©Üå,
�Ç�Ð©Üå´Ï<
É�; (4)du�Ç���5Aå - AC1Ǳ
�)�C/þk�O; (5) YzG�ØÓ; (6) �ÇþÝØÓ; (7) ¢�IOº�ØÓ. ,�«�U��Ï´duØÓ�ÇÁ�¥���Ú�5�x��þ'ØÓ, ÏǱ§��
¼�þ�kwÍ�É (~X, éu���k E = 100 ∼ 1 000MPa[87,111], 
éu�5�xk E ≈ 0.3MPa[111]).L 1 <a�Ç
¼�þ�3Nÿþ(J�ÇÁ� ÿþ� �{ c#�5O ë�©z<a�Ç 28.42MPa .� 7 �� ∼ 3 � © [101]

65.66MPa 15∼30 �
79.38MPa 30∼50 �
107.80 MPa 50∼80 �<ac:	ý 2.5MPa Äá © [102](�â©z¥�ã 3 �O)<ac: 18∼57 MPa Äá l 20 � 70 �O� © [103]<ac:	ý 23∼107 kPa Û= 3 6∼61 �m~� © [104]¹N�Ç¥ 2∼10MPa��5n�þ�Ü (I5) 140∼180 N/m Äá l 6∼25 �~� © [105]þ�Ü (å5) 180∼200 N/m Äá l 6∼25 �~�c: (I5) 320∼420 N/m Äá 25 ��O�c: (å5) 520∼540 N/m Äá 25 ��O�c:	ý 0.42∼0.85 MPa Û= 30 �c 0.42 MPa © [106∼108]

30 �� 0.85 MPac: 0.3∼1.1MPa VÚ © [109]I5�ï 1.99 kPa Øè © [110]I5c: 1.51 kPaå5c: 1.09 kPa<a�ï�Ç .� © [70, 111]R�uA�¶ 4.6MPa²1uA�¶ 20MPa<a�Ç 0.5MPa .� © [112]c:cÜ 1.1∼1.32MPa Û= 65 ��â,O� © [113]
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¼�þ�3Nÿþ(J (Y)�ÇÁ� ÿþ� �{ c#�5O ë�©zc:cÜ 0.25MPa Äá © [114]ØÓ)¿Æ � 0.13∼0.26 MPa Äá © [115]<a�Ç 0.42∼0.75 MPa .� (C/ÿþ¤) © [116]c: 457.8 kPa (AC 40%) .� (C/ÿþ¤) © [117]

35 kPa ($AC)c: 14.0 ± 5.0 kPa (tµ) Øè © [118]

58.8 ± 1.7 kPa

(Ã¥ºå 5 kg, '�©þÝJp 26%)c: (I5) 0.14MPa Äá 25 �c © [119]c: (å5) 0.16 MPa 25 �cc� (I5) 0.23MPa 60 ��c� (å5) 0.27MPa 60 ��c: (I5) 0.11MPa Äá (£Å6C¤) 28.3±6.2 � © [120]c: (å5) 0.12MPa 27.8±8 �c� (I5) 0.21 MPa 28.3±6.2 �c� (å5) 0.25MPa 27.8±8 �<a�Ç 129±88 kPa Äá © [121]

(£Å6C¤)c:Ýý 0.08∼0.26 MPa Äá 6 �� ∼90 � © [122]

(£Å6C¤)

79+1.7× c# kPa ¤cI5
102+1× c# kPa ¤cå5<aÃ� n�k��(J� © [123]L� 0.18MPa  £1Öêâ��ý� 0.018 MPa<a�Ç 2.20∼4.48 (²þ� 3.52) MPa Äá (dermaLab) 9∼29 � (n=12) © [124]

(c:Sý) 3.49∼6.05 (²þ� 4.77) MPa 30∼39 � (n=11)

5.15∼8.81 (²þ� 6.98) MPa 40∼58 � (n=12)<a�Ç 3.99∼6.53 (²þ� 5.26) MPa Äá (dermaLab) ¤cå5 (n=23) © [124]

(c:Sý) 3.26∼6.34 (²þ� 4.80) MPa ¤cI5 (n=12)

4.12∼6.08 (²þ� 5.10) MPa �Ü (n=35)<ac:Ýý 56 kPa Äá 19∼24 �<a�Ç Ä��5ã c�< © [125]ý� 1.20∼3.10 MPae� 3.10∼9.68 kPa<a�Ç Û= © [126]c: 0.98Ã: 0.58�ï 0.84�Ç 1.33
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¼�þ�3Nÿþ(J (Y)�ÇÁ� ÿþ� �{ c#�5O ë�©z<ac:�Ç 0.132 ± 0.077MPa ò� 22∼68 � © [74]Ì¶�� 0.657 ± 0.219MPa © [74](Ì¶�:¶�R�uÌ¶�� 0.130 ± 0.062MPa YÆǱ 5.33◦ ± 5.78◦):¶�� 0.522 ± 0.134MPaR�u¶� 0.132 ± 0.060MPa<aÃ��Ç ÷B R�uB ��VÚ © [30]�� 3.61MPa 1.54 MPa}� 1.36MPa 0.96 MPa<a�Ç (I5) Äá 29∼47 � © [127]L�ÚZÞGý� 0.66 kPa�Gý� 0.96MPaL 2 <a�Ç
¼�þ�lN¢�ÿþ(J�ÇÁ� ÿþ� �{ c#�5O ë�©z<aJÜ 5.0 kPa ü¶.� © [128], ã 2 ¥J9<a�ï C/ÿþ¤ © [70], �â©z¥²1uA�¶ 0.68MPa �ã 5 �OR�uA�¶ 0.17MPa © [5]<a�NÃ�L� 136 kPa ��k��(J� © [129]ý� 80 kPa 1Ö £êâ��<a�Ç 2.16 kPa (0% AC) ü¶.� © [130]

26.5 kPa

(50% AC)<a�Ç 0.1MPa .� 47∼86 � © [131]<aJC�Ç 51.88 kPa −27◦C Ø  © [132]<a�Ç 0.3MPa .� |^ü�c�� (Ogden)¼ê [27], �â©z [133]¥�êâ[ÜL 3 ÄÔ�Ç|�
¼�þ�ÿþ(J�ÇÁ� ÿþ� �{ ë�©zc�Ç,lN¢� 0.5MPa ü¶.� © [134], �â©z¥�ã 1 �OPà�Ü�Ç ü¶.� © [135]?n 2 d �éì 1.182 MPaRÄ�z`� 1.665 MPa

100 mg/kg, �Ñ¯�ø���U 2.334 MPa

5mg/kg , �e5�RÄ�z`� 100mg/kg 2.267 MPa�Ñ + ¯�ø���U
5mg/kg �e5�



1 4 Ï ©Uè� : �Ç�åÆ5UVã 401L 3 ÄÔ�Ç|�
¼�þ�ÿþ(J (Y)�ÇÁ� ÿþ� �{ ë�©z?n� 10 déì 1.740 MPaRÄ�z`� 100 mg/kg, �Ñ 1.300 MPa¯�ø���U 5mg/kg , �e5� 4.620 MPaRÄ�z`� 100 mg/kg 4.160 MPa�Ñ + ¯�ø���U
5mg/kg �e5�PàýJÜ�Ç, © [136] (�g©zlN¢� ¥ã 5 1Ö��éì 3.6MPa ­��c 1/4 Ü©)

1 000 rad, 50 d 3.4MPa

2 000 rad, 50 d 3.2MPa

3 000 rad, 50 d 2.4MPaéì 3.4MPa

1 000 rad, 120 d 3.3MPa

2 000 rad, 120 d 3.2MPa

3 000 rad, 120 d 1.8MPaPà�Ü�Ç ü¶.� © [137]éì 0.24±0.07 MPa�5�xs + 0.7±0.2MPa³�J?nêf�Ç 60 kPa }�;U�þ ÄåÅ © [138]

32.5 kPa �Ñ�þ���Ç,lN¢� .� © [139]<5 33.5∼38.4 MPa_5 10.4∼12.0 MPaêf�Ç 0.56 kPa (0% AC) ü¶.� © [130]

2.65 kPa (50% AC)Pà�Ü�Ç 4.8 kPa ($AC)

