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uv]*bxe�_`at��bd_�h*_�m0bfe�r*pfa#wW^-_L^Bc�u�_`aB��wWj�zgzv^Ye�ryj#c�m?uvj�a�ryj�e�bdugbqj#c�j�c�j#z�wWpqj�e�^)ugjµa�]*bdcis#^��

��c�ugzgj�m�hywWbdcis�a?]*bqc*s#^naYu�ug]*^�ryj�e�bdugbqj#c9s#bdo�^�e)o�^Bzg��h*cye�u}at{ipd^�zg^Ye�h*pdu�eW�"!�^-^ � s#h*zv^��i�
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maximum preferred

hinge locationspline

hinges
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�O{ye�^Bzvo�atugbqj#c�jtl�uv]*^)l¤atbqpdh*zv^�jtl�uv]*^Opxatzvs#^Ye�u$m0bxe�r*pxa�wW^B_L^Bc�u�e�uvz}aYug^Bs���zg^Bo�^YaYpxe�uv]yatu$wWj�c0uvzgj�p
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��m0^YaYpdpd����a/wWj�c0uvzgj�p�ryj�bdc�u�e�]ij#h*pfm­{y^�bdcye�^Bzguv^Ym�atu$akpqj�wBatuvbdj#c|e�hyw}]Lug]�atu)uv]*^O_`at��bd_�h*_&^Bzvzgj�z

zg^�m0hywWuvbdj#c`j�wBw�h*z}e���\)]*bxe��)j�h*pxm`wWj�zgzg^�e�ryj#cym`ugj�_`at��bd_@bº�-bºciskuv]*^�bdc0l~j�zg_`aYugbqj#cLzv^Br*zg^�e�^Bc�ug^Ym

{��±uv]*^�c*^B� wWj�c0uvzgj�p�ryj#bqc0u-��atc�mFwWj#cye�^5��h*^Bc�ugpd�`zv^Bs#bqj#cye���bqug]F]*bqs#]*^-z�bqc0l~j#zv_`atuvbdj#c m0^Bcye�bdu��

�)j�h*pxm�wWj�c0u�atbdc�_Lj�zg^Fw�j#c�ugzgj�p�r�j�bdc�u}e�� ��c�ug]*bfe`e�ugz�atuv^Bs#���)^ aYugug^-_Lr*uLuvj¼^�e�ugbq_`atuv^�uv]*^

ryj�e�bdugbqj#c'j�c'ug]i^Le�r*pdbqc*^­uvj`bdc�ugzgj�m�hywW^@a±]*bqc*s#^@e�hyw}] ug]yaYu/ug]i^ ÌiÇ#Æ�É�Ï0Æ¤ÍxÅ#Ã�Á-Ç0> >ÖÉvÊ�Â < ÍxÏ#Ó9ÆÕÔyÉ

É�>�>gÇ0>kÉÖÏ�É�> Ó�Ä � ÍºËkÈ�Å���ÍxÈ�ÍºËYÉvÊ �
� j#cye�bxm0^-z�akryj�pd��c*j#_Lbfatpyr*bq^YwW^�jtl�uv]*^�e�r*pdbqc*^����)��_|atr*r*bqc*s�ug]*^�r�j�pd��c*j#_@bxatpir*bd^Yw�^�j�c0uvj

aF]*j#zvbd�Bj�c0u�atp)pqbdc*^9e�^Bs#_L^-c0u-��ug]i^±zv^Ye�bfm0hyaYpOm0bxe�r*pxa�wW^B_L^Bc�u}eO{�^-u��$^B^Bc·ug]i^�evat_Lripdbdcis�ryj#bqc0u�e

atc�m­ug]*^�m*aYu}akryj�bdc�u}e�atzv^�aYpxe�jn_`atrir�^�m�e�hyw}]­uv]yatu$ug]*^-�/{y^YwWj�_L^�ry^Bzgry^Bcym�bxwWh*pfatz�ugj�uv]*^�pqbdc*^

