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R h U_iyi_UGR e ^�ÓdQSGq[TGq]&Q6R Ë A(U�BD i_]&X\X7U_R\Vr]HQ e R7JHQ6RtJHL6iGL6Q6U JHV6V6X\]AôSGqY|J@[TGf]HQxì M J h GfR\i_]&RVGq[7^XW M ]&X\R Ö L u L6Q
bdL�G e U{Q6UZYZ[a]&Q�GqU_Q�U_Rx[~i[GfRaJ\G MfM ^WÉ i Ç O VdJvn&U�Õ�] ogOR ÓdQ e U'YFUGR7L6X\U_X MPu U[^rUG[ e L i.GqRaJ�G MfM U_YBU_Q`[;R7LSX M J [aU�ôC[7L6X7U e L,bdL�G e U Ë�e UGL�ô Ç J�GfR\i_U_JHL�ô M JHR7UGX
É ê U ñ ÍtU Ë`_ Þ ßEî�3�à,å Q6Y Ë V6LSGfR7R7JHQ6iGU ma] Y û o [7XaJ h UGX7R\U_Q`[ M J,iGU MqM L M U R7U M ]&Q M J e GqX7UGiG[TGq]&Qcbed O
Â�u L5[TG M GfR7Jv[TGq]&Q e U e U_L�ô Ç J\GfR7iGU JHL�ô e GfRx[TGqQ6iG[7R�V	U_X\YFUg[ e U iG]&Q6QdJ-óf[aX\U MPu ^G[4J@[ e U M J,Rx[aX\L6iG[7L6X7U e L
bdL�G e UWVr]HL6X e Gf^r^_X7UGQ`[aU_R�gdJHL5[aU_LSX7R e JHQ6R M J{i_U MfM L M U OEÂ UGRèÓdnHL6X7UGR e U e Gh^�X7JHiG[FGf]&Q R7]HQp[si_] MfM UGiG[7^_U_RKR\L6X
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L6Q'^_iGXaJHQ e JvQ6R M U{V M JHQ É���� Ë � � orË V6L�GqRcQpL6YF^GXFGqR7^_UGRWn&XTEHiGU;ì L6Q6U{i_JHYF^GXaJoÎ3Î�Æ É é i�gdJvX7n&Ulk i_]HL6V M U e
e U h Gqi_U ë�Ë ÎN]�gCL ogO ÎN]HYFYBU~]&Q|VrUGLS[ M U h ]�GfXNR\L6X M J�ÓdnHL6X7U;Õ O���ËCM UGR Ç J�GqR7iGU JHL�ôB[7XaJ h UGX7R7UGQ`[ e U_L�ô Ç ]�GfR
M J iGU MqM L M U e U�ÎN]&LSUG[7[7U OpÛ ]&L6XZi�gdJ Ö L6U M JHR7UGX Ë6e UGL�ôFÓdnHL6X7UGR e U e Gf^rXaJviG[TGq]&Q�R\L6VrUGX7V	]&R7^GU_RtR7]&Q`[ e ]&QSi
]EÏ6R\U_X h ^_UGR OwÂ J V6X\U_YPG×Ä_X\UCÓdn&L6X\U UGR\[ e ^ Ç ]HX7YB^_UwVdJHX M UGR e Gf^r^_X\U_Q`[aR e Gf]HVS[aX\U_RW]&VS[FG Ö L6U_Rti_]HQ6R\[FGq[aL6JHQ`[
M J iGU MqM L M U e U�ÎN]&L6Ug[7[aU O

5 Q�R�ÃCR\[LÄGYFU e U(i[GfX\i_L M Jv[TGq]&Q e)u U_JHL JHL5[a]&L6X e U M J�i_U MqM L M U e U{ÎN]&LSUG[7[7U(V	U_X\YFUg[ M J�[Fg6U_X\YF]vk
R\[aJv[4J@[TGf]HQ e L}bdLSG e UBJ h UGi|L6Q6UBV6X\^_i.GqRFGq]&Q e U�� |�à�yAð Î OQÂ J#V�g6JHR7UB^G[7L e Gf^GUFUGR\[y[aX¢Ä_RwR7UGQ6RFGÈÏ M UFJHL�ô
Ç XaJviG[TGq]&Q6RKYFJHR7RVG Ö L6U_R e)u ]5ig[4JHQ6] M UG[ e UCÅ�ÆCÅ O Å+GrJvL6i_L6QSU~V6X\^_i JvLS[TGq]&Q|Q u U_Rx[cV6XVGfR\U ËpMPu ^ h JHV	]&XaJ@[TGf]HQ e U
MPu U JvL/X7U_Q e [7]&LS[aU;Urô5Vr^GXFGfUGQ6i_U e U V M L6R e UnÕ ñ�� g}iG]&YBV M Äg[aU_YBU_Q`[�GqX7X7UGV6X7] e L6ig[TGÈÏ M U OwÂ U_RwX\^_V	]&Q6R7UGR
XFgS^_] M ]&n�G Ö L6UGR e L�R�Ã5Rx[LÄGYFU�^G[aL e Gf^�R7]&Q`[FVdJHXx[TGfiGL M GÈÄ_X\U_YBU_Q`[ M ]&QSn&L6U_R Ü M UGRBUrô5Vr^GXFGfUGQ6i_UGR|[HÃCV�G Ö L6UGR
Ö L6U Q6]HL6RjJ h ]HQ6RjX7^_J M GqR7^GU_R e L6X7UGQ`[{V M LSR e)u L6Q6U
	\]&L6X7QS^_U O ÷ M ^G[4J\Gq[ e ]&Q6i i_X7LSi.G J M�e Uzi_]HQp[7X�� M U_X�VdJHXxk
Ç J�GE[aU_YBU_Q`[ MPu ^ h JHV	]&XaJv[FGf]&Q JaÓdQ e U;iG]&Q6R7UGX h U_XyL6Q6U Ç XaJviG[TGq]&Q/YFJHR7RVG Ö L6U e)u ]CiG[4JvQ6] M iG]&Q6R\[aJHQ`[aU e JvQ6R
MPu ^_i�g6JHQ`[TG MqM ]&Q OwÛ ]&L6X e UGR Ö L6UGR\[FGf]&Q6R e)u U_QSi_]&YWÏSX7U_YBU_Q`[7R Ë G M U_Rx[ e G�
Bi.G M U e U;RaJv[7L6X7UGX M�u J@[aYB]&R7V�g�Ä_X7U
e Uw[aX7J h J�G MPO Ít]&L6R�J h ]&Q6R e ]&QSi e ^Gi.G e ^ JaÓ6Q e)u ^ h GE[aU_X M J i_]HQ e U_QSRaJv[FGf]&Q e U MPu U JHL�R7L6X M U�gdJvLS[ e U M J
i_U MfM L M U e U�ÎN]HL6UG[\[aU Ëde UyX\^ J M GfR\U_XcL6Q é i�gdJvVrU_JHL ë�ËdM L�G k Ynõ_YBUt[Fg6U_X\YF]HR\[4J@[a^;ì#m ð Î e UwV M L6R Ö L6U M J
i.GqX7iGL M Jv[FGf]&Q e)u U JHL O]Û ]&LSXc^ h Gq[7U_XN[7]&LS[Ni_]&Q`[4JviG[ZUGQp[7X7U M U�bdL�G e Uj^g[aL e Gq^~Ug[ MPu U�ôC[a^GXFGqU_L6X e U M Jyi_U MqM L M U Ë
L6Q�	\]�GfQ`[ é [a]&LSX7QdJHQ`[ ë UGR\[;X\^ J M GfR7^BU_Q`[7X7U M UFi�gdJvVrU_JHL [Tg6UGX7YB]&R\[aJv[a^FUG[ M UBX7]H[7]&X Ë ì MPu J�G e U e)u LSQ6U
XFGqn&] M U�iGX7U_LSR7^_U e JHQ6R M U~X7]v[a]&XsUG[ZX\U_YBV M GqU e)u gpL�G M U~RVG M Gqi_]&QSU O�� XFEHi_UCìzi_U{R�Ã5Rx[LÄGYFU Ë6e U_RNU�ô5Vr^GXFGqU_Q6iGU_R
e UjV M L6R e U Ò Ø g�]HQp[cV6LFõG[7X7UjX\^ J M GfR7^GU_RsRaJHQ6RZUZ^�Ug[aRcQS]H[4J�Ï M U_R e U M�u ^ h JvVr]&X7Jv[TGq]&Q O+5 QSUjV�g6]H[7] e UjiGU
R¢ÃCRx[LÄ_YBUyU_R\[tV6X\^_R\U_Q`[a^GU e JHQSR M�u JvQ6Q6U�ô5U R Ë V6JHn&U�Õ ���5O
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5 Q6UBi_]HL6XtÏ	U e�u ^Gi_]&L M U_YBU_Q`[ i JHX7JHiG[7^_XFGqR\[FG Ö L6U e U M J#V�gdJHR\U|^G[7L e Gq^_Uzì�L6QSUB[7U_YBVr^GXaJv[7L6X7Umí Þ3�ß ð Î,UGR\[KV6X\^_R7UGQ`[a^_UWR\L6X M J|Ó6n&L6X7U�Õ O ö Ë J�GfQSRFG Ö L6U M U_R e Gf^r^_X7UGQ`[aU_R�ÓdnHL6X7UGR e U e Gh^�X7JHiG[FGf]&Q iG]&X7X\U_R\Vr]&QCk
e JHQ`[7U_R e JHQ6R e Gf^r^_X\U_Q`[aUGR��G]&Q6U_R e UBi.GqRaJ�G MfM UGYFUGQ`[ O ÎNUg[7[7UFiG]&L6XtÏ	UFJ�^g[a^B]EÏS[aUGQpL6UFV	]&L6X e Gh^�^GX7UGQp[7R
VdJ M GfUGX7R e U�i_]&Q`[7XaJ�GqQp[7U'U_R7V6JHi_^GR e U��aA Þ |�à,á{Û J}UG[ e L6X7JHQ`[|i�gdJvi_L6Q���� Þ 3 g OèÂ UGRFX\^_V	]&Q6R7UGR
[aUGYFV	]&X\U MfM U_R e L�i.GfR7J�G MqM UGYFUGQp[WR\]&Q`[jV6X\^_R\U_Q`[a^GU_R{R7LSX M JmÓdn&LSX7UmÕ O ] O�Â U_R�YFUGR7L6X\U_R BD�� � �tV	U_X\YFUg[7[aUGQ`[
M J e ^�Ó6Q�Gq[FGf]&Q�JHV6V6X\]AôSGqY|J@[TG h U e�u L6Q(^G[4J@[jR\[aJv[TGq]&Q6QdJ\GfX7UwV	]&L6Xti�gdJ Ö L6U V6J M GqU_X e UziG]&Q`[aX7J�GfQ`[aUzJHV6V M GEk
Ö L6^_U O-Â UGR i.GfR7J�G MqM UGYFUGQp[7R)X7UGVr]HX\[a^GR R7L6X M JZiG]&L6XtÏ	U e)u ^_i_]HL M UGYFUGQp[�iG]&X7X\U_R7V	]&Q e U_Q`[ e ]&Q6iTJHL�ôwYBU_R\L6X7UGR
e UGR h J M U_LSX7RzRx[4Jv[FGf]&QSQdJ�GfX\U_R U�ôC[aX7J�Gq[7U_R e U_R;R7^GXFGqU_R BD!� � � O Æ>ÄGR M UFV6X7UGY GqU_XzV6J M GqU_X e U�i_]HQp[7XaJ�GqQ`[aU�Ug[
JHV6X¢Ä_R L6Q [aX7JHQ6RVGq[a]�GfX7U e)u L6Q6U e G"�_J�GfQ6U e UFY GqQpLS[aUGR Ë�M J#[aU�ôC[7L6X7U e�u ]&nHQ6]&Q6R e ^_R\]&X e ]HQ6Q6^_R JHV6VdJHX7Jaóf[
É i Ç O Ódn O Õ O �5O J olO_Â J�Ódn&LSX7U e U e Gh^�X7JHiG[FGf]&Q|i_]&X\X7U_R\Vr]HQ e JHQ`[aUwUGR\[WL6Q�JHQ6Q6U_JHL GfR\]H[aX\]&VrU e JHQ6R M UjV M JvQ
É��#� Ë � � o É i Ç O Ódn O Õ O ö ogOEÂ UtXaJAÃH]&QFYB]9Ã&UGQ$�#% e U M�u JvQ6Q6U JvLFUGR\[sX7U M Gf^^ì M Jj[aJ�G MqM UcYB]9Ã&U_QSQ6U e U_RT]&n&Q6]&QSR
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Â J�[aJ�G MqM U e U M�u JvQ6Q6U JvL JHL6nHYFUGQp[7U�J h UGi M UBi.GqRaJ�G MfM U_YBU_Q`[wUG[ M J M ]�G�1�� BD Ù��	� 
 J(^G[7^ h ^GXFG6Ód^_U�Urôpk
V	^_XFGqYFUGQ`[4J M U_YBU_Q`[zR\L6X;i_U#R�ÃCR\[LÄGYFU�� mAöOÕ�
 O�� L6Q6U#iG]&Q`[aXaJ\GfQ6UFi_XFGE[TG Ö LSU A�� � y9áRÛ J É ]HQ YFUGR7L6X\U
J M ]&X7R,BD ��� 3F| R Ù]Ú o�Ë RFG6ô V�GfiGR e U e Gf^rXaJviG[TGq]&Q Ç J�GÈÏ M UGYFUGQp[~Y|JvX Ö L6^_R Ë JHV6VdJvXaJ�GqR7R7UGQ`[ R\L6X MPu JHQ6QSU JHL O
ÎNU_R e U_X\Q�GfUGX7R{[aX7J e L�GqR7UGQp[ e JHQSR M�u UGR7VdJHiGU X7^_U MÊË MPu JHV6V6JHXFGE[TGf]HQ e UBi_]&X\X7^ M Jv[TGq]&Q6RjR\VdJv[FG J M U_R�ì�nHXaJHQ e U
e GqR\[4JvQ6i_UyU_Q`[aX\U M UGR�]Hn&Q6]&Q6R O�Â UGR~]&nHQ6]&Q6RtR7]&Q`[jJ M ]&X\RW]&X7n`JvQ�GfR\^_R e JHQ6R e U_R�V M JHQSR�]&Xx[Tg6]Hn&]&QdJHL�ô�JHL
n&X7J e GfUGQ`[ e U h Gq[7U_R7R\U b�d�R7U M ]&Q�L6Q�X7^GR7U_JHL g6U�ôSJHn&]HQdJ M É i Ç O Ódn O Õ O9�SO Ï ogO Î gdJ Ö LSUBV M JHQ/UGR\[w]&XVGfU_Q`[7^
R7LSG h JHQ`[ M J#YzõGYFU e GfX7UGiG[FGf]&Q O Í�]H[7]&Q6R Ö L6U M U_R e UGL�ô V�GfiGR e JHQ6R M J e GqX7UGiG[TGq]&Q ���yR7]&Q`[ Ö LdJHRFGqYFUGQ`[GfQSU�ô
GfRx[4JHQ`[aRèÜviGU_i[GSU_Rx[�V6X\]EÏdJ�Ï M U_YBU_Q`[ M Gf^TJHLzYF]&L h U_YBU_Q`[ e Lz[HÃCVrU é �.Gqnvk �_JHn ëye U_R�V M JHQ6R e)u ]&n&Q6]&QSR
e JHQSR MPu ^_iG]&L M UGYFUGQ`[ e U i.GqRaJ�G MfM UGYFUGQ`[ Ë GfQ e L�GfR7JHQ`[ e U_R e ^Gi_]&X\X7^ M Jv[FGf]&Q6RtR7V6Jv[TGfJ M UGR e JHQSR M J e GfX\U_ig[TGf]HQ
e U M J h ]&X\[FGfi.GE[a^ � �,Õ Ë ]-ö�
 O�� V M L6R gdJHLS[ti[GfRaJ\G MfM U_YBU_Q`[�É�BD�� N | R Ù]Ú7o�ËdM U_RWV�GfiGR e U h GfUGQ6Q6UGQp[ e UwV M LSR
U_Q V M L6R iG]&Q`[aX7JHR\[7^_R i_]&YBYBU|]&Q V	U_LS[ M U h ]�GfXzR7L6X M JyÓdn&LSX7U e U e Gf^rXaJHig[TGf]HQ e U M JyÓdn&L6X\U½Õ O ö O ÷ M
U_Rx[�GfYBVr]HR7RFGÈÏ M U J h UGi M U YB]&Q`[4JHn&UzLS[TG M GfR\^ Ë e U;R7J h ]�GfX{RVG�i_Ug[wU[^rUG[wUGR\[ M Gq^Wì e UGR{i_]&X\X7^ M Jv[FGf]&Q6R�R7VdJ>k
[TGfJ M UGR e U;V M L6RjUGQ�V M L6R~Y|JHX Ö L6^_UGR Ë ]&L ì�LSQ/YF^Gi JHQ�GqR7YBU e U QpL6i M ^_Jv[TGq]&Q/UG[ e U;i_X7]�GfR7R7JHQ6iGU e)u LSQ6U
�_]HQ6U ]&X e ]&Q6Q6^GU e JHQSRjL6Q6U Rx[aX\L6iG[7L6X7U e ^GR7]&X e ]&Q6QS^_U O Í�]H[7]&Q6RjUGQ�ÓdQ Ë�Ö LSU i_Ug[7[aU [7XaJHQSRFGq[FGf]&Q�U_Rx[{i J>k
XaJviG[a^GXFGqR7^_U{V6JHXZL6Q6U{RVGfn&QdJ@[aL6X\U{XFg6^G] M ]&n�G Ö L6U~QSUG[7[7UoÜ MPu ^_i�g6JHQ`[TG MqM ]&Q|R7UjbdL�G e GÈÓ6U O_Â J h GfR\i_]&RVGq[a^~i�gCL5[aU
JHV6VSX7]Aô
GfYFJv[TG h U_YBU_Q`[ e U~m�ìCØ O �CÛ J O R M ]&X7R Ö LSU M UTi.GqRaJ�G MfM U_YBU_Q`[ JHL6n&YBU_Q`[aU e U BD � y
| ì BD � ád| R Ù]ÚgO

Â U_RjX\^_V	]&Q6R7UGRj[aUGYFV	]&X7U MfM U_R e L/i.GqRaJ�G MfM UGYFUGQ`[WUG[ M JFi_]HL6XtÏ	U e)u ^_iG]&L M UGYFUGQ`[ e ^GVrUGQ e U_Q`[ e U Y|J@k
Q�GÈÄ_X7U e X7JHR\[FG Ö L6U e U M J [aUGYFV	^_X7Jv[aL6X\U O�Û ]HL6X e U_R [aU_YBV	^_XaJ@[aL6X\U_Roí�� í�� Þ 3Eã ð Î ËKM UGR i_]&L6X¢ÏrUGR
XFgS^_] M ]&n�G Ö L6UGRFR\]&Q`[�iG]&Q`[TGfQpL6UGR�UG[ G M U_Rx[�[a]HL 	\]&L6X\RFV	]&R7RVG×Ï M U e U e ^�ÓdQ�GfX|JHV6V6X\]AôSGqY|J@[TG h U_YBU_Q`[FL6Q
^G[aJv[ZRx[4Jv[FGf]&Q6Q6J�GfX\U O IKQ'UZ^�Ug[ Ë iG]&YFYBU~]HQ#VrUGLS[ M U h ]�GqXcR7L6X M J�Ódn&LSX7U;Õ O ] Ë ]Eú M U_RNX7^_V	]&Q6R\U_Rc[7U_YBVr]vk
X7U MfM U_R e L(i[GfR7J�G MqM U_YBU_Q`[ZiG]&X7X\U_R\Vr]&Q e JHQ`[Uì M JmÓdn&L6X\UWÕ O öBR7]&Q`[~V6X7^GR7U_Q`[7^_U_R Ë�M�u GqQp[7U_X h J MfM U ���ZV	U_Q e JHQ`[
M U Ö L6U M�M J;i_]HQp[7XaJ�GqQ`[aUyU_R\[�GfYBVr]HR7^_UwV	U_X\YFUg[ M J e ^�ÓdQ�GE[TGf]HQ e)u L6Q ^g[4Jv[~JHR�Ã5YBVS[7]H[TG Ö LSUyRx[4Jv[FGf]&QSQdJ�GfX\U Ë
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M ^GnEÄ_X\U_YBU_Q`[FÏ6X\L�Gq[7^ O R L6iGL6Q6U Ç X7^ Ö LSU_Q6iGU}i_JHXaJviG[a^GXFGqR\[TG Ö L6U/Q6U V	U_LS[½õg[aX\U/U�ôC[aX7J�Gq[7U e U/i_UGR#R7^GXFGfUGR
[aUGYFV	]&X\U MfM U_R O � M J VSX7^_i[GfRVGf]&Q � � e UyiGUG[\[aUwU�ô5V	^_XFGqU_Q6iGU Ë G M Q6UwQ6]&LSRtUGR\[WVdJvRtV	U_X\Y GqR e U e ^g[aUGX7YPGfQ6UGX
M J#QdJ@[aL6X\UBYFJv[Fg6^_YFJv[TG Ö L6U e UBi_UoÏ6X7LSGq[nÜ�i_U e U_X\Q�GfUGXwVr]&LSX7XaJ\Gq[{iG]&X7X\U_R7V	]&Q e X7Uzì�L6QSU e ÃCQdJvY G Ö LSU
Ï6X\]aYWQSGfU_QSQ6U Ë iG]&YFYBU M U�R7L6nHnEÄ_X\U M U_R JHQ6J M ÃCR7UGR e U
	d]&L6XFGqU_X X\^ J M GfR\^_U_R O Æ~U'n&X7JHQ e UGR V6X7^Gi JHLS[FGf]&QSR
e ]�G h UGQp[�i_UGVrUGQ e JHQ`[yõG[7X7U}V6XFGqR7U_R'^g[4JHQ`[ e ]&Q6Q6^ M U/V	U_L e U�R\[aJv[TGqR\[TG Ö L6U�^G[aL e Gf^GU É Ð Õ�ØEØ V	]�GfQ`[7R ogO
Â�u ]HXFGfn�GfQ6U e UZi_U3Ï6X\L�Gq[�V6X7] h GfUGQp[KVSX7]EÏdJaÏ M UGYFUGQp[ e U MPu JHL6n&YBU_Q`[4J@[TGf]HQ e U M JjR7L6R\i_U_V5[TG×ÏSG M GE[a^ e L;bdL�G e U
ì MPu JHV6V6X\]5i�gSU e U M Jz[aX7JHQ6RFGE[TGq]&Q g6]&X\Rxk ^ Ö L�G M G×Ï6X\U O

Â ]&X Ö L6U M J [7U_YBVr^GXaJv[7L6X7U U_R\[ JHL6n&YBU_Q`[7^_U É1í � í � Þ 3Eã ð Î orË�M U_R(X\^_V	]&Q6R\U_R [aUGYFV	]&X\U MfM U_R
i�gdJHQSn&U_Q`[ e U YFJHQ�GÈÄ_X\U�R\L6X7V6X\U_QdJvQp[7U¹Ü G Mte U h GfUGQp[�VdJHX Ç ]�GfR GqYFV	]&R\RFG×Ï M U e U e ^�ÓdQ�GqX|L6Q ^g[4Jv[|R\[4J>k
[TGq]&Q6QdJ\GfX7U O65 Q6U;X\^_V	]&Q6R7U [HÃCV�G Ö L6U e L�i.GqRaJ�G MfM UGYFUGQ`[>ì�í Þ®î y9ð Î Ë R7L6X{L6Q/^Gi�gdJHQ`[TG MfM ]&Q Q6]&Q/VSX7^ J>k
M JaÏ M UGYFUGQp[zi.GqRaJ�G MfM ^BUG[nì LSQ6U#i_]&Q`[7XaJ�GqQp[7UxÓ�ô5U A Þ y(ácÛ J/V6X\]5i�g6U e U A�� Ë U_Rx[ V6X7^GR7U_Q`[7^_U�R7L6X M J
Ódn&LSX7UFÕ OvÐ5O R VSXtÄ_R L6Q [7XaJHQ6RVGq[7]�GfX\U e U MPu ]&X e X7U e U � Ø�Y GqQ UGQ h GqX7]&Q Ë M J�[aUrôC[aL6X\U e)u ]&n&Q6]&QSR e ^GR7]&X k
e ]&QSQ6^_RBJHV6V6JHXaJaóq[ Ë i_]&YBYBU|]&Q,V	U_LS[ M U h ]�GfX;n&XFEHi_U#JvL�ô ÓdnHL6X7UGR e U e Gf^rXaJviG[TGq]&Q UGQ6X7UGn�GfRx[aX7^GU_R O��
VdJHXx[TGqX e U�m9ØEØEØ�ØBR ËrM U i[GfRaJ\G MfM U_YBU_Q`[WV6X\^_R7UGQ`[aU e U VrUg[TGq[7U_R�]&R7i[G MfM Jv[TGq]&Q6RZi_JHXaJHig[a^GXFGfR\^_UGR~VdJHX�L6Q6U Vr^lk
XFGq] e U e)u U_Q h GfX7]HQ � Ø�Ø�R Ug[ L6Q6U�JHYBV M GE[aL e U e U MPu ]&X e X7U e U½ö�R Ù]Ú O ÎNUGRF]HR7i.G MfM Jv[TGq]&Q6Rw[aXaJvQ6RFGE[a]�GqX7U_R
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M J'[aUGYFV	^_X7Jv[aL6X\U|JvL h ]�GqRFGqQdJHn&U e U M J'[7XaJHQ6RVGq[FGf]&Q e U Ç UGL�G MqM UG[aJHn&U;UGR\[;V6X\^_R\U_Q`[a^#R\L6X M J Ódn&LSX7UFÕ O,ÒSO
Û ]HL6X e U_RZ[7U_YBVr^GXaJv[7L6X7UGR�í � í�� ËSe U_RW]&R\i.G MqM Jv[FGf]&QSR e U{i[GfR7J�G MqM U_YBU_Q`[sR7]&Q`[tV6X\^_R7UGQ`[aU_R�JHL h ]�GfRFGqQdJHn&U
e U M J#[aX7JHQ6RFGE[TGq]&Q Ë G M U_R\[zJ M ]&X7R e G 
Fi[G M U e U e ^�ÓdQ�GqX LSQ ^G[aJv[ R\[4J@[TGf]HQ6QdJ�GqX7U OjÂ ]�GfQ e U M J'[7XaJHQSRFGq[FGf]&Qg6]&X\Rxk ^ Ö L�G M G×Ï6X\U ËpM U�i.GqRaJ�G MfM UGYFUGQ`[KX7U M J-ô5U�[7]&L 	\]&L6X\R h UGX7RcLSQ#^G[4J@[cR\[aJv[TGq]&Q6QdJ\GfX7UtYnõ_YBU�V	]&L6X�í � í�� O
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Â J}R\U_ig[TGf]HQ�R7LSG h JHQ`[aU�V6X7^GR7UGQp[7U(L6QSU�^g[aL e U�R¢ÃCR\[7^_YFJv[TG Ö L6U e U_R e Gf^r^_X7UGQ`[aRBX7^_n�GfYBU_R e ÃCQdJHYPG Ö L6UGR
V6X\^_R7UGQ`[aR e JHQ6R M J �G]&Q6Uwn&XFGqR7^GU e L e GfJHn&X7JHYFYBU>Õ O,Ò5O

�o�L� " ��� �{���Q���^� �^�o�Q�$#x��� ��� �&%z�F�^� ���('$���F�½�/�*)�� �j�b� �+'è�Q�x���-,
�.'è���F���^� �^�o�

R ÓdQ e UcYFUg[7[7X7UNUGQ;J h JHQ`[ M UGR e Gh^�^GX7U_Q`[7U_R e ÃCQdJvY G Ö LSU_R�JvR¢ÃCYFV5[a]H[FG Ö L6U_R3É���� ���HQ6]&QCk [aX7JHQ6RVGq[a]�GfX7UGR o
JHL h ]�GqRFGfQ6JHn&U e U M Jj[aX7JHQ6RFGE[TGq]&Q e U Ç UGL�G MqM Ug[4JHn&U ËHe UGRNV6X\]H[a]Ci_] M U_RKXVg6^_] M ]&n�G Ö LSU_R£Ï�GfUGQ e ^�ÓdQ�GqR e ]�G h U_Q`[
õG[7X7U L5[TG M GfR\^_RWVr]HL6X~n`Jvn&Q6U_X�U_Q/X\U_V6X\] e LSiG[TGÈÏ�G M Gq[7^ O I�Q/U[^rUG[ Ë iG]&YFYBUyR7]&L M Gfn&QS^ V6X\^_iG^ e UGYFYBU_Q`[ ËrM UGR
[aX7JHQ6RVGq[a]�GfX7UGR�V	U_L h U_Q`[Uõg[aX\U U�ôC[aX¢õ_YBU_YBU_Q`[ M ]&Q6n&R�JHL h ]�GfRVGfQdJvn&U e U M J [aX7JHQ6RFGE[TGq]&QÔÜ M U [aUGYFVSR e)u Jv[\k
[aUGQ`[aU ��� e U�i�gdJ Ö L6U�VdJ M GfUGX e U/iG]&Q`[aXaJ\GfQ`[aU�JHVSV M G Ö LS^_U/U_Rx[ e ]&Q6i�L6Q VdJvXaJHYnÄG[7X7U V	U_Xx[TGfQSU_Q`[ O Å
G
� � � y
|¥|¥| R Ë JHL6iGL6Q ^G[aJv[ R\[4J@[TGf]HQ6QdJ�GqX7U Q6U|V	U_L5[ i M J�GfX\U_YBU_Q`[;õG[7X7U e ^�ÓdQSG>Ü M UGR iG]&L6XtÏ	U_R e)u ^Gi_]&LCk
M UGYFUGQ`[ i_]HX7X7UGR7V	]&Q e JvQp[7U_R R7]HQp[ i_]&YBV M Äg[aUGYFUGQp[ GfX7X\U_V6X\] e L6iG[FG×Ï M U_RyUG[ e ^GVrUGQ e UGQp[ e UGR;i_]&Q e Gq[FGf]&Q6RGfQSGq[TGfJ M UGR e U M�u Urô5Vr^GXFGfUGQ6i_U OS5 Q�i_]HYFV6X\]&YPGfRTJ h U_i MPu ^ h JHV	]&XaJv[FGf]&Q e ]�GE[ e ]&Q6i|õG[aX\U~[aX\]&L h ^jJaÓdQ e)u L5[TGEk
M GqR7UGX M UGR'GfQ`[aUGX h J MqM U_R ��� M UGRcV M L6R M ]HQ6n&RcV	]&R7RVG×Ï M U_R O 5 Q'JHL5[aX7U{V6JHXaJHYnÄG[7X7UjR u J h Ä_X7UwiGX7L6i[G J M Ü
G M R u JHn�Gq[



� Ø ���O	 � �O�+�V�
	���������� � �A�d	�� 	�� �
��
A� ��� �������U���I�
���¥�d����� � �t���������A���O�
e U MPu GfQ6iGX7^_YBU_Q`[ e UjiG]&Q`[aXaJ\GfQ`[aU ��A UGQ`[aX7U�i�gdJ Ö L6U{VdJ M GfUGX O Å
G �aA�� y>Û J Ë5M UGRsiG]&YFV	]&Xx[aU_YBU_Q`[7Rs[aUGY k
V	]&X7U M RWVrUGL h UGQ`[CõG[7X7UwYFJHQ Ö L6^_R|ì i JHL6R\U e U M�u ^g[aX7]�Gq[aUGR7R\U e U M J;X7^_n�Gf]&Q e ÃCQdJHYPG Ö L6U O 5 Q�V6X7]H[7]5iG] M U
i JvXaJHig[a^_XVGfR\^ VdJvXtLSQ(V	UG[TGE[`GfQ6iGX7^_YBU_Q`[ �aA UG[�VdJHXWL6Q M ]&QSnB[7U_YBV6R e)u J@[7[aUGQ`[aU � �ZiG]&X7X\U_R7V	]&Q e ìBLSQ6U
JHV6VSX7]Ci�g6U Ö LdJHRFGqR\[aJv[TG Ö LSU e U M Jy[aXaJvQ6RFGE[TGf]HQ O ÅC]&L M Gqn&Q6]&QSRNL6Q6U Ç ]�GfR e U{V M L6R Ö L u L6Q�i_]HYFV6X\]&YPGfR e ]�Gq[
õG[7X7U�[aX7]HL h ^ Ë i_JHX M�u ^ h JHVr]HXaJv[FGf]&Q,Ynõ_YBU M ^_nEÄGX7U e U M�u ^Gi�gdJHQ`[TG MfM ]HQ GqYFV	]&R\U�LSQ6U e LSX7^_U�Y|J(ôSGqY|J M U
V	]&L6X M�u UrôSV	^_XVGfUGQ6i_UnÉ U_Q h GfX7]HQ Ò Ø g ogO ÆjJHQ6R M U_RcR\U_ig[TGf]HQ6RZR7L�G h JHQ`[aU_R Ë Q6]&LSRZV6X7^GR7U_Q`[7]&Q6R M UGRcX7^GR7L M [4Jv[7R
]EÏS[7U_QpL6RWV	]&L6X e Gh^�^GX7UGQp[7RZV6X7]v[a]Ci_] M U_R�ì�í ÞÀî¥| ð Î e JvQ6R M JznH^_]&YB^G[7XFGfU e U�ÎN]&L6Ug[7[7U{Vr]&R\R7^ e JHQ`[tL6Q
U_Q`[7X7U Ç UGX e�u ^GVdJ�GfR\R7UGL6X¦x Þ y YBY O

�� '�� �¡ �c°_² ³�²3¸w²£«Bª�� q����
	���
����½¥�������	��������Ì©��Cªbºè³�°�ª l�ªj°���	  ­ ­

10 30 50 70 90

13

15

17

19

C
on

tr
ai

nt
e 

 (
Pa

)

Cisaillement  (s−1)

10 15 20

14

15

16

/101032 Õ"! � ñ7N¼NAD�8H`_:o<]f[S�K�NAD�P":D4;:LM-IWT @  $#9X ð N$Y£XQ5/P":LD�8B@{4;NrG(:LM�MO:�@ 6&%�h(' B <ED KL4"@¢5/4dPdP":D4;:LM-I�5rk(:�KmP":
=�8BNAIBN�K�NAP":GS¢hE=_NAD�8£<�:LDEeoKB?O:D4U4dMO@è<E4vu_SL8B:LMaIB@¦QA6&% B 4;NAMaIBS�:�<�:�P65UK�NAMaIH8�5/4dM-IB:C5/=�=�Pd4"s-DOS�:^:LI¦6�' B <�:�@BK�:LMaIB:9Y
Zp:�@U=_NA4dM-IB@ 6*) B K�NA8H8B:�@H=_NAMO<�:LM-I�5/D{=�8BNAIBN�K�NAP":iSVStYjZp:�@U`�5/8H8B:�@;<]f[:L8H8B:LD�8B@�@BNAM-I�P":�@U<�SLka465/IH4"NAMO@�@HI�5/MO<O5/8B<
<�:�@3SLI�5/IB@3N9@BKL4dPdP65/MaIB@rY]Z�f 4dMO@B:L8HI^:�@HI�K�:LM-IH8BS�@HD�8èP65�`_NADOKLP":C<]f ?-GE@HIBSL8BJ�@B:;5/Dxk(NA4"@H4dM�5/7(:C<�:CP65�IH8�5/MO@H4dIH4"NAM½<�:
}1:LD�4dPdP":LI�5/7(:9Y

Â ]&X,+ e Uci_UcVSX7]H[7]5iG].-0/CÉ216]H[7^$÷ Ë V43HX5-03�+,6SGq[7/ o�Ë -83�iG].1`[aX,3�G01`[7/9/:+x[;3HV6V�-fG Ö 66^:/ e / Ç 3=<G].1 i?>7]�G@+,+73A1p[,/
e / m � ìBm�� Û 3 ËCB 6�G0+ e /tYD3A1�G×Ä?>,/ e ^_i?>7]�G@+,+,3=1`[7/ e /ym���ìFm ��Û 3E! Â�u G@16i:>\^_YF/:1`[ e /~iG].1`[7>73\G01`[7/G/:1`[7>H/
i�g43 Ö 6�/ B 3=-fG0/:>I/?+\[ ��A Þ |�àváoÛ 3F/G[�-83 e 6�>\^:/ e / i?/:+ e /:>,1SG0/:>H+�/?+\[ ��� Þ ã�3d|¥| +?! Â 3 i_]=6�>tÏ�/J>Vg6^_]@k
-f]Hn�G Ö 6�/�/?+\[�>,/ B >7^?+,/:1`[7^:/K+H6�>G-83�Ódn.6E>,/�Õ"! � Ë i�g43 Ö 6�/ h 3=-0/?6�>Zi_].>H>,/?+ B ].1 e ì�-03 h 3=-@/:6�>ZYB]9Ã./?1�1�/ e 6



���O	 � �
���V�D	 �L������� � �A�d	�� 	�� �D���O�$�/� � � �!�-�L�¦����� � �O� � �-���B���/� � ���
	������ � m

i.G@+73�G@-0-@/_YF/:1`[TY /?+,6�>\^=! Û ].6�> B -@6�+ e /{i?-83=>x[a^ -03�Ódn.6E>,/�Õ"!Em9Ø B >\^:+H/:1`[7/ +7i�g6^GYD3@[TG Ö 6�/GY /?1`[I-0/?+ >7^?+,6�- k
[ 3@[7+5+H6�G h 3=1`[7+?! Â 3jiG].6�>¢Ï / e�u ^Gi_].6�-@/_YF/:1`[Ki_]HY B ].>\[,/ e Gh^�^?>,/:1`[,+5>7^Gn�GfYF/:+ e /I>7^ B ].1�+H/:+�[7/GY B ].>H/:-0-@/:+

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

� � � � �
���

���

�	�

�	�


Æ

	

R

�

�A
�

BD �

A
�

Î G0+,3�G0-@-0/��F/:1��BD��

���
�� 	

� �
� �

� �W�(���(���

� �W�-���-���

� �W�(���(���

� �W�-���-���

� �W�-���-���
Î� �W�-���-� �

/10��! Õ"!#"9Ø ñ N%$'&�(*),+�<.-0/212$'&�34+657+68:9è@�1B?;/65=<�9*>4?@&;+�=,$'&�( @ � @ �2ACB +�@ �ED21B?;+�@F>G8O<H>4?:&;+68@9I34+�@%$9@	16>G3G3#<�9*>4$'8O@
+68:9*(�+�34+�@J)�(	<�8;1B?;+�@!K	� 2L+69MK	� K A,B >GNO8;+�@M12$'8:9*>G8@&;+�@P/L=E<�>"@B@�+�@�Q�/69	<�9B@$@*9	<�9*>4$'8�8E<�>G(�+�@ AQB >GNO8;+�@ �;8;+�@�Q
5R>G8�>G5=<�+69F5=<TSC>G5=<�<�+�@J$9@	16>G3G3#<�9*>4$'8O@ A N%$'&�(*)Q+^=Q$'>G8:9*>G3G34/2+pQ;)�(	<�8;1�?;+U57/69	<A@*9	<�)�34+ A,B <�VW$'8;+XNO(*>"@�/2+P+�@�9Y3#<
VW$'8;+!)�>"@*9	<�)�34+ A
É[Z Ç !�Ó.\�!EÕ"!#"H"^] ! Â`_ >,+ Ö 6E/G-03�Z _ 1;�,>73�G@1��7/I/:+	�;3=6Q\H�F/:1��ba:/ Ë -0/:+ >�a�\�G _ 1�+5+H6�GdcA3=1��,/:+ + _ 1;� _ Ï�+,/?>�cHa?/:+;+,6QZWe
Z:/?+,+VGdc./T� /?1�� !

ñ 7 a�\�G _ 1f"cÉ R ø � ]oÜ -0/gZ.G0+,3�G0-@-0/T� /?1;� >H/:-03-ô"/gc=/:>,+K6�1haT�73@�J+�� 3:�TG _ 1�143�G@>,/jilk _ \.1 _ 1E+miQa?+ _ >�e
i _ 1E1Qa:+�É[Z Ç !�Ó.\�!�Õ"!#"H".! 3�] !

ñ 7 a�\�G _ 1RÕyÉ � ø Î!];Ü.i�6cÏ�>H6�Gd��3 BEB 3=>73-ón� +,6E>�Z:/o�b�,/�Ï�>,3=1QZ�g�/J+��73@�TG _ 1�143�G@>,/nÉpZ Ç !]Ó.\�!�Õ"!#"H".! Ï
] !
Î /�i�/?>,1�G@/:> /?+��PZ:3=>73CZo�6a?>FG0+�a B 3A>Mi�/ B /T�FGd�7/?+ _ +�Z.G0-@-83@�FG _ 1E+YiE/ B a?>FG _ i�/�qEØEØK+ /:1�c+G0> _ 1�! Â k 3C� B -=Gd�,6Qi�/
i�/7Z:/?+ _ +bZ.G@-0-03@�TG _ 1�+;/:+��Xi�/ -rk _ >�i�>,/�iE/g" + Ù]Ú !

ñX7 a�\�G _ 1 � É Î!]£Ü 3 B >¢Ä:+ 6�1��,>73=1�+VGd� _ G0>H/ Ë -@/YZ[G0+,3�G0-@-0/��F/:1�� B >ba:+H/:1��7/si�/ B /T�FGd�7/?+ _ +bZ[G0-0-03@�TG _ 1�+�>�a�\.6Ee
-=GÈÄ:>H/:+YZ 3=>,3CZT�ba:>FG@+ba?/:+ B 3A> 6�1�/ B a?>FG _ i�/Ui�/�q�ØEØK+UÉpZ Ç !OÓ.\�!�Õ"!#"H".!tZO] !�Æ /?+ B GnZ?+ Ç 3�GÈÏ�-0/T� /?1��sZ _ 1��7>73A+��6a?+
3 B�B 3=>73�G@+,+H/:1��D+H6�>F-rk 3=1�1�/:3=6fiE/ui�Gh^�>,3CZT�FG _ 1 Ë G01QiSG Ö 643=1��F-rk 3 B�B 3A>FGd�FG _ 1viE/uZ _ >,>�a:-83:�TG _ 1�+�+ B 3:�TG83A-0/:+
/:1��,>,/ -0/:+ _ \.1 _ 1�+?!

ñ 7 aT\�G _ 1Rö�ÉÊÎ½ø ÆR]�Ü -0/�Z.G0+,3�G0-@-0/T� /?1;� B >�a:+H/:1��7/wi�/w\=>73=1QiE/:+ _ +�Z.G@-0-83:�TG _ 1�+!Z 3=>,3CZT�ba:>VG0+ba?/:+ B 3A>
6�1�/ 3@� B -fGd�,6Qi�/siE/R"a]�+ Ù]Ú /:1�c+G0> _ 1yÉ[Z Ç !-Ó.\�!OÕC!d"H"=!xi
] ! Â`_ >,+%i�/PZ:/I>baT\�Gn�F/ Ë -0/?+ Ó.\.6�>H/:+Fi�/!i�Gh^�>,3CZT�FG _ 1G01,i�G Ö 6�/?1;�XZ:-03�G0>H/��F/:1��G6�1�/�Z _ >H>ba:-03@�TG _ 1 /:1��7>H/K-03gi�ÃC143@� G Ö 6E/J>VgQa _ - _ \�G Ö 6E/ /o��6�1E/ _ +�Z.G0-@-83@�FG _ 1yi�/



q�Õ ��� 	�� � �+�V�
	������������	�A�d	���
	�`�
��
A���	�n� ����� ���I� ��� �d�������i� ��������� � � �
-83 �7/rô��,6�>,/ui�6��46�Gdi�/�Ü9-@/ +�Ã"+	�LÄT� / _ +bZ.G@-0-@/ /?1��7>,/ 6�1 aT�73@� B /:6 _ >bi _ 1�1Qa¹É Ç 3�G×ÏE-0/ Z.G@+73�G@-0-0/T� /?1��W]
/T� 6�1 aT�73@� _ >bi _ 1�1Qa É Çp_ >�� Z.G@+73�G@-0-@/��F/:1��W] !�Î /?+ _ +�Z.G0-@-83@�FG _ 1E+ + _ 1����! #"%$'&#"($ >.;*) &RÜI+FG _ 1 3@���7/?1Qi
+,6�
 +,3C�g� /?1;�G- _ 1Q\C�,/�� B +;É � � � Õ ñ�� g
] Ë -@/RZ.G@+73�G@-0-0/T� /?1�� >,/?-83-ô"/�c=/:>,+G-83WÏE>73=1QZ�gE/ � ø 	9!

ñ 7 aT\�G _ 1*]¹É 
 ø 	I]nÜ -0/ Z.G0+,3�G0-@-0/T� /?1;� >H/:-83(ôE/ c./:>H+�6�1�/xÏE>73=1QZ�gE/$+�� 3:�TG _ 1�143�G@>,/F-na�\�Ä:>,/T� /?1��
Ï�>H6�Gd�ba:/>É[Z Ç !9Ó.\E!�ÕC!d"H"=! /'] ! Â 3�Ó.\.6E>,/Yi�/si�Gh^�>,3CZT�FG _ 1 /?+�� Z:3=>73@ZT�6a?>FG@+��TG Ö 6�/JiE/9- kxao� 3@� Ç /:6�G@-0-@/T�6aA! Â`_ >,+ Ö 6�/
-83 Z _ 1��7>,3�G01��7/ /?+���3 B�B -fG Ö 6Qa?/Ri�/ Ç 3=< _ 1 iQaTZ:> _ G0+,+,3=1��7/ Ë -0/:+ >�a�\�G _ 1�+ _ Ï�+H/:>	cHa:/?+ + _ 1��XiSGf^ a:>,/?1��7/:+?!

ñ 7 aT\�G _ 1 q½É 
 ø � ]>Ü�6�1 aT�73@�!i�ÃC143C�PG Ö 6�/RZ _ � B -0/rôE/�3 B�B 3=>,3aón�;É[Z Ç !�Ó.\�!pÕC!d"H"=! Ç ] !_Î /Ri�/:>H1�G0/?>
Z _ � B _ >��,/ 6�1�/m�K6�-d�FGd�76,i�/7i�/ Ç >�a Ö 6�/?1QZ:/?+RZ:/:1��,>ba:/?+ 3=6,� _ 6�>Ui�/ � ØEØ +?! Â k 3C� B -=G#�76QiE/R� _ Ã./?1�1�/�i�/
Z:/?+ _ +�Z.G0-@-83@�FG _ 1E+;/?+��!iE/�-rk _ >biE>,/Ui�/�]J+ Ù]Ú !]Î /T�MaT� 3:�Mi�ÃC143C�PG Ö 6�/Xi�G0+ B 3=>,3aón�$ìK-rk 3 B�B > _ Z�g�/�i�6 B _ G@1;�
� ! R 6�e*i�/?-~ì Ë -0/RZ[G0+73\G0-0-@/��F/:1�� >H/:-03-ô"/�ì�1 _ 6,c./:3=6uc=/:>,+G-83WÏE>73=1QZ�gE/J+	� 3@�FG _ 1�1�3�G0>H/ � ø R !

Í _ 6E+ >H/Tc+G0/?1Qi�> _ 1�+ - _ 1,\.6�/��F/:1�� +H6�> -83 Ö 6�/:+	�TG _ 17i�/ -rk 3=143=-6Ã"+H/Ii�/IZ:/?+ i�Ã"1�3C� G Ö 6�/:+`�7/T� B _ >H/:-0-@/:+
i43=1E+ -83 +,/�Zo�TG _ 1 Õ"! ö�!�Î /?>��73�G01�/?+ >,/T�D3A> Ö 6�/:+ B /?6,c./?1;�½õo�7>H/ Çp_ >b�K6�-na?/:+RÜ>É�G ]F-03ÔÏ�>,3=1QZ�g�/ +H6�Gdc+G@/
- _ >,+ Ö 6�/ -83jZ _ 1;�,>73�G@1��7/K/?+���3 B�B -fG Ö 6Qa:/7i�/ Ç 3=< _ 1 Z:> _ G0+H+73=1��,/FÉ R ø Æ ø 	I]I/:+	��i�Gh^ a?>,/?1;�,/mi�/�Z:/?-0-0/
+,6SGdc+G0/ - _ >H+ Ö 6�/ -83 Z _ 1��,>73�G@1;�,/ /?+��yi�Gn�PG01 6Qa?/ É�	oø R ] ! Â 3 Z _ 6�>¢Ï / +,/T�WÏ�-0/ i _ 1,Z B >�a:+,/?1��7/:>D6�1
Z _ � B _ >��,/��F/:1���gOÃC+	�6a:>�aT�FG Ö 6�/,+£É G=G ]!iSGf^ a:>,/?1��7/:+ _ +bZ[G0-0-03@�TG _ 1�+ B >�a:+H/:1�� 3=1��RiE/:+ B a:>VG _ i�/:+Ui�/ - k _ >�i�>,/
i�/=qEØEØ�+ + _ 1;� B >�a:+H/:1��7/?+�3=6 c _ G0+FG@143C\./RiE/ -03 �7>73A1�+FG#�TG _ 1�!

0 3000 6000
30

40

50

C
is

ai
lle

m
en

t  
(s

−
1 )

(d)

0 3000 6000

74

78

82

Temps  (s)

(e)

0 3000 6000

23

25
(f)

0 3000 6000

6

7

8 (a)

0 3000 6000

12

13
(b)

0 3000 6000

14

18

22 (c)

/10��! Õ"!d"C" ñ 
J/L=,$'8O@�+�@79�+65U=,$'(�+63G34+�@�<H& 16>"@	<�>G3G34+657+68:9m12$'(*(�+�@H=,$'8O<;<�8@9 <�&HS{<H>.-./6(�+68:9�+�@7(�/6NO>4$'8O@�<�+w3#<
12$'&�(*)Q+�<.-0/212$'&�34+657+68:9;<�+=3#< �;NO&�(�+0/ A21HA 6�< B 
J/6NO>4$'8 j43 �  }j #�Z < A 6n) B 
J/6NO>4$'85/63 �  }j / A / Z < A 6 1 B

Y/6NO>4$'8 #63 �  zj87rZ < A 6~< B 
J/6NO>4$'8^k93 �  j���Zl<6316 + B 
Y/6NO>4$'8 /63 �  zj8: A / Z < +69 6<; B 
J/6NO>4$'8�763
�P j875Zl< A



��� 	 � � ���V�D	 � ���������	�A�d	���
	�`�D���O� ��� ���n�!�'�L�¦������� � � �F�-��� ����� �F���
	������ q �

Î _ �g� / -0/ B >baTi�Gd��-83j�TgQa _ >FG@/�i�/?+�+¢ÃC+	�LÄ��F/:+Ri�Ã"1�3C� G Ö 6�/:+ Ë 3=6uc _ G@+FG01�3C\./=i�/mZ _ � B _ >	�7/��F/:1��,+g�ÃC+��6a?>bao�TG Ö 6�/?+ /o� _ +bZ.G@-0-03=1��7+ Ë i�/:+Fi�ÃC143C�PG Ö 6�/?+ >FGnZ�gE/:+F�7/:-@-0/?+ Ö 6E/�-03 Ö 6�3=+FG B a?>FG _ i�GdZ.Gd�ba _ 6ji�/?+JZ _ �je
B _ >��,/��F/:1��7+`Z�g43 _ �TG Ö 6E/:+ + _ 1�� 3@���7/?1Qi�6�/?+�ÉpZ Ç ! +H/�ZT�FG _ 1�Õ"! ö�!#" Ë:B 3C\./ Ò�Ð ] � � Ë "(Õ Ò 
 !-Î / B /:1,i43=1�� Z _ �g� /
-0/m� _ 1��,>,/�-0/ B > _ � _ Z _ -0/�÷ Ë -0/m�,/�� B +Rilk 3@�b�,/:1��7/ � � 1 k /?+�� B > _ Ï43�Ï�-@/��F/:1�� B 3=+ +H6 
F+73C�g�F/:1�� - _ 1,\
B _ 6�> B _ 6,c _ G@>jaT�76,i�G0/?>giE/:+gZ _ � B _ >��7/T� /?1��7+F3=+¢ÃE� B � _ �TG Ö 6�/?+:!èÎ /:-03 /?+�� B 3=>	�TGnZ?6�-=GÈÄ:>H/��F/:1��jZ:-03�G0>
B _ 6�>F-83 i�ÃC143C�PG Ö 6�/ B >ba?+,/?1;�,/�3=6 B _ G@1��xÎ ÉpZ Ç !�Ó.\�!èÕ"!#"H".!tZO] ËF_ 6�/?1QZ _ >H/ B _ 6�>F-0/?+ _ +bZ.G@-0-03@�TG _ 1�+
_ Ï�+H/:>	cHa:/?+Xi�3=1�+ -03K>baT\�G _ 1 �gaT�73=+��73�Ï�-@/UÎ½ø Æ ÉpZ Ç !�Ó.\�!]ÕC!d"H"=!xi
] ! R Ó41 i�/ B _ 6,c _ G@>s�F/T���7>,/ /:1 aTc+G#e
i�/?1QZ:/ -0/?+!i�ÃC143C�PG Ö 6�/?+ B >ba�iSGd�7/?+ B 3=>I-03m�TgQa _ >FG@/Ri�/:+ +¢ÃC+	�LÄ��F/:+Ui�ÃC143C�PG Ö 6�/?+ Ë 1 _ 6�+G3'c _ 1�+ >�a.Gd�ba:>�a
Z:/?+�/rô B a?>FG0/?1QZ:/?+ 3'c=/�Z 6�1 B > _ � _ Z _ -0/ Ö 643A+FG0+	� 3@�FG Ö 6�/7iQa�Ó41�G B 3=>
�aA � |�à�y�Û 3F/o� � � � y9áF|¥|¥| + Ë /:1
/:+ B a?>73=1�� 3�G01E+FG _ Ï��7/:1SG0>!i�/?+Uao� 3@�,+G3=+¢ÃE� B � _ �FG Ö 6�/?+:!
�� '�� Ê� �c°_² ³�²3¸w²£«Bª��C� q���� � �5
  �½¥G���4� �  �� �����Ì©��Cªbºè³�°�ª l�ªj°�� 	  ­ ­

Â k G@1QZ:>�a��F/:1��%iE/sZ _ 1;�,>73�G@1��7/;/T�5- k G@1��7/:>	cA3=-0-@/ i�/J�,/�� B +�+ _ 1�� 3 BEB > _ ô
Gn� 3@�TG#c./T� /?1;��Ü �aA � |�à y�Û 3
/T����� � y(áF|¥|¥| +D>H/:+ B /�Zo�TG#c./��F/:1��:!3Î /:+ c=3A-0/:6E>,+gZ _ >H>,/:+ B _ 1Qi�/:1�� 3A6 B -06E+ \.>,3=1Qi G@1��7/:>	cA3=-0-@/ i�/
�7/T� B +�/T��3=6 B -06E+ B /T�TG#��G@1QZ:>�a��F/:1��Ri�/mZ _ 1��7>,3�G01��,/K6,�FG0-=G@+ba?+:! R c=/�ZwZ?/ B > _ � _ Z _ -@/FÉ21 _ �6a�÷t÷	] Ë G0- /:+	�
aTc+Gdi�/��g� /?1�� Gd� B _ +,+VG×Ï�-@/!ilk /�ô B - _ >,/:>F� _ 6,�7/?+ -0/?+9>�a�\�G _ 1�+Yi�ÃC143C�PG Ö 6�/?+9/?1 6�1�/�6�1�G Ö 6�/�/�ô B a:>FG@/:1QZ?/
É[Z Ç !�ÓQ\�!jÕC! ��] ! Â 3 B 3=>��FG0/XG01��6a?>,/:+H+73=1��,/wZ _ 1QZ?/:>H1�/�-0/?+ >baT\�Gn�F/:+ B >�a:+,/?1�� 3=1��7i�/?+ _ +bZ[G0-@-83@�FG _ 1�+?!]Í _ 6�+
3'c _ 1E+ui _ 1QZ i,a�Z.GdiQa ilk 3 B�B -fG Ö 6�/:>$-03vZ _ 1��7>,3�G01��,/ iE6 B _ G01�� � 3=6 B _ G@1��yÎ ! R 6�e*iE/:-~ìvi�/ÔÎ Ë -0/
Z.G@+73�G@-0-@/��F/:1��mi,a:>FG#c./ �7>¢Ä:+�-@/:1��7/T� /?1;�wc=/:>H+ -@/ B _ G01�� � ! R c./�Z Z:/ B > _ � _ Z _ -0/ Ë -83cÏE>73=1QZ�gE/RÎ½ø Æ
_ Ï�+H/:>	cHa:/ B >ba�ZTa�i�/T� �F/:1�� 1 k /rôSG@+��,/ B -06E+�Ü�-0/:+X\.>73A1Qi�/:+ _ +bZ[G0-0-03@�TG _ 1�+ _ ÏE+,/:>	cHa?/:+ 3'c./TZ�-0/ B > _ � _ Z _ -0/
÷ + _ 1����gaT�73=+��73�Ï�-0/?+:! Â /�Z�gE/��PG01 +,6�G#c
G /?+���i _ 1QZnÜ�>�a�\�G _ 1yÕ�ø >ba�\�G _ 1 � ø >ba�\�G _ 1uqE! Â`_ >,+ Ö 6�/K-03
Z _ 1;�,>73�G@1��7/ /?+�� Gn� B _ +�a:/Ui�/�� 3=1�GÈÄ:>H/Ui,a�Z:> _ G0+H+73=1��,/ Ë -@/XZ�gE/��PG01D+H6�Gdc+G�/:+	�I>baT\�G _ 1 q£ø >baT\�G _ 1u".!�Î /
B > _ � _ Z _ -@/FZ _ 1�Ó�>b�F/ -0/YZ _ � B _ >��,/��F/:1�� gOÃC+	�6a:>�aT�FG Ö 6�/Mi�/9-83PZ _ 6E>tÏ�/silkta�Z _ 6�-0/T� /?1�� 3=6mc _ G0+VG0143@\./Fi�/
-83M�,>73=1�+VGd�FG _ 17i�/ Ç /:6�G@-0-@/T� 3@\./^É[Z Ç !9Ó.\�!aÕ"! ��] ! Û 3=>�3\G0-0-@/:6�>H+ Ë Z:/ B > _ � _ Z _ -0/ 1 _ 6�+�3 B /:>b�PG0+`i k /?1�>,/T\�G0+	�7>,/?>
-0/?+!aT�73@�7+G3=+�Ã�� B � _ �TG Ö 6E/:+Pi�ÃC143C�PG Ö 6�/?+G+H6�GdcA3=1��,+:!