240 kPa (pAC) © [51]Pà�Ü�Ç, ü¶.� © [52]lN¢�éì 20.89∼37.60 (²þ� 25.35) MPa�ØÎ� 3 � 28.92∼43.64 (²þ� 34.08) MPa����ÇPàJÜ�e|�, 4.77 kPa (]�) ü¶.� © [140]lN¢�,<5 2.75 kPa (²ï)üf�Ü�Ç,3N n�k�� © [123]L� 0.14 MPa (J� £1ý� 0.014 MPa Öêâ��Â�Ç,lN¢� ·��Ø © [141]�í¥)Ô�¥
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¼�þ�lN¢�ÿþ(JÁ� 
¼�þ »��� ε � �é�Ý §Ý ë�©z<aþ�Ü 22 32% ¿§ © [142]

103 70% ¿§
190 100% ¿§Â� 2 000 MPa 30% 25◦C © [143,144]

200MPa 75% 25◦C

6MPa 100% 25◦C#)à 8 900 MPa 1.9 26% 25◦C © [145]

2 400 MPa 7.7 68% 25◦C

12MPa 140 100% 25◦C

2 600MPa 5.0 32% 37◦C

110MPa 120 32% 60◦C<a�Ç 210MPa 76% 17◦C∼21◦C © [146]<a�Ç 540MPa 85% © [50]<a�Ç 2 700∼3 700MPa © [147]Â�Ç 120MPa Z� © [148]

26MPa ��ÿþ�Ç|��Ñt'3Eâþ´'�(J�. éuÁ�°ÝÚ�Ý�Cz, Ñt'é°Ý�Cz (Ï~é�) 4Ǳ¯a, ù�3°Ý�ÿþ¥=¦´�3é��Ø�, Ǳ¬��Ñt'�)����Cz [91]. 3�Ü©�ÇåÆ5U��[Úê�/¢�O�¥, éÑt'?1
�«b½:òÑt'©O�Ǳ 0.3[74,149], 0.33[150], 0.4[151,152],

0.48[123], 0.495[153] Ú 0.5[121,154,155].3¢�ÿþ�¡, Lees�< [156]ÿþ
1ÚZÞ�Ç�ü¶ÚV¶Ñt',uyÑt'´��É5�,¿dÁ���°'¤û½. �AC��u 0.1�,V¶¢�ÿ��1ÚZÞ�Ç�Ñt'��u
1.0. Ïd, 3åÆþ�ò�ÇÀǱm�� ²n�

�, 
Ø´,«ëY0�. Ankersen �< [91] �â�ÄACÿþ� (�ÑþÝ���Cz)O�
Â�Ç�Ñt'; Ñt'ÿ½����Ǳ 0.0∼1.0,IO�Ǳ 0.25, þ��Ǳ 0.6. Kenedi �< [86] Ǳ�Ñ, Ñt'�ûuÌÄAC, ¿�Ñ
��<NJÜ�Ç�~f: Ñt'3$ACe� 0.1ÚpACe� 1.1 �mCz. Tilleman�< [132] �â3»��Ý (½ÂǱ»�AC) Ú|�þÝ (½ÂǱ¶�AC) þ¤O�Ñ�Cz, ��Ñt'Ǳ 0.43. <�uy, Â�Ç�Ñt'Ø´��~ê, 
´�¤�\�ACÚ\1�Ç
Cz� [157]. 3;.�)n\1Y²þ,Ñt'Ǳ 0.45∼0.50,Cz��éÄ.yk��ÇÑt'êâV)uL 5. I��ÑL 5 �Ç|��Ñt'Á� Ñt' �{ ë�©z1ÚZÞ�Ç �1.0 V¶ÿþ,AC�u 0.1 © [156]�Ç 0.4 © [151, 158, 159]Â�,lN¢� ü¶.� © [91]�Ü�Ç,p� 0.00∼0.51 (²þ� 0.28)�Ü�Ç,î� 0.18∼1.00 (²þ� 0.55)JÜ�Ç,p� 0.71∼0.95 (²þ� 0.88)JÜ�Ç,î� 0.52∼0.60 (²þ� 0.57)JC�Ç 0.43 ± 0.12 Ø ÿþ © [132]�Ç 0.48 ÿþ - ê��[ © [160]�Ç 0.45∼0.50 Ø ÿþ © [157]



1 4 Ï ©Uè� : �Ç�åÆ5UVã 403�´, Ñt'�u 0.5 ��¹ (L²Üåe�NÈ~�)3n�ëY0�¥´Ø¬Ñy�. L 5¥�Ñt'�==´�U��, ù´ÏǱ�Ç3÷*ºÝþ�?nǱþ!��NëY0�, 
¢Sþ�Ç´�«EÜ�G0�, d©Ù3^ÄN¥���M�n�¤|¤.

3.3 Ø XêNÈØ Xê½ÂǱ ∆V /(V ∆P ), ùp ∆V´3�±§Ýð½!É�Øå ∆P ��¹e,NÈ
V �Cz.3��Ø 1Ö�^e,�ØåǱ 0.3MPa�,�Çò¬���L���Y© [161]. Von Gierke[162]uy,<N�^|� (�Ç!�e|�ÚS9) äk
0.38 m2/GN�NÈØ Xê. NorthÚ Gilbson[163]3<N�Çþ¼�
aq�� (0.30 m2/GN),ù`²<N�Ç��Ø 5ØX�2Y (0.46 m2/GN).ù
(JL², �Ç3É��å�^�e´��JØ �. �â North Ú Gilbson[163] �¢�(J,

Vossoughi Ú Vaishnav[164] O�
�Ç�}��þ
(b½Ñt'Ǳ 0.5) ÚNÈ�5�þ, uy�Ç�NÈ�5�þ'}��5�þ�p 2∼3 �þ?,l
@Ǳ3�ÇåÆ�)ÛÚ¢�ïÄ¥, �Ç|��±ÀǱØ�Ø �.¦+k<@Ǳéu.�\1^�
ó, �±�Ñ�Ç���.¥^|��Ø Xê [57,92], �´Ǳk<uyÂ�Ç3«ÉØå�´�Ø �.=¦3Ãý�Ø G�, Â�ÇÁ��NÈǱ´�Ø C/þ�O\
Cz� [157]. Wu �< [157]uy, Ǳ,Â�Ç�Ø Xêé�,�§�NÈØ Ç%´ØAå���5¼ê, ¿��\1�Ç
C.

3.4 r ÝrÝ�)|ØrÝ!|.rÝÚ|}rÝ,§�©O�N
Ø !.�Ú}�Aå�4�G�.3ù
rÝ�I¥, áÆ�|.rÝ´�~^�,½ÂǱáÆ3»�c¤U«É���.�Aå.�Ç�rÝ®²�^�xEL§����I.~X, mè|��MúxE§Ý�'uÙåÆrÝ [165]. Howes �< [166] ékMúÚÃMú��Ç?1
rÝ(½¢�, �� Sandblom[167∼169] éd¢�?1
U?. Beckwith �< [170] Ú Glaser�< [171] JÑ
ÏLü¶ÿþ��Aå!Ñ\

õ!��fÝÚ��¶�AC5(½mè|�rÝ�IOz�{, ù��{3���ó�¥®²¤Ǳ�~^��{ [16,17,52,135,142,172,173]. JansenÚ Rottier[133,174] Jø
�þ��N�Ç3»���ÉåÚ���¡�¢�êâ, lù
êâ¥�±w�, ØÓc#|¥ÚØÓc#|�m�»���Oé�. Gadd �< [175] ïÄ
3ØÓ\1�ÇÚ>Æ/Ge�Ç�rÝ9Ù-|»��Uå, JÑ: éu^7á|AeB��Ç5`, Ì��»��ª´.�»�, 
Ø´}� (��) �^.