e�^-s#_L^Bc�uB�6\)]*^�c*^B��o�^BzguvbxwBaYp�m0bfe�r*pfa#wW^-_L^Bc�u}e�� � _`aB�­{y^���zgbquguv^Bc9a#e
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!�^B^ � s#h*zv^ �0��\)]*^�]*bqc*s#^�e j�c�^Bbduv]*^Bz�e�bxm0^�jYl<ug]*^�ryj#pq�0cij#_Lbfatp�r*bd^Yw�^�atzv^�aYpxe�jkcij#ug^�m�a#e�^Bbduv]*^Bz
� ��^YmF�Õl~j�z�^Bcym¡�¤ryj#bdc�u}e}�)j�z�l~zv^B^��

�)�`atpqpdjY��bdcis�ug]*^npdbdci^�e�^Bs�_L^Bc�u)uvj­{y^�w�j#_Lr*pq^Bug^-pd��{*zvj�5�^Bc9atu�e�j�_L^�ryj#bdc�uB�*�$^�r*zgj�wW^-^Ym

ugj wBatpfwWh*pfatug^�uv]*^L_`aY�0bq_�h*_ ^Bzgzvj#z�^Bc*^-zgs#�Fzv^Ym0hyw�ugbdj�c£ryj�ege�bq{*pd^@j#c'{yj#uv]'ug]i^`e�_`aYpdpq^Bz�pqbdc*^

e�^-s#_L^Bc�u}e���]*bxw}]�wBatc@{�^�a#w}]*bq^Bo�^Ymk{���_LjYo�bdc*sOug]*^O{*zv^Ya65�ryj#bqc0u�atcym/l~zg^-^�]*bqc*s#^�e o�^-zgugbfwBatpqpd���






a#eObdc � s#hizg^ �0� �*j#z�a�s#bdo�^-c�{*zv^Ya65`ryj#bqc0u-��uv]*^�^Bzgzvj#z��¤^Bc*^-zgs#bq^YeOatzg^ �¡h�a#m0z�atugbfw#� � l�uv]*^/^Bzvzgj�z

^Bc*^-zgs#�@ugj�ug]i^kpq^Wl~u�jtl6ug]i^k{izg^YaV5Lryj#bdc�u�atu ����bxe(��� ��ug]*^Bc
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��]*^Bzv^�� atcym � atzv^�uv]*^·� o�^BzvugbfwBatp~��m0bfe�r*pfa#wW^B_@^Bc0u�ekjYl/uv]*^�pq^Wl~u�]*bdc*s�^FaYcym {izg^YaV5¼ryj�bdc�u
zg^�e�ry^YwWuvbdo�^Bpq����\)]*^�_`at��bd_�h*_¨^-c*^Bzgs��­zv^Ym0hyw�ugbdj�c`r�j�ege�bd{*pq^/_`aB��{y^/^Ya�e�bqpd�@wWj#_Lrih*ug^Ym�{0�
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��]*^Bzv^���� �/�¦bxe�uv]*^�s#z�a#m0bq^Bc0u6jtl%��atc�m$� � bxe�uv]*^OÀ�^Yeve�bfatc���]*bfwÖ]�bfe�wWj#c�e�u}aYc0u6��bdug]�zv^Ye�ry^Yw�u
ugj%�'aYcym � �

free hinge
fixed hinge

residual displacements

test break location

α

β
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\)]*^10 ÏyÉ�> Ó�ÄYÐ32�ÉvÊ�Â < Æ¤ÍxÇ�Ï54�Ç#Æ�ÉÖÏ0Æ�ÍxÅ#Ã l~j#z$a�ryatzvugbxw�h*pxaYz+ryj�bdc�u�bxe�m0^ � c*^Ym�a#e�uv]*^�e�h*_¨jYl�uv]*^
pd^�l~u�atc�m±zgbqs#]�u�_`at��bd_�h*_ ^Bc*^Bzvs#��zg^Ym0h�wWugbqj#cye�bºl6a�{*zg^�a65Lbfe)bdc�ugzgj�m�hywW^Ym`atuOug]�atu�ryj#bqc0u
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��c0uvh*bduvbdo�^Bpq����ug]*bfe ÌiÇ#Æ�É�Ï�Æ�ÍxÅ#Ã m0j�^Ye�c*j#u�c*^YwW^�egegaYzgbqpd� zg^Wl~^Bz�uvjFug]*^`bq_L_L^Ym0bqaYug^�r�j�ug^Bc�ugbfatp)l~j�z