ñnÂ 3J>�a�\�G _ 1FÕ7Z _ >H>,/?+ B _ 1Qi Z _ � �F/ B _ 6�>9-@/ B > _ � _ Z _ -0/^÷ Ë ìJ6�1E/>Ï�>,3=1QZ�g�/�-da�\EÄ?>,/T� /?1;�èÏ�>H6�Gd�ba:/=!
Î _ �g� / _ 1 B /:6,�J-0/wc _ G0> +,6�> -83FÓ.\.6E>,/�Õ"!d"9Õ Ë Z:/nÏ�>,6SGd� /:+	�mZ:3=>73CZo�6a?>FG0+�a B 3=>7i�/:+ _ +bZ[G0-0-03@�TG _ 1�+Xi�/
Ç 3�GÈÏ�-0/ 3C� B -=G#�76Qi�/RÉ	"D+ Ù]Ú ]J/o�wi�/ B a:>VG _ i�/ qEØ�Ø + /:1�c+G0> _ 1�!�Å _ 6�-=Gd\.1 _ 1E+ Ö 6lkÑì�-83 B >ba�Z[G0+VG _ 1 � �=i�6
B > _ � _ Z _ -@/C÷t÷CÉ2+ _ Gd� � á g
] Ë Z:/T�Uao� 3@� +H/��WÏ�-@/ 3=+¢ÃE� B � _ �FG Ö 6�/A!

ñ R 6 B _ G@1��mÎ Ë _ 1 _ ÏE+,/:>	c./ iE/:+ _ +�Z.G@-0-83:�TG _ 1�+ 3 B a:>FG _ iSG Ö 6�/:+=i�6hZ[G0+,3�G0-@-0/��F/:1��zÉpZ Ç !�Ó.\�!¼Õ"!d" � ] !
Î /:+yi�/:>H1�G×Ä?>,/:+D+ _ 1�� Z:3=>73CZo�6a?>FG0+�a:/?+ B 3=> 6�1�/ Ç >�a Ö 6�/:1,Z:/ � _ Ã=/:1�1E/ i�/ - k _ >bi�>H/ i�/ qEØEØ�+D/T� 6E1�/
3C� B -=G#�76QiE/silk /:1�c+G0> _ 1 � + Ù]Ú !OÎ /o�Jao� 3@�;3 B a?>FG _ i�G Ö 6E/ B >�a:+,/?1��7/G6�1�/ Ç >ba Ö 6E/:1QZ?/�ÏSG0/:1jiQa�Ó41�G@/!Z _ �g� /
-0/m� _ 1��,>,/ -@/ + B /�Zo�7>,/ji�/ B 6�G0+H+73=1QZ?/ji�/�-83zÓQ\.6�>,/nÕC!d"AöE! 3E!jÎ /T���7/ +ba?>FG0/��7/�� B _ >,/?-0-0/�Z _ >H>,/?+ B _ 1Qi�ì
6�1�/ _ +�Z.G@-0-83:�TG _ 1 /:1��7>H/ 6E1�/ -=Gn\=1�/ i�/½Ï43=+H/ Ö 643A+FGn�F/:1��gZ _ 1�+��73=1��7/ É%BD � y@3 + Ù]Ú ] /T�gi�Gf^ a:>H/:1��7/?+
cA3=-0/?6�>,+Fi�6 Z.G@+73�G@-0-0/T� /?1��IZ _ � B >VG0+,/?+9/?1��7>,/=" � /T�X"a] + Ù]Ú ! Û 3A> 3�G@-0-@/:6�>H+ Ë -03 � _ 1�/Uilk /�ô
G0+	�7/:1,Z:/�i�/UZ:/?+



q�ö ��� 	�� � �+�V�
	������������	�A�d	���
	�`�
��
A���	�n� ����� ���I� ��� �d�������i� ��������� � � �

0 2500 5000 7500 10000

12.5

13.5

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 )

/10��! Õ"!d"9Õ ñ 2��C8E<�5R>4?:&;+!)�(*&�>G9�/2+X$')O@�+6(��^/2+�<;<�8O@Y3#<�(�/6NO>4$'8!/�6 K � N B <��^+21U34+3=�(�$'9�$@12$'34+�SVS A N%+!)�(*&�>G9
+�@*9F12$'5U=Q$9@�/^<�+�=Q+69*>G9�+�@Y$9@�16>G3G3#<�9*>4$'8O@è<�+�=,/6(*>4$�<�+�7����C@F+68��@>G(�$'8 A

_ +�Z.G0-@-83@�FG _ 1E+9/?+��G/�ôE�7>¢õ��F/��F/:1��UaT�,> _ G#�7/ Ë /:1�c+G0> _ 1yØ"!,Ø�] Û 3F/o� -0/:+M�,>73=1E+FGd� _ G0>H/:+MiE/=Z?/:+Ui�ÃC143C�PG Ö 6�/?+
3@���7/.Gd\.1�/?1;� B -@6�+FG@/:6�>H+ gE/:6�>H/:+:!a÷ - /:+�� i _ 1,ZJi�G 
gZ.G0-@/Filkxao�76QiSG0/:> -83!i�ÃC143@� G Ö 6E/ _ ÏE+,/:>	cHa?/I3=6 B _ G@1;�¼Î Ü
� 3=-n\.>�a�� _ 6,�G1 _ +G/[^ _ >��,+ Ë -rktaTcA3 B _ >73:�TG _ 1 G01Qi�6SGd�I6�1E/�iQa?>FG#c./=i�6 Z[G0+73\G0-0-@/��F/:1��sc=/:>H+ -83wi�ÃC143@� G Ö 6E/
Z _ � B -@/�ô"/Ii�/;-83 >�a�\�G _ 1=qE!	� 3=-d\.>ba Z?/ B > _ Ï�-ÈÄ��F/ Ë iE/:+ +ba?>FG0/?+ �,/�� B _ >,/:-@-0/?+li�/ B -06E+ iE/ Ò Ø _ +bZ.G@-0-03@�TG _ 1�+
_ 1�� B 6 õT�7>H/ /:1�>H/�\�G@+��7>�a:/?+�É&+ _ G#� � y
| g
] !

0 4000 8000 12000 16000

12

13

14

15

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 )

/10��! Õ"!d" ��ñ 2��@8E<�5R>4?@&;+U</=Q/6(*>4$a<H>4?@&;+P$')O@�+6(��^/2+U<�&m=Q$'>G8:9CN <�+M3#<�(�/6NO>4$'8 #R<
�^+21P34+�=�(�$'9�$C12$'34+GSVS A

ñ Â 3 >baT\�G _ 1 q Z _ >H>,/:+ B _ 1Qi ì 6�1�/gi�ÃC143C�PG Ö 6�/w�7>¢Ä:+=Z _ � B -@/�ô"/jZ _ �g� / _ 1 B /:6,�J-0/wc _ G0> +H6�>
-83 Ó.\.6�>H/ Õ"!d"@]"!�Î /o�b�7/ i�/?>,1�GÈÄ:>H/ /:+	� Z:3=>73@ZT�6a?>FG@+ba:/ B 3=> 6�1 /:1E+,/���Ï�-0/ i�/ Ç >�a Ö 6�/?1QZ:/?+ i�G@+��,>FG×ÏE6Qa:/?+
3=6,� _ 6�>wi�/ � ØEØ + É[Z Ç !¼Ó.\�!£ÕC!d"AöE!ÑÏ
] !£Î /T�jao� 3@�F3A+¢ÃE� B � _ �FG Ö 6�/$/:+	�F/�ôE�7>¢õ��F/��F/:1�� é > _ Ï�6�+	�7/ ë /o�
+�ktaT�,/:1Qi i�6 B _ G01�� � 3=6 B _ G@1;� � !]Î _ 1;�,>73�G@>,/T� /?1;��ì -83K>�a�\�G _ 1 ��Ë -0/?+Mi�ÃC143C�PG Ö 6�/?+Mi�/ -03J>baT\�G _ 1 q



��� 	 � � ���V�D	 � ���������	�A�d	���
	�`�D���O� ��� ���n�!�'�L�¦������� � � �F�-��� ����� �F���
	������ q�]

0 f 2f 0.006
0

0.5

1 (a)

Fréquence  (s−1)

S
pe

ct
re

 n
or

m
al

is
é

0 f ’ 0.006
0

0.5

1 (b)

Fréquence  (s−1)

/10��! Õ"!#"Aö ñ Ea=Q+2169*(�+�@�<�+ =�&�>"@B@	<�8;12+£<�+�@b< �C8E<�5R>4?@&;+�@ $')O@�+6(��^/2+�@�<;<�8O@`34+�@ (�/6NO>4$'8O@ #s+69 7 A 6�< B 
Y/6NO>4$'8 #�Q
34+C@H=Q+2169*(�+U>G8O<H>4?@&;+�163#<�>G(�+657+68:9P3#<�=�(�/�@�+68;12+U<.- &�8;+>=,/6(*>4$�<�+�; $'8O<;<�57+68@9	<�34+;<�+�3p-0$'(B<H(�+><�+ ����� � 7�����@ A
6n) B 
J/6NO>4$'8 7 QH3#<C< �@8E<�5R>4?@&;+3=�(�/�@�+68@9�+P&�8;+3=Q/6(*>4$�<�+�=�3G&O@I(	</=�>"<�+�6 ������� � #����U@ B A

1�/ B >�a:+,/?1��7/ B 3=+!i�/ -=Gn\=1�/�i�/�Ï43=+H/=!

0 4000 8000 12000 16000

18

20

22

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 )

/10��! ÕC!d"a] ñh2 �C8E<�5R>4?@&;+ 12$'5U=�34+bS�+%</=Q/6(*>4$�<H>4?:&;+¼<�+ 3#<F(�/6NO>4$'8 7¦6�� � K B $')O@�+6(��^/2+ <��^+21 34+Q=�(�$'9�$C12$'34+¨SWS A

ñzÂ`_ >,+ Ö 6�/ -03�Z _ 1;�,>73�G@1��7/�3 B�B > _ Z�g�/�A
� Ë -0/ B > _ � _ Z _ -@/|÷¢÷ B /?>b�F/T�silk _ Ï�+,/?>�c./?> -83 +FGd� B -fGÈÓ.Z:3@�TG _ 1
i�/ -83 i�Ã"1�3C� G Ö 6�/ Z _ � B -@/�ô"/ i�/$-83 >�a�\�G _ 1 q c./?>,+F-83 i�ÃC143C�PG Ö 6�/$+	� 3@�FG _ 1E143�G0>H/yi�/ -03cÏ�>73=1,Z�g�/
� ø R ÉpZ Ç !9Ó.\�!aÕ"!#"Oq�] ! Â`_ >,+ i�/YZ:/J�,>73=1E+FGd� _ G0>H/ Ë -@/FZ.G0+,3�G0-@-0/T� /?1;� _ +bZ[G0-0-@/ B 3=> é G@1;�,/:>�� G#�b�7/?1QZ:/ ë /:1��7>H/
6�1�/ -fGn\.1E/�i�/UÏ43A+,/RZ _ 1;�FG01 6�/ /o�I6�1�/�cA3=-@/:6�>I3 B >FG _ >FG�3A-na 3:� _ G@>,/�ÜE-83 Ç >�a Ö 6�/?1QZ:/7i�/?+I+73=6,�,+!i�Gn�PG01 6�/
	H6�+ Ö 6 k,ìjZ:/ Ö 6�/ -rktaT� 3:� +�� 3:�TG _ 1�143�G@>,/�+ _ Gd�G3@���7/[G01�� !



qHq ��� 	�� � �+�V�
	������������	�A�d	���
	�`�
��
A���	�n� ����� ���I� ��� �d�������i� ��������� � � �
Å _ 6�-fGn\.1 _ 1�+ Ö 6lkÑì -03 B >baTZ.G@+FG _ 1 iE6 B > _ � _ Z _ -0/x÷¢÷xÉ���A�� |�à�y Û 3 Ë ��� � y(áF|F|¥| +2]K/o� � 3=-d\.>ba

1 _ +F/[^ _ >	�7+ Ë 3=6,Z:6�1�/ i�ÃC143C�PG Ö 6�/ B -@6�+F+FGn� B -@/ Z _ �g�F/ 6E1fao� 3@� B a?>FG _ i�G Ö 6�/ B 3=> /�ô"/T� B -@/ Ë 1lk 3
aT�ba��PG0+H/J/?1 aoc
Gdi�/:1,Z:/=!�Í _ 6�+|Ã >H/Tc+G0/?1Qi�> _ 1�+�i43A1�+�-03F+H/�Zo�TG _ 1{Õ"! ö Ë Z 3A>XZ?/K>ba?+,6�-#� 3@�`Gd� B -fG Ö 6�/Ri�/?+
Z _ 1�+ba Ö 6E/:1QZ?/:+ Gd� B _ >��73=1��7/?+ +,6�> - k /rôSG@+��,/:1QZ?/ i k 6�1E/ui�ÃC143@� G Ö 6E/ Z�g43 _ �FG Ö 6�/ 3=6vc _ G@+FG@143C\./ i�/ -03
�7>,3=1�+VGd�TG _ 1 i�/ Ç /:6�G@-0-0/o� 3C\=/=! Â 3ji�Gf^ a:>H/:1QZ?/J1 _ � 3�Ï�-@/ /:1��7>H/K-0/ B > _ � _ Z _ -0/U÷ /o� -@/ B > _ � _ Z _ -0/U÷¢÷ /:+	� -03

0 4000 8000 12000

12

14

16

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 )

/10��! Õ"!#"Oq ñ � (	<�8O@*>G9�$'>G(�+I$')O@�+6(��^/F<
�^+21%34+�=�(�$'9�$C12$'34+ SVS
<�& �^$'>"@*>G8E<�N^+�<H&C=Q$'>G8:9 K A'B + 16>"@	<�>G3G34+657+68:9`(�+63#<TS�+
�^+6(B@I3#<�)�(	<�8;1�?;+�@*9	<�9*>4$'8�8E<�>G(�+XK	��� A

i�G@+ B 3=>VGd�FG _ 17i�/9-83^Ï�>73=1,Z�g�/s�gaT�73=+��73�Ï�-0/$Î½ø ÆK!EÎ /9>ba?+,6�-#� 3@� /:+	�56�1�/JZ 3=>,3CZT�ba:>VG0+��FG Ö 6�/èÏ�G0/?1mZ _ 1�1 6�/
i�/?+yZ _ � B _ >��,/��F/:1��7+ g�ÃC+��ba:>bao�TG Ö 6E/:+cÜ -0/ Z�Ã�Z?-0/ ilk gOÃC+	�6a:>¢Ä:+H/�/:+�� B -@6�+ \=>73=1QiäÉ � ø Æ ø 
 ø � ]
i43=1E+;-@/MZ 3A+YiE/ Ç 3\G×Ï�-@/:+eG@1;�,/:>	c=3A-0-0/?+ i�/!�7/T� B +Iilk 3:�b�7/?1��7/ ��� Ë�Ö 6�/Pi43A1�+ -0/MZ:3=+Filk 3 B�B > _ Z�g�/Pi�/?+Jao� 3@�,+
3=+�Ã�� B � _ �TG Ö 6E/:+nÉ[\=>73=1Qi � � Ë�B > _ � _ Z _ -0/W÷¢÷ Ë`� ø Î ø � ø � ] !�Î /wZ _ � B _ >	�7/��F/:1�� 3 ao�6a _ Ï�+H/:>	cHa
B 3=>�3�G0-@-0/:6E>,+Pi43=1�+RiSGf^ a:>,/?1��7/:+X�7>73A1�+FG#�TG _ 1�+�G@1Qi�6�G#�7/:+ B 3=>�-@/mZ[G0+73\G0-0-@/��F/:1�� �xq Ð�Ë "C"Aö Ë " ��� 
 !jÍ _ � _ 1E+
Z:/ B /?1Qi43=1�� Ö 6�/�-@/mZ�ÃEZ?-0/ � ø Î½ø � ø � Z _ >H>,/?+ B _ 1Qi >ba?/:-0-@/��F/:1��Uì 6�1 Z�ÃEZ:-@/ ilk g�Ã"+	�LÄ?>tÄ:+H/ Ë Z 3A>
-0/?+wi�ÃC143C�PG Ö 6�/?+giE/:+nÏ�>73=1,Z�g�/:+ � ø Î /T� � ø � + _ 1��D3A+¢ÃE� B � _ �FG Ö 6�/:+?!�Î / Z�ÃEZ:-@/ i k g�ÃC+��ba:>tÄ?+,/
1lk /:+	��i _ 1QZ B 3=+I-=Gda 3=6 B > _ � _ Z _ -@/�6,�TG@-=G@+ba=!

�� '�� �� Á�²�¾�¦C«B¥ts£ª ©�³�°�¾>¸p³�¾�°_ªUuvob¸�²£¾>«Bª�­®ªbºè³�ªw³ ¯Bº>©�³�¥��C¯B«B¯H³Lo ­®¥£¸�°�²£©�¸�²£¦>¯���¾>ª

Æ�a�Z?>FG#c _ 1�+ �D3\G01��7/?143=1��F-0/ Z _ 6 B -83C\./ /?1;�,>,/ -83�+��,>,6QZo�76�>H/ i�6 �46�GniE/u�F/:+H6�>ba?/ B 3=>ji�Gh^�6E+FG _ 1
+��73@�TG Ö 6�/ i�/ -03 -06,� GÈÄ:>,/ Ë -rk 3=+ B /�Zo�w�D3@Z:> _ +bZ _=B G Ö 6�/ iE/ -83 Z?/:-@-06�-@/ i�/FÎ _ 6�/T���7/$/o��-0/?+ i�Gf^ a:>H/:1��7/?+
>baT\�G _ 1�+Ji�Ã"1�3C� G Ö 6�/:+Ji�/:+MZ _ 6�>¢Ï /?+silkta�Z _ 6�-0/T� /?1�� B _ 6�>èí � í�� ! Â /�� _ 1�� 3C\=/�6,�FG0-fG0+baI/?+��!Z?/:-@6�G
i�/
-83�ÓQ\.6�>,/�Õ"! ��Ë i,a�Z:>VGd�Ui43=1E+G-03 +,/TZT�TG _ 1RÕ"!d"=!vÕ ËEB 3C\./ ] � !



��� 	 � � ���V�D	 � ���������	�A�d	���
	�`�D���O� ��� ���n�!�'�L�¦������� � � �F�-��� ����� �F���
	������ q Ð

����������	�


Â 3|Ï�>,3=1QZ�g�/ R ø � Z _ >H>,/?+ B _ 1QimìG6�1 3=1E1�/ 3=6 G0+ _ �7> _=B /Fi�/Ji�Gf^ >73CZo�TG _ 1zÉ[Z Ç !9Ó.\E!EÕ"!#"9Ø Ë B 3C\./Jq,"^] !
Æ�3=1E+ -0/?+saT�73@�7+Y�7>,3=1�+FG#� _ G@>,/?+ Ë i�/:+$Ï43=1Qi�/?+M� 3CZ:> _ +bZ _.B G Ö 6�/?+ + _ 1;� + _ 6�c./:1�� B >�a:+H/:1��7/?+I-0/ - _ 1Q\�i�/ -03
c _ >��TGdZ.G#�6amÉpi�G0>H/�Zo�TG _ 1 � i43=1E+ -83=Z:/:-@-06�-@/XiE/;Î _ 6�/o�b�7/'] ! 
 -@-0/?+sZ _ >,>,/?+ B _ 1Qi�/?1�� -0/ B -06�+ + _ 6,c=/:1���ìmi�/?+
i�Gh^ a?>,/:1,Z:/:+Ui�/R�76E>tÏ�Gdi�Gd�ba /T� B 3=> Çp_ G0+^ìwi�/?+Xao� 3@�,+G+	�7>H6QZT�,6�>,/?-0+Ui�Gf^ a:>H/:1��7+�É ) � : �.i�Gh^ a?>,/:1��,/:+ _ >b\ 3A1�G#e
+73:�TG _ 1�+ /o�!� 3�G@-0-0/?+Filk _ \.1 _ 1�+6] ! Â _ >,+ Ö 6�/ - kxao� 3@� +��73@�TG _ 1�143�G@>,/G/:+	�G3@�b�,/.G01�� -83mZ?/:-0-@6�-0/Ui�/�Î _ 6E/T�b�,/�/:+	�g _ � _ \EÄ?1�/ -0/ - _ 1Q\wi�/ -03wc _ >��FGnZ[Gd�6aA!
����������	
�

Â`_ >,+ Ö 6E/ A � A
� É2>�a�\�G _ 1 ÕH]XiE/ Ç 3�G×ÏE-0/:+ B GnZ?+ 3 B�B 3=>73�G@+,+H/:1�� +,6�> -rk 3=1�1�/:3=6 G01QiSG Ö 643=1���-@/ +,/?6�G0-
i�/ -rk G01�+	� 3�Ï�G@-=G#�6a i�/ Ç /:6�G@-0-@/T� 3@\./=!QÅ _ 6�-=Gd\.1 _ 1�+7i�/ B -06E+ Ö 6�/ i�/?+�Ï43A1Qi�/:+ B -06�+ _ 6 � _ G@1�+=�,6�>tÏSGni�/?+
3 B�B 3=>73�G@+,+H/:1�� -0/�- _ 1Q\ i�/ -83 c _ >	�TGdZ.Gd�bawZ _ �g�F/ _ 1 B /?6,� -0/ c _ G0> +,6�> -03�Ó.\.6�>H/xÕ"!#" Ð !bÎ /:+�Ï43=1Qi�/?+

V
or

tic
ité

  (
z)

/10��! Õ"!d" Ð$ñ �$@H=,+2169 5=<'16(�$9@�12$A=�>4?@&;+�<�+`3#<Y12+63G3G&�34+�<�+�N%$'&;+69*9�+ $')O@�+6(��^/2+�� 3p-0$C+6>G3:8@&�=Q$'&�(�<�+�@ 12$'8:9*(	<�>G8:9�+�@
� � � � A 2s+�@�)E<�8O<�+�@�5=<'16(�$9@�12$A=�>4?:&;+�@W@�$'8@9�=�(�/�@	+68:9�+�@m34+j34$'8�Nc<�+j3#< �^$'(*9*>416>G9�/ A%B < )E<�(*(�+ �^+6(*9*>41W<�34+
(�+L=�(�/�@�+68@9�+{j!165 A

B _ +,+¢Ä�i�/?1;�56�1m�7>¢Ä:+ Ç 3�G×Ï�-@/FZ _ 1��7>,3=+��,/ _.B �FG Ö 6�/;/T��+ _ 1�� iSG�
gZ.G@-0/:+�ì�Ó�-n�F/:>:! R 6QZ:6E1�/ - _ 1Q\.6�/?6�> i k _ 1,i�/
1�/ +,/T�WÏ�-@/F+�a:-@/�ZT�FG _ 1E1Qa:/½Ü -83 �73�G0-@-0/miE/ Z?/:+�Ï43=1Qi�/?+=cA3=>VG0/ �HÃ B G Ö 6E/��F/:1��=i�/u"AØEØ��l� ì Õ ñ�� �g� !
Â`_ >,+ Ö 6�/�-0/ Ç 3\G0+bZ?/ 3=6 -83=+H/:>�/?+��7iQa B -83CZTamìy�7>,3'c./:>H+7Z:/:+UÏ�3=1Qi�/?+ Ë 3=6,Z:6�1�/wZ _ >,>�a:-03@�TG _ 1 aoc
Gdi�/:1��,/�1�/
B /:6,�Uõo�7>H/ Ç 3�Gd�,/J/?1��7>,/K-83nÓQ\.6�>,/mi�/ i�Gh^�>,3CZT�FG _ 1 /T�RZ?/:+�+	�7>H6QZT�,6�>,/?+R�D3CZ?> _ +�Z _.B G Ö 6�/:+?!bÎ /?+UÏ43=1Qi�/?+
_ 1�� 6E1�/�i�ÃC143C�PG Ö 6�/Xi�/�- k _ >�i�>,/Ui�/ "AØ ñ "9ØEØ + Ë ��� ) �E/:-@-0/:+Yi�G@+ B 3=>,3�G0+H+,/?1;� /T�I>�a 3 BEB 3=>73\G0+,+H/:1�� +H6�>Mi�/?+
�7/T� B +=iE/F- k _ >bi�>H/wi�/ -03 � G@1 6,�7/A!�Î /T���7/gi�ÃC143C�PG Ö 6�/ /:+	��i _ 1QZ B -06�+ >,3 B Gdi�/ Ö 6E/F-03 B a?>FG _ i�/wi�/?+



q Ò ��� 	�� � �+�V�
	������������	�A�d	���
	�`�
��
A���	�n� ����� ���I� ��� �d�������i� ��������� � � �
_ +�Z.G0-@-83@�FG _ 1E+si�6 Z.G@+73�G@-0-@/��F/:1�� !

����������	��

� -rk 3 B�B > _ Z�gE/ i�/$-83 >ba�\�G _ 1 ��Ë -83 +	�7>H6QZT�,6�>,/$/?+�� -naT\EÄ:>H/��F/:1�� Ç /?6�G0-@-0/T�ba:/ Z _ �g� / _ 1 B /?6,� -0/
c _ G0>U\.>TECZ?/�3=6�ô Ó.\=6�>,/?+�i�/miSGf^ >73CZo�TG _ 1�! Û 3=>�3�G0-@-0/:6E>,+ Ë - k 3A+ B /�ZT�X� 3CZ:> _ +bZ _.B G Ö 6�/�i�/ -03 Z:/?-0-@6�-0/7i�/We
c+G0/?1;�J\.>,3=1 6�-0/?6�ô ! � 1 i�G0+	�TG01,\.6�/ /:1 /Z^�/o��ì -rk _ /.G0-E1C6yi�/ Ç 3\G×Ï�-@/:+ gQaT�ba:> _ \Ha:1,a.Gd�ba:+Jilk G@1Qi�GdZ:/ _.B �FG Ö 6�/ Ë
i _ 1E143=1��G6�1�/�Gn� B >,/?+,+VG _ 1 i�/=\.>,3=1 6�- _ +VGd�ba�Z 3=>,3CZT�ba:>VG0+ba?/ B 3=>I6�1�/7� 3\G0-0-@/XiE/g"AØEØ �l� /:1�c+G0> _ 1�!

����������	��

Æ�3=1�+ -83J>�a�\�G _ 1�öxÉ[\.>,3=1Qi�/?+ _ +�Z.G0-@-83@�FG _ 1E+Ii�/�Z[G0+73\G0-0-@/��F/:1��W] Ë G0-�3 B�B 3=>73aód�YZ:-83\G0>,/T� /?1��s\.>FECZ:/ 3=6�ô
Ó.\.6E>,/:+si�/�i�Gh^�>,3CZT�FG _ 1 Ö 6�/�-837�7/rô��,6�>,/�i�6!�46�Gdi�/ _ +bZ.G@-0-@/�/?1;�,>,/�- kxao� 3@� Ç /:6SG0-0-@/T�ba�É Çp_ >��sZ.G@+73�G@-0-0/T� /?1��W]
/T�9-rktaT�73@�FiQa?+ _ >�i _ 1�1QaWÉ Ç 3�GÈÏ�-0/!Z[G0+,3�G0-@-0/��F/:1��2] ! Û _ 6�>Y� /?+,6�>H/:> Ö 643=1��TG#� 3@�FGdc./T� /?1��JZ?/T���7/�Z _ >,>�a:-03@�TG _ 1 Ë
6�1 B 3A>73C�nÄT�,>,/RÝ Z 3A>73CZo�6a:>VG0+	�TG Ö 6�/ i�/ -03 �7/rô��,6�>,/ i�6��46�Gdi�/ B /:6,��õT�,>,/ /rô��,>73�G#� i�/?+�Ó.\.6E>,/:+yi�/
i�Gh^�>,3CZT�FG _ 1�!�÷ - +�k 3C\�G#�wi�/ -83 iSGf^ a:>,/?1QZ:/ /?1;�,>,/ -0/?+ G01��7/?1�+FG#�6a:+w� _ Ã./?1�1�/:+gi43=1E+F-@/:+ � _ 1�/:+ _ ú 3 B e
B 3=>,3�G0+H+,/?1;� -0/:+ B GnZ?+ i�/ i�Gh^�>,3CZT�FG _ 1 É����	��
2] /T�wi43A1�+�-0/?+ � _ 1E/:+ _ ú 3A6QZ:6�1 B GdZD1lk 3 B�B 3=>73aód�½É��
�	� �b] Ë
��� ) �bÝ Þ ���	��
 Q ���	� � !jÎ / B 3=>73C�nÄT�,>,/J/:+���1C6E-�- _ >,+ Ö 6�/K-rk 3=1�1�/:3=6 /:+	� G0+ _ �7> _.B /xÉ Ý � |�� �,/�ôE�76�>H/
iQa?+ _ >�i _ 1�1Qa?/O] /T� B _ +FG#�TG Ç - _ >H+ Ö 6�/ -0/?+ B GnZ?+ 3 B�B 3=>,3�G0+H+,/?1;�>É Ý � |�� �,/�ôE�76�>H/ Ç /:6�G@-0-0/o�6a?/O] ! Â 3RcA3=-@/:6�>
i�/7Z:/ B 3A>73C�nÄT�,>,/ G01,i�G Ö 6�/ 3=- _ >,+I-@/RZ _ 1��,>73=+	�7/7i�/:+ B GdZ:+I+,6E>G-03WÓ.\.6�>H/=iE/=iSGf^ >73CZo�TG _ 1�!