Veronda Ú Westmann[134] ïÄ
.�Á�Â �¡�»��¹, uy»��ª´L��»�Ú�Gý��Ó�UC»�. ù«�¹�8Ïuý�k'L��Ð�ò�5.�Ç|.rÝ�;.��� 2.5∼16MPa[101].|.rÝ��Ç � [91] ÚÁ�º� [176] 
Cz, ¿�Ìn����|.rÝ�puÙ¦���|.rÝ [133,177,178], I5�Ç�|.rÝ�puå5�Ç�|.rÝ [177]. <��&|.rÝ�Xc#�O�
Jp [101,133,136,177,179], ¦+Ǳk��ª³��� [180]. |.rÝq��AC�ÇÃ', �´3ØÓ�AC�Çe, ACþ%kwÍ�Cz [181]. 3��m�UC¢�¥, �ÇǱ¬3��$�Aå (�k|.rÝ� 1/5) eu)»� [178,179,182].�Ç�|.rÝÌ��ûu���(���éÚº� [183,184]. �´,�Ç»���ò�þ%�����é��»�§ÝÃ' [181],ù¿�X��Ç3Aå�^eu)C/�, 1ÖÒ���^3
���n��äþ [185]. �Ç�»��U´dn�å�»ä½w£E¤�, Ǳ�U´dù�ö�ÓE¤� [181]. ïÄuy, �Ç�Å�rÝ�Xc#�O�¤u)�Cz, ��Ç¥���¤©�Czk' [184].â��, <aJÜ�Ç�î�»�Aå�Ǳ
3∼14MPa(I5) Ú 4∼13MPa(å5), 
»��éA�AC���KǱ 1.6∼2.0(I5) Ú 1.5∼2.3(å5)[133,174]. ù
�3ØÓ�N�mÚØÓc#|�m�Oé�, 
3ØÓ5O�mq��O�é��. (5|�Ú�Ç�Ä�|.rÝ�����n��ÚO²þ�»��' [186].yk��ÇrÝÁ�ÿþ��L 6.



404 å Æ ? Ð 2008 c 1 38 òL 6 �Ç|��rÝÁ� rÝ AC �{ ë�©z<ac��Ç 4.6MPa 54% .� © [187]Pà�Ü�Ç ü¶.� © [135]?n 2 d �éì 0.539 MPaRÄ�z`� 0.503 MPa

100 mg/kg, �Ñ¯�ø���U 0.669 MPa

5mg/kg , �e5�RÄ�z`� 100 mg/kg 0.644 MPa�Ñ + ¯�ø���U
5mg/kg �e5�?n� 10 déì 0.558 MPaRÄ�z`� 0.412 MPa

100 mg/kg, �Ñ¯�ø���U 1.171 MPa

5mg/kg �e5�RÄ�z`� 100 mg/kg 1.112 MPa�Ñ + ¯�ø���U
5mg/kg �e5�<aþ�ÜÆ��, © [142]*lN¢�3Y¥Yz 2 h 9.7 g 189%�?n,�é�Ý 0% 46 g 18%�?n,�é�Ý 84% 20 g�?n,�é�Ý 100% 10 g 180%YÄÑþ,�é�Ý 0% 36 g 12%YÄÑþ,�é�Ý 84% 24 gYÄÑþ,�é�Ý 100% 8 g 113%�ÄÑþ,�é�Ý 0% 56 g 18%�ÄÑþ,�é�Ý 84% 53 g�ÄÑþ,�é�Ý 100% 39 g 140%�ÄÑþ + YÄÑþ, 41 g 23%�é�Ý 0%�ÄÑþ + YÄÑþ, 39 g�é�Ý 84%�ÄÑþ + YÄÑþ, 32 g 88%�é�Ý 100%PàýJÜ�Ç, ü¶.� © [136] (5g©z¥�ã 4)lN¢�
* Á�°ÝǱ 2mm, þÝ��Ñ



1 4 Ï ©Uè� : �Ç�åÆ5UVã 405L 6 �Ç|��rÝ (Y)Á� rÝ AC �{ ë�©zéì 6.2MPa

1 000 rad, 50 d 5.7MPa

2 000 rad, 50 d 3.8MPa

3 000 rad, 50 d 1.9MPaéì 7.1MPa

1 000 rad, 120 d 6.8MPa

2 000 rad, 120 d 4.5MPa

3 000 rad, 120 d 1.2MPa<a9!¶?�Ç 11MPa © [188]<aJ!�!:!vÜ�Ç 9.5MPa<aï!ÃÜ�Ç 7.3MPa<aò!Þ!	)�ì?�Ç 3.7MPa<aå5Z��Ç .� © [189]lN¢�éì 27.1MPa

1 050 rad 24.5MPa

2 100 rad 15.3MPa

3 500 rad 8.0MPa

5 200 rad 9.1MPa�Ç 2∼15MPa .� © [190]���Ç,lN¢� .� © [139]<5 15∼16.5 MPa 59%∼63%_5 11.5MPa 102%∼126%Â�Ç,lN¢� ü¶.� © [91]�Ü, p� 7∼27MPa 42% (²þ�)

(²þ� 15.0)�Ü, î� 12∼28 MPa 37% (²þ�)

(²þ� 15.2)JÜ, p� 8∼30MPa (²þ� 19) 31%(²þ�)JÜ, î� 5∼8MPa 96% (²þ�)

(²þ� 6.3)*ÐcÂ�Ç, © [191]lN¢� 2 508.20 kPa 83.5%*Ð� 1 974.86 kPa 71.7%*Ðc��Ü�Ç, © [192]lN¢� 7.153 2 MPa*Ð� 4.818 4 MPaPà�Ü�Ç, © [52]lN¢�éì 6.58∼9.52 (²þ�
7.83) MPaÎ��Ø 3 �����Ç 8.48∼12.5 (²þ�
9.76) MPa�`Ü�Ç,lN¢� 9.67 ± 0.99 MPa © [16, 17]ÆÆà�Ç 4 kPa 6C¤©Û © [193]

(20∼25 ±�) (}�Aå)<a�Ç,lN¢� 3 ± 1.5MPa 9.5%±1.9% (�N) Ä�.� (AC © [194]

9.5%±1.9%(ÛÜ) �ÇǱ 55%/s)
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3.5 �Ç�>5>5 R½ÂǱáÆ3»�cU
áÂ�Uþ,�±ÏLO�Aå -AC­�e�¡È¼�. k<|^¦fe�¢�Ú}
}�¢�5ïÄ�Ç�>5Ú�«)�1Ǳ [195], «¿ãXã 4 ¤«.

ã 4 »�¢�«¿ãéÏLe�¢�¤ÿ����5�5é)ÔáÆ>5�KǱ¤?1�nØ©Û, rN
�ÄÁ�¦ï¥�Uþ;��­�5 [197], ù�:��
e�)Ô|� (�)�Ç) �¢S(J�|± [198]. e�¢�¥�¦ïC/éu)ÔáÆ�¿Â, �±ÏLù�¢�¥^uO� R �)ÛL�ª5�Ñµd [199]

R = (2λXf − W0A0)/t (1)ª¥: tǱÁ�þÝ; λǱ31Ö Xf �^eÁ�¦ï�ò�Ç; W0 Ǳ3 Xf 1Öe?¦ï¥�ACUþ�Ý; A0 Ǳ��Á��î�¡¡È. ª (8) vkb½?ÛAÏ/ª�Aå - AC1Ǳ. ¯¢þ,

W0 �±ÏLÿþáÆ.�¢� (1ÖÅÚO\�
Xf )¤�1Ö -LÝ­�e�¡È5(½. A�5¿�´, Á�¦ï¥¤;��oACUQ�ûuáÆ�1Ö - LÝ1Ǳ, Ǳ�ûu¤^Á��°Ý. 3¦fe�¢�¥, l�¡áÆþ}e�¬��/Á�, ¿òÙ÷Xp��ÝÛÜem [200,201]. XJ¦ï¥�Uþ�;ÚC/�±�Ñ, @o�¦ï¥�ACé��,Ò�±O�Ñ��*ÐL§¥�»�õ5�Ǳem¦ï¤��õ [198]

R = 2Xf/t (2)l1Ö - LÝãþ��±?1 R �,��Õá�ÿþ. �éu~ê R, 3¢�L§¥¤�Ñ�

oõ U deª�Ñ
U = RA (3)Ïd, >5 R �±ÏL^d1Ö - LÝ­�e�¡È¤�L�UþØ±�«*Ð¡È A 5O�.�´,éu^áÆ (~X�Ç)5`,Á�¦ï�AC¿Øv
�, Ïd3O�>5�7L\±�Ä [198]. �ÇǱ¬LyÑåÆ¢�, éupACþ, ¢�L§¥¤��	õ�uáÆ¥��¡E�5ACU�b½òØ2k� [202].�â Atkins Ú Mai[197] �ó�, Pereira �< [203] ?1
}
}�¢�, ±�Ñþã¦fe�¢��k'¯K.}
}�¢��«¿ãXã 4¤«. Á� u�m�}

