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Deformation mode shear : 
Deformation mode bend :

γ1
γ2

-0.2

0

0.2

γ1

� ������� 	 ��� ����$ � 	�� � �
� ��� � ��� � ��� 	  � 	  ��� � 	 � � � � � � ����� 	��

�Zd�f�x+k�m�`.g£k�m�i�uvk�m$`.i�_�b�i5n!s+kvd�m£x$�{i5g'g'k�m�wyj�s�`¨_�`Zu�i\j#kvt$`�g'k�n!|+u�i5�Z`.f�`.m$j#n�d5b¡j#s$`��Zd�m�j!_#d$uR|zd$k�m$j#n.�

�,s�`�i$f�d�~+m$j§d5b¨g+`Xbcd�_�f�i\j�kvd�m�bed�_¤`.i5��sNf�d+g�`�k�n��Zd+m$j!_�d$uvul`\g x$�Ji$mNi$fy|+uvkvj�~+g+`�|'i$_�i�f�`Zj#`._

����� 2��#4
	34 6 j�s+i\jVd$|'`._�i\j#`.n:i5n,i�n��.i5u�i$_:f�~+u j#k�|+ulkv`._:d+_:�:`.kvw�s�jVbcd�_�j�s�`�g�`Xbcd�_�f�i\j#kld+myf�i.jX_�kv� $V�

��~'_(k�fy|+uv`.f�`.m�j�i\j�kvd�m�~+nX`.nVi ��� ��� ���Zd�m$jX_#d$u�|zd$k�m$j(u�i.j=j#kl�Z`�bcd�_ j�s�`p^(^(q i�m$gy~+nX`.n���`._!m+n�j�`\k�m

|'d$uv�'m+d�f�k�i5uvn?i5n?j�s�`,x'i5n!k�n(b ~+m+�Zj#kld+m+n.���,s�` ��q `Z�'i$fy|+uv`\n�k�m£^*kvwR� ��n!s�d5� g+`Xbcd�_�f�i\j�kvd�m�f¤d�g+`.n.�

x'`.m�g�i�m$g{n!s�`.i$_Z�+i$m�g�j#s$`\k�_pulk�m�`.i$_��Zd�f�x+k�m+i.j#kvd�m+n.�

¢Fm i�g'g'klj#kvd�m�j#d xz`.k�m$wJi5x+uv`�j#d�g+`Xbed+_�f{�?j#s$`{d�x5��`Z�Zjyk�n�b�_�`Z`{j�d8j!_�i$m+n�u�i\j#`yi$m$g _�d$j�i.j#`yk�m

�$qpaFn!|'i5�Z`$�,�(_�i$m+n�u�i\j#kld+myi$m�g�_#d$j�i\j#kvd�myi$_#`�` 1 `Z�Zj#`.g{d�m�i�w$uvd�x'i5u*�Zd+d�_#g'k�m+i\j�`�n��+n�j#`.fh�,kvj�s�_�`Xa

n!|'`Z�Zj�j�d£��s+kv�Zs£w$uvd�x'i5u*g+`Xbed+_�f�i.j#kvd�m+n:i$_#`��Zd�m+nXkvg�`._#`\g*�<i�n�n!s�d5��m§k�m ^ kvwR���z��� `}i5n�n!~�f�`�j�s�`

bed�uluvd5�,k�m�w�d�_�g�`._�k�m j�s�`}i$|+|+uvkv�.i.j#kvd�m�d5bVj�s�`}f�d�j�kvd�m+n�d5bVj#s$`�d�x5��`Z�Zj ± o 4\r:uvd��.i5u?g+`Xbcd�_�f�i\j�kvd�m+n\�

o �$r�w$uvd�x'i5u g�`Xbcd�_�f�i\j#kvd�m+n.�Ro �$r�_#d$j�i\j#kld+m �Ro ��r�j!_�i$m+n�u�i\j#kvd�m � ��n�n!~+f�k�m$w����w$uvd�x'i�u<g+`Xbcd�_�f�i\j�kvd�m

f�d+g�`\n.�
��+g+`Xbed�_�f}i\j#kvd�m�f�d+g�`\nVi5n�n�d+�Zk�i\j�`\g��,kvj�s�j�s�`���aFj�s�uvd��.i5u'u�i\jFj#kv�Z`,i$m�g¤i�n�n!~+f�k�m$w��8uvd��.i5u

u�i.j=j#kl�Z`\n.�+j�s�`�g+`Zw�_#`Z`\n:d5b�b�_�`Z`.g'd�f bed�_�j#s$`�d�x5��`Z�Zj�i$_#`�w$kvt$`.m�x��£j�s�`�t$`Z�Zj#d�_ ±

�



� &
���������
�

w$uvd�x'i�u f¤d$j#kld+m� ��� �j!_�i�m+n�u�i.j#kvd�m+i5u� �	� �
 ) 
 , 
 - _#d$j�i\j#kld+m�i5u� �	� �� ) � , � -
g+`Xbed�_�f}i\j#kvd�m�i$fy|+uvkvj�~+g�`\n� �	� �w$uvd�x'i5uRu�i\jFj#kv�Z`� ��� �� � 4����� � �����

u�i.j=j#kl�Z`�4� �	� �� 4$4������ � 4 ��� �����
u�i\j=j�kv�Z` �� ��� ���� 4����� ��� ���

����������
�

o 4.r

��s�`._#` 
 � i�_#`,j�s�`�j!_�i$m+n�u�i\j#kvd�m�|'i$_�i$f�`Zj#`._#n.� � � i$_#`	�V~+uv`._:i$m�w$uv`.n�i$m�g ����� i$_#`�j�s�`�g+`Xbcd�_�f�i\j�kvd�m
i$fy|+uvkvj�~+g�`\n.�

�V~+uv`._:i$m$w�ul`\n,i5n,i�f�`.i$m+nVj#dy|'i$_�i�f�`Zj#`._#k��Z`,_#d$j�i\j#kvd�m�s+i\t$`,j#�:d�g'k�n!i5g't$i$m�j�i.w�`.n.� ^*k�_#n�j.�+j�s�`

d�_#g+`._�k�m���s+kv�Zs j�s�`Z��i�_#`yi$|�|+uvkv`.g��.i$m �Zs+i$m$w�`}j#s$`y_#`\n!~+u j#k�m�wL_�d$j�i.j#kvd�m{i$m�g�nX`Z�Zd�m�g*� �Z`._#j�i5k�m

n!`._�kv`.n?d5b*_#d$j�i\j#kld+m+n�f�i5��uv`.i5g�j#d�nXk�m$w�~+u�i$_�kvj#kl`\n?n!~���s�i5n?j#s$`! �k�f�x'i5u'uvd+��� 2 4 � 6��?^+d�_(j#s+k�nV_#`.i5n�d+m
k�m$j#`._�|zd$u�i.j#kvd�m x'`Zj#�:`Z`.m �V~+uv`._yi$m�w$uv`.n�k�n�w$`.m�`._�i5uvuv� i\t$d$kvg+`.gJi$m�g*��k�m+n�j#`.i5g*�¥k�m�j#`._�|'d�u�i\j#kvd�m�d5b

 �~'i\j#`._Xm+kld+m+n�2 4 � 6�k�n*~+nX`.g*��¢=m�d�~'_ bcd�_�f�~+u�i\j#kvd�m ��j#s$`(d�_#g+`._ k�m���s+kv�Zs ��~+ul`._ i$m$w�ul`\n�i$_#`?i$|+|+uvkl`\g�k�n

�:`Zulu aFg+` �<m$`\g}i$m�g�g'kv�Zj�i.j#`\g�x$��j�s�`?`! '~'i.j#kvd�m+n d5bzf¤d$j#kld+m �<q�~'_�k�m�w�nXk�f�~+u�i\j#kld+m �!j#s$` ��~+uv`._*i$m�w$uv`.n

i$_#`�d�m+uv��~'|'g'i.j#`\gLi�n¨|'i$_�j,d5bVj�s�`}m�~�f�`._�kl�.i�u�k�m�j�`Zw+_�i\j�kvd�m¤d5bVj�s�`�`! �~'i\j#kvd�m+n,d5b�f�d�j�kvd�m ���,s�`

n!k�f�~+u�i\j#kvd�m�i$m�gyj�s�`,m$~�f�`._�kv�.i5u'k�m$j#`Zw�_�i\j#kvd�m�n�j#`.|+nVg'd�m+d$j?k�m$t�d$uvt$`:k�m�j#`._�|'d�u�i\j#kvd�m �*¢Fm§i5g'g'kvj�kvd�m �

j�s�`���s+i$m�w$`�k�m�t$i5u�~+`�bcd�_�`.i5�Zs�d�b�j�s�`%��~+uv`._�i$m$w�ul`\n�k�n}f�~$�Zs{uv`\n�n�j#s�i$m � �§g�`Zw�_�`Z`.n�x'`Zj#�:`Z`.m

n!~$x+nX`! �~+`.m�j�j#k�f�`\n�j#`.|+n.�y�,s+k�n�`Zuvk�f¤k�m+i\j#`.n�nXk�m$w+~+u�i�_�kvj#kv`.n�uvk��5`�j#s$`" �k�f�x'i�u?uld+�Z�R�?i5u j�s�d�~+w�s��:`

�Zd�~+uvg�s+i\t$`,~+n!`\g�`! '~'i5uvuv����`Zuvu  '~'i.j#`._Xm+kvd�m+n�k�m§d�~'_(bcd�_�f�~+u�i.j#kvd�m � � `�s�i\t$`:�Zs$d$nX`.m�j#d}~+nX`�j�s�`

�V~+uv`._,i$m�w$uv`.n�bcd�_�j�s�`.k�_,nXk�fy|+uvkv�Zklj#�$�#�,d5�:`Zt$`._Z�5k�m�j�s�`��5`Z��b�_�i$f�k�m�w��Zd�f§|'d�m�`.m$j�d5b?d�~'_:n��+n�j#`.f