Â 3 Ó.\.6E>,/FÕC!d" Ò ! 3 B >ba?+,/:1��,/ -83 Z _ >H>ba?-83@�FG _ 1 /:1��7>H/yZ?/ B 3=>,3C�nÄT�7>H/xÝ /T�K-0/?+ _ +�Z.G@-0-83:�TG _ 1�+�i�/ Z.G#e
+73\G0-0-@/��F/:1��Fi�/�-03 >�a�\�G _ 1�öE! Â /?+si�/?6�ô +�a:>VG0/:+Y�7/T� B _ >,/?-0-@/:+ _ +bZ[G0-0-@/:1��;/:1 B g43=+,/A! Â /?+ _ +bZ[G0-@-83@�FG _ 1�+%i�/
c+G0+�Z _ +VGd�6a _ Ï�+H/:>	cHa:/?+�Z _ >,>,/?+ B _ 1Qi�/?1��Ri _ 1QZ�ì 6E1�/ _ +�Z.G@-0-83:�TG _ 1 +��,>,6QZo�76�>H/:-0-@/�iE6 �46�Gdi�/=!�Å _ 6�-=Gd\.1 _ 1�+
Z:/ B /?1Qi43=1�� Ö 6�/$-03u�7/rô��,6�>,/$1 k _ +�Z.G@-0-0/ B 3=+ /?1��7>,/$- kxao� 3@�mZ _ � B -ÈÄT�7/T� /?1�� iQa?+ _ >�i _ 1�1QaÔÉ Ý � | ]J/o�
-rktaT�73@� _ >�i _ 1�1QazÉ Ý � | ]M� 3�G0+ /?1��7>,/7i�/?6�ô aT�73@�7+ B -@6�+ _ 6 � _ G01�+ _ >bi _ 1E1Qa:+�ÉÊÝ � | ] !

Â k 3=+ B /TZT�si�/ -03=Z?/:-0-@6�-0/Pi�/CÎ _ 6�/o�b�7/ B >ba?+,/?1;�,/�� _ 6 	 _ 6�>H+$ì -rkta�Z�g�/?-0-0/U� 3CZ:> _ +bZ _.B G Ö 6�/G6�1�/�+��,>,6QZWe
�76E>,/ /:1 Ï43=1,i�/:+ _ >�\ 3=1�G@+ba:/?+I-0/�- _ 1Q\ iE/ -03mc _ >	�TGdZ.Gd�ba=!_Î / B /:1Qi43A1;� Ë Z _ �g�F/ _ 1 B /?6,� -0/Xc _ G@>I+,6�>I-03
Ó.\.6E>,/|Õ"!#" Ò ! Ï Ë�_ úji�/:6�ô B 3=>73@�zÄo�7>,/?+èÝ���/T�$Ý & _ 1��FaT�baX�F/:+H6�>ba?+$ìRi�Gh^ a?>,/:1��,/:+�g43=6,�,/:6�>H+ � ��/T� � & i�/
-83�Z:/:-@-06�-@/�i�/�Î _ 6�/T���7/zÉ�� � � Q � & � � y ZT� ] Ë -83 Z _ >,>�a:-03@�TG _ 1D/?1;�,>,/ -83J+��7>H6QZT�,6�>,/ /o� -0/�Z[G0+73\G0-0-@/��F/:1��
1�/ +,/T�WÏ�-@/ B 3=+£õT�7>H/G3\^�/TZT�ba:/ B 3=> -83 B >�a:+H/:1QZ?/�i�/UZ:/?+�Ï�3=1Qi�/?+J� 3CZ:> _ +bZ _.B G Ö 6E/:+:! 
 1F/[^ /T� Ë -@/:+I�7> _ G0+
+ba?>FG@/:+s�,/�� B _ >H/:-@-0/:+$Ý�� � � � Ë Ý & � � �;/o� BD!� � � _ +bZ.G@-0-@/:1�� /?1 B g43A+,/=! Â k _ +�Z.G0-@-83@�FG _ 1ji�/�+��,>,6QZo�76�>H/ _ Ï�+,/?>�cCa:/
/:+	��i _ 1QZXg _ � _ \EÄ:1E/ -@/ - _ 1,\giE/J-03wc _ >��FGnZ[Gd�6a /o��1E/J+H/��WÏ�-@/ B 3=+UZ _ 6 B -na:/�ì -83wi�ÃC143C�PG Ö 6�/ >73 B Gni�/
i�/?+|Ï43A1Qi�/:+?!



��� 	 � � ���V�D	 � ���������	�A�d	���
	�`�D���O� ��� ���n�!�'�L�¦������� � � �F�-��� ����� �F���
	������ q��

0 2000 4000
0

10

20

30

40

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 ) 

et
 φ (a)

0 2000

0

20

40

60

Temps  (s)

(b)

/10��! Õ"!d" Ò ñ 6�< B Zl<�(	<�57D69*(�+�� +69wNO(	<�8O<�+�@j$9@�16>G3G3#<�9*>4$'8O@n<�+ 16>"@	<�>G3G34+657+68@9 8: 6n(�/6NO>4$'8 57/69	<A@*9	<�)�34+�k B
+685; $'8;169*>4$'8{<H& 9�+65U=O@ A`B +�@C<�+6&HSc@�/6(*>4+�@�9�+65U=,$'(�+63G34+�@U@	$'8:9712$'(*(�/634/2+�@R+68c=�?E<A@�+ A 6n) B N%$'(*(�/63#<�9*>4$'8O@=+68
=�?E<A@�+�+68:9*(�+C<�+6&HSn=E<�(	<�57D69*(�+�@�� 57+�@*&�(�/�@ ��<�+6&HSn?E<�&�9�+6&�(B@3<H>"@�9*>G8:9�+�@�<�+U3#<�12+63G3G&�34+C<�+�N%$'&;+69*9�+�+69s34+�@
$9@�16>G3G3#<�9*>4$'8O@^<�+�16>"@	<�>G3G34+657+68@9 A N%+69*9�+U<�+6(*8�>4D6(�+R+bSE=,/6(*>4+68;12+7<m/69�/�(�/W<�3G>"@�/2+U<;<�8O@M&�8 +68@9*(�+ ; +6(^<.-0/L=E<�>"@�@�+6&�(
�  "���_ 5R5 A

����������	��

Æ�3=1�+FZ?/T�b�,/ >ba�\�G _ 1 Ë -0/?+�Ï43=1Qi�/?+ -0/I- _ 1Q\Ri�/I-83�c _ >��FGnZ[Gd�6a + _ 1��F� _ 6�	 _ 6�>,+ B >ba:+H/:1��7/?+:! Â 3CÓ.\.6�>H/!i�/
i�Gh^�>,3CZT�FG _ 1�/?+��YZ 3=>,3CZT�ba:>VG0+��FG Ö 6�/!i�/ -03�+��7>H6QZT�,6�>,/ Ç /:6SG0-0-@/T�ba;É[Z Ç !�Ó.\�!�Õ"!#"9Ø Ë=B 3C\./Pq,"O] ! Â 3R\.>73A1C6E- _ +VGd�6a
/:+	� � _ 6 	 _ 6�>H+ B >ba?+,/?1;�,/ /T�wi�/ B -06�+J/:1 B -@6�+mZ _ 1��7>73A+��6a?/{Ü�-@/ �46�Gdi�/ +H/��WÏ�-@/D+	�7>,6,ZT�76E>ba$/:1 B /T�FGd�,+
é B 3 Ö 6�/o�7+ ë i _ 1��G-83m�73�G0-@-0/XcA3=>VG0/��HÃ B G Ö 6E/��F/:1��Ui�/j"9ØEØ �l� ì "7� � !

����������	��

Æ�3=1�+9-83 >baT\�G _ 1 q Ë -83 +��,>,6QZo�76�>H/��PGnZ:> _ +bZ _.B G Ö 6E/UiE6 �46�Gdi�/�Z _ >,>H/:+ B _ 1,ixìJ-037�,/�ôE�76E>,/ Ç /?6�G0-@-0/o�6a:/
ilk _ \.1 _ 1�+:! Â 3G>�a:+ _ -06,�FG _ 1=i�/:+ Gn� 3C\./?+ /o�%iE6m� _ 1�� 3C\./ _.B �FG Ö 6�/;6,�TG@-=G@+ba 1�/91 _ 6�+ B /?>b�F/T� B 3=+ i�/s�F/oe
+,6E>,/:>;6�1gZ�g43=1Q\=/��F/:1�� +VGn\.1SGÈÓ.Z:3@�TG Ç iE/CÝ B _ 6�>Fi�/?+ _ +�Z.G@-0-83:�TG _ 1�+%i�/ Ç 3�GÈÏ�-0/I3@� B -fGd�,6Qi�/;É � �9ñ ]�+ Ù]Ú ] !
Î�k /:+�� B _ 6�> Ö 6 _ G 3=6QZ?6�1�/gZ _ >H>ba:-03@�TG _ 1 /?1;�,>,/F-0/ B 3=>73C�nÄT�,>,/nÝ /o�J-@/:+ _ +�Z.G@-0-83:�TG _ 1�+�i�/jZ[G0+73\G0-0-@/��F/:1��
1lk /:+	�!� /?+,6�>�a:/�i�3=1�+sZ?/T���7/�>�a�\�G _ 1�! Â /:+$Ï�3=1Qi�/?+M�D3@Z:> _ +bZ _=B G Ö 6�/?+ /T� -837\.>73=1 _ -06�+VGd�baXi�G@+ B 3A>73�G@+,+,/?1��
B > _ \.>,/?+,+VGdc./T� /?1���ì -rk 3 B�B > _ Z�g�/�i�6 B _ G@1�� �>Ë�_ ú$-0/�Z[G0+,3�G0-@-0/��F/:1��;>,/?-83-ô"/�c=/:>H+G-03�Ï�>,3=1QZ�g�/ +	� 3@�FG _ 1�e
143�G@>,/ � ø R ! Â 3�+��,>,6QZo�76�>H/�iE/:+ _ \.1 _ 1�+ /:+���3=- _ >,+^ì�1 _ 6,c./:3=6 iQa?+ _ >�i _ 1�1,a:/=!

Û _ 6E>9>�a:+,6,� /?> Ë 1 _ 6�+93'c _ 1E+J�PG0+ /?1yaTc+Gdi�/:1QZ?/ 3A6gc _ G0+VG0143C\=/Ui k 6�1E/U�,>73=1�+VGd�FG _ 1wi�/P�7/rôE�76�>H/ Ë i�G Ç e
Ç a:>H/:1��7/?+Ii�ÃC143C�PG Ö 6�/?+%i�6m�73=6�ô�i�/MZ[G0+,3�G0-@-0/��F/:1�� - _ >,+ Ö 6E/ -83UZ _ 1��,>73�G@1;�,/ /?+�� 3 BEB -=G Ö 6,a:/=! Â k /�ô
G0+	�7/:1,Z:/
i�/ Z?/:+ Z _ � B _ >	�7/T� /?1;�,+miQa B /?1Qiv�7>¢Ä:+ Çp_ >��7/T� /?1�� i�/ -03 �,/�� B a?>73@�,6�>,/yÜ B _ 6�>�í � í�� Þ 3Eã ð Î Ë
3=6QZ?6�1�/ _ +bZ[G0-0-03@�TG _ 1Ri�6 Z[G0+,3�G0-@-0/��F/:1�� 1lk 3Xao�6a _ Ï�+,/?>�cCa:/=! 
 1K6,�TG@-=G0+,3=1�� i�Gf^ a:>H/:1��7+ B > _ � _ Z _ -0/?+ >FgQa _ - _ e



Ð Ø ��� 	�� � �+�V�
	������������	�A�d	���
	�`�
��
A���	�n� ����� ���I� ��� �d�������i� ��������� � � �
\�G Ö 6E/:+ Ë 1 _ 6�+;3Oc _ 1�+ _ Ï�+,/?>�cCa -83 B >�a:+H/:1QZ?/�ilk 6�1yZ�ÃEZ:-0/Uilk g�Ã"+	�6a?>tÄ:+H/ Ö 6�G B /?>,+VG0+��,/�- _ >,+ Ö 6�/�-@/:+I�7/T� B +
ilk 3@�b�,/:1��7/ � � + _ 1��93=6Q\H�F/:1��ba:+:! Û 3=> 3�G@-0-@/:6�>H+%\.>FECZ:/I3A6�ôw�F/:+H6�>,/?+YiE/!i�Gf^ 6�+FG _ 1wi�/I-03 -06Q�PG×Ä?>,/ Ë 1 _ 6�+
3'c _ 1E+ � _ 1��7>�a Ö 643A1;�FGd�73@�TG#c./��F/:1�� Ö 6�/;-83M�7/rô��,6�>,/Yi�6 �46�Gdi�/ _ +bZ[G0-0-@/ /:1 B g43=+H/ 3'c=/�Z -03!� /?+,6�>H/;>VgQa _ e
- _ \�G Ö 6�/xÜ Ç 3\G×Ï�-@/mc+G0+bZ _ +FG#�6a���� �7/�ôE�,6�>,/ _ >bi _ 1�1Qa?/F/o� Çp_ >��,/ c
G@+bZ _ +FG#�6a���� �,/�ôE�76E>,/giQa:+ _ >bi _ 1�1Qa:/A!
Î /T���7/ i�ÃC143@� G Ö 6E/$1�/$+,/T�WÏ�-0/ B 3=+mõT�,>,/ 3\^ /�Zo�6a?/ B 3=> -83 B >ba?+,/:1,Z:/ i�/FÏ43=1QiE/:+j�D3@Z:> _ +bZ _=B G Ö 6�/?+
_ Ï�+H/:>	cHa:/?+ -@/ - _ 1Q\wiE/ -03 c _ >	�TGnZ[Gd�ba=!

Æ�3=1�+F-0/?+ +,/�Zo�TG _ 1�+F+,6�G#c=3A1;�,/:+ Ë 1 _ 6�+F3=-0- _ 1�+�6,�FG0-fG0+,/?> -0/?+ _ 6,�TG@-0+ iE/ -03 �FgQa _ >FG0/ iE/:+F+¢ÃC+��tÄ��F/:+
i�ÃC143C�PG Ö 6�/?+ B _ 6E>`aT�76,i�G0/?> -0/:+ i�Gh^ a?>,/?1;�,+ >ba�\�Gn�F/:+li�ÃC143@� G Ö 6E/:+ _ Ï�+H/:>�cCa:+?!�Í _ 6�+`c./?>,> _ 1�+�3A- _ >H+ Ö 6�/
-0/?+7Z _ � B _ >��7/T� /?1��7+7� /?+,6�>�a:+ 1�/jZ _ >H>,/?+ B _ 1Qi�/?1;� B 3=+ +FGd� B -0/��F/:1���ì$6�1�/PG01E+�� 3aÏ�G0-fGd�6a B 6�>H/��F/:1��
�7/T� B _ >H/:-0-@/�/T� Ö 6�/ -0/?+!i�/�\=>ba:+Ui�/ -=GÈÏ /?>��ba�+ B 3:�TG83A6�ô 	 _ 6E/:1�� B > _ Ï�3�Ï�-0/T� /?1�� 6�1 > �.-0/ Gd� B _ >	� 3=1�� !

����� 	 �;�������½�(#F����
F�3�;�¼��� #F�^���j���j���^� �^��#x��� ��� �&%z�F�^�

R cA3=1�� iE/ B _ 6,c _ G@>yiQaTZ:>VG0>,/ -0/?+yi�Gh^ a?>,/:1��,/:+ _ +�Z.G@-0-83:�TG _ 1�+ _ Ï�+,/?>�cCa:/:+ \.>FECZ:/Rì -83 �TgQa _ >FG@/ i�/?+
+¢ÃC+	�LÄ��F/:+gi�ÃC143C�PG Ö 6�/?+ Ë G@-MZ _ 1�c+G0/?1�� iE/ i,a�Z:>VG0>H/FÏ�>FGÈÄTc./T� /?1�� -@/:+jZ _ 1QZ:/ B �7+gi�/ Z:/o�b�7/ �FgQa _ >VG0/$/o�
i�/ + _ 6�-fGn\.1�/?> /?1 Ö 6 _ G G0-@+ B /:6,c=/:1�� +,/?>�c+G0>�i�3=1�+�-@/ Z 3CiE>,/ /rô B a:>VGn�F/:1�� 3A-%i�6�>VgQa _ Z�g43 _ +?!j÷ -�/rô
G0+��,/
a:1 _ >b�ga��F/:1��Uilk _ 6,cC>73C\=/:+ /o�Ui�/J>H/TcC6�/?+�iQaTi�Gna?+>ìF-83 �TgQa _ >FG@/7i�/:+G+¢ÃC+��tÄ��F/:+Xi�ÃC143C�PG Ö 6�/:+ �4"�� Ë öOÕ Ë
q ��ËEÐ Õ Ë �Hq 
 ! Â k 6�1�G Ö 6�/ _ Ï�	H/�Zo�TG Ç i�/sZ:/!Z�g43 B Gd�7>H/ /:+	�Filk G01��7> _ i�6SG0>,/9-0/?+ _ 6,�FG0-0+ 1Qa�Z?/:+H+73�G@>,/:+�ì�- k 3=1�3=-ÈÃC+,/
i�/?+Xi�ÃC143@� G Ö 6E/:+ _ Ï�+H/:>	cHa:/?+:!

R cA3=1���Z:/:-03 Ë
_ 1 B /:6,�XaTc+Gdi�/��g� /?1���+,/�i�/�� 3=1QiE/:> B _ 6E> Ö 6 _ G 3=143=-6ÃC+,/:>G-0/?+ _ +�Z.G@-0-83:�TG _ 1�+M�F/:+,6Ee
>ba?/:+?! Û -06�+ B >baTZ.G@+ba��F/:1���Ü Ö 6�/ B /:6���1 _ 6E+ 3 B�B _ >��,/:>G-83j�TgQa _ >FG@/�i�/?+�+¢ÃC+	�LÄ��F/:+Ri�Ã"1�3C� G Ö 6�/:+�
 
 1
>ba:3=-=G#�6a Ë 6��TG0-fG0+H/:>;-0/:+ _ 6,�TG@-0+Ji�/�Z:/o�b�,/��TgQa _ >FG@/ B /:>b�F/T�Mi�/�>ba B _ 1Qi�>,/ 3A6�ô Ö 6�/?+��FG _ 1�+ Çp_ 1Qi43C�F/:1�� 3A-0/:+
�7/?-0-@/:+ Ö 6�/½Ü /:+	��e Z:/ Ö 6�/ -83 i�ÃC143C�PG Ö 6�/�/?+��7iQao�7/?>b�PG01�G@+��7/�
F/:+	��e Z:/ Ö 6lk 6E1 B /T�FGd� 1 _ �WÏ�>,/wi kxa Ö 6�3:e
�TG _ 1�+J+,6 
j� B _ 6�>�� _ iQa:-fG0+H/:> -0/ +¢ÃC+��tÄ��F/�
 _ 6 /:1QZ _ >,/ Ë /:+	��e Z:/ Ö 6�/$- k /?+ B 3CZ?/D/?+���6�1E/ i�Gn�F/:1E+FG _ 1
B /:>��FG01�/?1��7/miE6 B > _ Ï�-×ÄT� /�
mÍ _ 6�+�G@1�+FG@+��,/:> _ 1�+�i _ 1QZK+H6�> -@/�Z:3Ci�>,/milkxao�76QiE/ i�/mZ?/T���7/m�FgQa _ >VG0/7� _ 6��
/:1 + _ 6�-=Gd\.143=1�� B _ 6�> Ö 6 _ G�G0- /:+	�J-da�\�G#�TGd� /=i�/�+�k 3@���7/:1,i�>,/ Ë i43=1�+ -0/wZ:3=+ Ö 6�G 1 _ 6E+XG@1��6a:>H/:+H+,/ Ë ì i�/?+
Z _ � B _ >��,/��F/:1��7+I+H6�+bZ?/ B �FG×Ï�-@/:+Uilk õT�7>H/7iQa�Z?>FGd�,+ B 3=>I6�1 +¢ÃC+��tÄ��F/�i�Ã"1�3C� G Ö 6�/=!



� � ��� � � ��� �p� ����� ����� � �
�G� � �+�V�D	 �D�X���	�A�d	���
	�`�D� Ð "
��  �^ �¡ ´�±3©�³���­®ªb© �|±3º|¥è­®¯���¾|ªb© ��ow³�ªj°]­®¯Bº>¯B©�³�ªb©

Â 3 �TgQa _ >FG@/mi�/?+ +¢ÃC+��tÄ��F/:+Ri�ÃC143@� G Ö 6E/:+�/?+�� 6�1E/m�TgQa _ >FG@/m� 3@�Tg,a�� 3@�TG Ö 6E/�iQaTZ:>VGdcA3=1�� -0/?+ + _ -06�e
�TG _ 1�+!i�/?+Pa Ö 643@�FG _ 1�+Pi�6 �HÃ B /oÜ

HIIIIIIIIIIJ IIIIIIIIIIK

B� � Þ�� � ��� � �AàAàAà � ��� �/àAàAà � �
	 � � � �
àAà/à
B��� Þ�� � ��� � �AàAà/à9� ��� �AàAàAà � �
	 � � � �
àAà/à
B�
	 Þ�� 	!��� � �AàAàAà � ��� �Aà/àAà � �
	 � � � à

ÉÊÕC! � ]

Î /:+Ua Ö 643:�TG _ 1�+ + _ 1��Xi�/:+ é a Ö 643@�FG _ 1E+UiSGf^ a:>,/?1��TG0/?-0-@/:+ _ >�i�G01�3�G0>H/:+ ë ! � Þ�
 � � �AàAàAà[� �
	�� /?+���6�1 c./�ZWe
�7/?6�>�ì�� Z _ � B _ +,3=1��7/:+7iQaTZ:>VGdcA3=1�� -rktaT�73@�7i�6 +¢ÃC+��tÄ��F/=!�� /:+��J-0/�1 _ �WÏ�>H/wi�/ iE/�\.>�a:+7i�/ -=GÈÏ /?>��6a
i�6 +¢ÃC+��tÄ��F/=! � /:+	��6E1�/ Çp_ 1QZT�FG _ 1 Ë 3 B�B /:-da:/ é � _ � ë�Ë4B /:>b�F/T��� 3=1��Pi�/ Ç 3�G@>,/�aoc _ -@6�/:> - kxao� 3@�!iE6 +�Ã"+�e
�LÄT� / � i�3=1�+ -@/X�7/T� B +:! Â / � _ � � /?+��PZ 3A>73CZo�6a:>VG0+�a B 3=>96�1$/:1�+H/��WÏE-0/Ri�/ B 3=>73C�nÄT�,>,/?+ � iQaTZ:>FG#cA3=1��
-0/?+mZ _ 1��7>73\G01��7/?+ i�6h�PG0-fG0/:6 /�ôE�ba:>FG@/:6�>?! Â /D+�ÃC+��LÄT� / i kxa Ö 6�3@�TG _ 1�+FÉ Õ"! � ]=Z _ 1�+��FGd�,6�/ 6�1 é +¢ÃC+��tÄ��F/
i�ÃC143C�PG Ö 6�/ ë iQaT�,/:>�� G@1�G0+	�7/��?!_Æ / 1 _ �WÏ�>H/:6�ôD+¢ÃC+��tÄ��F/:+Pi�ÃC143C�PG Ö 6�/?+ + _ 1;� B >ba?+,/:1��,+Ui�3=1�+I-0/?+Mi _ e
� 3�G01�/?+I+bZ[G0/:1��FGÈÓ Ö 6�/?+�Ü _ +bZ.G@-0-03@�7/?6�>,+ Ë +¢ÃC+	�LÄ��F/:+ B > _ G0/ ñCB >baTi43@�,/:6�> Ë >ba:3CZT�FG _ 1�+PZ�g�Gd� G Ö 6�/:+ Ë � _ i_Ä?-0/:+
Ï _ 6�>,+VG0/?>,+:!?!:! Â /?+J+ _ -06��TG _ 1�+Ri�6 +�ÃC+��LÄT� /RÉÊÕC! � ]�+ _ 1�� Ç 3CZ[G0-@/��F/:1��7Z 3=-dZ:6�-03�Ï�-@/:+Ri43=1E+J-@/gZ:3=+ _ ú Z?/
i�/?>,1�G@/:>F/:+�� -=G@1Qa 3\G0>,/A! 
 1�/Z^�/o� Ë �7> _ 6,c./?>D-@/:+ + _ -@6,�TG _ 1�+ji�6 +¢ÃC+��tÄ��F/ -=G@1Qa 3\G0>,/$+H/ >�a�i�6SGd�D3=- _ >H+oì
6�1 +VGn� B -0/ B > _ Ï�-×ÄT� /gi�/ Z:3=-nZ?6�-Yi�/:+mcA3=-@/:6�>H+ B > _.B >H/:+:! Î�k /?+���- k /rô
G0+��,/:1QZ?/ i�/ 1 _ 1�e -=G01,a 3=>VGd�6a?+ Ö 6SG
B /:>b�F/T��-rk 3 B�B 3=>FG#�TG _ 1 i�/J-03gZ _ � B -0/rôSG#�6a7i43=1E+XZ?/:+ +�ÃC+��LÄT� /?+:!jÎ�k /?+�� B _ 6�>�3�Ï _ >biE/:>UZ:/T���7/J>FGnZ�gE/:+,+H/
i�/ Z _ � B _ >	�7/T� /?1;�,+ Ö 6�/yi�/ 1 _ ��Ï�>,/?6�+,/?+�3 B�B > _ Z�gE/:+ �Tg,a _ >VG Ö 6�/:+ _ 1�� ao�6a Z _ 1�+73@Z:>ba?/:+oì - kxao�76QiE/
i�/?+�+ _ -06,�FG _ 1E+Mi�/:+ +�ÃE�tÄ��F/:+G1 _ 1�e -=G@1Qa 3�G@>,/?+Mi�6 �HÃ B /zÉÊÕ"! � ] !

	�3�G0+ _ 1�+!ilk /��WÏE-na:/ Ö 6�/?- Ö 6�/:+G>,/T�D3A> Ö 6�/:+;Ü
ñ -03 + _ -06,�FG _ 1 ilk 6�1 +¢ÃC+��tÄ��F/ i�ÃC143C�PG Ö 6�/ B /?6,�Wõo�7>H/ycC6�/ Z _ � �F/ 6E1�/ �,>73�	H/TZT� _ G0>,/ i43=1�+K6�1
/?+ B 3CZ?/Pi�/Pi�Gn�F/:1�+VG _ 1�� Ë 3 B�B /:-da é /:+ B 3CZ:/Pi�/?+Yao� 3@�,+ ë /o� 1 _ �ba�� ! 
 1F/[^ /T� ËH_ 1 B /?6,�YZ _ 1E+FG#e
iQa?>,/?>K-0/?+=cA3=>VG83�ÏE-0/:+�� ����� � � � � 	 Z _ �g� / -0/?+�Z _ � B _ +,3=1��7/?+milk 6�1 c=/�ZT�,/:6�>mi43=1�+ 6�1 /?+ B 3CZ?/
i�/wiSGn�F/:1�+VG _ 1!� ! Â k /?1�+,/T�WÏ�-0/ji�/?+R�7>73 	H/�ZT� _ G0>H/:+Rilk 6�1 +¢ÃC+	�LÄ��F/gi�ÃC143C�PG Ö 6�/ Z _ 1�+��FGd�,6�/ 6�1
é B _ >��,>73�G#�!i�/ B g43A+,/ ë +

ñ /?1mc./?>��76mi�6m�Tg,a _ >¢Ä��F/Jilk 6�1�GdZ.G#�6aYi�/:+5+ _ -06��TG _ 1�+ Ë 3=6,Z:6�1�/Y�7>,3�	H/�Zo� _ G@>,/;1�/ B /:6,��+�k G01��7/?>,+H/�ZT�,/:>�Ü
ì�6�1�/7Z _ 1Qi�G#�TG _ 1 G01�G#�TG83A-0/Ui _ 1�1Qa?/ � � � Þ | � Ë G@-�1lk /�ô
G0+	�7/ Ö 6lk 6E1�/=�,>73�	H/TZT� _ G0>H/Ri _ 1�1Qa?/ � � � ��+

ñ -037i�Ã"1�3C� G Ö 6�/ /:+��JiQao�7/:>�� G@1�G0+	�7/;Ü -0/?+ + _ -@6,�TG _ 1�+ + _ 1;� 3 B >FG _ >FG.Z:3=-nZ?6�-83�ÏE-0/:+ + _ Gd�;3A143=-ÈÃ;�FG Ö 6�/oe
�F/:1�� Ë + _ G#� 1C6,� a?>FG Ö 6�/T� /?1�� !