A�m, ��}
�\��å�, Á�Ò�}m
, d�3}

ANCÒu)
ÛÜáÆC/, 4Ü}
Y¤��õ�u*Ð���ä�õ.,�«#N���úBLÆ��Á�ò��¢��{, |^
�«°Ý�u�Ý�Á�,=X}�AÛ/G�Á� [50,146]. L 7 �Ñ
d¦fe�¢�Ú}
}�¢�¤ÿþ��«)Ô|��>5. ù
¢�rN
Á��AÛ/GÚ��éu>5ÿþ(J�­�5. }
}�¢�ÿþ���à��>5, �'¦fe�¢��ÿþ�$��êþ?. Þ~5`, Pereira �< [203] éuà�>5�}
}�¢�(JÒ' Purslow[199]�¦fe�¢�(J$��êþ?. �)ù���ÉÌ�´ÏǱ}

Ab|�kà�±3��¢�L§¥¦�3ò���«kà�±ÙkbÝ,
�d��, du¦fe�¢�¥áÆ�AC�,¤±�3ò���«kàCð. Purslow[200] |^¦fe�¢�ïÄ
à�>5é�«uÐ�Ç�¯a5, uy�¢��ÝJp��êþ?� (l

8×10−5 m/s Jp� 8×10−3 m/s), >5�òJp��. �Ç�>5�����ä�(�k', �����Ý�O\
Jp [201,204,205]. ~X: WangÚ Attenburrow[205] �ïÄL², ����Ä���ÝJp�, ì���>5Ǳ�AJp; Granot�< [204] �ïÄǱL², �����Ý���, �/��Ç�éØ´�e�. �Ç�>5Ǳ´��É5�: �«÷X²1u���n�å��DÂ�¤w«��Ç>5, �$u�«÷R�un���DÂ��>5 [200,201,203,205].



1 4 Ï ©Uè� : �Ç�åÆ5UVã 407L 7 �Ç�>5Ú»��|å|� »�|å (kJ/m2) ¢��{ ë�©zPà�Ç,lN¢�,¿§ © [200]ò��ÇǱ 5 mm/min 16.36 (²þ�) êâ�âã¼�ò��ÇǱ 50 mm/min 22.55 (²þ�)ò��ÇǱ 500 mm/min 27.81 (²þ�)Pà�Ç,lN¢�, © [200]ò��ÇǱ 5mm/min êâ�âã¼�
7◦C 8.46 (²þ�)

23◦C 8.08 (²þ�)

30.5◦C 12.10 (²þ�)Pà�ÇlN¢�, ¦fe�¢� © [200]¶Ü�Ü�Ç,¿§,ò��ÇǱ 50 mm/min±� 11.08±1.68**p� 16.53±1.34**±� 13.7±2.29*** © [201]p� 22.6±1.84***±� 13.2±1.79****p� 26.9±2.73****êf�Ç 20 © [206]ý?n<aÆ��, 3.6±0.12* © [146]�é�Ý 76%�g<aÃ�Ü��Ç, }
}�¢� © [203]lN¢�±� 1.777±0.376p� 1.719±0.674�g<aÃÝ��Ç, © [203]lN¢�²1u�Çº½ 2.365±0.234R�u�Çº½ 2.616±0.395PàJÜ�Ç,lN¢� © [203]�Å�� 0.588±0.152<aÆ�� © [50]ý?n,�é�Ý 85% 4.49±0.94*�²ý?n,�é�Ý 85% 1.39±0.13*ý?n,�é�Ý 35% 0.58±0.06*/�, lN¢�,÷Þ - �¶� 2.323±0.399 ¦fe�¢� © [207]<a�Ç,3N¢� 30.1±0.6 �\¢� © [208]

* þÝb½Ǳ 10 µm, ** R = 2Xf /t, *** R = (2λXf − W0A0)/t, **** U = RA

3.6 ÐÜåÚÐAågl Dupuytren[66] Ú Langer [56] �*ÿ�wúÙ±5,<�é�ÇS�3�k�!XÚ5�½�Üå�
)®²k 150 õc
. ¹N�Ç3�~�¹e?uÜåG�, �§l¹Nþ�le5��¬Â  5%∼30%, Â þ�ûu�Ç3�Nþ� �!��ÚN� [1]. ��`5, �±|^
��ëê5½þ£ãù«y�=ÐÜå (ü Ǳ
N/m)ÚÐAå (ü Ǳ Pa),Ǳ¡ǱýÜåÚýAå [120,209].k7�ÿþ�Ç�ÐÜå, ±BU
��/muåÆ�., ½?�ÚïÄåÆëê. 3é�Ç|��åÆ1Ǳ?1ï��, I��ÄÐAå.~X, Chaudhry�< [210] �Ñ,ÏL�ÄÐAå�



408 å Æ ? Ð 2008 c 1 38 ò±¼�SÜ|�¥AåÚAC©Ù��y¢�ýÿ. ¯¢þ, *	���ÇfÝ5
uÐAåÚ|�f5�ÍÜ�A [45]. ¦+ÐAåwÍKǱåÆëê�(½, �é§�ïÄ%é�.éuý5áÆ, kNõÿþí{Aå�Eâ,X X��û�!�(ÿþÚ1�5ÿþ, �´ù
EâÑduØ·Ü½äk�³5
ØUA^u�Ç [45]. ØL, �´k<JÑ
�«1Æ�{ [211],

Jones[212] |^ù��{, ÏL���ªïÄ
�N�Ç�ÐAå. Diridollou[120] JÑÏL�.5©ÛÄáêâ, ^ù«�{�±òÜå©)Ǳ¢Aå¤©Úk�Aå.�Ç�ýÜå�c# [5]!�N � [88] Ú�� [5,213∼215] 
Cz. AlexanderÚ Cook[213]|^AC¤ýÜåC�ÿþ
�Ç�Ð©ü¶�Üå,uyR�uþ�þ�K�¼��ÐÜå�k²1uK�¼��ÐÜå� 20%. Reihsner �< [5] *	�
�q���É5�A, uy3�N���ØÓ �, éu���£E��©¹N/G¤I��ò�þ, ���ÇÜå¶����'��Üå¶���� 25%∼50%. Bischoff �< [214] �[
 Gunner�< [216] ¤��3N.�¢�, uy��¹N�ÇÜå�éu��¹N�ÇÜå
ó´�±�Ñ�. Äu Manschot Ú Brakkee[112] �¢�êâ, ShergoldÚ Fleck[215] ¼�
� Bischoff�< [214] �(J�q���<a¹N�ÇÜå(J. ��ÇÉ�Ø 1Ö�¬Ñyº½. De JongÚ Douven[82] |^ù�y�ïÄ
¹Nc:��

ÇýÜå, òÑyº½�Ǳ�Ø 1Ö�ǱýÜå�Ýþ, ¿æ^k���.é¢�?1
�[.ýÜå�O�(JǱ:÷n��� 0.024MPa,R�un��� 0.009 3MPa. Diridollou�< [120,121] æ^Äá¿Ú�(ÅC�ÿþ
¹N�R��ÇL¡ £Ú�ÇþÝ, ,�|^��êÆ�.�âÿþêâí�Ñ
�Ç�ÐAåÚ
¼�þ. ^ù«�{���ÐAåǱ¤k��þ�ÇÐÜå�²þ�. Diridollou�< [122] |^ù«�{uy,éuü«5O�<+, �ÇÐAåO\�c#ãþ3 0�� 15∼20��m,�ÇÐAåü$�c#ãþ3 15∼20�� 50 ��m, 
éu 50∼90��m�<+5`, �ÇÐAå�CzÑé�. Dahan�< [209] |^£Å6C¤ÿþ
Ã�¡-1¶�?nc!��Ç�ÐAåÚ
¼�þ,(Juyc��Ç3?n��ÐAåk
wÍJp. Bonilla�< [88] uy, 3¡Üù��«�, ±93 ;��Ç«�Ú�t��Ç«�, �ÇÜåÑ¬±Ak��ªu)UC. ~X, 3wf�m±93ú«���Çe��Ç´�t�, 
3ò^Úc��Y²��, �ÇK´ ;�. �â Wilkes �< [49]�ïÄ(J, �5n��ä�U3é�§Ýþ´E¤ýAå��Ï. �Ã:.;�, ÏL÷XÃ:½���¦þUC.;���Ã:½��ÛÜfÝ�uÃ:.;��ÐfÝù«�{, �±éÐAå�Jp�Ñ¯��O, dd�±í�ÑAåCz [45].8c�±����ÇÐÜå/Aåÿþ(JXL 8 ¤«.L 8 3N<a�Ç�ÐÜå/AåÁ� ÐÜå/Aå ë�©z<aþ�Ü�Ç © [213]R�uK�¼� 5N/m²1uK�¼� 24 N/m<a�Ç ÌAå (Nm/g) © [5,76]�� ÌAå 1 ÌAå 2 ÌAå§²þ 5 �c: (Sý) 1.1±0.14 0.8±0.09c: (	ý) 1.2±0.09 0.9±0.09þ: (Sý) 1.6±0.20 1.3±0.18þ: (	ý) 0.9±0.08 0.6±0.05p� 0.4±0.04 0.24±0.019Ü 1.2±0.18 0.9±0.17þ�Ü 0.3±0.04 0.2±0.03JÜ 0.4±0.04 0.2±0.04e�Ü 0.2±0.01 0.1±0.01�ï (Sý) 1.2±0.14 0.9±0.09



