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�NZV[VSJQLW]NSK\NSP\]LdVWO]PZPU_LNK`ZN]_VTLKMUV4
ZV]`efNNOPUP_NSVNJ]NZVYNKPZPTTVR`LUVRL[VVVOPRTPUW4
NK]NgLKMYSP\VNRLZLXVQUVSVXNJQPcZVL\SPJKVQV�hUL\PZL4
]WKNaSPUP\VV[Vd]PTiaOUPJQPOLSNUMSia]NSK\NSPTJQVaO]V4
NYSVQPTjZPRPT`eSL\]`RQ`SLOL[VNSKLYP_SPJ`fNJKTNSSP
JSVRVKMOP J]LTSNSVeJQULJJVXNJQPcLSLUP\PTPc]NSK\NSP4
\]LdVNc��NaSPUP\VWZT`abSN]\NKVXNJQPc]NSK\NSP\]LdVVZLNK
gV]PQVNTPRYP_SPJKVOPU`XNSVWSPTPcZVL\SPJKVXNJQPcVS4
dP]YL[VVk�l�

	UNZ`NKTSVYLKNUMSPPKSPJVKMJWQTi^P]`OL]LYNK]PT]N4
QPSJK]`Q[VV�mSVYP\`KQLQ`U`XgVKMjKLQV`a`ZgVKMQLXN4
JKTPVRP^]L_NSVW� nLZLXLZLSSPc JKLKMV o ZLKMOPSVYLSVN
YNaLSVRYPT]NQPSJK]`Q[VVjJKPWfVaRLKNaSPUP\VNcZT`abSN]4
\NKVXNJQPc]NSK\NSP\]LdVVjVTi]L^PKLKM]NQPYNSZL[VVZUW
T]LXL4]NSK\NSPUP\LOPVJOPUMRPTLSVeZLSSPcKNaSPUP\VV�
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�LKNQ`fVcYPYNSKSL]iSQNpqO]VJ`KJKT`eKSNJQPUMQP
O]PVRTPZVKNUNc LOOL]LKPT J `QLRLSSPc KNaSPUP\VNc� rKP
8�NUNQP]Z4��4sUeJ: ��m8��t:jpq�j 86F@/�D')'&��':
�86+u�%�)#H' ���) D!$�'#$:j�OPSVW�j 8D�"��)2�$��" D�%�&':
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O]VTNZNSSiNTZLSSPc JKLKMN JSVYQVOPU`XNSiSLLOOL]LKN
8�NUNQP]Z4��4sUeJ:�

�NaSPUP\VWZT`abSN]\NKVXNJQPc]NSK\NSP\]LdVVO]NZSLR4
SLXNSLO]NVY`fNJKTNSSPZUWZVL\SPJKVQVOLKPUP\VcP]\LSPT
\]`ZSPcQUNKQV �mw
�j KLQQLQZVL\SPJKVQL bKVaOLKPUP\Vc

PJUP_SNSLSLUP_NSVNYO]PNQ[VcUN\PXSPcVQPJKSPcKQLSNc�
�JOPUMRPTLSVN]LRUVXSiabSN]\NKVXNJQVaZVLOLRPSPTOPRTP4
UWNKPJ`fNJKTVKM]LRZNUNSVNKQLSNcJ]LRUVXSiYVQPbddV[V4
NSKLYVPJUL^UNSVWVOPU`XVKMVaPKZNUMSiNVRP^]L_NSVW�

rQJOPSNS[VLUMSicRLQPSPJUL^UNSVWVRU`XNSVWOPRTPUW4
NK JPJKLTVKM JVJKNY``]LTSNSVcZUWSVRQPc �xB�V TiJPQPc
�AB�bSN]\Vcy

0 exp( );HE HE HE HE
soft soft bone boneI I t t= −µ −µ  ���

0 exp( ),LE LE LE LE
soft soft bone boneI I t t= −µ − µ  ���
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PKTNKJKTNSSP{|oQPbddV[VNSKPJUL^UNSVW{�oKPUfVSLP^zNQ4
KL�
PYOPSNSKL]NUNNTJQP\P]LJJNWSVWYLULjOPbKPY`]NR`UM4
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UNcSL4�VgVSi��J]NZSNSSiNLKPYSiNSPYN]LZUW
YW\QPc�QPY^VSL[VWLKPYPT�j<j�jA�VQPJKSPc����KQLSNc
JPJKLTUWeK5V��JPPKTNKJKTNSSP�

IYNZV[VSJQPc]NSK\NSPTJQPcKNaSVQNZUW]`KVSSiaVJ4
JUNZPTLSVcVJOPUMR`eKLSPZSPNSLO]W_NSVNPK>�ZP���QI�
�UWKNaSPUP\VVZT`abSN]\NKVXNJQPc]NSK\NSP\]LdVVTi^V]L4
eKZVLOLRPSi�����5�V�������>�QI�rKPOPRTPUWNK]LRSNJKV
JONQK]VRU`XNSVWZUWSVRQPcVTiJPQPcbSN]\VcZUW`YNSMgN4
SVW`]PTSWL]KNdLQKPT]NQPSJK]`Q[VV��UWOPZLTUNSVWSVR4
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QPbSN]\NKVXNJQVa QPYOPSNSK O]VYNSWNKJW ZPOPUSVKNUMSLW
dVUMK]L[VWk5ljk�l�

nSLXNSVWW]QPJKNcYW\QPc#��X�VQPJKSPc#Z���KQLSNcYP_4
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\ZNω�VωZoQPbddV[VNSKiOPZLTUNSVWQPJKSPcVYW\QPcKQL4
SNcj]LTSiNPKSPgNSVeQPbddV[VNSKPTPJUL^UNSVWKQLSNcSL
TiJPQPcVSVRQPcbSN]\VWa�nSLXNSVWQPbddV[VNSKPTRLTVJWK
PK`JUPTVcO]PTNZNSVWP^JUNZPTLSVWjdVUMK]L[VVjOL]LYNK4
]PTbQJOPRV[VVVLSLKPYVXNJQVaPJP^NSSPJKNcOL[VNSKL�

rQJON]VYNSKZLNKJUNZ`efVNRSLXNSVWyω�}�j����j��V
ωZ}�j1���j��k�l�s]V`TNUVXNSVVbKVaQPbddV[VNSKPTTPR4
]LJKLNKJKNONSMOPZLTUNSVWKQLSNcjPZSLQPKN]WNKJWZNKLUVRL4
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sL]LYNK]iZT`abSN]\NKVXNJQPc]NSK\NSP\]LdVVYP_SP
]LRZNUVKMSLZTN\]`OOiy]NQPSJK]`Q[VVVbQJOPRV[VV�
OL4
]LYNK]LY]NQPSJK]`Q[VVPKSPJWKJWyQPbddV[VNSKiOPZLTUN4
SVWQPJKSPcVYW\QPcKQLSNcjYNKPZVQPbddV[VNSKiOPZLT4
UNSVW[Vd]PTP\Pg`YL�
OL]LYNK]LYbQJOPRV[VVPKSPJWKJWy
SLUVXVN]LJK]LjKVOVTNUVXVSLdVUMK]L[VVO`XQLVRU`XNSVWj
dPQ`JSPN]LJJKPWSVNjLSPZSPNSLO]W_NSVNVQPUVXNJKTPbUNQ4
K]VXNJKTL�


PbddV[VNSKiOPZLTUNSVWQPJKSPcVYW\QPcKQLSNcOP4
RTPUWeK \V^QP`O]LTUWKM JKNONSMeJ`^JK]LQ[VVTi^]LSSia
KQLSNc��NKPZVQPbddV[VNSKiOPZLTUNSVW[Vd]PTP\Pf`YL
TUVWeKSLR]VKNUMSPNTPJO]VWKVNVRP^]L_NSVW�

qPQ`JSPN]LJJKPWSVNj]LJK]jLSPZSPNSLO]W_NSVNVQPUV4
XNJKTPbUNQK]VXNJKTLTUVWeKSL`]PTNSMg`YLT]NQPSJK]`V4
]PTLSSPYVRP^]L_NSVVjJTWRLSSicJ]LJJNWSSiYVRU`XNSVNYj
VPO]NZNUWeKQLXNJKTP]NSK\NSP\]LdVXNJQP\PVRP^]L_NSVWT
[NUPY��VOVTNUVXVSLdVUMK]L[VVTUVWeKSLbSN]\NKVXNJQVc
JONQK]VL]KNdLQKiPKJUL^POPZLTUNSSiaKQLSNc�

�L()*��\V]O]NZJKLTUNSiJONQK]iVRU`XNSVWZUWSVRQPc
VTiJPQPcbSN]\VcTRLTVJVYPJKVPKKVOLVKPUfVSiVJOPUM4
R`NYP\PdVUMK]LjOPU`XNSSiNJOPYPfMeO]P\]LYYSP\PP^NJ4
ONXNSVW JVY`UW[VV]NSK\NSPTJQP\P JONQK]L k��l��LQQLQ]`4
KVSSPNP^JUNZPTLSVNO]PTPZVKJW JVJOPUMRPTLSVNYLTKPbQJ4
OPSPYNK]Lj JONQK]iSP]YV]PTLSiOP QPSNXSPY` RSLXNSVe
QN]YiT�Yw]ZUWdPQ`JSP\P]LJJKPWSVW���JY�


LQTVZSPVR()*��\V]jSLV^PUMgNN]LRSNJNSVNJONQK]PT
TiJPQPcVSVRQPcbSN]\VcZLNKO]VYNSNSVNdVUMK]PT/*VUV
H�KPUfVSPc�j�YYj L KLQ_NdVUMK]L�+ KPUfVSPc�YY�
mZSLQPO]VVJOPUMRPTLSVVQPUUVYLKP]LJLTKPYLKVXNJQPcJYN4
SPcdVUMK]LJ`fNJKT`NKP\]LSVXNSVNSLZPO`JKVY`eKPUfVS`
YLKN]VLUL�IbKPYJU`XLNVJOPUMRPTLKMYNZSicdVUMK]^PUM4
gPcKPUfVSiSNTPRYP_SPjQ]PYNQLQO]V]`XSPc`JKLSPTQN
dVUMK]LTJLULRQVQPUUVYLKP]L�qVUMK]�YY/)~�j�YY�+
SNZLNKPOKVYLUMSP\P]LRSNJNSVWJONQK]PTVRU`XNSVWjSPWT4
UWNKJWTJK]LVTLNYiYOP`YPUXLSVeT^PUMgVSJKTPLTKPYL4
KVXNJQVa QPUUVYLKP]PTO]PVRTPZJKTLdV]Yi8@�)�� D�&�)�:
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��KLUVW�jgV]PQPO]NZJKLTUNSSiaSL]iSQN]NSK\NSPTJQPc
KNaSVQV��LUVXVNZLSSP\PdVUMK]LWTUWNKJWK]N^PTLSVNYZUW
O]PTNZNSVW]NSK\NSP\]LdVXNJQVaP^JUNZPTLSVcTONZVLK]VV
k��ljk��l�

IL_SiYdLQKP]PYP[NSQVQLXNJKTL]NQPSJK]`V]PTLSSP\P
VRP^]L_NSVW WTUWNKJW JPPKSPgNSVN QPSK]LJK.g`Y �DF<@�j
QPKP]PNYP_SPTi]LRVKMQLQ
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\ZN^ oQPSK]LJKYN_Z`ZT`YWVJJUNZ`NYiYVP^ULJKWYV{σ o
J]NZSVcg`YVJJUNZ`NYiaP^ULJKNc{�#��V�#��J]NZSVNW]4
QPJKVP^ULJKNc{σ�Vσ�oJ]NZSNQTLZ]LKVXSiNPKQUPSNSVW`QL4
RLSSiaP^ULJKNcj]LJJXVKLSSiNSLPJSPTNW]QPJKVOVQJNUL#��

�L DF<@ TUVWNK ^PUMgPN QPUVXNJKTP OL]LYNK]PT P^4
JUNZPTLSVWj KLQVa QLQdPQ`JSPN ]LJJKPWSVNj SLUVXVN VUV
PKJ`KJKTVN PKJNVTLefNc ]NgNKQVj VJOPUMR`NYicdVUMK]
OPZLTUNSVWg`YL�m[NSQLTUVWSVWg`YPOPZLTUNSVWSLJP4
PKSPgNSVNQPSK]LJK.g`YO]PTPZVULJMy^NRVJOPUMRPTLSVW
dVUMK]L �^NRg.O�{ J VJOPUMRPTLSVNYq��wL`JJL �DDA�{
TRTNgNSSP\PqI�g`YL O]PKVTPUN_LfNc P^ULJKV J TNJP4
TiYQPbddV[VNSKPY�j��/�<@�{TRTNgNSSP\PQPY^VSV]P4
TLSSP\Pq��VqI�JTNJPTiYQPbddV[VNSKPY�j��0x<@�
k�l�

�UWLSLUVRL^iUVJOPUMRPTLSdLSKPYjVYVKV]`efVc\]`Z4
S`eQUNKQ`�()*��_��mS^iUVR\PKPTUNSVRP]\JKNQULjLUeYV4
SVNTiaOPUPJ�8]N^]L:�VK]Na]WZPTTJKLTPQVROPUVbKVUNSL
s��jOPUVLYVZLs�1VdKP]POULJKLq>�8UN\PXSiN`RNUQV:�
KPUfVSPc�j�V�YY�IJKLTQV]LJOPUL\LeKJWTSNVSLZOPUP4
JLYVKPUfVSPc�V1YY��L()*��`OPQLRLS\]LdVQRSLXNSVc
DF<@T RLTVJVYPJKVPKKVOLdVUMK]LjYLKN]VLULVOPUP_N4
SVWTJKLTQVPKSPJVKNUMSPOPUPJi�
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LQTVZSPVR()*��`jVJOPUMRPTLSVNdVUMK]PTDDAV0x<@
ZLNKSLVU`XgVc]NR`UMKLKOP JPPKSPgNSVeQPSK]LJK.g`Y�
ITVZ` O]PJKPKi ]NLUVRL[VV ]NQPYNSZ`NKJW VJOPUMRPTLKM
dVUMK]DDA�
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