"$#��-�+�9���W�>������� ����� ���
�����W�C��� �O�+�d�>�C���+�O��� �����
��¢v�-�������+�O��� ���W��� ��� ���+�v�
�����(�5�
�&%`�-�O�-� i ����')(*,+.-0/1*32�4657/1892 �;:
5 �����£�v�O�t�V�(� �F�(���>�+�����-�����
���-�����;<



Ð Õ ��� 	�� � �+�V�
	������������	�A�d	���
	�`�
��
A���	�n� ����� ���I� ��� �d�������i� ��������� � � �
Í _ � _ 1�+ Ö 6E/ -83Ui�Gn�F/:1�+VG _ 1�Ó41�G@/�� i�/ -rk /:+ B 3CZ:/MiE/:+IaT�73@�7+�1lk /rô�Z:-06�� B 3=+ -0/:+%Z 3=+ B gOÃC+VG Ö 6�/:+Ii _ 1�� -0/?+
i�/?+bZ:>VG B �FG _ 1E+9+ _ 1��sZ _ 1��TG01 6�/?+UÉpZ _ �g� / - kxa Ö 6�3@�TG _ 1ji�/CÍ�3Oc+G@/:>	eBÅE� _�� /:+6] !�Î /:+Ji�/:>H1�G×Ä?>,/?+ Gn� B -fG Ö 6�/:1��
6�1 1 _ �WÏE>,/ G01�Ó41SGMi�/ i�/�\.>�a:+gi�/ -=G×Ï�/:>	�6a$/o� i _ 1QZ 3 B >FG _ >FG Ë -83�1 _ �FG _ 1 i�/ Z�g43C� B !�Î / B /?1Qi43=1��
i43=1E+ -83 B -@6 B 3=>	��i�/?+RZ 3=+ Ë -0/?+�Z _ 1;�,>73�G@1��7/:+ + B 3@�FG83=-@/:+ B /:>�� /o�b�,/:1��Ri�/�>�a�i�6�G@>,/ -03yZ _ � B -@/�ô
Gd�bami�/?+
a Ö 643:�TG _ 1�+Wì 6�1 1 _ ��Ï�>,/oÓ41�GYilkta Ö 643@�FG _ 1�+K3=6�ô iQa?>FGdcCa:/?+ _ >biSG0143�G@>,/?+nÜ -03 �Tg,a _ >VG0/gi�/:+J+¢ÃC+��tÄ��F/:+
i�ÃC143C�PG Ö 6�/?+ B /?6,��3=- _ >H+ +�k 3 B�B -=G Ö 6�/?> � �Hq 
*!
��  �^ Ê� ´�±3©�³���­®ªb© �|±3º|¥è­®¯���¾|ªb© �>¯B©�©�¯H¦C¥ ³�¯Vl�©

	�3�G0+ _ 1�+UiQa:+ _ >b� 3�G0+ 6�1E/m\.>,3=1Qi�/ +FGd� B -fGÈÓ.Z:3@�TG _ 1 /?1 1�/mZ _ 1�+VGniQa?>73=1�� Ö 6E/K-0/?+�� _ �7+Ui�G0+H+FG B 3@�TG Ç +:!
Æ�3=1E+�Z:/?+RZ 3=+ Ë -83 i�ÃC143C�PG Ö 6�/K/?+���G@>,>baoc./?>,+FGÈÏ�-0/zÜ�-@/:+�a Ö 643@�TG _ 1�+�1E/ + _ 1�� B 3=+2G01�cA3=>VG83=1��7/?+ + _ 6�+ -0/
Z�g43=1,\./��F/:1�� ��ø Q � �4"�� Ë �Hq 
 ! 
 1 B gOÃC+VG Ö 6�/7Z:/o�b�7/ B > _.B >FGnao�6a�/:+�� -fGna?/>ìK-03mi�G@+,+FG B 3@�FG _ 1gi�/ -rkta:1E/:>	e
\�G@/=!pÎ /o�b�7/ 1 _ 1�e G@1;cA3=>VG83=1,Z:/ 3�6�1�/7Z _ 1�+ba Ö 6�/:1QZ?/ Gn� B _ >��73=1��7/ Ö 643=1���3=6�ô$+ _ -@6,�TG _ 1�+Mi�/?+ +¢ÃC+��tÄ��F/:+
i�ÃC143C�PG Ö 6�/?+�i�G@+,+VG B 3@�FG Ç +UÜ
ZCk /:+	� -83 é Z _ 1;�,>73CZo�TG _ 1 i�/?+�3�G@>,/?+ ë !�Å
G _ 1 Z _ 1�+FGdi_Ä:>H/J6E1 /:1�+H/��WÏE-0/=i�/
�7>,3�	H/�Zo� _ G@>,/?+ G0+H+,6�/?+wilk 6�1 B /T�TG#� i _ �D3�G@1�/�� i�/ - k /?+ B 3CZ?/ i�/?+ aT�73@�7+½ÉpZ Ç !�Ó.\�!¼Õ"!#"��E! 3 B _ 6�>K-@/ Z:3=+
� Þ î ] Ë G0-£Ã 3 Z _ 1��7>,3CZT�FG _ 1vi�/yZ:/ c _ -06Q�F/ i43=1E+�-0/y�,/�� B + �4"�� Ë �Cq 
*! R G@1�+FG Ë 3 B >¢Ä:+ 6E1 �,>73=1E+FG#e
� _ G0>,/ Ë -rk /:1E+,/���Ï�-0/ji�/?+7�,>73�	H/TZT� _ G0>H/:+ 3=6�>,3 é 3=+¢ÃE� B � _ �TG0+�a ë +H6�> 6�1 + _ 6�+�e /:+ B 3CZ?/�� i�/ � 3 B�B /:-da
é 3@���7>73@ZT�7/?6�> ë�� !]Î /�i�/?>,1�G@/:> 3 6�1 c _ -@6Q�F/ 1C6E- i�3=1�+ �ÌÜ

�
	�� � � � � � à ÉÊÕC!Ñö;]
5 1 /�ô"/T� B -@/Rilk 3@�b�,>73CZo�7/:6E>G/?+��Ui _ 1E1Qa +,6�> -83WÓ.\=6�>,/�Õ"!#"��E! Ï B _ 6E>I-0/RZ 3A+ � Þäî Ü4-@/:+M�7>,3�	H/�Zo� _ G@>,/?+
3=+�Ã�� B � _ �TG@+,/:1��J+,6�>J6�1 Z�ÃEZ:-0/ i�/yiSGn�F/:1�+VG _ 1 ".! Â k g�Ã B _ �Tg_Ä?+,/ iSG0+,+VG B 3:�TGdc=/ B /:>�� /o�miE/ +VGn� B -=G6Ó4/:>
-rktaT�,6Qi�/Fi�/?+�+ _ -06,�FG _ 1�+`iE/JZ?/:+ +¢ÃC+��tÄ��F/:+%i�Ã"1�3C� G Ö 6�/:+�Ü B _ 6E> ao�76QiSG0/:> -@/:+ + _ -@6,�TG _ 1�+ 3=+�Ã�� B � _ �TG Ö 6E/:+ ËG0- é +,6�
g� ë i�/ Z:3=>73@ZT�6a?>FG@+,/:> -83 � _.B _ - _ \�G@/ i�/F-rk 3@�b�,>73CZo�7/?6�>
�$! é Î _ 1��,>73CZo�TG _ 1 i�/?+K3\G0>,/?+ ë i43A1�+
-rk /:+ B 3CZ?/ i�/:+wao� 3@�,+ 1�/ +VGn\.1�G6Ó4/ B 3=+ B _ 6�> 3=6�� 3=1�� é Z _ 1��7>,3CZT�FG _ 1viE/:+�- _ 1Q\.6�/?6�>,+ ë Ü%Z _ �g� / _ 1
B /:6,� -@/�c _ G0>�+H6�> -83zÓQ\.6�>,/nÕC!d"��"!xZ /o�Ri43=1E+ -0/ Z:3=+ � Þ®î�Ë -0/�c _ -@6Q� /mi43=1�+�- k /?+ B 3@Z:/wi�/?+ B g43=+,/?+
B /:6,�J+,/gi�G0-03@�7/?>Ri43=1�+=Z:/?>��73�G01�/?+�iSG0>,/TZT�FG _ 1�+ /o�K+H/ Z _ 1��7>73@ZT�7/?>�i�3=1�+mi k 3=6��7>,/?+ Ë i�/F+ _ >	�7/ Ö 6�/D+ _ 1
c _ -06Q�F/Ri�Gn�PG01 6�/�3=6uZ _ 6�>H+UiE6 �,/�� B +:!

��  �^ �� �Ô¯Vl�¾|°�¸w¥ ³�¯�²£º|© ªw³7l�²�°]­®ªb© º|²£°_­®¥£«�ªb©
Î / B 3=>,3C\.>73 B g�/ B >�a:+H/:1��7/ -0/?+D1 _ �TG _ 1�+ Z:-da:+ iE/cÏ�G Ç 6E>bZ 3:�TG _ 1�+D/o� i�/ Çp_ >�� /?+ 1 _ >��D3A-0/:+?!�Î /?+

Z _ 1QZ:/ B �7+ B /:>�� /o�b�,/:1��Mi�/�Z _ � B >,/?1Qi�>H/ B _ 6�> Ö 6 _ G -@/:+sZ _ � B _ >	�7/T� /?1;�,+Ji,a�Z:>VGd�,+ B 3=>9-837�TgQa _ >FG@/Xi�/?+
+¢ÃC+	�LÄ��F/:+Ui�ÃC143C�PG Ö 6�/?+ + _ 1��G6�1�G#c./:>H+,/?-0+:!
��� �`�F�W�
����� i �(��� �v���v�����W�O��� ���-���
�����-�v�9�-���+�C�
���>�����+�O��� �d�(�O� �O�5� ��� �1���
�����W�C�¤�O�+�d�>�C���+�O�;< � � ª �-�
�¨�O�-�v� �W�

�W�(�n��� i �
�+�O���n��� �O�>�����(���O���d�-��������� � �>�������-�V�����-� �
�W�-�C�C����� �W�v���W�1�O��� �
��� �V�(�v�
�������-�v�n���O�������-����� �+�O� �C�W�O���+��� �O�v�
���-���
�����-���
�-�v�O�W�;<



� � ��� � � ��� �p� ����� ����� � �
�G� � �+�V�D	 �D�X���	�A�d	���
	�`�D� Ð �

� �

� ò
� &

É23�]
� � � � �

� � � ò �

�

� � � & �

ÉiÏ
] É[Z']
� � � � �

� � � & � � � � ò �

/10��! Õ"!#"�� ñ 6�< B N%$'8@9*(	<'169*>4$'8{<.- &�8 �^$'3G&�57+��Ì<;<�8O@U3p-0+�@H=E<'12+�<�+�@�/69	<�9B@�� A�� � [ � & [ � ò A 6n) B �è=�(�D�@
&�8m9*(	<�8O@*>G9�$'>G(�+43C34+�@�@�$'3G&�9*>4$'8O@I<A@��C5U=�9�$'9*>"@�+68@9 @�&�( &�8 1 �C1634+J3G>G5R>G9�+$<�+è<H>G57+68O@*>4$'8�j A 6 1 B N%$'8@9*(	<'169*>4$'8o<�+�@
�^$'3G&�57+�@�8;+W@*>GNO8�> �E+�=E<A@�12$'8:9*(	<'169*>4$'8�<�+�@�34$'8�NO&;+6&�(B@83l1W<�(�34+ �^$'3G&�57+�=,+6&�9U@�+�<H>G3#<�9�+6(U<;<�8O@R12+6(*9	<�>G8;+�@
<H>G(�+2169*>4$'8O@%+69�@�+F12$'8@9*(	<'169�+6(�<;<�8O@Q<.- <�&�9*(�+�@83a<�+�@�$'(*9�+F?@&;+��{<H>G5R>G8@&;+s<�&m12$'&�(B@Q<H&=9�+65U=O@C6 � � [ � & [ � ò B A� �	� � ��	�

��� �����
������� � ��	

Â 3 1 _ �TG _ 1hi�/FÏSG Ç 6�>�Z 3@�FG _ 1 /?+�� /rô��,>tõT� /T� /?1;� Gn� B _ >	� 3=1��,/D/:1v�FgQa _ >VG0/ iE/:+�+¢ÃC+	�LÄ��F/:+ji�ÃC143^e
�PG Ö 6�/:+?! � 1 iSGd� Ö 6lk G0-�+H/ B > _ i�6�Gd� 6�1�/ > � ����� ? $�"�� <�� Ë - _ >,+ Ö 6�/�-03 � _.B _ - _ \�G0/ui�/ -rk 3@�b�,>73CZo�7/?6�> �
Z�g43=1,\./ /:1 Ç 3\G0+73A1;��cA3=>FG@/:> -0/:+�Z _ 1��,>73�G@1;�,/:+ ��! Û _ 6�> G@-0-06E+��7>H/:>=Z:/o�b�7/D1 _ �TG _ 1 Ë B >H/:1 _ 1E+�-rk /�ô"/�� B -0/
+,6SGdcA3=1��PZ _ >H>,/?+ B _ 1Qi43=1��>ì�-rkta Ö 643@�FG _ 1 i�6 � _ 6,c./T� /?1��Xi k 6�1 _ +�Z.G0-@-83@�,/:6�> /:1��7>H/T�7/?1 6 �4"�� 
£Ü ! Þ D#" y Q ! L! L$&% B! Q(' L ! � ÉÊÕC! ]H]
_ ú ! /:+	� - k 3C� B -fGd�76,i�/si�/?+ _ +bZ.G@-0-03@�TG _ 1�+ /T� ! $ 6�1E/�3@� B -fGd�,6Qi�/Mi _ 1�1Qa:/A! Â k _ +�Z.G0-@-83@�,/:6�>�/:+��;/?1;�,>,/o�7/:1 6
Z 3A>I-0/��,/:>b�F/Ri�/ Ç > _ �b�,/��F/:1��Mc+G0+ Ö 6E/:6�ô i�/ - kxa Ö 643@�TG _ 1�ÉÊÕC! ]H]YiQa B /:1Qi i�/ ! Ü�+VG ! � ! $ Ë -@/�+¢ÃC+��tÄ��F/
i�G@+,+FG B / - kxa?1�/:>�\�G0/ /T��-rk 3C� B -=G#�76QiE/ ! iQa�Z?> _ ód� Ë 3=- _ >,+ Ö 6�/ +FG ! � ! $ Ë ! 3=6Q\H�F/:1��,/=! 
 1 3Ci�Gd� /?1�+FG _ 1�e
143=1�� - k 3C� B -fGd�76,i�/ ! B 3=> ! $*) ' U D /T� -@/X�7/T� B + B 3=>,+aU '�- -@/�+/.C+��10��F/3254"!76H]9+TkxaTZ:>18#�I+ _ 6�+ -83�9 _ >�� /
+,6�8dcA3=1��7/ - 3 B�B /:-na?/Ra;: 643@�18 _ 1 i�/=<;3=1 i�/?>?> _ -A@BCD CE=F�HGJILK

FIMGONQPAR �TSVU�IWR �WK 254YX q�]
_�Z\[ k _�]_^a` _�b a �cG ! - IdG F!3e � P,Ggfih ' Xij _�k1b :Yl e P�mon - [ kxao� ^ � ^pb .E� ` � _ �q8r:sl eWe b �tl ]#` _ 8 ] �u�v�e b � ^pw&[ e i ^x]&by[ k e b1`	^ Z e i e b aT� ^ � b ��2pZz9{X u \&X�4�X|4x}�X ^ ]VX�j _pk1b :sl e P�~�n - [r^�b�_�[ l,�18 _�]3b � ^ �q8 _�]&]	^ 8 k ee b ��8 ]&b � ^pw&[ e - [ e b c ^xk 8 ^xw&[ e b � e � I _�b Z;8 [r[ e ] � ^p[n_pk1b�� l ] e 9 k a;:sl e ] Z e iQaT� e k �38 ] a e - [�^ � _�` _�[n_ \p8 e i e[ k ^ ��� kq^ ZT� e l k e b � ^x[n_�k/b l ] ZV.�Z [ e [ 8n��8d� e 2pZz9{X u \&X�4�X|4x}�X w ]VX�j e `	^pb1b1^ \ e i e P�m�n � P�~�n e b �=l ] e�;� ���Y��� $�" �5� � @ [�^ i&8d� e ]&b 8 _�] 2 e �Ri _�] Z [r^ � _p` _�[d_ \�8 e ]!i e � ^ Z�� ^p] \Ha [d_�k1b :Yl e l ]_`	^pkq^ �30o� k e i&l



��� ����� � �����	�
��� � �
��� �	��� ��� 
	� �
� 
����	� �#������� ��� ��� ��� ��� � � ��������� � ���b . b �q0�� e i�. ]	^ �38 :Yl e ^ ao�6a�Z _�] �q8 ]�� � e ] �Jc ^xk 8naxX�j _�k/b :sl e [r^�w 8 9 l k Z ^ �q8 _�] Z _�k/k e b/` _p] i ^ l `	^xb1bq^ \ e
ilk l ] aT� ^ � b � ^ �q8 _�]&]	^ 8 k e � l ] aT� ^ � ` a k 8 _ i&8 :Yl e - Z _ �g� e ZCk e b � [ e Z ^pb 8dZ;8 - _�] `	^xk1[ e i e�� w 8 9 l k Z ^ �18 _�]
i e�� _�` 9�� X! _ � _�]&b :sl e ZCk e b � [�^_`&k a b e ] Z e i e ]Q_p] e [ 8 ] a ^pk 8#�6a b 2pZ _ �g� e Z e [ [ e e ] � S I i ^p]�b [ eb . b �q0�� e 254�Xxq�]�]?:sl&8 ` e k � e � [ k e�v 8 b � e ] Z e i e b=w 8 9 l k Z ^ �q8 _�]&b X 
A] e#" e �=i ^p]&b l ]#b . b �q0T� e [ 8 ] a ^ 8 k e -[ e b bb_�[ l,�q8 _�]&b ] e ` e l,c e ] ��$o� k e :sl e b � ^pw&[ e bP_ l 8 ]&b � ^pw&[ e b X�% e l [ e b [ e b ]Q_�] e [ 8 ] a ^pk 8d�ba b ` e k � e �b� e ] �[ k eVv 8 b � e ] Z e i e ]Q_ l,c e [r[ e b bb_�[ l,�q8 _�]&b [d_�k1b i e [r^ ` e k � e i e b � ^pw 8 [ 8d�ba [ 8 ] a ^ 8 k e ilk l ] e ilk e ] � k e�e [r[ e b X

0 100 200

−1

0

1
(a)

x(
t)

0 50 100

−2

0

2
(b)

&('��! 4�X|4x}*),+ S�+.-U=�34+�<.- &�8;+7)�>.;n&�(�1W<�9*>4$'8R<;<�8O@P34+71W<A@^<�+73p-0/2?:&E<�9*>4$'8R<�+0/ <�8 <�+6(21 $'343 / A 7�5 A 3�<�576Y+98
3#<TS;<�9*>4$'8 �^+6(B@F&�8z=,$'>G8@9;:�S�+^<;<�8O@J34+P1W<A@(<>=@?;A � A�B A 3n)C5;6Y+63#<TS;<�9*>4$'8 �^+6(B@F&�8 1 �C1634+U3G>D-R>G9�+�<;<�8O@J34+P1W<A@
<E=FA � A�G A

� �	� � ��	EH 

�d��I ���T� � � 
 �JH � �T��Kc�CH 	 �T��Kc�ML��JHj ^ �q�,a _�k 8 e i e b 9 _�k � e b ]Q_�k � ^p[ e b�` e k � e �Ji e k aTi&l&8 k e l ]3b . b �10�� e i�. ]	^ ��8r:sl e i e i&8n� e ]�b 8 _p]:sl e [ Z _�] :Yl e ^ lyc _ 8 b 8 ]	^ \ e i e � _ l,� e w 8 9 l k Z ^ �q8 _p] - � l ]H]Q_ � w&k e ` e �q8d�silkta;:sl ^ �18 _�]&b i&8 " a k e ] �q8 e [ [ e b
_�k i&8 ]	^ 8 k e b - ^x`&` e [ a e b 9 _�k � e ]Q_�k � ^p[ e XyjFk l ] 8#c e k1bq^x[ 8d�ba i e [�^ �q�Qa _�k 8 e i e b 9 _�k � e bH],_�k � ^p[ e b ^` _ l k Z _p]&b az:Yl e ] Z e i&8 k e Zo� e :sl e � _ l b [ e b�b . b �q0�� e b i�. ]	^ ��8r:sl e b e�v ` a k 8n� e ] � ^ l v 2pi e b k a ^ ZT�18 _�]�b
Z��&8d�38 :Yl e b _�b Z;8 [r[�^x] � e b ^ l v 8 ]&b � ^pw 8 [ 8#�6a b � .Ei kb_ i�. ]	^ ��8r:sl e b ] `�k a b e ] � e ] �si e b Z _ � ` _�k � e � e ] � b i�.�e]	^ ��8r:sl e bAb 8d�38 [�^ 8 k e b ^ lwc _ 8 b 8 ]	^ \ e i e b�w 8 9 l k Z ^ �18 _�]�b - iQaTZ k 8d� b�`	^xkA[ e b ��$�� e b az:Yl ^ �q8 _�]&b i&8 " a k e ] e
�q8 e [ [ e bP_�k i&8 ]&^ 8 k e b X�j e b iQaTc e [d_�`&` e � e ] � b �1�Qa _pk 8r:sl e b i e Z e ��� e ^p`&`&k�_ Z�� e bb_�] ��aocY8ni e � � e ] �U� k 0 b
Z _ � `&[ eVv�e bON " }�P - [ e b :sl e [ :sl e bt[ 8d\ ] e b Z;84e*i e b1bb_ l bt` e k � e �b� e ] � b 8d� `�[ e � e ] ��ilk 8 [r[ l b � k e k?[�^a]Q_ �q8 _p]
ilk l ] 8#c e k/bq^p[ 8d�baRi e [�^ � e Z�� ] 8 :Yl e i e k a�i&lQZo�q8 _�]d� [r^ 9 _�k � e ]Q_�k � ^p[ e X

Q _�]&b 8niQa kb_�]&b�[ e b . b �q0T� e i�. ]	^ �38 :Yl e i e i�8n� e ]&b 8 _�] � b l�8dc ^p] �t@
FR G � N R K � UiK 254YX � ]



� ��� ��� � ��� � � �������9� �0� �
� � � ��� � � �.��� �	��� ��� 
	� �.� � 6
_�Z � e b � l ] e ]&b e � w�[ e i e `	^pkq^ �30o� k e b e � � l ] � _ �Mi&8 b1b 8 `	^ �18 9{Xs> [�^��T_�]&b ],_ l b i ^x]&by[ e Z ^xbM_�Z R $e b ��l ] ao� ^ � b � ^ �18 _�]&]&^ 8 k e ��� ) � @ FR $ G � N R $ K � UAG n�� 254YX	��]
%�8 _�] Z _�]�b 8ni�0 k e l ] e 8 ] u � e ` e k �ql k/w	^ �q8 _�]#b l k Z e �mao� ^ �3@ R G R $�

� - _�]#` e l,� [ 8 ] a ^pk 8 b e k=[ eb . b �q0�� e 254�X � ]L@ F� G���� $ � K 254YX	��]
_�Z ��� $ e b � [�^ � ^ � k 8nZ e�� ^ Z _�w 8 e ]&] e i&l � _ � � ^ l ` _ 8 ] � R $ X�� ] ` e l,� ^p[n_�k/b i&8 ^ \ _�]	^p[ 8 b e k [ e

��� N��0� U
��� N��0��U

��� N��0� U
��� N��0��U 2 ^ ] 2 w ]

&('��! 4�X|4E" ) 3�<�5(/ <�34+6&�(B@^=�(�$A=�(�+�@�3 � 5$<.- &�8½@���@�9�D.-7+U< �@8E<�-R>4?@&;+R3G>G8;/W<�(*>"@�/7<�& �^$'>"@�>G8E<�N^+;<.- &�8F=,$'>G8@9
:�S�+ A"! $'&�9�+�@%34+�@ �'<�34+6&�(B@�=�(�$A=�(�+�@ $'8:9¼<�+�@Q=E<�(*9*>4+�@%(�/2+63G34+�@ 8;/6N:<�9*> �^+�@ 34$'(B@	?:&;+Y34+£=Q$'>G8:9E:�SH+J+�@*9�@*9	<�)�34+ A 3n)C5
B $'(B@�?@&
- &�8;+J)�>.;n&�(�1W<�9*>4$'8m@�+�=�(�$a<H&�>G983@&�8�+68O@�+.-X)�34+(:;8�>�<�+s12+�@ �O<�34+6&�(B@Q=�(�$A=�(�+�@%9*(	<
�^+6(B@�+Y3p- <TS�+�#%$"&(' ��) =
A Ab . b �q0�� e 2Q4�X	�H] e � Z ^p[ Zzl [ e k�[ e b�bb_�[ l,�q8 _�]&b \ k * Z e b�^ l v � _ i e b�`&kb_�`�k e b � � ��N(+/U � X 
A] e "ie � - [�^ i�.�e]	^ ��8r:sl e i e Z e b i e k/] 8 e k1b e b � b 8n� `&[ e � e ] ��i _�]�] a e `	^xk @ � �{N(+/U G � ��N(+ G n U-,/.10 N R2���3+/U _�Z [ e b
� �0��� bb_�] � [ e b c ^p[ e l k1b�`&k�_�`&k e b i e [�^ � ^ � k 8nZ e4� ^ Z _�w 8 e ]&] e X65 ^p]�b�[ e Z ^xbU_pZ R $ e b ��l ] ` _ 8 ] � u�v�eb � ^pw&[ e - � _ l�� e b?[ e b c ^p[ e l k/b?`&k�_�`&k e b � �0��� i e ��� $ _�] �Xi e b?`	^pk �18 e b?k a e [ [ e b?] aT\ ^ �18dc e b 2pZz9{Xi4�X74�"�X ^ ]VXj ^ i�. ]	^ ��8r:sl e i e [r^ k e [�^ v ^ �q8 _p] c e k1bW[ ktaT� ^ � b � ^ �18 _�]&]&^ 8 k e R $ Z _�k1k e b1` _�] i ^x[n_�k/bW� i e b 8d� `�[ e bk e [�^ v ^ �18 _�]�b eVv ` _�] e ] �18 e [ [ e b i e � e � `&b Z ^xkq^ Zo�6a k 8 b �q8r:sl e b + h ��� N7��� U Xj _�k1b :Yl e [ e b Z _�] � kq^ 8 ] � e b � bb_�] �Mc ^pk 8na e b - 8 [�b e ` e l���:sllk l ] e ]&b e � w&[ eLu ] 8 i e c ^p[ e l k/by`&k�_�`&k e b
Z k�_ 8 b e ] � [ k ^ v�e i e by`	^pk �18 e b k a e [ [ e by` _�b 8#�q8dc e b 2[Zz9{X u \&X�4�X74�"�X w ]VXYj ^Wb�_�[ l,�18 _�]�b � ^ �q8 _�]&]	^ 8 k e e b � ^p[d_�k1b8 ]�b � ^xw&[ e - 8 [?b e `&k�_ i�l&8d� l ] e w 8 9 l k Z ^ �18 _�] X j ^ i�. ]	^ �38 :Yl e ^ l c _ 8 b 8 ]	^ \ e i e Z e �b� e w 8 9 l k Z ^ �18 _�]
Z _p] �18 e ] � `&[ l b 8 e l k/b aTZ�� e [ [ e b i e � e � `&b i&8 b �q8 ] ZT� e b @ [ e b c ^p[ e l k/b `�kb_�`&k e by^ . ^p] �si e by`&^pk �18 e b�k a e [ [ e b9 _�k � e � e ] � ] a�\ ^ �q8#c e b Z _�k/k e b1` _�] i e ] � � i e bLk e [�^ v ^ �18 _�]�b�k1^p` 8di e b - ^x[n_�k/b :sl e [ e b c ^p[ e l k1b�`&k�_�`&k e b
Z k�_ 8 b1^p] � [ k ^ v�e ��� N7����U�GJn Z _�k1k e b/` _�] i e ] � � i e b � _ i e b*[ e ] � b X j ^ i�. ]	^ ��8r:sl e i e b � _ i e b*kq^p` 8ni e be b � ^p[n_pk1b �?e b Z [�^ c e �yi e [r^ i�. ]	^ ��8r:sl e i e Z e b � _ i e b i e i,a b � ^pw 8 [ 8 b1^ �q8 _�] X1� ] ` e l,� ^p[d_�k1b \ k * Z e� i e b � e Z�� ] 8r:sl e b � ^ �q�QaT� ^ �18r:sl e b N " }�P - k aTi&l&8 k e [r^ Z _ � `&[ e�v 8#�6awi&l b . b �10�� e i�. ]	^ ��8r:sl e 254YX � ]