^Bc*^-zgs#�9_Lbdcibd_�bxegaYugbqj#c�� ��c�e�ug^�a#m ÍdÆOÈ­ÉvÅtË-Â >}ÉgË�ÆxÔyÉLÉ�Ï�É > Ó�ÄYÐ >ÖÉvÊ�Â < Æ¤ÍxÇ�Ï±ÌiÇ#Æ�É�Ï�Æ�ÍxÅ#Ã0Á-Ç0>�ÅLÔiÍxÏ#Ó0É

Å#Æ�ÆxÔyÉ�Ì*Ç�ÍxÏ�Æ�Æ¤Ç ,WÉ�ÌiÅ0>}Æ�Ç�Á�Å < Ç�È�ÌiÅ#Æ�ÍM,WÃqÉ < Ç#ÃqÃ�ÅWÌ*ËYÉ�È­É < ÔiÅ�Ï*ÍºË-È ÃÎÍ<;�É}Ã�Ä�Æ�Ç.,WÉ�Á-Ç0>�È­ÉvÊ�Å�Á�Æ�É >�Å�Ï

Å�Ê�Ê�ÍdÆ¤ÍxÇ�Ï*Å#Ã�Ï*Â�È.,WÉ�>/Ç�Á < Ç�Ï�Æ?>vÇ#Ã0ÌiÇ�ÍxÏ0Æ>=xÔiÍxÏ#Ó0É3?±ÍxÏ¡ËYÉ�>}Æ�ÍxÇ�Ï�Ë �
\)]*^ �+ �¢O� e�ugz}aYug^Bs�� bfeLug]*^Bzv^Wl~j#zv^FugjAbdcye�^Bzgu`a·]*bdcis#^ atu`ug]*^ ryj#bqc0u`j#c ug]*^ e�r*pqbdc*^

wWj�zgzg^�e�ryj#cym�bdc*s·ug]i^£_`aY�0bq_�h*_ ^Bci^Bzgs��¡�¤zg^Ym�hywWugbqj#cAr�j�ug^Bc�ugbfatp16L� ¢�^Ye�h*pqu}e­{�a#e�^�m j�c uv]*^
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�� �¢�� e�ugz�atuv^Bs#� ]yaBo�^Le�]*jY��c'ug]�atu/uv]*^@wWj#c�ugzvj#p�ryj#bdc�u}enatzv^­bqc0uvzgj�m0hyw�^Ym bqc£ci^Yatz���j�r*ugbq_`atp
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\)]*^O_Lbdcibd_�h*_ m�^YegwWzvbdr*uvbdj�c�pd^Bc*s�ug]9���F�k���6wWzvbduv^Bzgbqj#c�{���¢�bxegevatc*^-cF¸�¹ �#»*r*zvjYo0bfm0^Ye�a�s#^Bc*^-zgbxw

_L^Buv]*j�m­l~j#z�wWj#_@ryatzvbdc*s�uv]*^/j�r*ugbq_`atpqbdu���jtl$m�b��<^Bzg^-c0u�_Lj�m�^Bpxe � uvug^YmLuvjLa­r�atzguvbxwWhipxatzOe�^BuOjtl

m*aYu}a0�y��]*^Bzv^�_Lj�m0^Bpfe+_`aB��]yaBo�^nm0b��<^Bzv^Bc�u�m0bq_L^Bcye�bdj#c�atpdbqu���atcym9e�ugzvhywWuvh*zg^��

��j�m0^Bp�� � uvugbqc*s/_`aB�n{�^O^B��r*zg^�ege�^�m?bqcLan��a���^�e�bxaYc/l~z}aY_L^B�)j�z 5�a�e È�Å���ÍxÈ�ÍºË-ÍxÏ#Ó ug]i^�aYr�j�e��
ug^-zgbdj�zgb�r*zvj#{yaY{*bdpqbdu����n���:��� ����]i^Bzg^�� bfe?uv]*^`_`atuvzgbq�£jYl�miatu}aFryj#bqc0u�e­s#bqo�^Bc·{0��� �

¸ � � � ������� � � »��<atcym��'bxe�aLo�atzvbxaY{*pd^W�¤pd^-c*s#uv]Fo�^YwWugj�z�w�j#c�u}atbqc*bdcis�aYpdp�_Lj�m0^Bp�ryaYz}at_@^Bug^Bz�eW�

\)]*^Bc���bqug]�uv]*^�aYr*r*pdbfwBatuvbdj�c�jtl¦��aB��^Yeb�Bzvh*pd^�atcym/uv]*^Oa#eve�h*_Lriugbdj�c�ug]yaYu��n��� ������bxe�aOc*j#zv_`atp
m0bfe�ugzvbd{*hiugbdj�c��0�$^�j#{*u�atbdc atc9^B�0rizg^Yeve�bdj�c`ugj�{y^/_Lbqc*bd_�bxe�^Ym �
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 � pdj�s ' �?���

��]*^Bzv^(�$��� � ��� � ��pdj�s)�n��� �������·pdj�s)�n�"���)bfe�ug]*^nbxm0^�atp6wWj�m0^�pd^-c*s#uv]�ugj|m0^Yegw�zgbd{y^n{�j�ug]

� aYcym����*! �:¸ � � � � � � ����� � �� »�bfe�a­o�^Yw�ugj#z�wWj�c0u�atbdcibdc*sLuv]*^�^Bpq^B_L^Bc�u}e�jtl��&� % bxe�uv]*^

wWjYo�atzvbxatc�wW^�_`atuvzgbd��jYl+!��yatcym � bfe)ug]*^�c�h*_�{�^-z)jtl wWj�c0uvzgj#p�ryj�bdc�u}eW�

��c�wWbdz�wWh*_`e�u}atc�wW^Ye/��]*^Bc�uv]*^ wWjYo�atzvbxatc�wW^F_`atuvzgbq� % bxe­hic 50cijt��c¦��bdu�bxe�r�j�ege�bd{*pq^£uvj

^Ye�ugbd_|atug^�uv]*bxe�l~zvj#_�ug]i^­zv^Ye�bfm0hyatp�^Bzvzgj�z}eW�-,�e�bdcis±uv]*^�hye�hyaYpdpq� egatuvbxe�l¤a#wWuvj#zg� e�bq_Lr*pqb � wBaYugbqj#c
% �/.i�10�bqcFj#h*znatc�atpd�ie�bfeW��atc h*c�{*bxa�e�^Ym�^�e�ugbq_`atuv^�l~j#z�ug]*^�hic*bºl~j�zg_8o�aYzgbxaYcywW^2.i��bfe �. � �
!435!
� � � � � �/¥�eOc*^B� wWj#c�ugzvj#p�ryj�bdc�u}e�aYzg^�s#z�a#m0h�atpdpq��bqc0uvzgj�m0hyw�^Ym���^Ya�wÖ]9c*^B� ^Ye�ugbd_|atug^2� ��6 � bfe
wBaYpxwWh*pfatuv^Ym {�a#e�^�m£j#c �. � � l~j#z/uv]*^@wWh*zgzv^Bc�uk^�e�ugbq_`atuv^�� � l7� ��6 �28 � � ��rizg^Bo�bdj�hyek^Ye�ugbq_`atuv^Ye
� � _`aB��ug]*^-c�{y^�zg^Bo�bxe�^Ym­{�� ,}Å < ;}Ì >vÇWÌ*ÅBÓ�Å#Æ�ÍxÏ#Ó uv]*^�c*^B� �. � �96 � ��\)]ibxe�egw}]*^B_@^�bfe�e�bd_@bdpxaYz)uvj
ug]�atu)h�e�^Ym­bqc ¸º¹�	t»¤��\)]*^�_@bdc*bq_�h*_$�£bfe�hye�hyaYpdpq�LwWj�cye�bfm0^Bzv^Ym l~j�h*cym­j�cywW^:� zv^B_`atbqcye�]*bqs#]*^-z