1 4 Ï ©Uè� : �Ç�åÆ5UVã 409L 8 3N<a�Ç�ÐÜå/Aå (Y)Á� ÐÜå/Aå ë�©z�ï (	ý) 0.7±0.04 0.5±0.07HX 1.1±0.09 0.4±0.04HXA�]�? 1.0±0.06 0.6±0.04A� 1.0±0.09 0.8±0.06�ï 0.7±0.05 0.5±0.03�� 0.5±0.04 0.3±0.04c# (�) © [5, 76]

30 0.80±0.13 0.62±0.12 16 �)¿«��²þ�
42 0.90±0.11 0.67±0.09

55 0.78±0.12 0.39±0.07

61 0.61±0.10 0.40±0.11

80 1.13±0.21 0.85±0.17<a�¶�Ç,3N¢� © [214]²1u��Üå¶ 51 kPa �â Gunner �< [174] �êâR�u��Üå¶ 0.5 kPa<ac:Sý�Ç 14 kPa © [120]<ac��Ç 7 kPa<ac:�Ç 13.5 ± 5 kPa © [121]<a�Ç © [122]�¤cI5 σ0 = 9.2 + 0.4 ×c# kPa�¤cå5 σ0 = 8.6 + 0.6 ×c# kPa¤cI5 σ0 = 21.2 − 0.2 ×c# kPa¤cå5 σ0 = 18.3 − 0.3 ×c# kPa��Ü�Ç 63.86∼64.20 kPa © [217]<ac��Ç,éì 7.62 ± 3.68 kPa © [209]^��¡5-1?1 16.68±7.44 kPa1 5 g¶�?n� 3 ��<a�ï�Ç3N¢�,��Üå 100 kPa © [215]�â Manschot Ú Brakkee [175] �êâ<aÃ:�Ç 150 kPa © [45]

3.7 9)äXê3D9L§¥, ;�u©fm�f�¥�Uþ¬u)UC. �;��Uþu)Cz�,©f���ÝǱ¬u)Cz"Ïd§�NÉ9¬�A) ä§�e¬Â §ù«é§ÝCz�ǱA�±^9)äXê (coefficient of thermal expansion, CTE)5L«. yk��Ç|�9)äXêÿþ�XL 9 ¤«.L 9 �Ç�9)äXê|� §Ý�� (◦C) )äXê (10−4 × ◦C−1) ë�©z�)ä Ð)Pà�Æ�� 39∼176, �Ø�) 70∼86 ∼31.8 © [218]*�Ç b½ 0.6 © [150]N)ä <a�� 10∼15 19.9 © [219]

15∼37 9.2É�,�É 15∼20 2.5 © [220]

25∼30 3.2

35∼40 4.0É�,Éó 15∼20 2.3

25∼30 3.1

35∼40 3.9

* 20◦C � (þÝ/§Ý) �Cz�þÝ�'�.
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3.7.1 NÈ9)äXêNÈ9)äXê´Ô���«9åÆ5�,ÙL�ªǱ [221]

β =
1

VT

(

dVT

dT

)

P

= −
1

ρ

(

dρT

dT

)

P

(4)ª¥ VT Ú ρT ©O´§Ý T ��NÈÚ�Ý. 3Øå P ØC�^�e¦�ê.

3.7.2 �59)äXê�59)äXê¦§ÝCz�áÆ��º�Cz�mïáåéX,�±L«Ǳ§ÝzCz 1 ◦C¤Úå��á�Ý���Cz
α =

1

LT

dLT

dT
(5)ª¥ LT Ǳ§Ý T ���Ý.éu��Ó5áÆ, �� α Ú β �m�'XXe

β =
1

VT

dVT

dT
=

1

L3
T

dL3
T

dT
= 3

1

LT

dLT

dT
= 3α (6)

LanirÚ Fung[92] �ïÄuy,3 4◦C∼40◦C��S,�Ç3�$�ACY²e (�3�5�x¥)äkK�9)äXê, 3�p�ACY²e (�3���¥) äk��9)äXê. Tonsy[222] JÑ
��$¤��ÿþàÜÔ�Á� (�)�g| Á�) �59)äXê�Eâ.

3.8 �åå��lUØÓ�Ç��m��ååéu�Ç¹N�ǱA´é­��. Cook �< [41] �ïÄuy, Pà®Z¥�ý�éu�e|���ååéÄá¢�(J�KǱ�� 10%∼20%. Vlasblom [223] �ïÄuy, e�ò 1.0 cm2 �<Nc:�Ç£Ä
1.0mm,I��\ 8×10−3 N�wÄ1Ö.ïÄuy,ý� -L��NXåÌ�´Å5 [224]; ÄáØå�å��m�¦ÈCqǱ~ê, éu<aeJÜ�ÇÙ���u 90±30%MPa·s.Æ���©�A5��¸�Cz®²ÏLß²���l�{��
y¢. 3^���l�céÆ��Yz 24 h, �¦[��N´�Ø, l
U^�����òÆ��lL�þ���l [225]. ,��{æ^
�« “Sàåã” 5ÿþÆ���SàrÝ [226], |^ù«�{uy, Æ����m�åå�XÜ Ú5O�ØÓ
UC, Ùêþ?Ǳ 20 kPa. Marks �< [227] ÏLÿÁ, uy
Ú

�Á�ÇL¡Æ���äkÚO¿Â�OþSàå. Ǳk<|^aq���5ÿ½^u�Ç�áÆ (~XÅ5ÆÆJ) �(ÜrÝ [228]. �´, ù
ÿþÆ��©�A5��{Ø
¬É�Æ��KÖØþ!�KǱ	, �¬É�Æ��e|��KǱ.

Wu�< [229] 0�
�«3NåÆ�{,�±þzR�u�ÇL¡���<a�áÆ���[�m�lU (delamination energy). ¦�uy: �?nÆ����lU3 1∼8J/m2 �m, ¿�Ù��¢�§Ýk'; ¿©YzÁ���lU�§Ý,p
ü$; ¿§YzÁ�w«Ñ�\­½��
2∼4J/m2. ø�Á�LyÑ
�p��lU,�Ǳ
12 J/m2,��X¢�§Ý�,p,Ù�lU�ü$�� 4 J/m2. ¸�©lAå�§ÝÚYzÝ�Jp
eü, �´ø�Á�w«Ñ'�?nÁ��p�¸�Aå. ©�L¡Ñy
�^[�m��ú¿, �Ã[�e�½»��,�.

Chen�< [230]ïÄ
<a�.¡��ÇÚ�e��|�, |^áÆÁ�Å3 1mm/s ��Çeé�ÇÚ�e��|�?1©l. ¢�¥�*	�¥mÁ��Úý¡Á��m��O, �uy��ǱÞ«Á�Ú��«Á��Ç - ��.¡�rÝ�²wpuvü«Á��rÝ,�Ç -��.¡�rÝ��ÇþÝ�O\
Jp.