� q ����� � �����	�
��� � �
��� �	��� ��� 
	� �
� 
����	� �#������� ��� ��� ��� ��� � � ��������� � ���^ lyc _ 8 b 8 ]	^ \ e i e [�^Ww 8 9 l k Z ^ �18 _�] - � l ] e ]&b e � w�[ e i kxaz:Yl ^ �q8 _�]&b b 8n� `&[ e by^p`�` e [ a e b � � �8� ),� � �8� $�� ) Xj ^ i&8n� e ]�b 8 _p] i e [�^ 9 _�k � e ]Q_�k � ^x[ e Z _�k/k e b/` _p] i ^ l ]Q_ � w&k e i e c ^p[ e l k/b `&kb_p`&k e b Z kb_ 8 bq^x] � [ k ^ v�e
��� N7����U G n X�5 e `&[ l b - [r^ 9 _pk � e ]Q_pk � ^p[ e ] e iQa ` e ] i `&^pb i&l i,aT� ^ 8 [ i e b � _ i e b�kq^x` 8ni e b e �
Z _pk1k e b1` _�] i i _�] Z � l ] b . b �10�� e i�. ]&^ �38 :sl e � � ��� ) � & ) � X
� � ��� ������� ����	�

��� ��� �j ^ w 8 9 l k Z ^ �18 _�] i e � _�` 9 Z _�k/k e b1` _�] i ^ l `&^pb1b1^ \ e ilk l ] aT� ^ � b � ^ �18 _�]�]	^ 8 k e � l ] e i�. ]	^ �38 :Yl e` a k 8 _ i�8r:sl e X jFk ^ ��� kq^ ZT� e l kH`	^pb/b e ^ 8 ]�b 8�ilk l ]J` _ 8 ] � u�v�e b � ^pw�[ e � l ] Zz.EZ [ e [ 8n��8d� e X j ^ 9 _�k � e]Q_�k � ^x[ e i e [r^Mw 8 9 l k Z ^ �18 _�] i e � _�` 9 b kta�Z k 8d�Ui e � ^p] 8 0 k e \Ca ] a kq^p[ e @

F	MGgN � 
�

� U�	tR���	���	�� S K 254�X#" }�]
_�Z � - � e � � b�_�] �Ri e b=`&^pkq^ ��0T� k e b e � 	 l ] e ^ � `&[ 8#�qlQi e Z _ � `&[ eVv�e Xij ^ 9 _�k � e ]Q_pk � ^p[ e 254�X#" }�]` e l,� ^ l b/b 8 b kxaTZ k 8 k e bb_ l b?[r^ 9 _�k � e b l�8dc ^p] � e @BCD CE F� G � ��R ��� N��&U����
K

F! G � R ��� N��&U�� S K 254�X#"H"^]
_�Z � e � ! Z _�k1k e b/` _�] i e ] � � [ k ^ � `&[ 8d�1lQi eLe � � [r^M` � ^pb e i ^p]&b [ e Z ^pb i&luZV.EZ [ e [ 8n��8d� e @

	WG�� � ��� � 254�X#" 4H]j _�k1b :sl e � m n e � ��� N��&U�~ n - [�^�b e l [ e b�_�[ l,�18 _�] e b � [ e ` _ 8 ] � u�v�e b � ^pw&[ e 	WG n 2[ZV9{X u \&X&4�X74�4�X ^ ]VXj _�k1b :sl e � ~ n - [ e ` _ 8 ] � u�v�e ` e k i b1^ b � ^pw 8 [ 8d�ba e �L8 [ ^p`&`	^xkq^ � �?l ] e b�_�[ l,�18 _�] ` a k 8 _ i�8r:sl e ilk ^ �je`&[ 8d�ql,i e � e �ji e 9 k az:Yl e ] Z e ! X � ] � _�] � k e ^ 8 b e � e ] � ^ lhc _ 8 b 8 ]	^ \ e i&l b e l&8 [ :sl e �"! # � e �!%$ � @ [ k _�b Zz8 [ [�^ �18 _�] e b �?� ^pk � _�] 8 :Yl e X65 ^x]&b [ e Z ^xb�`�k a b e ] � - [r^ � kq^x]&b 8#�q8 _p] c e k/b?[ e Zz.EZ [ e [ 8d�38#� ee b �UZ _�] �q8 ] l e - _�] `	^pk/[ e i e w 8 9 l k Z ^ �q8 _�] i e�� _p` 9�&V�'& ) �q�V� � " �)( � ) Xj _�k1b :Yl e ��� N��&U m n - [r^ � kq^p]�b 8d�18 _�] e b �ui&8 b Z _p] �18 ] l e Z _ � � e Z e [�^ e b � k e `�k a b e ] �6a b l k [r^u \�l k e 4�X74�4�X w X+* [ eVv 8 b � e l ] 8 ] � e k c ^p[r[ e �-, m � m n _�Z i e l v bb_�[ l,�q8 _�]&b Z _ eVv 8 b � e ] � @ l ] Zz.EZ [ e[ 8d�38#� e 8 ]&b � ^pw�[ e,e �?l ] ` _ 8 ] � u�v�e b � ^pw&[ e X�.Ra ] a kq^x[ e � e ] � - [�^M`&k a b e ] Z e i e ]Q_p] e [ 8 ] a ^pk 8#�6a b ilk _pk i k eb l ` a k 8 e l ka` e k � e �b� e ] � [ k eVv 8 b � e ] Z e ilk l ] ZV.�Z [ e [ 8n��8d� e b � ^pw�[ e Xyj _�k1b :Yl e [ e `&^pkq^ ��0T� k e � c ^xk 8 e
Z _p] �18 ]�� � e ] � ^ l�� _ l k i e [ k 8 ]&b � ^pw 8 [ 8d�ba - l ] Zz.EZ [ e ilk �s. b �6a k 0 b e�e b � ^x[n_�k/b�_�w&b e k cHapX � ]d`	^pk1[ e ^p[d_�k1b
i e w 8 9 l k Z ^ �q8 _�] i e�� _�` 9�& � � &0/1�V� � " �)( � ) Xj ^�w 8 9 l k Z ^ �q8 _�] i e!� _�` 9 e b � e�v � k $T� e � e ] � 8d� ` _�k � ^p] � eAe ] �q�,a _�k 8 e i e b b . b �q0�� e b i�. ]	^ ��8r:sl e b
Z ^xk e [r[ e Z _�]&b �18d�1l e [r^�`�k e ��8r0 k e aT� ^p` e c e k1b,[r^ Z _ � `&[ e�v 8#�6a�� e � ` _�k e [ [ e X 
A[ [ e ` e k � e � e ] e#" e �Xi e`	^pb/b e k ilk l ] ao� ^ � b � ^ �q8 _p]&]	^ 8 k e � l ] e i�. ]	^ �38 :Yl e ` a k 8 _ i&8 :sl e X j e bHw 8 9 l k Z ^ �q8 _�]&b b lQZ�Z e b/b 8dc e bb l k Z e �7ao� ^ � ` a k 8 _ i&8 :Yl e ` e l,c e ] � e ]&b l�8d� e � e ] e kt� i e b i�. ]	^ ��8r:sl e b=`�[ l b=k 8nZ�� e b X Q k e b � [ e Z ^pb



� ��� ��� � ��� � � �������9� �0� �
� � � ��� � � �.��� �	��� ��� 
	� �.� � �2 ^ ] 2 w ]
�� � ,n n

&('��! 4�X|4p4 ) 3�<�5 K%>.;n&�(�1W<�9*>4$'8 � +��J$��6;��*&��Q+6(�16(*>G9*>4?:&;+ A�B +	�
�Q$'>G8:9��Y+68w9*(	<�>G9�� 8p9*>G(�/	�Y12$'(*(�+	���Q$'8 � +68:9 � � +	�
��$'3G&�9*>4$'8
�X>G8
�*9	<�)�34+	��+69U34+	�X3G>GNO8;+	��12$'8:9*>G8:&;+	� � � +	���	$'3G&�9*>4$'8
���*9	<�)�34+	� A 3n)C5UK >.; &�(�1W<�9*>4$'8 � +��s$��6;���$'&
� 8
16(*>G9*>4?@&;+ A�������������� ��� � � ���� �!�"	� � 3#! � ��!� 	� ��� �� 
�%$&! ��� ��'%" � � � � 5 � ���)(�*
� � !�+, � (�!���-/. �102� ����+�$&!�3� �4 0 , �  �� ��� �
� � �
�%$&!5$�-�"���! � � � �6� $7*�398:.�! � $&��3�( �;� � � � � � ( � 8 � 3 �  <$&!�3=�� 	� ��� (�! � ! � ��.��> �!�3 � .�!<4

`	^pk eVv�e&? `&[ eA@&e b @ . ]&^ ? 8 :sl e b :sl ^pb 8 `CB;k 8#D @ 8r:sl e b D Z @&e ] D�lFE e [r[ e b 9 kGB :sl e ]>H e bd^p`�`	^pkq^ 8 b1b e ]�I X
5 ^p]�b�H e kGIq^ 8 ]�b�H;^pb - D ] D w&b e k E e `	^xk 9JD�8 b l ]AH D ]�I 8 ] l&l ?K@&e 9 kGB :sl e ]>H e b - [r^ @ . ]	^ ? 8r:sl ete b5I,^p[ D k1b^p`CB;k 8#D @ 8r:sl e - D ] `	^pk/[ eL@&e � H � ^ D b � X
M6NPO�NJQ RTSVUXWYS
Z�³\[)U][_^è³\`ba>c�deS�³\f�g6h�[_`j e I e k ?�ei@&e,� H � ^ D b � e b5I2H D�l kq^ ?;?3e ]�I ej? `&[ D . B @ ^p]&bM[ e b @ D ? ^ 8 ] e b�bkH 8 e ]�I 8 u :sl e bW` D�l k
@ BjH;k 8 k e I Dpl IW` � B;] D ? 0 ] e 8 k1kGB&l l [ 8 e k - e k1k1^/I 8 :Yl e Dpl @ Bzb D k @ D ]&]FB Xnm ]TI � B D k 8 eo@&e b�b . bGI 0 ?�e b @ .�p]	^ ? 8r:sl e b - [ e I e k ?�e7@&e H � ^ D b�^ l ] b e ]&b w 8 e ]H`&kkBjH 8 b X � ]H`	^pk/[ e7@&e H D ? ` D k5I ej?3e ]
I1b6H � ^ D I 8r:sl e b[ D k1b :sl e [ e b�b D [ l I 8#D ]&b @rq l ] b . b5I 0 ?�e�@ . ]	^ ? 8r:sl e `&kGB;b e ]�I e ]�IL[ e b�`�k D `&k 8 BsI�B;b b l&8tE ^p]�I e b @

) [ e b b D [ l I 8#D ]&b�b D ]�I3^p`CB;k 8#D @ 8r:sl e b @ [ e b b1` e HsIqk e b @&evu Dpl k 8 e kwH D k1k e b1` D ] @ ^p]�IoH D ? ` D kGI e ]�Il ] e 8 ] u ] 8 I�BLH D ]�I 8 ] l e�@&e 9 kGB :sl e ]FH e brx
) [ e b=b D [ l I 8#D ]&bLb D ]�I eVv Iqk $ ?�e&?�e ]�I�b e ]&b 8 w&[ e b�^ l v H D ] @ 8 I 8#D ]�b 8 ] 8 I 8 ^x[ e b @ @&e l v Iqk1^ �/e HsI D�8 k e b8 ] u ] 8 ?3e ]
I E�D�8 b 8 ] e b @ ^p]&b [ q e b1`	^yH e�@&e bzBjIq^/Iqb6{ @ 8tE e kkl e ]�I e ] l ]|I ej? `�b u ] 85X

* [ e ]HkkBzb l [}I e :sl eL@ ^p]&b l ] b . bGI 0 ?�eL@ . ]	^ ? 8r:sl e H � ^ D I 8 :sl e - 8 [ e bGI 8 ? ` D b/b 8 w&[ e�@&e `�kkB @ 8 k e [ e byb D~p[ l I 8#D ]&b ? $ ?�e�@ ^p]&bA[ e H ^pb D Z [ e beH D ] @ 8 I 8tD ]&b 8 ] 8 I 8 ^p[ e b b D ]�I�H D ]&] l e b ^ E e H l ] e l�k1^p] @&e `&kGB&H 8 b 8tD ] X
m ]TH D ]&b 8 @ Bzkq^p]�It[ e b,`&k D `&k 8 BjIkB;b,`&kGB&HjB @&e ]
I e b - D ]\` e l I 9 ^yH 8 [ ej?3e ]
I�H;k D�8 k e :sl e [ e b,b e l [rb=b . b p

I 0 ?3e b @ . ]&^ ? 8 :sl e b�` DplFE ^p]�IW`&kGB;b e ]�I e k @&e b�H D ? ` D kGI e&?�e ]�Iqb�H � ^ D I 8 :Yl e b�b D ]�IYH D ? ` D bkB;b @�q l ]
l�k1^p] @ ] D ? w&k e�@�q B :sl ^/I 8#D ]&by] D ] p [ 8 ]FB ^ 8 k e b ^ l v�@ Bzk 8}E B e b D k @ 8 ]	^ 8 k e b X%m ] e#" e I - @ ^p]&by[�^�[ 8 ? 8 I e�@&e
� D bGH 8 [r[�^~I e l k1bzH D�l `�[#B;b,^ E e Ho��� + - [ e b,b/` e HjIqk e b @&ewu Dpl k 8 e k @�e b,b D [ l I 8#D ]�b @ l b . b5I 0 ?3e b D ]�I:sl ^pb 8 ?�e ]�IzH D ]�I 8 ] l b XCm ]dkGB ^p[ 8 I�B - D ] bq^ 8 I @&e ` l&8 b�[ e b�I1kq^ E ^ l v 9JD ] @ ^/I e l k/b @&e m�X  �XTj_D k e ]>� :sl e[�^ @ 8 ?3e ]&b 8tD ] ? 8 ] 8 ? ^p[ eY@rq l ]cb . bGI 0 ?�e�@ . ]&^ ? 8 :sl e ` D�l k D w&b e k E e k @�e b�H D ? ` D kGI ej?3e ]�IqbLH � ^ D~p



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

J�
��� � �
� ����������� � ��� ��� ����
O����������� � ���

I 8 :sl e b e bGI l ] 8r:sl e&?�e ]�I�� N �
�#PQX � ]\`	^xk1[ e ^p[ D k/b @&e H � ^ D b @&e �� "!�!$#&%p�(')#�*
!V�5�"*+*� � �(,.- X 5 ^p]&bLH e bb . b5I 0 ?�e b=`&^pkGI 8 H l [ 8 e k1b - [ q ^/IkI1kq^yHsI e l k0/ ` D b1b 0 @&e2@�e b,`&k D `&k 8 BjIkB;bzI D ` D [ D l 8r:sl e b�w 8 e ]db1`CB&H 8 u :sl e b X
m ] e "ie I 2 H 9{X k e [�^/I 8#D ] 254YX �21 - `	^yl e � 4 1 - [ e bW^/IGIqk1^yHjI e l k/b @&e bWb . b5I 0 ?3e b @ . ]	^ ? 8r:sl e b @ 8 b1b 8 `	^~I 8 9 bb D ]
I @&e E�D [ l ?3e ] l [ @ ^p]&b [ q e b/`	^yH e�@&e bVBsI�^/I1b - ����# ��35476 N / Uym 35476 N { UAG � X�j_D k1b :sl e [r^�b D [ l I 8#D ]e b5I�H � ^ D I 8 :sl e - [�^H`&k D `&k 8 BjIkB @&e,� b e ]&b 8 w 8 [ 8 IkB ^ l v H D ] @ 8 I 8#D ]�b 8 ] 8 I 8 ^x[ e b �#8 ? ` D b e - e ] E e kGI l @ l
I � B D k 0 ?�ew@�q l ] 8 H 8 IkB @&e b=b D [ l I 8tD ]&b - :sl e 3
486 N / UL~:9 X�* [ e b5I e ] e "ie I 8 ? ` D b1b 8 w&[ e ` D�l k @&e b=k1^ 8}pb D ]&b
I D ` D [ D l 8r:sl e b @&e H D ]&bGI1k l&8 k e l ]�^/IGIqkq^/HjI e l k
H � ^ D I 8r:sl e�e ] @ 8 ?�e ]&b 8#D ] 4 N �3� PQX 5 ^x]&b�[ e H ^xb D Z
� G<; - [r^ @ 8 ?�e ]�b 8#D ] @&e [ q ^/IkI1kq^yHsI e l k6H � ^ D I 8r:sl ete bGI?^p[ D k1b6H D ]�Iqkq^ 8 ]�I�`	^pk�[r^Mk e [�^/I 8#D ]Hb l&8tE ^p]�I e @

9 m 35486 N / Uym=; � 254�X>� � 1j q ^~IkIqk1^yHjI e l k e bGIW^p[ D k/b l ] D w �/e I � 9 k1^yHjIq^p[ � H ^pk1^yHjIkB;k 8 bkB�`	^pk l ] e�@ 8 ?3e ]&b 8tD ]_] D ] p e ]�I 8 0 k e X�� ]`	^pk/[ e�@�q ^/IkI1kq^yHsI e l k � BjI1kq^p]>l e � X Q�q e b5I�H e IkI e I D ` D [ D l 8 e `	^pkGI 8 H l [ 8 0 k e :sl&8 H D ] @ l&8 I ��[�^tb e ]�b 8 w 8 [ 8 I�B^ l v H D ] @ 8 I 8tD ]&b 8 ] 8 I 8 ^p[ e b @ ^p]&b [ e H;^pb @�q l ] b . bGI 0 ?3e�@ . ]	^ ? 8r:sl e�@&e w	^xb1b e�@ 8 ?3e ]&b 8tD ]&]	^x[ 8 IkB X> k e ] D ]&b l ] e�v�e&? `&[ e H D ]>H;k e I :sl&8 k e E�8 e ] @ kq^ I D�l I�^ l [ D ]>l @&e H e H � ^x` 8 I1k e - [ e b . bGI 0 ?�eo@&e
?A@�b1b/[ e k N � � } P5X Qye�@&e k1] 8 e k e b5IzH D ? ` D bkB @&e b�I1k D�8 b�B :sl ^/I 8#D ]&b�H D�l `&[tB e b b l&8tE ^p]�I e b @BCCCCCD CCCCCE F

B GgR�IWR�	�K
FI GCB 
ED I?K
F	WGGF 
 B 	=RIH 	 �

254�X>� �21
j ^ b e l [ e ] D ] p [ 8 ]>B ^pk 8 IkB @&e H e b . bGI 0 ?3e_e bGI [ e I e k ?�e B�	 @ ^p]&b [�^ I1k D�8 b 8 0 ?�e B :sl ^~I 8#D ] X�>nDpl k
H e kGIq^ 8 ] e b�l ^ ?�?�e b @&e `&^pkq^ ? 0 I1k e b 2 D - F - H 1 - [ e b . bGI 0 ?�e `&kkBzb e ]
I e2@&e b?b D [ l I 8tD ]&bzH � ^ D I 8r:sl e b XKJ ]eVv�ej? `&[ eo@&e H e b�b D [ l I 8tD ]&b e b5IWk e `&kGB;b e ]�I�B3b l k�[ e b u l l k e b 4YX|4 � X ^ ) H D Zc[ e b E ^pk 8 ^pw&[ e b B N(+/U - IiN(+/Ue I 	&N(+/U D ]�I�BjIkB�H;^p[#H l [#B e b�] l ? B;k 8r:sl e&?�e ]�I ` D�l k�[ e b�`	^pk1^ ? 0 Iqk e b 2 D - F - H 1�L 2�}�X � - }�X � - � X76 1 X5M?l H l ] e`CB;k 8tD @�e ] e ` e l I $ I1k e7@ B u ] 8 e,e I 8 [ e bGI 8 ? ` D b/b 8 w�[ e - ^ l E�l @�e H e b�b e k 8 e b I ej? ` D k e [r[ e b - @&e `&kkB @ 8 k e[ e btb D [ l I 8tD ]&b=` D�l k @&e b�I ej? `�b�b l `CB;k 8 e l k/b X j q ^~IkIqk1^yHjI e l k�H D k1k e b1` D ] @ ^p]�I e bGI�k e `&kkBzb e ]�IkBab l kt[r^u l l k e 4�X74 � X @ X Qye @&e k/] 8 e k H D k/k e b1` D ] @ � l ] e D kkl ^p] 8 bq^~I 8#D ] � 9 e l&8 [ [ e IkB e � @ ^p]&b [ q e b1`&^yH e @&e b
BjIq^/Iqb�{ X
M6NPO�NON RTSVU U U][_^�P ard
ZFd�aQP�R�Z>f�`\[�Z h�^ arS�UXWYSeZ�P\[)U][_^SP a>c�deS�P\f�g6h�[UT

5 e ] D ? w&k e l v b . b5I 0 ?3e b eVv `CB;k 8 ?�e ]�I�^ l v `&kkBzb e ]�I e ]�I @&e b�H D ? ` D kGI e&?�e ]�Iqb @ . ]	^ ? 8 :Yl e b 8 k pkkBjl l [ 8 e k/b e I3^p`CB;k 8#D @ 8r:sl e b XVJ ] e :Yl e bGI 8#D ] b e ` D b e ^p[ D k1b ]	^~I l k e [r[ e&?�e ]�I @ H D ?�?�e ]�I bq^ EyD�8 k b 8
H e b @ . ]	^ ? 8r:sl e bLb D ]
I @ B&Hzk 8 I e b,`&^pk l ]�b . bGI 0 ?3e2@ . ]&^ ? 8 :sl e�@&e w	^pb1b e2@ 8 ?�e ]�b 8#D ]&]	^p[ 8 I�BXW >nDpl kkkBz` D ] @ k e � H e IkI e :Yl e bGI 8#D ] - 8 [ eVv 8 b5I e|@ 8 " B;k e ]�I e b ? BsI �>D @&e b @ [�^�`&k e&? 8r0 k e H D ]&b 8 bGI e � ?�e IGIqk e



� ��� ���$� ��� � � �������9� �0� �
� �.� ��� � � �.���	�
� � �����

J�.� � �

0 50 100
−7

5

(c)

x(
t)

−10

5

y(
t)

(b)
0

25

z(
t)

(a)

−5 0 5−5
0

5

0

10

20
(d)

x(t)y(t)

z(
t)

&('���� 4�X74 � ) 3 $�5�� 3 � 5��y( � .���3�( � �o$�� � -L����(���3�-~. � �
	 &�� )�
�� &�� ) � �
� &�� ) � .b� � ����".- � � � 6������ ��� !*3���4�����5 

� $ ��� . �  � � � .�-� �!�3�-/. � - ��� ���F(�.�! ��� � �%$&!5$�-�"���! � � 3�� 
���
�� 5! 3�"�4�# 
 "�4�# 
 �
4�$�5k4�3 � 5&%1����!5$ � � � .�!e ���!5$ �(',�6� (�!�! � � 8
�>( � � $ � ��! � ��!� 	� ��� �� � $ � � � � � ���%$ �	� � � �e ��5$&��� �  9: � 3 �%$&! ��� �e+�$&!�3}$&* ��� �)	 
*� � ���
4

e ] B EY8 @�e ]>H e [�^ � k D�l I e � E e k/bW[ e H � ^ D b - [ e b�^ l Iqk e b ? BsI �>D @&e b�b D ]�IWw	^xbkB e bWb l k�[ e b 8 ] E ^pk 8 ^p]�Iqb
? BjIqk 8r:sl e b e I�I D ` D [ D l 8r:sl e b @&e bL^/IGIqk1^yHjI e l k/bzBsIqk1^p]>l e b X
+-,/.103254/68714:9 H L 4<; I3= . Hj ^ k D�l I e E e k1b�[ e H � ^ D b - e ]>H D k e ^p`&` e [tB e � Iqkq^x]&b 8 I 8#D ] � E e k1b�[ e H � ^ D b - e b5IW[ q e ]&b ej? w&[ eo@&e bw 8 9 l kkH;^/I 8tD ]&bM]>BjH e b1bq^ 8 k e b ` D�l k `	^pb1b e k @�q l ] BjI�^~I bGI�^~I 8#D ]&]	^ 8 k e � l ] BsI�^/IoH � ^ D I 8 :Yl e X Q D ?;?3e`&kGB&H&B @&e&?;?�e ]�I e b :sl&8 b1bkB - [r^|I � B D k 8 e2@�e b 9JD k ?�e bt] D k ? ^p[ e b 8 ? ` D b e e ] e "ie I :sl e I D�l IYH � ^p]>l e p
?�e ]�I�I D ` D [ D l 8r:sl eY@&e b�b D [ l I 8tD ]&b @�q l ]#b . bGI 0 ?�e�@ . ]&^ ? 8 :sl e b D�8 I @ B&Hzk 8 I�`&^pk l ]#` e I 8 It] D ? w&k e
@�q B :sl ^/I 8#D ]�b @ 8 " Bzk e ]�I 8 e [ [ e b D k @ 8 ]	^ 8 k e b�^p`&` e [tB e 9JD k ?�e ] D k ? ^p[ e�e I7H D k1k e b1` D ] @ ^p]�I=� l ] e w 8 9 l k p
H ^~I 8#D ] @ D ]&]>B e X�m ] `	^pk5I 8 H l [ 8 e k - [ e `	^pb/bq^yl eL@�q l ] BsI�^/I�b5I�^/I 8#D ]�]	^ 8 k e 2 ` D�8 ]�I u�v�e - 35476 N / UAG n 1 �l ] e b D [ l I 8tD ] ` Bzk 8tD @ 8 :sl e 2 H . Hz[ e [ 8 ? 8 I e - 35486 N / U G + 1 H D k/k e b/` D ] @ � l ] e w 8 9 l kGH ^/I 8#D ] @&e � D ` 9{X
m v ` Bzk 8 ?�e ]�Iq^p[ ej?3e ]
I - H e IkI e Iqk1^p]&b 8 I 8tD ] ��@ Dp8 I � I D�l � D�l k1b eVv 8 b5I e kW[ D k1b :sl q l ]cb . bGI 0 ?�e `&kGB;b e ]�I e
@&e b7H D ? ` D kGI e&?�e ]�Iqb @ . ]&^ ? 8 :sl e b 2 ����# � @ BjH;k 8 Iqb,`&^pk l ]\^~IkIqk1^yHjI e l k @&ew@ 8 ?3e ]&b 8tD ]db l ` Bzk 8 e l k e �4 1 X�j ^ ? 8 b e?e ] B EY8 @&e ]>H e=e�v ` Bzk 8 ?�e ]�Iq^p[ ez@&e H e IkI e w 8 9 l kkH;^/I 8tD ] ` e l I B EY8 @�e&?;?3e ]
I $ I1k e7@ 8?> H 8 [ e @
I Dpl I @ Bz` e ] @|@&e [ q eVv 8 b5I e ]>H eL@�q l ]H`	^xkq^ ? 0 I1k e :sl&8 ` e l I $ I1k e H D ]
I 8 ]�� ?�e ]�I 2 e I 9 ^yH 8 [ e&?�e ]�I 1 E ^xk 8 B^ l I D�l k @&e H e IkI e I1kq^p]�b 8 I 8#D ] Xj ^ I1kq^p]�b 8 I 8#D ] e ]�Iqk e H e I�^~IkIqk1^yHjI e l k=`CB;k 8#D @ 8r:sl e�e It[ e H � ^ D b 2 ^/IkI1kq^yHsI e l kLBjI1kq^p]>l e 1 e b5It[ q e ] pb ej? w&[ e�@&e byw 8 9 l kkH;^/I 8tD ]&bAb l H&H e b1b 8tE e b :sl&8 ? 0 ] e ]�I���[�^LH D ? `&[ eVv 8 IkB Xsj ^�k D�l I e H �>Dp8 b 8 e�@ B;` e ] @i@&e[�^ 9 ^�� D ] @ D ]�I [ e H . Hz[ e [ 8 ? 8 I e ` e k @ b1^�b5I�^pw 8 [ 8 I�B X�� ] @ 8 bGI 8 ]>l l e ^p[ D k/b @ 8 " B;k e ]�I e b�I1kq^p]�b 8 I 8#D ]�b E e k1b[ e H � ^ D b @ [�^ � H ^xbkH ^ @&e b D�l b p�� ^xk ? D ] 8r:sl e � - � [�^ :sl ^pb 8 ` Bzk 8tD @ 8 H 8 I�B � e I�[ e b � 8 ]�I e k ? 8 IGI e ]>H e b � * -



��} �������������	�
����� �
���	�
� � �����

J�
��� � �
� ����������� � ��� ��� ����
O����������� � ���

* * e I * * * N �3� - ����P5X�� e IkI1k e�e ]AB EY8 @&e ]>H e�eVv `CB;k 8 ?3e ]�I�^p[ e&?�e ]�I l ] @�e H e b�bkH&Bz]	^pk 8r8 e b5I l ] e `�k e l\E e8 k/kkB 9 l I�^pw�[ e7@&e [r^M`&kkBzb e ]FH e�@�e H � ^ D b @ BjI e k ? 8 ] 8 b5I eL@&e w	^pb/b e�@ 8 ?�e ]�b 8#D ]&]	^p[ 8 I�B X
� 4 H���� 7 = 9 ��=	� 2 H K�
 2 9 ��� 034 H 4:2 25. � . L .�
 ��� 034 H