¹#¹



ug]�atc�uv]*^�pdjY�)^�e�u)^�e�ugbq_`atuv^�jYo�^Bz�a�c�h*_­{y^Bz�jYl�bduv^Bz}aYugbdj�cyeW�

� ª�� ,/.�#�� #k«�¬ �k¬�´B¯­« �?«F° ���$, #�®�´�� #�«­¬ � .	� #� �² .�¬  

\)]*^Oe�r�^�wWb � w)rizgj#{ipd^B_ wWj�cye�bfm0^Bzg^�m/]*^Bzg^$bxe�uv]yatu�jYl � ugugbqc*s��+��e�r*pqbdc*^�e�ugj�w}]yaYbdcye�jYl<^Ym0s#^-pxe�j�{0�

u}aYbdc*^�m?l~zgj�_ atc��­^�m0s#^W��m0^Buv^YwWuvbdj#c|atcymLpdbqc 5�bdc*snatpqs#j�zgbduv]*_F� ��j�z)uv]*^�r*h*zgryj�e�^�jtl wWj#_@ryatzvbdc*s

ug]i^�r�^-z�l~j#zv_`atc�wW^/jYl)j�h*zn�� +¢O�±�¤{ya#e�^YmFatpqs#j#zvbduv]*_8uvj±uv]*^�pxaYug^Ye�u�e�r*pdbqc*^W� � uguvbdc*s@_L^Bug]ij�m*eW�

�)^nbd_Lripd^B_�^Bc�ug^-m 2Oh 3^B�Bbq^Yw�atcymF¥���a�wÖ]i^-� e�aYpds#j�zgbqug]*_ ¸ �t»���]*bfwÖ]`bdcFj�h*z�j�r*bdc*bqj#c a#m*m0zv^Yege�^Ye

ug]i^�_`atbqc e�r*pqbdc*^W� � uvugbdcisLbxeve�h*^YeO_Lj�e�u�ug]*j�zgj�h*s#]*pq� at_Lj�c*s`ug]*^�j�ug]*^-zkrih*{*pdbfe�]*^�m�_L^Bug]ij�m*eW�

\)]*^`aYpds�j#zgbqug]*_|eµ�$^Bzg^�ug^�e�ug^�m£j#c'uv]*^`wWj�c0uvj#h*z�e/e�]*jY��c¼bqc � s#h*zv^Ye �0�¤a¡��aYcym ���¤a0�Ò^��}�9\)]*^

zg^�e�h*pqu}e�atzv^FwWj�_LryaYzg^Ym£bqc·ug^Bzv_`ekjYl�^Bzgzvj#z�ekl~j#z�ug]*^9egaY_L^Lc�h*_�{�^-z/jtlkwWj#c�ugzvj#p�ryj#bqc0u�eW�$a#e

e�]ijt��c`bqc � s#h*zv^Ye �0�xlW�$aYcym ����m��¾]��}� �*j�z�ug]*^ � z}e�uOw�h*zgo�^���ug]*^ � u�j#{*u�atbqc*^YmL{0� 2Oh 3^B�Bbq^YwOatcym

¥���a�wÖ]*^ � e�atpqs#j�zgbduv]*_§��]*^Bc�^-zgzgj�z}e�aYzg^�e�bq_Lbdpfatz�ugj�j#h*z � u�l~j�z�
�wWj#c�ugzvj#p*ryj�bdc�u}e�bxe�aYpxe�j�e�]*jY��c

bdc � s�h*zg^ ����m����

\)]*^Lzv^Ye�h*pqu}e�bdc�m0bxwBaYug^�uv]yatunug]*^`�� �¢O� wWj�c0uvzgj#p���ryj�bdc�u/bdc�e�^Bzvugbdj�c'e�ugz�atug^-s#�Fbxene�h*ry^Bzvbdj�z
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