3.9 �Ç��ÞXêé�Ç�Þ5U�ïÄ´éÙ¦åÆ5U¢��Ö¿. �Ç��ÞÚdw3<��F~)¹¥ (~X8ºN�ìáÚaÉoÇU) äk­���^. �Ç��Þ�dw5U�äk­���Æ�^, ~X3]H�/¤Ú�±ú«Ó·�¡ [231]. éu�Ç¤?1��ÞÆïÄ�±Ǳ·��«ÃX�Ç´XÛ�Ù¦L¡?1�p�^�, 3ØÓ��¹e (Xc#!èx, ±9W�!��J�zÆ?n) §q´XÛCz�ù��
¯K [232]. ù
ïÄÓ��Ǳ·�Jø
B|�!��\ª�Ãã5½þµd�Ç�èxÚYz5 [10]. ,
, �®²�þuL��9�Ç|�.�½Å�5UïÄ�©z�', ��Ç�ÞXê�ÿþk'�©z�é5`êþ���.�Þå´²1/�^u��L¡�.¡þ��«å, ù��L¡3$ÄL§¥½��L¡3,��L¡þ£Ä�L§¥�±�>. ��Þ�



1 4 Ï ©Uè� : �Ç�åÆ5UVã 4113u��L¡�m�, �Þå Ff �'u{�å
fN , Ù'XXe

Ff = µfN (7)ª¥ µǱ�ÞXê (coefficient of friction, COF).�ÞXê�)��: ·�ÞXê µs; Ä�ÞXê µd.·�ÞXê½ÂǱéÄ�é$Ä¤I�å�üL¡m�{�å�', Ä�ÞXê½ÂǱüL¡u)�é$Ä���Þå�{�å�'.

3.9.1 Ä�ÞXêéuÄ�ÞXê�ïÄÌ�8¥uüL¡±ð½�é�Ý$Ä���¹ [232]. 8c®kNõ'u<a�Ç3N�ÞÚdwïÄ�nã,~X Dowson[233] �nã, ±9�C Sivamani �< [234,235]!Gitis Ú Sivamani[10] �nã.Ï~¤ÿþ��Þëê´�ÞXê µd, �±ÏLÿþ���p�>L¡3�é$ÄL§¥�{�å FN Ú���Þå Ff , 2�âeªL«�
Amonton ½ÆO��Ñ

µd = Ff/FN (8)<�®²�OÑ
�«���¢�5ÿþ�Ç�Ä�ÞXê (� Sivamani �< [232] �nã).

Ø�Ä¢�¥¤¦^�ØÓ&��AÛ/GÚáÆ [236,237],ù
¢��±©Ǳ�a: �aǱ|^É®�{�å�^¿3�Çþ^=�&�½=Ó?1ÿþ [238,239]; ,�aK´|^3�ÇþwÄ�&�?1ÿþ [240].3ØÓ�ïÄ¥, ¤æ^�R�{�1ÖǱ´pØ�Ó�, ¿�J±|^·�§è½��?1k���� [10,232]. ù
ïÄ�Ì�¯K3uØÓ¢��m��­E5ÚØÓïÄö!ØÓFÏÚØÓ���mêâ��2y5�¡ [10].@k��aïÄQ�Ñ
�X��Ç�ÞXê�, Ù¥Ä�ÞXêÿþ����´ 0.12∼0.7,ØL�Ü©�ÿþ�Ñ3 0.2∼0.5 ��Ä��S.Ø
�Ç�g,Cz�	, �°��ÞXêÿþ����U´d&��$Ä!AÛ/GÚáÆ!±9{�å�iÿ����¡��É¤Úå� [232].dcïÄ<
¤ÿþ��Ç�ÞXê�V)uL 10, 
{�1Ö��ÞXê�m�'XXL 11¤«. Ã�!ÃÝÚ�.��ÞXêÿþ���·�AO�±­À, ÏǱ�N�ù
Ü �Ù¦L¡�>��Ǳª�.Ã!�ÑÆþ�O\ [240] ±9duL�B��3¦�Ç�>5Jp [248],ÑkÏuJp�Ç��ÞXê.L 10 3N<a�Ç�Ä�ÞXêÁ� �ÞXê {�1Ö áÆ ë�©z�Ç 0.5∼0.6 à¯L © [241]�Ç 0.2 Teflon(àoÍ¯L) © [240]

0.45 Z9
0.3∼1.3 à¯L
0.4 �f�Ç 0.4 Àæ © [242]�Ç 0.2∼0.45 o÷ØCg © [28]

0.3∼0.6 1wØCg�?nc:Ýý�Ç 0.19∼0.28 28.2 g Z9 © [238]Z�Ç 0.2 © [243]�Ç (Y�eZ©¨) 0.7�Ç (Y�eZ©¨) 0.7SL�& 0.5ÃÝ © [29]c� 0.34 © [244]c:Sý 0.26ÃÝ 0.21JÜ 0.12þ�Ü 0.25<a�Ç3N¢� © [245]Òr 0.66 ± 0.03c: 0.48 ± 0.01



412 å Æ ? Ð 2008 c 1 38 òL 10 3N<a�Ç�Ä�ÞXê (Y)Á� �ÞXê {�1Ö áÆ ë�©z
0.3∼0.4 © [246]© [247]²þ� 0.46 ± 0.15 © [248])¿ 0.40∼0.62ÃÝ 0.62 ± 0.22

0.37∼0.61 &�áÆ
0.37 ± 0.09 �Ç/Z9
0.61 ± 0.21 �Ç/7ä�c:	ý 0.24 © [249]c:Sý 0.64

0.7 © [250]ñ�aáÆ 2.48∼3.25 © [251]ÃþÃx\ 3.00Ãþkx\ 2.47ZÃÝ - �º; 0.78∼1.39 © [252]�ÃÝ - �º; 0.90∼1.09æ�FÃÝ - �º; 0.14∼0.34ZÃÝ - ÌÄº; 1.44∼1.91 © [253]�ÃÝ - ÌÄº; 1.10∼1.92æ�FÃÝ - ÌÄº; 0.34∼0.64�Ç 0.2∼0.3 © [254]�?n 0.45∼0.65 © [255]¶Ô� 1.19∼1.71[h 1.25∼1.81JÜ�Ç �» 10mm ØCg © [234]

1.1 5 g

0.78 10 g

0.62 15 g

0.61 20 g

0.60 25 g

0.66 30 g

0.54 35 g

0.52 40 g

0.51 45 gå5c:Ýý 0.12 105mN Teflon (àoÍ¯L) © [256]

0.42 g
0.74 Àæ�» 10mm,�Ý 0.5mm/så5¥A���� 237 g, �» 1 cm, à`�ä� © [257]ÃwK 0.327 ± 0.078 §Ý 23 ◦C ½aqáÆ (5g©z¥ã 3)kwK 0.225 ± 0.090 �é�Ý 48.6%å5c:Ýý 1.62 20mN g © [258]

1.70 40mN �» 6.35mm

1.56 80mN



1 4 Ï ©Uè� : �Ç�åÆ5UVã 413L 11 Ä�ÞXê�{�1Ö�m�'Xë�©z
µ ∝ f

−1/3
N © [259]

µ ∝ N−0.28 © [249]

µ ∝ N−0.32 © [234]Àæ © [231]��Ç: µ ∝ N−0.17Z�Ç: µ ∝ f0.07
NÀæ��Ç: µ ∝ N−0.15Z�Ç: µ ∝ f0.047
NàZL��Ç: µ ∝ N−0.15Z�Ç: µ ∝ f0.02
N

3.9.2 ·�ÞXê¦+�Ü©k'�Ç�Þ5U�ïÄÑ8¥uïÄ3�éð½��Ýe£Ä���L¡�Ä �ÞXê, �´E,k�þ�ïÄó�Áãÿþ�Ç�·�ÞXê [252,260]. 8c�¼��êâXL 12 ¤«.L 12 <a�Ç�·�ÞXêÁ� �ÞXê áÆ ë�©zÃÝ 0.5∼2.2 à¯L © [240]ÃÝ 0.21 © [244]ZÃÝ 0.97(0.08) ØCg © [252]�ÃÝ 1.09 (0.08)æ�FÃÝ 0.18 (0.03)ZÃÝ 1.32 (0.09) ®"Û�g © [252]�ÃÝ 0.90 (0.11)æ�FÃÝ 0.14 (0.02)ZÃÝ 1.39 (0.17) �Ü7 © [252]�ÃÝ 1.00 (0.14)æ�FÃÝ 0.28 (0.15)ZÃÝ 0.78 (0.06) o÷¾ © [252]�ÃÝ 0.90 (0.09)æ�FÃÝ 0.25 (0.05)ZÃÝ 0.79(0.07) L¡Øsg © [252]�ÃÝ 1.01 (0.05)æ�FÃÝ 0.34 (0.04)ZÃÝ 1.44 (0.18) ØCg © [252]�ÃÝ 1.27 (0.23)æ�FÃÝ 0.41 (0.06)ZÃÝ 1.91 (0.21) ®"Û�g © [252]ZÃÝ 1.10 (0.14)æ�FÃÝ 0.34 (0.04)ZÃÝ 1.87 (0.21) �Ü7 © [252]�ÃÝ 1.22 (0.15)æ�FÃÝ 0.34 (0.04)