5 ^p]&b�H e k5I�^ 8 ]&b6H ^xb - 8 [ ` e l I $ I1k e7@ 8?> H 8 [ e�@�e7?3e IkI1k eLe ] ^ E ^p]�I l ]HbkHjB;]	^pk 8#D H D ? `�[ e I @&e I1kq^p] pb 8 I 8tD ] E e k/b3[ e H � ^ D b X * [ e�v 8 bGI e ^p[ D k/b @ 8 " B;k e ]�I e b ? BjI �>D @&e b ` e k ?�e IGI�^p]�I3�_`	^pkGI 8 k @�q l ] e bkBzk 8 e
I ej? ` D k e [r[ e�@ D ]&]>B e - @�ew@ BjI e k ? 8 ] e k?b 8 H e IGI ew@&e k1] 8 0 k eMe b5I @ B&Hzk 8 I e `	^xk l ]\b . b5I 0 ?3e2@ . ]	^ ? 8 :Yl e
@ 8 b1b 8 `	^/I 8 9 @&e w	^pb/b e�@ 8 ?�e ]&b 8#D ]�]	^p[ 8 I�B X Qye b ? BjI �>D @�e b b D ]�IzI D�l I e b w	^xbkB e b?b l k�[ e 9 ^ 8 I :sl e [r^ @ .�p]	^ ? 8r:sl e e bGIy^p[ D k/b @ B&Hzk 8 I e `	^pk l ]a^~IkIqk1^yHjI e l keBsIqkq^x]>l ez@ ^p]&b [ q e b/`	^yH ez@&e bVBsI�^/I1b�{ X � ] @ 8 bGI 8 ]>l l e
@&e l v ? BsI �>D @&e b @ 8 bGI 8 ]>HjI e b @?2�8 1 [ q e�v I1kq^yHsI 8tD ] @�e b bGB;k 8 e boI ej? ` D k e [r[ e b @�q 8 ] E ^pk 8 ^p]�Iqb ? BjIqk 8r:sl e b
I e [rb :Yl e [�^ @ 8 ?�e ]&b 8#D ] 9 k1^yHjIq^p[ ez@&e [ q ^~IkIqk1^yHjI e l kVBjI1kq^p]>l e - 2 8r8 1 [r^ ? 8 b e?e ] B E�8 @&e ]FH eL@&e [r^�I D ` D [ D/p
l 8 e `	^pkGI 8 H l [ 8 0 k eL@�e [ q ^/IGIqk1^yHjI e l k�BsIqkq^x]>l e�?3e ]	^p]�I?��[r^ `�k D `&k 8 BsI�B @&e b e ]�b 8 w 8 [ 8 I�B=^ l v H D ] @ 8 I 8#D ]&b8 ] 8 I 8 ^p[ e b X
� #�,��+-�������')# %�#��Q �� #�*
!��������! #" �  )')-�,��	� %�# %�#%$ &�� �"*'&�#�')#�*+,)(

* Dpl I e H e b ? BjI �>D @&e b k e :sl&8r0 k e ]�I3[�^ H D ]&bGI1k l HsI 8#D ] @�e [ q ^~IkIqk1^yHjI e l k �_`	^pk5I 8 k @�q l ] ev@ D ]&]>B eeVv `CB;k 8 ?�e ]�I�^p[ e XYj ^W`&[ l `	^pk5I @�e b e�v `CB;k 8 e ]>H e b ^yH&H 0 @&e ]
I�� l ] e b e l [ e�?�e b l k e�@ . ]	^ ? 8r:sl e�@ D ]&]>B e
B	+ N +/U X�j ^7H D ]&]	^ 8 b1b1^p]>H e�@�e [ q e ]&b e&? w�[ e6@&e b E ^pk 8 ^pw&[ e b @ l b . bGI 0 ?3e�@ . ]	^ ? 8 :Yl e e b5IeH D ? `&[ 0 I ej?3e ]
I�>D k/b @&e ` D k5I�B e X J ] `&k D w&[ 0 ?3e b e ` D b e ^p[ D k/b @ H D ?;?�e ]�I �d`&^pkGI 8 k @&e [�^ ?3e b l k e @�q l ] e b e l [ e
H D ? ` D bq^x]
I e B	+ N(+/U H D ]&b5Iqk l�8 k e [ q ^/IGIqk1^yHjI e l k1H D k1k e b/` D ] @ ^p]�I�W u X * ^-, e ]&b ^ ? D ]�I1kkB :sl e ` Dpl k1I D�l Ib . b5I 0 ?�e�@ . ]&^ ? 8 :sl eY@�e�@ 8 ?3e ]&b 8tD ]v� ` D b1bGB @ ^p]�I l ]\^/IGIqkq^/HjI e l k�/ @&eY@ 8 ?�e ]&b 8#D ]�� - D ]d` e l I
� k e H D ]&bGI1k l&8 k e �(l ] ` D kGI1kq^ 8 I @�e ` � ^pb e `&kGB;b e k E ^p]�I [ e bM`&k D `&k 8 BjIkB;bYI D ` D [ D l 8r:sl e b���`	^pk5I 8 k @&e b
Iqk1^ �/e HsI D�8 k e b�b l&8tE ^p]�I e b @

. B	+ N(+/U�K�B	+{N + 
0/ UVK � � �;K�B	+�N(+ 
�1�/ U�K � � �;K�B	+{N + 
324/ U65 K 254�X>� 6 1
D Z / l ] @ BjH ^p[r^yl e I e&? ` D k e [ ^pk/w 8 I1kq^ 8 k ete I 2 e bGI,[�^ �7@ 8 ?3e ]&b 8tD ] @�e `&[ D ]>l ej?3e ]
I � H D ]�Iqk1^ 8 ]�I e`	^pk�[r^ k e [r^/I 8tD ] @

2 ~=9 � 
 + � 254�X>�7� 1
Q�q e bGI [�^ ? BsI �>D @&e�@&e k e H D ]&bGI1k l HsI 8#D ]W`	^pk @ BjH ^p[r^yl e I e&? ` D k e [ X'* [ eVv 8 b5I e @rq ^ l Iqk e b k e H D ]&bGI1k l HsI 8#D ]&b
B :sl&8}E ^p[ e ]
I e b�H D ?�?�e `	^pk e�v�ej? `�[ e @

8 B	+�N(+/U�K:9�; N B	+ N +/U1U�K � � �zK:9=< ; N(B	+{N +/U1UVK � � �;K�9'>; N B	+ N +/U1U6? K 254�X>� � 1
D Z 9=< ; G@9 < h-9�+ < X Qye IGI e�@&e k/] 8r0 k e�e b5IL`&[ l b @ 8 > H 8 [ e � ?�e IGIqk ete ] D e lFE k e�eVv `CB;k 8 ?�e ]�I�^p[ e&?�e ]�I�H ^xke [ [ e ]FB&H e b1b 8 I ev@&e|@ BsI e k ? 8 ] e k [ e b @ Bzk 8}E B e b3b l H&H e b/b 8tE e b @rq l ] ev?�e b l k e B	+ N +/U XAj e I � B D k 0 ?�e @&e



� ��� ���$� ��� � � �������9� �0� �
� �.� ��� � � �.���	�
� � �����

J�.� �
�

* ^-, e ]&b=^pb/b l k e :sl e [ e b�`&k D `�k 8 BsI�Bzb ? BjIqk 8r:sl e b e I�I D ` D [ D l 8 :sl e b @&e [ q ^/IkI1kq^yHsI e l k0/ b D ]�I 8 ]>H � ^p] p
l�B e b X Qye I � B D k 0 ?�e�e bGI 8 ]�I l&8 I 8 9 @ ^p]&b [ e H ^pb @�q l ] e�@ . ]	^ ? 8r:sl e Iqk 8}EY8 ^p[ e I e [ [ e l ]iH . H;[ e [ 8 ? 8 I e 2 H 9{Xu l X 4�X>�3��X w - `	^/l e � � 1 @ [ q ^/IkI1kq^yHsI e l k e bGI l ] e3e [r[ 8 `&b e2@ ^p]&b�[ e b�H ^pb�b l&8}E ^x]
I1b N B�� - B�� P - N B�� - FB�� P�D�le ]FH D k e N B��qN(+/U - B��1N(+ 
0/ U PQX5 ^p]&b [ e H ^pb @�q l ] ^/IGIqkq^/HjI e l k�BjI1kq^p]Fl e�@�q l ] b . bGI 0 ?3e�@ . ]	^ ? 8 :Yl eL@&e�@ 8 ?�e ]&b 8#D ] � - ����# � � G
9 
 P ^ E e H n m P m + - [ e I � B D k 0 ?3eA@&e * ^-, e ]&b @ D ]&] e l ] e @ 8 ?3e ]&b 8tD ] ? 8 ] 8 ? ^p[ e ` Dpl ka[ e`&[ D ]>l ej?3e ]
I @�e [r^ @ . ]	^ ? 8r:sl e @ 2 G � X6m ]JkkB;^p[ 8 I�B - [�^ `�[ l `	^xkGI @&e b ^~IkIqk1^yHjI e l k/b|BjIqk1^p]>l e b
@&e b3b . b5I 0 ?3e b @&e w	^pb/b ev@ 8 ?�e ]&b 8#D ]�]	^p[ 8 I�Bab D ]�I;H D ]&b5I 8 I l Bzb @�q l ] e bGI1k l HsI l k e `	^xkGI 8 H l [ 8r0 k e @ ^x]&b
{ X j ^dbGI1k l HsI l k e 9 kq^yHsI�^p[ ei@&e H e b @&e k1] 8 e k/b e bGIoH D ] u ]FB e @ ^p]�b [�^ @ 8 ?3e ]&b 8tD ] I1kq^p]�b E e k1b e � l ] eb l k 9 ^yH e�� 2 H 9{X u l X*4�X74 � X H 1 Xij ^ @ 8 ?3e ]&b 8tD ] @�e `&[ D ]>l e&?�e ]�I 2 ` e l It^p[ D k1b $ I1k e H �FD�8 b 8 e Bjl ^p[ e � � X
J ] e�v�ej? `�[ e=e b5I @ D ]&]FB=b l k [�^ u l l k e 4�X|4 � D Z [�^ ? BjI �>D @�eL@&e k e H D ]&b5Iqk l HjI 8#D ] `	^pk @ B&H ^x[�^yl e 2 H 9{Xk e [�^/I 8#D ] 254�X>� 6 1 1 ^oBsI�B�^p`&`�[ 8r:sl B e ^ E e H / G n � 9 ` D�l k�H D ]&b5Iqk l&8 k e l ] ` D k5Iqkq^ 8 I @&e ` � ^pb e � `	^pk5I 8 k
@&e [r^3b e l [ e E ^pk 8 ^pw&[ e 		N +/U @ l b . b5I 0 ?�ew@&e ?�@�b/b1[ e k 2Q4�X>� �21 X j e I � B D k 0 ?�e�@&e * ^-, e ]&bt^pb/b l k e :sl e[ e bW`&k D `&k 8 BjIkB;b�I D ` D [ D l 8r:sl e b @&e b ^/IkI1kq^yHsI e l k1bM`&kGB;b e ]�I�Bzb�b l kM[ e b u l l k e b 4�X74 � X @ e I 4YX|4 � X w b D ]�I
B :sl&8}E ^p[ e ]
I e b X

0 50 100
0

10

20

z(
t)

t

(a)

0 10 200
10

20

0

10

20

(b)

z(t)z(t+τ)

z(
t+

2τ
)

&('���� 4�X74 � ) 3 $�5 �y( � .���3�( � $�� � -L����(���3�-/. � � &�� ) � .�� � ����".- � � � 6����5� ��� !;3���4�����5 
 � $ ��� . �  �
� .�-� �!�3�-/. � - ��� �
�>(�.�! ��� � �%$&!5$�-�"���! � � 3�� 
�� 
�� 5! 3�"�4�# 
 "�4�# 
 �
4�$�5k4 3#*C53%1����!5$ � � � .�!e ���!5$ �(',�6� (�!�! � ���>( � � $ � �
! �	� ( � ����!�.�3=�1�%$&! � $
-� �� � ( � � � � �  � $ � $ ',� � � -L�>(�! ��� 3�� = A
	���5k4

� #�!��(* �" -���� 	*+, ! ')-�,����)(�
Q#�! " �  "! %�# �  %p�(')#�*
!V�5�"*�� �  � ,O � # �
5 ^p]&b [ e H;^pb D Z3[r^ @ . ]&^ ? 8 :sl e H D k1k e b/` D ] @ � @ l H � ^ D b @ 8 b/b 8 `&^/I 8 9 @&e w	^xb1b e�@ 8 ?�e ]�b 8#D ]&]	^p[ 8 I�B -[ q ^/IGIqkq^/HjI e l k /o` D b1b 0 @&e l ] e�@ 8 ?�e ]�b 8#D ] 9 kq^yHsI�^p[ e � G 9 
 P ^ E e H 9 e ]�I 8 e k e I n m P m +�X�� ] ` e l I
����� ��������������� �!�#"$�%��&(')�+*,�.-!�/��')01')&(')2�34��56�/�87901�;:<*��!��=>�)�?�A@B=C���������)&D56�E563(FG�H-.*�34'�-�IKJML
N



� 4 �������������	�
����� �
���	�
� � �����

J�
��� � �
� ����������� � ��� ��� ����
O����������� � ���^p[ D k1b�l�k */H e ��[�^YH D ]&b5Iqk l HjI 8tD ] e�v `�[ 8 H 8 IkB ez@ ^p]&b [ e `&^pkq^ylpkq^p` � e `&kGB&H&B @&e ]�I - e b5I 8 ?�e k [�^ @ 8 ?�e ]�b 8#D ]
� � `	^xkGI 8 k @&e [�^ 9JD ]FHjI 8tD ]Hb l�8tE ^p]�I e N ����PA@

� N��pUAG � 486�����
+
	 S �


+�� <�
��
� N��?R���� +TR�� < �zUiK 254�X>�3� 1

D Z�� � +��
�������! b D ]
I @�e b�` D�8 ]�Iqb @&e [ q ^/IGIqkq^/HjI e l k - � l ] e7@ 8 bGI�^x]>H eL@ ^x]&b { e I"� N(B U [�^ 9JD ]>HjI 8#D ] @&e
�?e ^ E�8 b 8 @&e @ � N#� R$��� +1R%� < �zU�G n b 8 [ e b ` D�8 ]�Iqb � + e I � < b D ]�I @ 8 b5I�^p]�Iqb @&e � e I&� N���R'��� +1R%� < �zUAG+ b 8 ] D ] X 5 ^x]&b [ e H ^xb @rq l ] ^/IGIqkq^/HjI e l k�BjI1kq^p]>l e - [�^M[ D�8 @rq BjH � e [ [ e b l&8}E ^p]�I ete b5IL^~IkI e ] @ l e @

� N��pU)(*�,+ K 254�X>�3� 1
D Z.- e bGI l ] e ^p`�`&k D v 8 ? ^/I 8tD ] @&e [r^ � E k1^ 8 e � @ 8 ?3e ]&b 8tD ] 9 kq^/HjI�^x[ e0/ Xj ^ ? BjI �>D @�e H;[�^xb1b 8 :sl e ` D�l k�H ^p[tH l [ e k6H e IkI eY@ 8 ?�e ]&b 8#D ] e bGI�[�^Mb l&8tE ^p]�I e N � 4 - ����P�@

) �\`	^pk5I 8 k @&e [�^ ?�e b l k ev@�q l ] e bkB;k 8 e I ej? ` D k e [r[ e B N(+/U - D ] H D ]&b5Iqk l&8 I @ ^x]&b l ] e b1`	^/H ev@&e
@ 8 ?3e ]&b 8tD ] 2 - l ]d^/IGIqk1^yHjI e l kA/ `	^pk�[�^ ? BjI �>D @&e�@&e * ^-, e ]&brx

) D ] e bGI 8 ?3e lpk *yH e ^ l v k e [�^/I 8#D ]�b 254�X>�3� 1 e I 254�X>�3� 1 - [�^ @ 8 ?3e ]&b 8tD ] 9 kq^/HjI�^x[ e7@&e / x
) D ] ^ l l ?3e ]�I e 2 e I D ] k e H D ?;?3e ]>H e [ e H ^p[tH l [ @�e -7x
) [ D k1b :Yl e [r^ @ 8 ?�e ]�b 8#D ]1-H] e�@ Bz` e ] @ `&[ l b @&e [�^ @ 8 ?3e ]&b 8tD ] @&e `&[ D ]>l ej?3e ]
I 2 - D ]d^ ^p[ D k1bl ] e�e bGI 8 ? ^/I 8tD ] @&e [�^ @ 8 ?3e ]&b 8tD ] 9 kq^/HjI�^x[ e2@&e [ q ^/IGIqkq^/HjI e l k e I @�e [r^ @ 8 ?�e ]&b 8#D ] @�e `�[ D ] p
l ej?3e ]�I 2 2 H e IkI e @&e k/] 8r0 k e H D k/k e b1` D ] @ ^ l ] D ? w&k e ? 8 ] 8 ? ^p[ @&e @&e lpkkB;b @&e [ 8 w e kGIkB @ lb . b5I 0 ?3e�@ . ]	^ ? 8r:sl e b D�l b p � ^yH e ]�I 1 Xj ^ ? 8 b e e ] `&[r^yH eo@&e H e IM^p[tl D k 8 I � ?3eMe bGI ? ^p[ � e l k e l b e&?�e ]�I @ 8?> H 8 [ e2@ ^p]&b�[�^H`&[ l `	^pkGI @&e beVv `CB;k 8 e ]FH e b X
m ] e "ie I - 8 [�] q eVv 8 bGI e ^ l H l ] e I � B D k 8 e ` e k ?�e IGI�^p]�I @&e H;^p[#H l [ e k [ q e k1k e l k
H D ?�? 8 b e b l k

H e l e ]&k ew@�q e bGI 8 ? ^/I 8tD ] @&e [�^ @ 8 ?3e ]&b 8tD ] 9 k1^yHjIq^p[ e N � � P5Xij e�? ^p] :Yl e2@&e bGIq^/I 8 bGI 8r:sl e ` e l I $ Iqk e �[ q D k 8 l 8 ] e1@�q l ] eV? ^ l\E ^ 8 b e l I 8 [ 8 bq^~I 8#D ] @&e H e IkI e ? BjI �>D @�e N � 4 PQX~m ] e#" e I - [ q ^x[#l D k 8 I � ?3e e bGI w	^pbGB b l k[�^tbq^~I l k1^/I 8tD ] @�e [�^ @ 8 ?3e ]&b 8tD ]2-�` D�l k @�e l�k1^p] @&e b @ 8 ?3e ]&b 8tD ]&b @&e `�[ D ]>l e&?�e ]�I 2 X %Y8�l ]ab 8 l�]	^p[bGI D H � ^pbGI 8r:sl eye bGI H D ? `	^pkGBy� l ]Wb 8 l�]	^x[ @ BjI e k ? 8 ] 8 bGI e - D ] @ D�8 I)I D�l � D�l k/b ?�e b l k e k&- G 2 - :sl e [ :sl eb Dp8 I=[r^ @ 8 ?�e ]�b 8#D ] @&e `&[ D ]>l ej?3e ]
I 2 - H;^pk=[ e w�k l&8 I,` e k ?�e I��a[r^�Iqk1^ �/e HsI D�8 k ew@rq �=eVv `&[ D k e k � [r^
I D I�^p[ 8 I�B @&e [ q e b/`	^yH ei@&e `&[ D ]>l ej?3e ]�I X Qye ` e ] @ ^x]
IMb 8 [ e b 8 l�]&^p[VBsI l @ 8 B e bGI k e [r^/I 8}E e&?�e ]�IYH D�l kGI -l ] e "ie I @&e bq^/I l kq^~I 8#D ] e b5I D w&b e k E B ? $ ?3ew@ ^p]&b,[ e H ^pb @�q l ] e2@ . ]	^ ? 8r:sl e b5I D H � ^pb5I 8r:sl e X*>nDpl k8 [ [ l b5Iqk e k_H e I e "ie I - `&k e ] D ]&b [ e H;^pb @�e [r^?w 8 9 l kkH;^/I 8tD ] @&e � D ` 9 - �?[�^ :Yl e [r[ e l ]Mw&k l&8 I w&[r^p]>H�l ^ l b/b 8 e ]
� N +/U ^2BjI�Btk1^ � D�l IkB @ BCD CE=FB GgR�I 
 B 843 R N B S 
 I S U ? K

FI G B 
 I 853 RJN BTS 
 IYS�U ? 
76 � N(+/U � 254�X74p} 1
8:9,�?�����A56� ��-!3<;H����� *��<��0.0 � &>= �A563(F � -.*�34'�- 5!� :@? ���.*�*�56')��A LCB0D�E.& � � *���3(FG����3(')-GF � *��M��')��H8'��!��*�3(-6=I= ��3(�H�!���KJML4N�L

FPOQB D2R J�S�T�N



� ��� ���$� ��� � � �������9� �0� �
� �.� ��� � � �.���	�
� � �����

J�.� � �j q 8 ]�I�B&lpkq^/I 8#D ] @ l b . b5I 0 ?3e 254�X74p} 1 @ ^p]&b [ e H;^pb 6 G + h�� e I 3 G n � n�n�n + e b5I�`&kkBzb e ]�IkB e ` D�l k[�^ E ^pk 8 ^pw�[ e I�N +/U - b l k=[�^ u l l k e 4YX|4�6YX ^ X�j q ^p[tl D k 8 I � ?�e�@ B&Hzk 8 It`&kkBjH&B @�e&?;?3e ]
I�^ BsI�B l I 8 [ 8 bkB�` D�l k

3 5 7 9

3

5

ν

D

(c)

0 1000 2000

−0.5

0

0.5

y(
t)

(a)

0 3

−6

−1

log
10

(r)

lo
g 10

C
(r

)

(b)

&('���� 4�X74�6O) 3 $�5(/ $&!�3}$&* ��� � &�� ) 3 � �� ' !� ��� �%$&!���3=! � . � � ����".- � 3���4��5"�5k4��C$w�5 �!�3 �L� ( -L��� � �5"5"5"��F(�3 � ���<4
3#*C5�� &	� )�

�
� � 3: � � ���=����� ( ' � � ( ' 56�>(�.�! � 3��> �! ��� � � � � 3D- ��� ��3�( � � � � � � ( �(',� - ��� �<4��  # 3�� 5 
 �  � 3 �E5 

�  �� 3��E5 � ���  ���3���5k4�� � � � 3D- ��� ��3�( � � � ��� (�!�!� � $&��3�( � ���v��( � � �! ��!5$&3=� � � � � �7$#" .
��� � - ��� ��� � 3 �  <$&3=! � �
3#��!5$&3=��� � ( � ��3 � .
� 5k4�3 � 5$�V3D- ��� ��3�( � � � �V� (�!�!� � $&��3�( � � 

�
�&% 4'� � ( � + � ! ',� + � !�� � $�+�$ ��� .�!(� ,$)+* 	 G-, 3 � 3 '��
�
�>(�3 � ��3 �=�  � 51�>(�.�! ��� �
� � ( �(',� - ��� ��� � � � 3D- ��� ��3�( � %/.10 4

e b5I 8 ?3e k [r^ @ 8 ?3e ]&b 8tD ]2- @�e [ q ^/IGIqkq^/HjI e l k XYj e bykkB;b l [tIq^/Iqb b D ]�Iy`&kkBzb e ]�IkB;b�b l k [ e b u l l k e b 4�X74�6�X w ) H X
Q D ?;?3e D ] ` e l I?[ e E�D�8 k�b l kzH e I eVv�e&? `&[ e I1k 8}E�8 ^p[ - [ q ^p[#l D k 8 I � ?�e H D ] E e kkl e E e k1b l ] e E ^p[ e l k u ] 8 e
@&e [r^ @ 8 ?�e ]&b 8#D ] @�e H D k/kkB;[r^/I 8tD ] X * [ e b5I @ D ]>H7I e ]�I�^p]�I @&e H D ]>H;[ l k e :sl e [r^MbkB;k 8 e I e&? ` D k e [ [ e IiN(+/U
H D k1k e b1` D ] @ � l ] ^/IGIqk1^yHjI e l keBjI1kq^p]Fl e�@&e�@ 8 ?�e ]&b 8#D ] - , $ � �32	; e I :sl e [ e ] D ? w&k e�@&e E ^pk 8 ^pw&[ e @ lb . b5I 0 ?�eo@ . ]	^ ? 8r:sl e b D�l b p � ^yH e ]�I e bGI 2 G � Xrm ]ckGB ^p[ 8 I�B 8 [ ] q e ] e bGI�k 8 e ] - [ q e#" e I @rq l ] e E ^p[ e l ku ] 8 eL@&e - `�k D�EY8 e ]�I @&e [�^ [ D ]>l l e l k�bGIq^/I 8 bGI 8r:sl e BjI l @ 8 B e 254p}p}�} ` Dp8 ]�Iqb54 $ �pn D bkH 8 [r[r^/I 8tD ]&b 1 X

5 ^p]&b [ e b @ 8 " B;k e ]�I e b eVv `CB;k 8 e ]FH e b @�e k � B D [ D l 8 e `&kGB;b e ]�I�^p]�I @&e b1H D ? ` D kGI e&?�e ]�Iqb @ . ]	^ ? 8r:sl e b
@ l I . ` e k � B D H � ^ D b - [ e b,`CB;k 8#D @&e b 8 ? `&[ 8 :Yl B e b?b D ]�I @�e [ q D k @ k e�@&e [r^ ? 8 ] l I e X�* [ e bGI @ D ]>HwH D ? p`&[ 0 I ej?3e ]�I 8 ? ` D b/b 8 w�[ e @&e 9 ^ 8 k e H D ] E e kGl e k�H e Ia^p[tl D k 8 I � ?3e X Q�q e b5Ia` D�l k2H e IkI e k1^ 8 b D ] :sl e H e b
? BjI �FD @&e b @�q eVv I1kq^yHsI 8#D ] @�q 8 ] E ^pk 8 ^p]�Iqb ? BsIqk 8 :sl e b3] e ] Dpl bab ej? w&[ e ]�Ia`	^xb ` e kGI 8 ] e ]�I e b ` D�l k [ e
H ^xb eVv `CB;k 8 ?�e ]�I�^p[ :sl&8 ] D�l b 8 ]�I�B;k e b/b e X Q�q e bGI ^ l b1b 8 ` D�l k�H e IGI e k1^ 8 b D ] :sl e ] D�l b�` e ]&b D ]�b :sl e[ e bYI1kq^ E ^ l v @&e bWkkB 9 Bzk e ]>H e b�N � � - � � P kq^p`&` D k5I�^p]�I�[ q eVv 8 b5I e ]FH e @&e H D ? ` D kGI e&?�e ]�Iqb�k � B D [ D l 8r:sl e b
@ . ]	^ ? 8r:sl e b @&e b D [ l I 8#D ]&b @&e ? 8 H e [r[ e bil�B;^p]�I e b - ] q ^p`&` D k5I e ]�I `	^pb @�e `&k e lFE e b b l > bq^ ?;?3e ]�I:sl ^p]�I 8 I�^/I 8tE e b :Yl ^p]�I � [r^H]	^/I l k ei? ^/I � B ? ^/I 8 :sl e2@&e b @ . ]	^ ? 8r:sl e b D w&b e k E B e b X m ] e#" e I - @ ^x]&b