_#d$j�i\j#kld+m+n¡i$_�`,k�m$j#`._�|zd$u�i.j#`\g}~+nXk�m�w� �~'i\j#`._Xm+kld+m+n.�*�,s�`�|'i$_�i$f�`Zj#`._#n(n!|'`Z�Zk��R`\g�x�� � i�_#`�i�n!`Zj�d5b

w$`.m�`._�i5uvk��Z`.gyg+`Zw�_#`Z`\n?d5b b�_#`Z`.g'd�f���s+kv�Zs�n!`._�t$`:j�d�b ~+uvuv�yg+`.n��._�k�x'`:j�s�`�|zd$n!kvj#kvd�m�d5b*i5uvu<|zd$k�m$j#nVd+m

i�g+`Xbed+_�f�`.gyd�x5��`Z�Zj.����s$`:bcd$uvuvd5�,k�m$w�`Z��|'_#`\n�nXkld+m�g�`\n��._�k�xz`.n:j�s�`,�:d�_#uvgy�Zd+d�_#g'k�m+i\j�`\n?d5b�i�|zd$k�m$j.�

w$kvt$`.m§klj#n�uvd��.i5u u�i\jFj#kv�Z`��Zd+d�_#g'k�m+i\j�`\n¨o$# � 	 
 � 		% �vr�i�m$g{j#s$`�w$`.m�`._�i5uvk��Z`.g{�Zd+d�_#g'k�m�i\j#`.n � ±

9'&



0

t

X

Y

World CS ) Rest Shape(

Object CS

X

Y

θ z

� ������� 	 v"����� 	 � ���"� 	 � ��� � � � � �  � � � 	 �  � � � � � 	 ��� � 	�� � � � ��� � � � � ��� 	��

��&�W��
	 ��
���� ������ ��� ��

��������
�
� ��
�  4 �

��
��������
�

� � � ��� ��� � �
� � � ��� ��� � �
� � � ��� ��� � �

���������
�
�

��������
�

� � �� ��� �
� � �� ��� �
� � �� ��� �

���������
�

�!       
"
#£o$# � 	%$Fr&#�o 
 � 	(''r)#£o$% � 	+*'r 	 o �$r

��������
�

# �

 �
% �

� �������
�
&�[,��

���� ������ ��� ��

��������
�
�.-�
�  4 �

��
��������
�

� � � ��� ��� � -
� � � ��� ��� � -
� � � ��� ��� � -

� �������
�
�

��������
�

� � -� ��� �
� � -� ��� �
� � -� ��� �

� �������
�

�        
"
#£o$# � 	%$=r)#�o 
 � 	(''r)#�o % � 	+*'r 	 o �$r

��s�`._#`/� k�n:i$m�d�x5��`Z�Zj�|zd$k�m$j?k�m§��d+_#uvg}�Zd+d�_#g'k�m+i\j�`\n.�\k�m�g+`Z�10 k�m�g'kv�.i.j#`\n� '~'i$m$j#kvj#kv`.n?i5n�n�d+�Zk�i.j#`\g

�,kvj�s�j#s$`?w$uvd�x'i�u@u�i\jFj#kv�Z`$�ZnXk�f�kvu�i�_#uv��k�m�g�`Z� �+�,kvj�s�_#`\n!|'`Z�Zj j#d,j#s$` ��aFj#s,uvd+�.i5u$u�i\jFj#kv�Z`$�ZWVk�n j�s�`?t$`Z�Zj#d�_

d5b<jX_�i$m+n�u�i\j#kld+m�|'i$_�i$f�`Zj#`._=n.�2	�k�n?j�s�`��Zd+fy|'d�~+m�g¤_�d$j�i.j#kvd�m�f�i.jX_�kv� � � � k�n?j�s�`,i$fy|+uvkvj�~+g�`:d5b j�s�`
3 aFj�s�g�`Xbcd�_�f�i\j#kvd�m�f¤d�g+`$� � ���� � i�_#`V�Zd�m+n�j�i�m$j#n*��s+kv�Zs�g+` �<m$`:j#s$` 3 aFj#s�g�`Xbcd�_�f�i\j#kld+m�f�d+g+`�d�bRj�s�`
$ 	4'�	+*�aF�Zd�m$jX_Fd5u'|'d$k�m�j,d5b¡i�u�i\jFj#kv�Z`$�5#�o$# 	%$Fr¥k�n,j#s$`#��`._!m+n�j#`\k�m£|'d�ul�'m+d�f�k�i5u?o �� r.o 4 � #.r ��6 � # � �57 ��� �
i$_#`�j#s$`�~�m�g�`Xbcd�_�f�`\g{u�i\j=j�kv�Z`��Zd�d�_�g'k�m+i\j#`.n.��/k�n�j#s$`�m$~�f�x'`._:d�bVg�`Xbcd�_�f�i\j#kld+m�f�d+g+`.n�g�` �<m�`.g

bed+_?i�u�i\jFj#kv�Z`�x$��j#s$`�i�m+k�f�i\j#d�_Z�5i$m�gy[yk�n:i��Zd�m+n�j�i$m�j?f}i\j!_�kv��j#s�i\j(j!_�i$m+n#bcd�_�f¤n*j�s�`,uvd��.i�uRu�i\jFj#kv�Z`