414 å Æ ? Ð 2008 c 1 38 òL 12 <a�Ç�·�ÞXê (Y)Á� �ÞXê áÆ ë�©zZÃÝ 1.72 (0.18) o÷¾ © [252]�ÃÝ 1.61 (0.23)æ�FÃÝ 0.57 (0.05)ZÃÝ 1.67 (0.17) L¡Øsg © [252]�ÃÝ 1.92 (0.18)æ�FÃÝ 0.64 (0.08)¥�A��Ç }�å �f © [260]²þ� 0.49 +/− 0.08 1N

0.48 +/− 0.05 2N

0.54 +/− 0.04 3N

0.66 +/− 0.06 4N

0.53 +/− 0.09 ²þ�¥�A��Ç }�å 7v� (spenco) © [260]²þ� 0.66 +/− 0.10 1N

0.60 +/− 0.05 2N

0.72 +/− 0.11 3N

0.80 +/− 0.08 4N

0.69 +/− 0.11 ²þ�¥�A��Ç }�å àæS| (poron) © [260]²þ� 0.75 +/− 0.11 1N

0.75 +/− 0.10 2N

0.69 +/− 0.04 3N

0.77 +/− 0.06 4N

0.74 +/− 0.08 ²þ�¥�A��Ç }�å ¥�Y�ñ © [260]²þ� 0.62 +/− 0.05 1N (medium pelite)

0.69 +/− 0.09 2N

0.77 +/− 0.10 3N

0.83 +/− 0.11 4N

0.73 +/− 0.12 ²þ�¥�A��Ç }�å M�&�Æ © [260]²þ� 0.74 +/− 0.08 1N (firm plastazote)

0.75 +/− 0.08 2N

0.82 +/− 0.12 3N

0.89 +/− 0.09 4N

0.80 +/− 0.11 ²þ�¥�A��Ç }�å ~5�&�Æ © [260]²þ� 0.67 +/− 0.08 1N (regular plastazote)

0.73 +/− 0.09 2N

0.78 +/− 0.12 3N

0.83 +/− 0.08 4N

0.75 +/− 0.11 ²þ�¥�A��Ç }�å Ûq�Æ © [260]²þ� 0.73 +/− 0.12 1N

0.82 +/− 0.10 2N

0.83 +/− 0.11 3N

0.83 +/− 0.10 4N

0.80 +/− 0.11 ²þ�



1 4 Ï ©Uè� : �Ç�åÆ5UVã 415

Sanders �< [260] ïÄ
�ÖâÚ
�â¥ØÓ|±áÆ��ÇÚ�fm�·�ÞXê. <a�Ç�·�Þ5Uw«Ñ��NL¡��Þ5UØÓ�A: [28,29,240,259,261]. �Ç�R^5ÚR>5, ±9��ÇYz�UUCÙA5�Uå,��
�Ç��Þ5U��NáÆ��Þ5Uk¤ØÓ. �´, �«ïÄ®²y¢, ��3v
��{�å�, ·�ÞXê�O��{�±A^u<a�Ç.ÿþÃ�!ÃÝÚ�.�·�ÞXêAT´�k¿Â�,ÏǱ�ºÉÃ!ºð����½<�f�~�¹ÄÑ�õ/�9·�ÞXê, 
Ø´Ä�ÞXê.ÃÝ3ÉÃL¡wÄ��{®²�y²´�«'@k©z [26,28,29,238,240,241,244,262∼264] ¥¤����{�k��ÿþ�ÞXê��{. ïÄ<
uy, ·�ÞXê���Ǳ 0.14 (æC®"�g�æ�F�Ã�m�·�ÞXê) � 1.39 (�Ü7��Ã�m�·�ÞXê) �m. ù�(J®²��
�Ü©Ù¦ÃÝ�Ç�ÞXêïÄ¤J�|±.k'ÃÝ�Þ5U�Ð©ïÄ(J [26] L²,L¡�A5!�\�Øå!�3u.¡��ÝY²±9Ã�YzÑé�Þ5Uk­�KǱ. ComaishÚ Bottoms[240] uy, ÃÝ�à¯L�m��ÞXêǱ 0.5∼2.2; ¦��Ñ: ÃÝ¥Æ��±Y�3�Jpù��Ç«���ÞXê; �ÃÝ�>�áÆòû½�ÝéÃÝ�Ç�ÞXê�KǱ§Ý.

Highley �< [238] �Ñ, dué�Ç�YzØUk�/��, ��ÃÝ�Ç�ÞXê�ÿþ�kõ«(J,Ó�,¤æ^�ÿþ�{Ú&�áÆØÓ,Ǳ´��ÃÝ�Ç�ÞXêÿþ(JØÓ��Ï��. Buchholz�< [29] |^�«�Þÿþ¤ÿ½�ÃÝ�Ç��ÞXêǱ 0.27∼0.66, ¿�uy�Ç�õ�áÆ�m�3�Y©�¦�ÞXê©OJp 61% (é��)!68% (é�ì��) Ú 59%(é�). Cadoret Ú Smith �< [264] ¤P¹��ÞXêǱ 0.2∼1.4, 
 Smith �< [263] ¤P¹��ÞXêKǱ 1.0∼2.0. Bobjer �< [261] ïÄ
ÃX�0h![h!ÂhÚÆ��À/Ôé� 4 «k�«�L¡Ú�«1wL¡��>�ÃÝ�Ç�KǱ, uy�ÃÝ�ÇZH�, 1wL¡¤�)���Ä�ÞXêǱ 2.22, 
�kÀ/Ô�3�, 1wL¡¤�)���Ä�ÞXêǱ 0.09. ù�ïÄ�(JL², �ÞXêÚ��Ç�>�L¡�¡

È��k'. �.¡�3�0h�, ]ø�°��«L¡é�ÞXêLyÑÈ4��^, �´�.¡�3Æ��, ]øm���L¡¡Èé�±Ä�Þw��\­�.

4 8�ïÄ���c^|�åÆ�3÷XA���uÐ, �): (1) lN/3N�ÇåÆ�ïÄ; (2) XÚ/Â8Ú´L�Ç|��êâ¥; (3) �§Ý/9�úk'��ÇåÆ.

4.1 �ÇåÆ¥ÿ�)û�¯KǱ,<�®²3ØÓ�Y²þé�ÇåÆ?1
�þ�ïÄ, �´E,�k�
'u�ÇǱA�¯Kÿ���)�.3ù
¯K¥, k�Ü©�9�Ç�Å�A5!ý?nL§Ú¡EL§!ù
L§��mÚAC�'X, ±9�Ç��xà0��ÇǱA�ª�m�'X [51].d	, �k�{Ø¯K, �9é�CǱA����¡±���ª?1¢�LÆÚ©Û��Y.�Ù¦k'�Ç�Æ��', �ÇåÆÿ���2��ïÄ, Ó�E,I�UY&¢3�½§Ýþú@��{. þã��¯Kk�UäkS3��péX, Ù¥��¯K�)û�6u,��¯K��Y [265].,	�uÐ��´��*ïÄuÐ. ��GáÆ�ëY0�ºÝǱ�àÜÔ©f?O, 
)Ô^|��ëY0�ºÝǱn�? (� 1 µm). ��rN�´, d)Ô|��¤�n�w«Ñk����5Aå - ACǱA, ¿�«É���ACÚ^=, ù
Ï��Ó��
ÙE,�åÆ1Ǳ,
ù
åÆ1Ǳ%éJ^DÚ����.5£ã.|^°O�¢�µdÚ���.�úªL«5�«ù
åÆ1Ǳ, ò©ª´)ÔåÆ¥���¹ä]Ô5�+� [266].3N�Ç|��åÆ5UI�?1?�Ú�ïÄ. 3N�Ç|��åÆA5£ãkOulNïÄ�´§5­nÜ�Ä¹NG�e ²ÚN��Ï�é�ÿ|�åÆA5�KǱ. ,	��3���¯K´¹|�k)�½g·AUå, 
ù~~d�
åÆÚ)ÔzÆL§5N!. Cc5ǱkNõ3¹NG�eïÄ�Ç|�åÆA5�#�{!#EâÚÁ�C�, X�©1 2!¤£ã.�Ç)ÔåÆ�ïÄ�{AT´U?�Úò�Ç
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4.2 �ÇåÆ5�êâ¥XÚ/Â8Ú´L�Ç�êâ¥, Têâ¥Ì�dI5Úå5�c#�ÇA5ëê�¤, Ød�	, �Ak�«�Çú¾E¤�ÇA5ëêCz�êâ. ~X, 8c��ÿ�¿©ïÄ�+�´é�Ç��55U�èx�ÇÚJC�Ç/�|��u�¤��m�'5��«; òù
~ê�JC|��|�¾nÆAÆ�'é, k�U��,	�«��\ª3NÚlN�äóä��). nØïÄ�¢SA^�(Ü, ïÄ¤J��Ǳ�K9Ù¦A^Æ�ÑÖ, ¿�ǱÙ¦^|�)ÔåÆ�ïÄJøkÃ�ë�Úéu.

4.3 �§Ý/9�úk'��ÇåÆ-1!�ÅÚaqEâ�uÐ�5
¾C9É��Ç|� (X�ÇJ!�Ç�ú) 9��#?Ð. ù«�Ç|�9��8I´3�ÇL¡±eAÎ����S°(/p�9�ú, �%ØKǱ±>�èx|�. ù�9�Eâ½�/I�Ýº�Ç|��§Ý/9�úk'�åÆ5U. �8cǱ�, <�®²é�~G�e��Ç|�åÆ5U?1
2��3NÚlN¢�ÿþ, �´ép§^�e�Ç�åÆ5U±991ǱÚåÆ1Ǳ�mÍÜ�^�¡�ïÄ%?1�4�.·�3�©1 1.1!¥®²J�,���´�Ç�Ì�¤©, Jø
�Ç|�¥Ì��(�ÚÅ�| . 39K1��^e, �X�Ç§Ý�Jp, ���¥äk9Ø­½5�©fSÜ�é��», ¦����lpÝkS�¬N(�=CǱ(�ÃS�av�G� [267]. ù�L§Ò´9C5, ÷*þ�A/LyǱ|��9Â . �Ç¥�¹k�þ��5�x (Ó�ÇZ­� 0.1%), ù«�5�xäkép�9­½5 [268],=¦�\£Y¥eZ��E,U
�±¹5, 
Øu)²w�UC. Ïd, �·�?Ø�Ç3ØÓ9KÖ�^e�åÆ1Ǳ�, ¤�9�é��´���.�X§Ý�,p, ���òu)C5. 3���C5�L§¥, u)Cz�Ø=´����(�, 
��k§�Yz�^. Ïd, 9C5¬����|���«5U (~XåÆ5U [269∼282]!95U [283∼286] Ú1Æ5U [196,287∼295]) u)wÍ

�UC. ¦+�Ç�ý�|�Ì�´d���|¤�, �´8cé�Ç|�9C5�ïÄ%��� [296∼299].<�®²3Nõ���|� (XWÚ^�)¥*	�
9�ú�KǱ, ù
|�Ǳ´d��Ç|�¥�Ó� I .���|¤�. Chen �< [269∼271] éÚ�W¢?1
�X�9Â ¢�, (JL², |^AÆ�m (gdÂ ��AÆ�m τ2 = cem/T , �ØÂ �AÆ�m τ2 =

ceα+βP em/T ) 5L«¢S\9�m, �¼�gdÂ �\9±Y�m�ü��''X, ddL²
�«�m - §Ý - 9KÖ��'5.Äu¢�êâ, Chen �< [272] JÑ
�����§5þzü¶���|�¥d�mû½�9�ú. |^ Danielsen[300] ïÆ�·ÜOK, ¦�uy�«²��.�±éÐ/£ãd9 - åÆ\1{¤Ì¤Úu��Ç9�¶�Â  ξ. ,�«�êP~�.ǱU
éÐ/£ã�Ç3\9�£E�N§��Ü©¡E�¹. éuÂ «�
ξ = (1 − f(ν)) (A0 + A1ν) + f(ν) (a0 + a1ν) , ∀ν (9)ª¥ ν = ln(τ/τ2); τ2 = e(α+βP )em/T ; A0!A1!a0 Ú

a1 ǱáÆ~ê; f ∈ [0, 1] Ǳ�51Ǳ©Ù©ê, ½ÂǱ
f(ν) = 1 − e−Ω =

ea(ν−νm)

1 + ea(ν−νm)

∀ν ∈ (ln(τa/τ2), ln(τb/τ2)) (10)éu¡E«�
ξ(t) = B0 − B1(1 − e−t/tc) (11)ª¥ B0 = ξ0 Ǳ t = 0��Â ; B0 −B1 = ξe Ǳ¡E��²ïÂ ; tc ǱáÆ~ê.

Diaz�< [275] ?1
��'uÂ^�3-1\9ÏmåÆǱA�¢�ïÄ, uy3\9L§¥, SAåÚ�A�AC�Çu)
²w�Cz,ù«Czd§ÝN!, �|���'X��.

Chao �< [276] ÿþ
êf&��^�3-1Ë�Ïm�Ä�Cz. ¦�b½ù«Cz´��51Ǳ, ddO�
�5�þ, (Juy: g,|�¥��5�þǱ 6.08MPa, 
31 1!2!3gëY�-1ì�L§¥Úì��, �5�þ©OeüǱ 5.41MPa, 4.94MPa, 5.05MPa, 4.17MPa;

4.23MPa, 3.71MPa. 32Yz��, �5�þ£E��C�©�, Ǳ 5.33MPa.
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Chae �< [273] æ^Ä�9 - åÆ©Û¤ÚÙ§Eâ, |^Â&��^��î!p½�Á�,é��m - §Ý�'��­;��þÚåÆtµ?1
¢�ÿþ, (JL²: (1) Â^��;��þ�§Ý�,p
~�, �.Cz: (�;�þ~� 85%∼90%)3 58◦C∼60◦C �m; (2) �*	�3
50◦C∼57◦C �mu)
lÅ��NAåtµ1Ǳ�Å��NAåtµ1Ǳ�£Ä, ù�§Ý��éAu(�Cz�=C§Ý«�.

Aksan � McGrath[274] ¢�ïÄ¿þz
#Ü=xêHW3\9�Úå�9 - åÆǱAA5.¦�uyéu¤k�¢�Á�, Ø+Ù9ÚåÆ{¤XÛ, 3.�¢�L§¥Å�Aå σ Ñ�¤�\�AC ε ¥�êCz, =
σ = C1 + C2 exp(C3ε) (12)

dσ

dε
= C3σ − C1C3 (13)ª¥ C1, C2, C3 Ǳ.�¢�m©c¤\È�9�ú Ω �¼ê, ½ÂǱ

C3 = 7.738 + 95.79 exp(−0.102
∑

e2) (14)

∑

e2

e2,max
= 1 − exp(−0.648 9Ω/Ωm) (15)

e2,max = 23.77 +
12.41

1 + exp(T − 0.364/0.025 58)
(16)

Ωm = 15.796 exp(7.857T) (17)ùp e2 Ǳ²ïAC, Ωm �L®����²ïÂ þ 50% �HWÁ�¥\È�9�ú.

Dahan�< [209]*	�
c��ÇÐAå (MÝ)�wÍJp,=l?nc� 7.62,Jp�^��¡5-1?11 5 g¶�?n� 3 ��� 16.68.Ïd, 8��ÇåÆïÄ�,��4Ù­����´�Ç91ǱÚåÆ1Ǳ�m�ÍÜ, =�Ç9åÆ. �Ç|��)Ô9åÆ´Cc5/¤���pÝ���Æ�, ºX
)ÔÆ!D9Æ!9�ú!åÆ!)n ²Æ�ØÓÆ�. �Ç|��)ÔåÆ1ǱLÆéTÆ��uÐäk�~­��¿Â, 
��±3�Æ��X�+�S��¢SA^.
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Abstract Due to the importance in clinical and cosmetic applications, the mechanical properties of skin

tissue in vivo and in vitro have been studied extensively. In this paper, we present a comprehensive review

on the recent developments of skin mechanics. The methods and apparatus of experiments in vivo and in

vitro are summarized. The main mechanical properties and their anisotropy are reviewed, which includes

Young’s modulus, Poisson ratio, compressibility, strength, toughness, initial stress/tension, thermal expansion

coefficient, binding force/delamination energy, and skin friction coefficient. Data from the literature are grouped

and tabulated. Finally, future research directions in special areas are discussed.
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