9 9



�Zd�d+_#g'k�m�i\j#`.n�o$# � 	 
 � 	�% �vr:j#dyw$uvd�x'i�u<u�i\jFj#kv�Z`��Zd�d�_�g'k�m+i\j#`.n�o$# � 	 
 � 	�% � rZ� �  �~'i\j#kvd�m�o �$r��.i5uv�.~+u�i\j#`.n

j�s�`}m�`Z� |'i$_�i$f�`Zj#`._?nX|'i5�Z`��Zd�d�_�g'k�m+i\j#`.n�o$# � 	 
 � 		% � r��,kvj�s _#`\n!|'`Z�Zj�j#d�j#s$`�w$uvd�x'i5u(u�i\j=j�kv�Z`�bed�_

j�s�d$nX`�|'d$k�m�j#n}j#s�i\j�i$_�`�i%1<`Z�Zj#`\g x$� uvd+�.i5uVg+`Xbed+_�f�i.j#kvd�m+n.�{�,s+k�n�k�n�`Z�'|+u�i�k�m�`.gLb ~'_�s�j#`._�k�m�j�s�`

bed�uluvd5�,k�m�w}nX`Z�Zj#kvd�m � �  '~'i\j#kld+m+n¨o �$r:i$m�g o �$r:i$_�`�j#s$`�n�j�i$_�j�k�m�w}|zd$k�m$j:bcd�_�j�s�`�nXk�f�~+u�i.j#kvd�m§d5b?j�s�`

g'��m+i$f�kv�Zn:d5b¡i�m£d�x5��`Z�Zj.�

 "!�� ��( � &��,&�����( ����� �����K*,&�
�� � (+*�� "

�*d§k�f§|+ul`.f�`.m�j,s+kl`._�i$_#�Zs+kl�.i�ue�zg�`Xbcd�_�f�i\j#kld+m+nV�:`�i5uvuvd@��uld+�.i5u?^�^(q�u�i\jFj#kv�Z`.n�j�d£x'`�k�fy|'d�n!`\g�d+m

|'i$_#j#n:d5bVi$myd+x@��`Z�Zj.�V��s$`�|zd$k�m$j#n�i%1 `Z�Zj#`.g{x$�{i�uvd��.i�u*u�i.j=j#kl�Z`�i$_#`�i�uln�d¤i 1<`Z�Zj#`.g�x���j#s$`�w�uld+x'i5u

u�i.j=j#kl�Z`$�'i5n�n!s$d5��m§k�m�^ kvwR��4���� `}i$|+|+uv��uvd+�.i5u*g+`Xbed�_�f}i\j#kvd�m+nVx'`Xbcd�_#`�j�s�`�w$uvd�x'i5u g+`Xbed+_�f�i.j#kvd�m+n

~+n!k�m�w �  �~'i\j#kvd�m o �$r � �,s$`�g'��m+i$f�kv�Zn�bcd�_�f�~+u�i.j#kvd�m8kvj�nX`Zu b}�,kvuvu�`.m+n!~'_#`�j#s�i\jyiLbed�_��Z`���s+kv�Zs

|'_#d+g�~��Z`.n,i�uvd��.i5u g�`Xbcd�_�f�i\j#kld+m��.i�m�i5uvn�d£i%1<`Z�Zj:j�s�`�w$uvd�x'i5u g�`Xbcd�_�f�i\j#kvd�m+n.�

�,~'_�_#`.m�jFuv�$�5kvjVk�n�j�s�`�~+nX`._�� n?_#`.n!|zd�m+nXk�x+kvuvkvj#�}j#d�`.m+n!~'_#`:j�s+i\j?uld+�.i5u'g+`Xbed+_�f�i.j#kvd�m+n*g'd�m+d$j?g+`.n#a

j!_#d5��j�s�`,�Zd�m�j#k�m$~+kvj���d�b j#s$`:d�x5��`Z�Zj�� n?n!~'_�b�i5�Z`$�*�,s+k�n?�.i$m§x'`,g'd�m�`,x$�y~+nXk�m$w�uld+�.i5u'g+`Xbed+_�f�i.j#kvd�m+n

��s+kv��s�g'd�m+d$jyi%1<`Z�Zj�i�|�|'_#d$|'_�k�i.j=`�|'d�k�m�j#nyd�m�j#s$`{x'd�~+m�g�i$_�� d5b�j�s�`£uld+�.i5u,u�i\jFj#kv�Z`.n\� ¢Fm j�s�`

`Z��i�fy|+uv`�n!s�d5��m§k�m�^*kvwR�-4�j#s+k�n,k�n�g'd�m�`¨x���`.m+nX~'_�k�m�wyj�s+i\j�j#s$`�g+`Xbcd�_�f�i\j�kvd�m§f�d�g+`.n�g�`\n!kvw�m�`.g

bed+_Vj#s$`�uvd��.i�u<u�i\jFj#kv�Z`�g'dym+d$j,i%1<`Z�Zj�j�s�`¨xzd$jFj#d�fhj#�:d}_#d5�,n�d5b��Zd�m�j!_#d$uR|zd$k�m$j#n.�

��`£s�i\t$`�k�f§|+ul`.f�`.m�j#`.g�d+m+ul��j#��d§ul`Zt�`Zuln�d5b�g+`Xbcd�_�f�i\j�kvd�m+n�bcd�_�g�`.f�d+m+n�j!_�i\j#kvd�m�|'~'_�|'d$nX`.n.�

�,d5�:`Zt$`._Z�\j�s�`�f�`Z�Zs+i$m+kv�Zn?d5b�j�s�`�bed�_�f�~+u�i\j�kvd�m�|'_#`.nX`.m�j�`\g�i5x'd5t$`,�.i�myx'`�`.i5nXkluv�£w$`.m�`._�i5uvk��Z`.g£j�d

i$m{i$_�x+kvj!_�i$_�kvuv�ym$`\n�j#`.g{s+kv`._�i$_#�Zs$�§d5b�uvd��.i�u*u�i.j=j#kl�Z`\n,x$�£`Z��|'_�`.n�nXk�m$w�o # � 	 
 � 		% �lr�i5n�i�b ~+m+�Zj#kvd�m£d5b
i$m+d$j#s$`._¥ul`Zt�`Zu*d5b�u�i\jFj#kv�Z`.n:k�m�i�b�i5n!s+kvd�m§nXk�f¤klu�i$_�j#d �  �~'i\j#kvd�m�o �$r �

95³



mass points

� ��� ���
	 	���� �   � �  � � � � � � � � � � � � ��³ $�� �
����� 	

 "!�� ���	� ��� (j* �%".*#� � * � (+*��

�*d�k�m+�Zd�_�|'d+_�i\j�`:g'�'m�i�f�kv�ZnVk�m$j#d�d�~'_ �R`Z��k�x+uv`�f�d+g�`Zuvn:�:`¨~+nX`�i�8*i5w�_�i$m$w�k�i�m�bed+_�f�~+u�i\j#kld+m�254 � 6��

� f�i5n�n,g'k�n�j!_�k�x'~$j#kvd�m£k�n�i5n�n�d+�Zk�i.j#`\g{�,kvj�s£j�s�`�d�x5��`Z�Zj�x$�{g'k�n��._#`Zj#k��Zk�m�wyj#s$`�d�x5��`Z�Zj,k�m�f�i\j#`._�k�i5u

�Zd�d+_#g'k�m�i\j#`.n�~+nXk�m$w f}i�n�n}|zd$k�m$j#n.� ^+d�_�`Z�'i$fy|+uv`$�(i ��q:aFj�i5x+uv`}�Zd+~+ulgJx'`£i5n�nXklw+m$`\g i�g'k�n��._#`Zj#`

f�i5n�n(g'k�n�j!_�k�x'~$j#kvd�m�i�n?n!s$d5��m�k�my^*kvwR� �z��¢Fm�|'_�i��Zj�kv�Z`$�5i$|+|'_#d5��k�f�i\j�k�m�w,i$m�d�x5��`Z�Zj�� n�g'k�n�j!_�k�x'~�j#kld+m

~+n!k�m�w � � 4��£f�i5n�n#a�|zd$k�m$j#n�k�n�n!~ ���Zkv`.m$j�j#d{�+kv`Zulg8�Zd�m$t+k�m+�Zk�m$w f�d$j#kvd�m+n.���,s$`\n!`yf�i5n�n�a�|'d$k�m�j�n

i$_#`�`.f�x'`\g'g�`\g k�mLj�s�`}nXi$f�`�n!|'i5�Z`yi5n�j#s$`�d�x5��`Z�Zj�w�`Zd�f�`Zj!_#�{i$m$g�i$_�`�j�s�~+n�i5uvn�d�i%1<`Z�Zj#`\gLx��

uvd��.i5u�i$m$g�w$uvd�x'i5u:g+`Xbed+_�f�i.j#kvd�m+n.����s$`{`! '~'i\j�kvd�m+n�d5b�f�d$j#kvd�m��.i�mJx'`£g�`._�kvt$`.g�x$�Ji$|+|+ul�+k�m$w

j�s�`�8*i5w�_�i�m$w$k�i$m§bcd�_�f�~+u�i.j#kvd�m£d5b:j�s�`�`! '~'i\j�kvd�m+n�d5b�f�d�j�kvd�m��,kvj�s _#`\n!|'`Z�Zj�j#d{j�s�`�w$`.m�`._�i5uvk��Z`.g

�Zd�d+_#g'k�m�i\j#`.n
	��?�,s�` 8*i5w+_�i$m�w$k�i$m�bcd�_�f�~+u�i\j#kvd�m�k�n�x'i5nX`.g{d�m§j�s�`�bcd$uvuld5�,k�m�w�`! '~'i\j�kvd�m ±

�� 
 �����	 � �
��
� 	 � ��� � & � 	 o ��r

��s�`._#` � k�n�j�s�`�8*i5w�_�i�m$w$k�i$m ��	 � k�n�j�s�` *�aFj#s w$`.m�`._�i5uvk��Z`.g �Zd+d�_#g'k�m�i\j#`�o * & 4
	 � � � 	 �r ��� � k�n
j�s�`�j#d$j�i5u'w�`.m$`._�i�ulk��Z`\gybcd�_#�Z`�i��Zj�k�m�w�d�myj#s$`�d�x5��`Z�Zjpi�uld+m$w�j�s�`�	 � w$`.m�`._�i5uvk��Z`.g£�Zd�d+_#g'k�m�i\j#`$�$i$m�g
j�s�`,g'd$j�k�m�g'kv�.i\j�`\n�i�j#k�f�`�g�`._�kvt�i\j#kvt$`$��� `�g�` �<m�`�j�s�`08*i5w�_�i$m$w�k�i�m � j#dyx'`�j�s�`¨��k�m$`Zj#kv�,`.m�`._#w$�

i$m�g}k�m+�Zu�~+g+`¨|zd$j#`.m$j#k�i5u$`.m�`._#w$kv`.nVi�n?w$`.m$`._�i5uvk �Z`\g�bed�_��Z`.n.���{�5�,|�|z`.m$g'kv��� �Zd+m$j�i5k�m+n(j�s�`pi�ulw�`�x'_�i

j�s+i\jVuv`.i5g'n�b�_#d�f��  �~'i\j#kvd�m�o �+r?j#dyj�s�`�`! �~'i\j#kvd�m+nVd5bVf�d$j#kvd�m �

9�%



��n�nX~�f�k�m�w�j�s+i.j
�hk�m+�Zu�~+g+`.n,k�m�j#`._!m+i5u'i$m$g§`Z��j#`._Xm�i5u�bcd�_#�Z`.n\�5j�s�`�`! '~'i\j�kvd�m+n?d�b f¤d$j#kld+m}s+i\t$`

j�s�`,bcd$uvuvd5�,k�m$w�w$`.m�`._�i5uzbed�_�f{��i5n:n!s�d5��m§k�m£�,|+|'`.m�g'kv�y� ±

���� & � � 4
�
���� � �� � �� ��� � �� 
�� �� � o �$r

�,s�`�i@xzd5t$`�`! '~'i\j#kld+m+nVbcd�_�f i�n��+n�j#`.f d�b¡j#s$`�bcd�_�f��
	 &�T:�Rd5b � $���o � r��Zd�~'|+uv`.g�`! �~'i\j#kvd�m+n

�,kvj�s � $��o � r,~�m'�+m+d5��m+n.�,�,s�`�n���n�j#`.fhk�n�d5bVnX`Z�Zd�m$g{d+_#g�`._��,kvj�s�_#`.nX|'`Z�Zj,j#d � i$m�g�m�`Z`.g'n�j�d

x'`�m$~+f�`._�kv�.i5uvuv��k�m�j�`Zw+_�i\j�`\g�bcd�_#�,i$_#g�j#s'_#d�~+w�s�j#k�f�`$�$��s+kv�Zsyk�n,g'd�m�`�i5n�bed�uluvd5�,n.� �,j:`.i5�Zsyj#k�f�`

n�j#`.|�d5b�j#s$`�n!k�f�~+u�i\j#kvd�m �$j#s$`,uvk�m�`.i$_:n��+n�j#`.f�o �$r¥k�n:n�d$uvt$`.g¤bed�_ �� ~+nXk�m$w��,s�d$uv`.n!��k'b�i��Zj�d+_�k��.i\j#kld+m �

��m+�Z`:n�d$uvt$`.g*� ��`�d�x+j�i5k�m�j�s�`�m�`Z� t$i5u�~+`\n*bcd�_ � 	 �� x���k�m�j#`Zw�_�i\j#k�m$w:j#�,kv�Z`$�*�,s�`._#`Vk�n?i�m$~�f�x'`._ d5b
f�`Zj�s�d�g'n:�:`��.i�m{~+n!`�j#dyg'd�j�s�`�k�m$j#`Zw�_�i.j#kvd�m �(^+d�_�g�`.f�d+m+n�j!_�i\j#kvd�my|'~'_�|zd$n!`\n:��`�s+i\t$`���s�d$nX`.m

j#d¤~+nX`�~+nXk�m�w ��~+ul`._pk�m�j#`Zw�_�i\j#kvd�m�i$m$g �<m+kvj#`�g'k 1 `._#`.m+�Z`.n�i5n:bcd$uvuld5�,n ±

�� � & � � � � � 6 4� 
 	

�� � & � � � � � � 6 4 � � � 6��� 
 � �

 "!� ���	� � & �	������*2& ���#"
 �_#d�~+m$g{�Zd+m$j�i5�ZjVi$m�g{w�_�i\t+kvj���i$_#`�j!_#`.i\j#`.g{i5n:k�m$g+`.|'`.m�g�`.m�j,`Z�+j#`._!m+i5u+bcd�_#�Z`.n:k�m{j#s$`�g'�'m�i$f¤kl�Zn
bed+_�f�~+u�i\j#kld+m �R��uvu$`Z��j#`._Xm�i�uZbcd�_#�Z`.n*f�~+n�j�x'`?jX_�i$m+n#bcd�_�f�`.g:b�_#d+fJj�s�`.k�_-�,i$_#j#`\n!k�i$m,_�`.|'_#`.nX`.m$j�i\jFkvd�m

j#d�j�s�`:w$`.m�`._�i5uvk��Z`.gyd�m�`$�(�,bcj#`._*jX_�i$m+n#bcd�_�f�iZj=kvd�m �Zj�s�`,`Z�+j#`._!m+i5u�bed�_��Z`.nVi$|+|'`.i$_ k�myj#s$`�`! �~'i\j#kvd�m+n

d5bVf�d$j#kvd�m{i5n�i�n!`Zj�d5b?w$`.m�`._�i5uvk��Z`.g{bcd�_#�Z`\n.���£���,s+k�n�k�n�g'd�m�`}i5n:bcd$uvuvd5�,n ± ��� &�� ��� ��s$`._�`

� k�n,j�s�`���i5�Zd�x+k�i$m£f�i.jX_�kv�y|'_#`.nX`.m�j�`\g�k�m£�,|+|'`.m�g'kl�§� �

 �_#d�~+m$gy�Zd+m$j�i5�Zj*k�n�f�d+g�`Zuv`\g�~+n!k�m�w}i�|'`.m+i5u j#�}f�`Zj#s$d+g���s+kv�Zs�nXk�f�~+u�i.j#`\n�j#s$`,w+_#d�~+m$g�bed�_��Z`
9 �



Ground

( a ) ( b )

Total Forceθ

Ground
Vertical

Force

Friction  Force

Damper Spring
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i5�Zj#`._#n.�£��~'_�i$|+|'_#d�i5�Zs{j�i$��`.n�j!_�i5g'kvj#kvd�m�i�u*b�_#`Z`Xacbcd�_�f g+`Xbed�_�f}i\j#kvd�m+n�i$m�g�`Z�+j#`.m$g'n�j#s$`.f j#d�i

g'��m+i$f�kv�:nX`ZjFj#k�m$wR�(�,s�`Vbcd�_�f�~+u�i.j#kvd�m�|'_#d5t�kvg+`.n?bcd�_?xzd$j�s�uvd��.i�u<i$m�g�w$uvd�x'i5u'g'�'m�i$f¤kl�,^(^�q�n,i$m�g
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n!~���s{i5n�j#`.i$|'d�j�n\��k�m�j#d�i$m+k�f�i\j#`��Zs�i�_�i5�Zj#`._#n.�?��m�g�s�d@��n!s$d+~+ulg i�n� '~'i5n!s�a�i$m�g+aFn�j!_�`Zj��Xsyj#`.i$|zd$j

f�d5t$`�� �?�+k�n�j#k�m$w{f�d$j#kvd�m�aFn��'m$j#s5`.nXk�n�j�`Z�Zs'm+k  �~+`\n��.i�m�x'`�i$|+|+ulkv`\g�j#d£j�s�`}i5�Zj#kvt$`�g+`Xbed+_�f�i.j#kvd�m+n

j#d¤i\~$j#d�f�i\j#`,j�s�`�|'_#d��Z`\n�n,d5b?i$m+n��:`._�k�m�w�n!~$�Zs  �~+`\n�j#kld+m+n.�

^'_#`Z`Xacbed+_�f�g+`Xbcd�_�f�i\j�kvd�m+n,i$_�`}i£j#d�d�u�d�m�`��:d�~+uvg�ulk��5`Zuv��~+nX`}j#d�f�i$�5`�n�d$uvkvg d�x5��`Z�Zj#n��Zd�f�`

i5uvkvt$`,k�m�i��5`Z��acb�_�i$f�`.g�i$m+k�f}i\j#kvd�m �*�,s�`,i$|�|'_�d�i5�Zs�|'_#d$|'d�n!`\g¤s�`._#`,�.i�m�j�i$�5`:j�s�`,^�^(q u�i\jFj#kv�Z`.n

g�` �<m�`.g§bcd�_?�5`Z��b�_�i$f�k�m�w¨i$m�g�f�i$�5`:j#s$`.f�i5�Zj#kvt$`,i$m�gyg'�'m�i$f¤kl�$�-��`Z�.i.~+nX`,n� '~'i5n!s�a�i$m�g+aFn�j!_#`Zj=��s

g�`Xbcd�_�f�i\j#kvd�m+n,i$_#`�n�d�j#�'|+kl�.i�u�j#d£�.i$_#j#d�d+m�aFn�j#��uv`�i$m+k�f�i\j�kvd�m �zulk�x'_�i�_�kv`.n�d�bVg�`Xbcd�_�f�i\j#kld+m{f�d�g+`.n

i$m�g�n�j�i$m$g'i$_#g'k��Z`\g�f�d$j#kvd�m+n �Zd�~+uvg}x'`V|'_�d@t+kvg�`\g�j#d�i$m+k�f�i\j#d�_#n.� q,k�1 `._#`.m$j(�Zs�i$_�i5�Zj#`._#nR�.i$m�f�i$�5`

~+n!`�d�b¡`Z�+k�n�j#k�m$w§n!`Zj#n,d5b?g+`Xbed�_�f}i\j#kvd�myf�d+g+`.n.�'g+`Xbcd�_�f�i\j�kvd�m+n?�.i�m�x'`�uvd�i�g�`\g�d�_��Zs�i$m�w$`\g*�Ri$m�g

�5`Z��acb�_�i$f�`.gyi$m�g�|'s$�+nXkl�Zn�a�x'i5n!`\g�f�d$j#kvd�m��.i�m{x'`�`Z���Zs�i�m$w$`\g�i�n�m$`Z`\g�`\g*�

��~'_��:d�_#���.i�m xz`�`Z�+j#`.m$g+`.g�k�m�t�i�_�kvd�~+n��,i5�+n.�'� kvj�sJ_#`\n!|'`Z�Zj�j#d�f�d+g�`Zuvk�m$w �?�:`��Zd�~+uvg

�Zd�f�x+k�m�`Vg+`Xbed+_�f�i.j#kvd�m+n k�mym+d�m�aFuvk�m$`.i�_(�pi���n.�*q��'m�i$f¤kl�:�Zd�m+n�j!_�i5k�m�j�n �Zd�~+uvg¤xz`:k�f§|+ul`.f�`.m�j#`.g�k�m

d�_#g+`._ j�d�i5uvuld5��j#s$`?�Zd+m+n�j!_�~��Zj#kld+m:d5b��Zd�f§|'d�~+m$g�d+x@��`Z�Zj#n.�*�,s+k�n �Zd�~+uvg}x'`Vi�|�|+uvkv`.g�j#d�i$_�j�kv�.~+u�i\j#`.g

�Rw�~'_#`\n}s+i.t+k�m$w g+`Xbed+_�f�i@x+uv`y|'i$_#j#n.�'� `{�:d�~+uvg i5uvn�d uvk���`{j�d `Z�'|'`._�k�f�`.m�j��,kvj�s�^(^�q x+uvd��Z�$n

x'i5nX`.g �¥aFn!|+uvk�m$` x'i5n!k�n�bF~+m+�Zj�kvd�mJi�m$g s+kv`._�i$_���s+kv�.i5u:n�j!_�~$�Zj�~'_#`\n��,kvj�s�nXs�i$_�`.gJ�Zd�m�j!_#d$uV|zd$k�m$j#n.�

8*i5n�j=uv�$�5j�d�k�fy|'_�d@t�`�~'|'d+m�j#s$`:g'�'m�i�f�kv�Zn.�@i��Zd+fy|+uv`Zj�`:i$m�g}`��£�Zkl`.m�jVf�`Zj�s�d�g�bed+_*g+`Zj#`Z�Zj�k�m�w�i$m�g

_#`.n�d$uvt�k�m�w}�Zd�uluvk�nXkvd�m+n,�.i$m£x'`�k�fy|+uv`.f�`.m�j�`\g*�

 ���#� � ����������� � � � �b� ���� � �-� � � � � ��� � �������

�,s+k�n�i�|�|z`.m$g'kv��g�`._�kvt$`.n*j#s$`?j#`._�f¤n<d�b �  �~'i\j#kvd�m}o ��r i$m$g�nXs$d5�,n*s�d@� j#d,�.i5uv�.~+u�i\j#`?j�s�`?`! �~'i\j#kvd�m+n

d5bVf�d$j#kvd�m�o �$rZ�?¦+j�i$_#j#k�m$w�b�_#d�fCj�s�` 8*i5w�_�i$m$w�k�i�m�i$m�g£�Zd�m+n!kvg+`._�k�m�wyd�m+uv�{j�s�`���k�m�`Zj#kv��`.m$`._#w����

�:`�d�x+j�i5k�m � & �£�?�,s�`�d�x5��`Z�Zj:k�n:g'k�n��._#`Zj#k��Z`.g£k�m�f�i\j�`._�k�i5u+�Zd�d�_�g'k�m+i\j#`.n�~+nXk�m$w£|'d$k�m�jpf�i5n�n!`\n.�
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f�i5n�n,i$m�g 	 � k�n,j#s$`�|'d$nXkvj#kld+m£d5b�j�s�`�|'d�k�m�j:k�m{�:d�_#uvgy�Zd+d�_#g'k�m+i.j#`\n.� ��n!k�m�w �  '~'i.j#kvd�m+n�o �$r:i$m�g
o �$r��:`y�.i$mL��_�kvj#`�� � ��klj#s�_#`\n!|'`Z�Zj�j�d�j�s�`yw$`.m�`._�i5uvk��Z`.g��Zd+d�_#g'k�m+i\j�`\n.�{�*d�g'd�j#s�i\j��:`��<_#n�j

m+d$j#`:j�s+i.j ���� & � ��� )������� �	 � �?q,` �<m+k�m�w}j#s$` ��i5�Zd�x+k�i$m�f�i\j!_�kv� ��i5n	� ��� & � ����
 � 	 � �$�:`,�.i$m¤��_�kvj#`
�	 & � �� �?��n�n!~+f�`¨i�myd�x5��`Z�ZjV�,kvj#s���8w$uvd�x'i5u g�`Xbcd�_�f�i\j#kvd�m�f�d�g+`.n���uvd+�.i5u u�i\j=j�kv�Z`\n�`.i���s§d�m�`

`! �~+k�|+|'`\g{�,kvj�s �� g+`Xbcd�_�f�i\j�kvd�m�f�d+g+`.n.�V��s$`�t$`Z�Zj#d�_�d5b�w$`.m�`._�i5uvk��Z`.g{�Zd+d�_#g'k�m+i\j�`\n�i5n�g�` �<m�`.g

k�m �  '~'i.j#kvd�m o 4.r¥k�n ±

� &�� W � � ) � , � - � � 4 ����� � ��� � 4U4 ����� � 4 ��� ����� � � 4 ����� ��� ���� � o �$r
q,`.m+d�j�k�m�w�w$uvd�x'i�u  '~'i$m�j�kvj#kv`.n?�,kvj#s�k�m$g+`Z�10 i$m�gyuvd+�.i5u  �~'i�m$j#kvj#kl`\n?�,kvj�s�k�m�g�`Z� �Rj#s$`�`Z��|'_#`\n�nXkld+m
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