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

J�
��� � �
� ����������� � ��� ��� ����
O����������� � ���[�^ kGB 9 B;k e ]>H e N � � P `&^pk eVv�e&? `&[ e - [ e b�^ l I e l k1b k1^p`&` D kGI e ]�I�[ q eVv 8 b5I e ]FH e�@�q l ] eY@ . ]&^ ? 8 :sl e [ e ]
I e�@&e[ q D k @ k e7@�e � }�} b X	j e b ^ l I e l k/b l I 8 [ 8 b e ]�I ^p[ D k/by[r^ ? BsI �>D @&e `�kkB&HjB @&e ]�I e ` e k ?�e IkIq^p]�I�[ q B E ^p[ l ^/I 8#D ]
@&e [�^ @ 8 ?�e ]&b 8#D ] @&e H D k1kkBz[�^/I 8#D ] - X2MLl H l ] e [ D ]Fl l e l kAbGI�^~I 8 b5I 8 :Yl ez@�e b�bkBzk 8 e beBjI l @ 8 B e b ] q e bGI @ D ] p]>B e�@ ^p]&b�H e b?^xkGI 8 H;[ e b X * D�l I e 9JDp8 b�b 8 [ q D ] b l `&` D b e :sl e [ e b eVv `CB;k 8 e ]>H e b�[ e b�`&[ l b�[ D ]>l l e b D ]�I�BjIkBkkB;^p[ 8 bkB e bt` e ] @ ^p]�I�`&[ l b 8 e l k1b � e l k e b - [ e ] D ? w&k e2@rq D bGH 8 [r[�^~I 8#D ]&b 2 ? D�8 ]&b @&e � }�} 1 ] e ` e k ?3e I e ]^ l H l ]vH ^pb [ q l I 8 [ 8 bq^/I 8#D ] @&e H e IkI e�? BjI �>D @�e X
� #�!��(* �" -���� 	*+, ! ,�� & � � � &p�)(�
+#�! " � �.
 & #�%�#�� ���(* �  -��-�#�,  &�&�� � �  	,��5�"* %�# & � #�' �O# � � #�,{�.
'�j ^ ? BjI �FD @&e [�^ `&[ l b u ^xw&[ e ` Dpl k�`�k D�lFE e k�[ e H ^pk1^yHjI 0 k e H � ^ D I 8r:sl e;@�q l ] e bGB;k 8 e I e&? ` D k e [ [ ee b5I @&eY?3e IkI1k e�e ]�^ E ^p]�I,[ e b 8 ]>lpkkB @ 8 e ]�I1bzI D ` D [ D l 8 :sl e b @&e [ q ^/IkI1kq^yHsI e l kA/ H D ] @ l&8 b1^p]�I=��[�^ `&k D/p`&k 8 BjIkB @&e b e ]&b 8 w 8 [ 8 I�BM^ l v H D ] @ 8 I 8tD ]&b 8 ] 8 I 8 ^p[ e b XTj q ^p]	^x[ . b eMe bGItw	^xbkB e b l k=[�^3] D I 8tD ] @&e�� H D�l ` e
@&e > D�8 ]FH ^pkGB � e I @�q � ^p`&`&[ 8 H ^~I 8#D ] @&e `&k ej? 8 e k�k e I D�l k � X >nD�l k 8 [ [ l b5Iqk e k�H e bW] D I 8tD ]&b - `&k e ] D ]&b[ q eVv�ej? `&[ e�@ l b . b5I 0 ?�e @&e ?�@pb1b1[ e k 254�X>� �21 X J ] e H D�l ` ei@�e >nDp8 ]>H;^pkkB�H D k/k e b/` D ] @ � [ q e ]&b ej? w&[ e
@&e b 8 ]�I e k/b e HjI 8tD ]&b @&e b�I1kq^ �/e HjI D�8 k e b @ ^p]�b�[ q e b1`	^/H e�@&e b�BsI�^/I1b�{ ^ E e H l ] `&[�^x] @ D ]&]>B�� XQJ ] b e ]&be b5I @ D ]&]>Bt` D�l k�H D ? `FI e k�[ e b 8 ]�I e k1b e HsI 8#D ]&b X

J ] e�v�e&? `&[ e e bGI @ D ]&]FByb l k [�^ u l l k e 4�X74-��X�j q B :sl ^/I 8#D ] @ l `&[r^p]�H �>Dp8 b 8 e bGI @ D ]&]>By`&^pk�� 		N(+/U 

� 		N(+ 
0/ U 
 f 		N + 
 9 / U�G n ^ E e H 2 � - � - f 1�L 2 p � - } - � 1 X&j ^2H D�l ` e�@&e >nDp8 ]>H;^pkkB e b5I l ] e ]&b e&? w&[ e
@ 8 bkH;k e I @&e ` D�8 ]�Iqb @ 8 bGI1k 8 w l B;bAb l k l ] e � [ 8 lp] e � 2 H 9{X u l Xs4�X74-��X w 1 X Qye IkI e H ^pk1^yHjIkB;k 8 bGI 8r:sl e e b5I [ 8 B e �

0 10 200
10

20

0

10

20

(a)

P

z(t)z(t+τ)

z(
t+

2τ
)

0 10 20

0

10

20
(b)

X

Y

&('���� 4YX|4-� ) 3 $�5)%1����!5$ � � � .�! � ( � ����!�.�3=� � �%$&!���3=! � ��� $L+�$&!�3}$&* ��� �1&�� ) � .�� � ����".- � � � 6������ ��� ! 
�� � ��� ���
� � $ � � �Y� (�.�� � � � 1r(�3 �
� $&!� ���  	-/.%$&��3�( � ? � &�� )
	 � &�� 	 �9� ) = A�4�� � �z!�( � � ��+/3 � � � 3�� 563 � � 3�-/. ��� � ��� �
� 3��� �! ��� � � ��3 � � � !�� �	� ��3�( � � � . �F(�!���!5$&3=� � � � � $�� � $	+ �	� � 4 3#*C5�� (�.�� � � � 1r(�3 �
� $&!� 
�
 � ��� ��( � � � � .  
$  �� �e(�!�� � ( ' ( � $&.  $&!�*�3=��!5$&3=! � � � .o� � $ � � 4 � � �
�>(�3 � ���V��( � � � 3�����!�3=*�.
 	�e��.�!e. �
�6� 3 '��
� 3#�>(�3 � ��3 �=�  � 5k4

[�^ @ 8 b1b 8 `	^~I 8#D ] @ ^p]�b�[ e b . b5I 0 ?�e�@&e ?A@�b1b/[ e k X>m ] e#" e I - l ] E�D [ l ?3e�� @ ^p]&b�[ q e b/`	^yH eL@&e b�BjIq^/Iqb�b e



� ��� ���$� ��� � � �������9� �0� �
� �.� ��� � � �.���	�
� � �����

J�.� � 6
H D ]
I1kq^yHsI e b D�l b [ q ^yHsI 8tD ] @ l��>D I X Q D ?�?�e `�kkB&HjB @&ej?�?�e ]�I e�v `�[ 8r:sl B - H e IkI e `&k D `&k 8 BjIkB,] q e&? ` $ H � e`	^pb�[�^ @ 8 [r^/I�^~I 8#D ] @�e bW[ D ]>l l e l k/b @ ^p]�bY{ 2 H 9{X u l X 4�X>�3��X H - `	^/l e � � 1 X Qye IGI ei@ 8 [�^~I�^/I 8#D ] e b5IM`	^xk^ 8 [r[ e l k1b e b/b e ]
I 8 e [r[ e ` D�l k=^ E�D�8 kL[�^3b e ]�b 8 w 8 [ 8 I�BW^ l v H D ] @ 8 I 8tD ]&b 8 ] 8 I 8 ^x[ e b XTj ^ H D�l ` ew@&e > D�8 ]FH ^pkGB] q ^ @ D ]>HW`	^pb @�q � B;`	^ 8 b1b e l k � @ ^p]�b=[ q e b1`&^yH e2@&e b7BjIq^/IqbLH;^pk,[ e b EyD [ l ?�e b � b e kkB @ l&8 b e ]�I�� l ] eb 8 ? `�[ e [ 8 l�] e b D�l b [ q ^yHsI 8tD ] @ l���D I Xj ^wH D�l ` eL@&e > D�8 ]>H;^pkkB=` e k ?3e I @&e b 8 ? `&[ 8 u	e k�l�kq^x] @&e&?�e ]�I�[ e `&k D w&[ 0 ?3e X�. k */H e �wH e IkI eL@&e k p] 8 0 k e - [ q ^p`&`&[ 8 H ^~I 8#D ]�Iqk 8 @ 8 ?3e ]&b 8tD ]&] e [r[ eye bGIykkB @ l&8 I e � l ] e ^p`&`&[ 8 H;^/I 8tD ] @ l `�[�^p] @ ^p]&b [ e `&[r^p] XYj e
H ^xkq^yHsI 0 k e7@ 8 b1b 8 `	^/I 8 9 ` e k ?3e I @&e b 8 ? `&[ 8 u	e k e ]FH D k e l ] e 9JD�8 by[ e `&k D w&[ 0 ?3e X � ] ^p`�` e [r[ e � ^p`�`&[ 8 H ^ p
I 8tD ] @&e `&k ej? 8 e k k e I D�l k � [ q ^p`&`&[ 8 H ^~I 8#D ]�� :sl&8 �0R�� 9 ^ 8 I1H D k/k e b/` D ] @ k e R���� � - ����# � R���� � G � N R�� UD Z R e bGI l ] e H D\D k @ D ]�]>B eV@&e [�^zH D�l ` eV@&e >nDp8 ]>H;^pkkB e I [ q 8 ] @ 8 H e � 8 ] @ 8r:sl e [�^ � p�8r0 ?3e 8 ]
I e k/b e HsI 8tD ]^ E e H � X+J ] e I e [ [ e ^p`&`&[ 8 H ^~I 8#D ] e b5I�`&kkBzb e ]�IkB e b l k�[r^ u l l k e 4�X|4 � X w X&j e b ` D�8 ]�Iqby] e b D ]�I�`	^pb @ 8 b p

0 10 20

0

10

20
(a)

X

Y

0 20

0

20

(b)

X
k

X
k+

1

&('���� 4YX|4 � ) 3 $�5 � (�.�� � � � 1r(�3 �
� $&!� � �z� $�: ' .�! � ��4��-��4 * 
 ��� �V$  �� � 
 � � � ��( � � $&!�*�3=��!5$&3=! � �<4 3#*C5)%V� 8
� � 3 � $&��3�( � � � ��! � -L3 � !e! � ��(�.�! 
 ��� � 

�
� 
 �/4'� � �e�F(�3 � ���e��( � � � 3�����!�3=*�.
 	�e��.�!1. �
��� (�.�!�* � � � 8 (�! - � *�3 ����%$&!���3 � . � 3�"�! � 3 � 3 '��
� �F(�3 � ��3 �=�  � 5k4 �C$ � 3 '��
�z� ( � ��3 � . ��� ��� � $�*�3���� �	� ��!�3 �	� 
 ��� � = 
 �/4

Iqk 8 w l B;b @�e6? ^x] 8r0 k e l ] 8 9JD k ?�e - ? ^ 8 b b l k l ] e H Dpl k1w e @&e 9JD k ?�e w 8 e ]W`	^pkGI 8 H l [ 8 0 k e X�%�8 [ q D ]wH D ]�]	^ �#I[ q 8 ]�I e k1b e HsI 8#D ] R�� - ^p[ D k/b D ]d` e l I�H;^p[#H l [ e k�l�k */H e �;H e IkI e H D�l k/w e - [�^ 2 � 
 + 1 p 8r0 ?3e 8 ]
I e k/b e HsI 8tD ] @[ q ^p`&`�[ 8 H;^/I 8tD ] @&e `&k e&? 8 e k k e I D�l k ` e k ?�e I @&ev?3e IkI1k e e ]�^ E ^p]�I3[ e H;^pkq^yHsI 0 k ev@ BjI e k ? 8 ] 8 bGI e|@ l
��D I 2Q4�X>� �21 X

J ] e :sl e bGI 8#D ] b e ` D b e ^p[ D k/b @ H D ?;?3e ]
I [ q ^/IkI1kq^yHsI e l k ` e k ?�e I p�8 [�[r^Lb e ]&b 8 w 8 [ 8 I�B ^ l v H D ] @ 8 I 8#D ]&b8 ] 8 I 8 ^p[ e b e I @ D ]>Ha[ e H � ^ D bQW Q�q e b5I [�^ 9JD k ?�e `	^pk5I 8 H l [ 8r0 k eo@&e [ q ^p`&`�[ 8 H;^/I 8tD ] @&e `&k e&? 8 e kWk e I D�l k:sl&8 ` e k ?�e I3^ l v I1kq^ �/e HjI D�8 k e b @&ev@ 8tE e kkl e k @ ^p]&b�[ q e b/`	^yH ev@&e b�BsI�^/I1b X * [�] q . ^ e ] e#" e I3^ l H l ]` D�8 ]�I u�v�eo@ ^p]&bt[ e b . bGI 0 ?�e - H ^pkt[r^a` e ]
I e�@�e [ q ^x`&`&[ 8 H ^/I 8#D ] @&e `&k ej? 8 e k,k e I D�l k e b5I�b l `CB;k 8 e l k e� l ] 2 e ] E ^p[ e l k�^pw&b D [ l e 1 � [ q 8 ]
I e k/b e HsI 8tD ]#^ E e Ha[r^Hw 8 b/b e HsIqk 8 H e 2 ` D�8 ]
I�	 - H 9{X u l X 4�X74�� 1 X %�8eD ]



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

J�
��� � �
� ����������� � ��� ��� ����
O����������� � ���

R��

�
�������

k e `&[ 8 ej?3e ]
I

BjI 8 k e&?�e ]�I
� �

�	� 

�

����

&('���� 4�X74�� ) %���� � 3 � $&��3�( � � � ��! � -L3 � !�! � ��(�.�! � .b� � ����".- � � � 6������ ��� !<4$�C$|8:(�! - � � ��� � $&��� � 3 � $&��3�( �
� � ! - � � � �  ���3=! � - ��� � � � ��� ! � � � 3 � - ��� � � � ����!5$#" �	� ��(�3=! � � � $ � � � � � ���%$ �	� � � �7 ��5$&���<4 � � ���F(�3 � ���O3
� � 
 � � 5
3 � 3=��3}$ ��� - ��� �z��!�( � � � ����.�! � $ � (�.�� � � � 1r(�3 �
� $&!� �� � ��( � �� � (�3 '��  	��$&��!�"	�6. � 3�-/. � - ��� � � � .  3=�� �!5$&��3�( � �
� ��� � $&��� � 3 � $&��3�( � � � ��! � -L3 � !�! � ��(�.�!�3
��� � 
 ��� � 5k4

`&k e ] @ @&e l v H D ] @ 8 I 8tD ]&b 8 ] 8 I 8 ^x[ e bA`�k D H � e b @ ^x]&b [ q e b/`	^yH e7@&e b BjI�^~Iqb��\H D ?;?�e k e `&kGB;b e ]�I�BtbkH � B ? ^ p
I 8 :sl e&?�e ]�I�b l k�[�^ u l l k e 4�X74�� �*^p`�k 0 b�b e l [ ej?3e ]�I @&e l v 8 IkB;k1^/I 8tD ]&b @&e [ q ^p`&`�[ 8 H;^/I 8tD ] @&e `&k e&? 8 e kk e I D�l k���[ e b�] DplFE e [r[ e b 8 ]�I e k1b e HsI 8#D ]&b�b D ]�I�I1k 0 b�Bz[ D�8 l�]>B e byb l k�[�^wH D�l ` e � X	j ^M`&k ej? 8 0 k e 8 I�Bzkq^/I 8#D ]` e k ?�e I [ q � BjI 8 k ej?3e ]�I � @&e bVIqk1^ �/e HsI D�8 k e b e Iy[r^�b e H D ] @&e [ e � k e `&[ 8 ej?3e ]
I � @&e H e b @&e k/] 8r0 k e b @ ^x]&b[ q e b/`	^yH e�@&e b7BjIq^/Iqbz{ X ��� I 8 k e&?�e ]�I � e I � k e `&[ 8 e&?�e ]�I � b D ]�I,[ e b @&e l v 8 ]Fl�kkB @ 8 e ]
I1b?]FB&H e b1b1^ 8 k e b` D�l k�HzkkB e kL[r^;I D ` D [ D l 8 eL@�q l ]_^/IkI1kq^yHsI e l k�BsIqkq^x]>l e ` e k ?3e IkIq^p]�I,[�^ `&k D `&k 8 BjIkB @&e b e ]�b 8 w 8 [ 8 I�B�^ l v
H D ] @ 8 I 8#D ]�b 8 ] 8 I 8 ^x[ e b N �3� � � � PQX�� e IGIqk e�e ] B EY8 @�e ]>H e H e b 8 ]>l�kkB @ 8 e ]�Iqb�I D ` D [ D l 8r:sl e b�b l k�[ q ^p`&`�[ 8 H;^ p
I 8tD ] @�e `&k e&? 8 e k k e I D�l k e b5I l ] e `&k e lFE e 8 k1kGB 9 l Iq^pw&[ ez@&e [�^�`�kkB;b e ]>H eL@�q l ]H^/IGIqkq^/HjI e l k BsIqk1^p]>l e�@&ew	^pb/b e�@ 8 ?�e ]�b 8#D ]&]	^p[ 8 I�B X
����� ������� � !#"�$%� &(' )+*,� " $�-+./&10��2* )+*435376839$%:4; *435)<68'�"(; � =?>+*43

"@> 0�-+./&A!B-C"1&(3

j q D w �/e HjIEDGF @&e H e IkI e b e HsIHD D ] e bGI @�q l IEDr[ID b e k [ e b D�l IHD [rb @ BjH;kED}Iqb `&kkBjH&B @�e&?;?3e ]
I ` D�l k b1^ EyD Drk bEDY[ e b
@KJ ]	^ ? DIL l e b D w�b e k E B e b�^ l�EyD DrbMDr]	^/l e�@�e [�^�Iqk1^p]&bED}IHD D ] @�e F e l Dr[r[ e Iq^yl e ` e lFE e ]�I $ I1k e7@ BjH;kMDtI e by`	^xkl ]�b J bGIEN ?�e�@OJ ]&^ ? DGL l e�@ Drb/bEDr`&^/IHDPF X�m ] `	^xkGIHDtH l [GD e k���] D�l b e b/bq^ J�e k D ]&b @&e bq^ E�D D k�bED	[�^ @KJ ]	^ ? DGL l e^p`CB;kMD D @ DIL l e D w�b e k E B e ^ l ` D D ]�I Q @&e [r^ H D�l k/w ev@�q B&H D�l [ ej?3e ]�I @&e [�^ u l l k eRQ X>� }TS `	^yl e �
� 1



� �
� � � � � �
��� � � � � � � �������9� �0� �
� � � ��� � ���
� �	�
� � �����

J�.� � 
�� ��� ����� � � � � �

H D k1k e b1` D ] @ � @ l H � ^ D b @ BjI e k ? Dr]KDrbGI e7@&e w	^pb/b e�@ D ?�e ]�bED D ]&]	^p[GDtI�B X
M6N QzN�� �vSehzZ>g6h�S�fo`�� d�P2P\[_^��	�~Se^�
 h�^�[���
�^�d�U]f5g h�[ Z>f�a>c�[ Tj ^TIqk1^p]&bMDtIHD D ] @&e F e l Dr[ [ e I�^yl e `�kkB;b e ]�I eA@&e ] D ? w&k e l v H D ? ` D kGI e&?�e ]�Iqb @KJ ]	^ ? DGL l e b @ @&e b
D bGH�Dr[ [�^/IED D ]�b�^p`CB;kED D @ DIL l e b � @&e b @KJ ]	^ ? DIL l e b�H D ? `&[ eVv�e b e I @&e b D bkH Dr[ [�^/IED D ]&b @&e k e [r^ v ^/IHD D ] XT> ^xk^ D [r[ e l k1b � @&e biH D ? ` D kGI ej?3e ]�Iqb � J bGIkB;kGBjIHDGL l e b D ]�I ^ l b1bMD�BjIkB D w�b e k E Bzb @ [ D k1bEL l e [�^TH D ]�Iqk1^ Dr]�I ee b5I;H D ]�IHD ]�� ?3e ]�I E ^xkED#B e ^ l I D�l k @&e [r^AIqkq^x]&bED}IHD D ]7� l ] e w D�l Hz[ e @rq � J bGIkB;kENzb e kkB E N;[ e [ q e�v DrbGI e ]>H e
@&ew@�e l vF� w&kq^p]FH � e b � H D k1k e b1` D ] @ ^x]
I=� @&e l v b5Iqk l HjI l k e b @ D " B;k e ]�I e b S D l�] D ]&b @ B;b D k @ D ]�]>B;b e I
D k @ D ]&]>Bzb 1 X65 q l ] ` D D ]�I @&e EYl e L l ^p[GDtIq^/IHDPF � [ e b @KJ ]	^ ? DIL l e b D w&b e k E B e b b D ]
I b e&? w�[�^pw&[ e by�wH e [ [ e b`&kGB;b e ]�I e b @ ^p]&b,[ e bLkGB ^yHsIHD D ]&b�H � D ? DIL l e b D bkH Dr[ [�^p]�I e b S @ l I J ` e��ye [ D�l b D,E�p��i� ^pw D IHD ]&b , DID 1 D Z @&e b` � Bz] D ? N;] e b @&e wKDrbGIq^pw D [IDtIkB e I @rq D bGH�D [r[�^~IHD D ] @�e k e [�^ v ^/IED D ]3b D ]�I ^ l b1bED `&kkBzb e ]
I1b N � � � � � Q � � ���p}�P5X

5 q l ]H` D Dr]�I @&e E�l e7@&e [r^�I � B D kMD ez@&e b�b J b5IHN ?3e b @KJ ]	^ ? DIL l e b ��[ e EyD DrbMDr]	^yl e�@�q l ] e I1kq^p]�bEDtIED D ]� J bGI�BzkkBsIHDIL l e S @ BjH;kMDtI `	^pk�[�^ F D k ?3e ] D k ? ^p[ e @&e [r^,w DGF l kkH ^~IHD D ] � J bGIkB;kMN;b e 1 e I @&e H D ? ` D k5I e&?�e ]�I1b
D bGH�Dr[ [�^p]�I1b S @ BjH;kED}Iqb `	^pk�[�^�F D k ?3e ] D k ? ^p[ e�@&e�� D `KF 1 e bGI6H D ]&] l ` D�l k `&kGB;b e ]�I e k @&e b @KJ ]	^ ? DIL l e b
H � ^ D IHDIL l e b X�j ^ u l l k e Q X Q � Dr[r[ l bGI1k e bkH � B ? ^/IEDIL l ej?3e ]
I;H e IkI e D @ B e e I ` e k ?�e I @&e|@ D ]&] e k l ] e
Dr]�I e k1`�kkBjIq^/IHD D ] l�B D ? BsIqkMDIL l e ^ l H � ^ D b @ ^x]&b�H e b�b J b5IHN ?�e b X

)cj ^ u l l k e�Q X Q ��X ^ `&kkBzb e ]�I e l ] e wKDGF l kGH ^/IED D ] � J b5I�BzkEN;b e ]>B&H e b/bq^ D k e ` D�l k�`&k D @ l D k e [�^ wKDrb p
I�^xw Dr[GDtI�B e ]�Iqk e|@&e l v BjI�^~Iqb @ D " B;k e ]�Iqb SJD l�] D ]�b @ B;b D k @ D ]&]>B;b e I D l�] D ]&b F e l Dr[ [ e IkB;b 1 X j_D k/bEL l q l ]`	^pk1^ ? NjIqk e�@�e H D ]
I1k���[ e S # � & � H D ]
I1kq^ D ]�I e�� 1 e bGI H D ]�IHD ]�� ?3e ]�I E ^pkEDtB � l ] e w Dpl H;[ e�@�q � J bGI�BzkENzb e=e b5I
D w&b e k E B e�e I4D [ eVv Drb5I e l ]CDr]�I e k E ^p[ [ e7@&e `	^xkq^ ? NjI1k e D Z [ e b @&e l v BjI�^~Iqb�H D eVv Drb5I e ]
I X

) J ]�H J H;[ e [GD ? DtI e ]	^ �tI�`	^pk l ] e w DPF l kkH;^/IHD D ] @&e�� D `KF b l k l ] ez@�e b w&kq^p]FH � e b S H2F X u l X Q X Q ��X w 1 Xj ^ @KJ ]	^ ? DIL l ete b5IL^x[ D k/b6H D ] u ]>B e b l k l ] e b l kMF�^/H e X
) j_D k/bEL l e [ e H J Hz[ e [ID ? D}I e l�kq^p] @ DtI�� [ e boI1kq^ �/e HjI D Drk e b b e kq^x`&`&k D H � e ]
I @ l w D k @ � l bEL l q � u p]	^p[ e&?�e ]�Itw	^pbGH l [ e ktb l k�[ q ^ l Iqk e w&kq^p]FH � e X J ]_` � B;] D ? N;] e�@&e kGB�Dr] �/e HjIED D ]\] D ] p [GDr]>B;^ Drk e ` e k ?3e I� H e b�I1kq^ �/e HjI D Drk e b @&e k e E e ] D ktb l kt[�^Hw&k1^p]>H � e Dr]KDtIHDr^p[ e X � ] D w&b e k E e ^p[ D k/b @&e b�H D ? ` D k5I e&?�e ]�I1b

@�q D bkH Dr[ [�^/IED D ]&b @&e k e [�^ v ^/IED D ] S H F X u l X Q X Q ��X H 1 X
),% D [ e b�I1kq^ �/e HjI D Drk e b,b D ]
ItkGB�D ] �/e HsI�B e bt^ l E�D DrbED ]	^yl eY@ l ` D Dr]�I u�v�e D ]&bGIq^pw&[ e � e [r[ e b,b/` Drk1^p[ e ]
I^ l I D�l k @ l ` D D ]
I u�v�e ^ E ^x]
I @�e k e `&^pkGIEDrk b l kH[ q D bGH�Dr[ [�^/IED D ] @&e k e [r^ v ^/IHD D ] X � ] D w&b e k E e ^p[ D k1bl ] e�@KJ ]	^ ? DGL l e H D ? ` D bkB e�@�e ` e IHDtI e b D bGH�D [r[�^~IHD D ]&b b l D E D e b @�q l ] e D bGH�Dr[ [�^/IED D ] @&e k e [�^ v ^/IED D ] S H F Xu l X Q X Q ��X @ 1 X
)cj_D k1bML l e [ e bYI1kq^ �/e HjI D Drk e b�b D ]�I kkB Dr] �/e HjIkB e bYIqkENzbW`&kMN;b @ l ` D Dr]�I D ]&bGIq^pw&[ e �
[ e bYIqk1^ �/e HsI D D k e bb1`KDrkq^x[ e ]�I `&[ l bED e l k1b�F D Drb ^ l I D�l k @&e H eV@&e k/] D e k ^ E ^p]�I @&e k e I D ? w e k b l k [ q ^ l Iqk e w&k1^p]>H � e X�j e b @&e l v

Dr]Fl�kkB @ D e ]
I1b�]>B&H e b1b1^ Drk e by^ l H � ^ D b b D ]�Iy^p[ D k/bA`&kkBzb e ]
I1b @�D bGH�Dr[ [�^/IED D ]�b e ]3b1` D kq^p[ e ^ l I D�l k @ l ` D D ]
Iu�v�e S � BjIEDrk ej?3e ]�I � 1 e I kGB�D ] �/e HsIHD D ]M^ l�EyD DrbMDr]	^/l e @&e H e6@�e k1]KD e k S � k e `&[GD ej?3e ]
I � 1 Xpj ^ @KJ ]	^ ? DGL l e` e l IL^p[ D k1b $ Iqk e H � ^ D IHDGL l eWe I e bGI7H D ? ` D bGB e�@�q D bkH Dr[r[r^/IHD D ]&b @&e�@ D " Bzk e ]�I e b,^ ? `&[GDtI l @&e b S H D ?;?3e



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

J�
��� � �
� ����������� � ��� ��� ����
O����������� � ���

B��

B��

B��

�

S w 1
�

� �

�

� �

�

� �
S @ 1

� �

S ^ 1

S H 1 S e 1

&('���� Q X Q ��) 3 $�5�� 398:.�! � $&��3�( � � � ���� �!�"	� � 4 � � � � 3 '��
� � ��� ��!5$&3=��� 8J��3=!� 	� ! � ��!� 	� ��� � ��� � ��� �n ��5$&���)3 � ���5$&* ��� � 
 ��� �
� 3 '��
� � � ( � ��3 � . � � ��� �r ��5$&�������5$&* ��� �s4�3#*C5 ���7���y�����n� 3D-L3=� �n� $����r��.�!r. �
� � � � � � .  *�!5$ �
� � � �<4 �C$ � �/� $�-L3�-/. �
� ��� � ( � : �  � ��.�!w. �
� ��.�! 8 $ �	� � � 3����5 � 443 � 5	� � � 3 �=� $&��3�( � � � ! ��� $  $&��3�( � ��� ��! � ��� � � � .  *�!5$ �
� � � � 
 ��� �
'%" � � � �o! � ��!� 	� ��� � ��� � ��� -� � $ � 3�� - � � � !� �3 � " �	� ��3�( � � ( � 8 � 3 �  <$&3=! � 4�3 � 5 � �/� $�-L3�-/. � � ( -L�>(��� � ��� . �
�
� � ��3=� � (�� � 3 �=� $&��3�( � ��.�3=+y3 � ��� . �
� (�� � 3 �=� $&��3�( � � � ! ��� $  $&��3�( � 4 3 � 5 � � $�(��Y����3=!5$ � $ � ��
 ��� � � ( � 8 � 3 �  <$&!�3=�� 	�
!� �3 � " �	� � ��� � ��� �e��!5$#" �	� ��(�3=! � � $&.o+,(�3���3 � $ ',� � .o�>(�3 � ��3 � ���5$&* ��� 4

H e [r[ e @&e [�^ E ^xkED�^xw&[ e 		N(+/U @&e [r^ u l X Q X Q � X ^ 1 X Q�q e b5I�[ q Dr]�I e k1`&kGBjI�^~IHD D ]bl�B D ? BsIqkEDGL l e @ D ]�]>B e `	^xk
?A@�b1b/[ e k�` D�l k e�v `�[IDIL l e k�[�^ ]	^/I l k e ! & � �  �  	*+,.# @&e [ q ^/IkI1kq^yHsI e l k6BjI1kq^p]Fl e Xj ^�`&k e&? DIN;k e BjI�^x` ez@&e H e bkH&Bz]	^pkMD DYE e k/by[ e H � ^ D b e bGI [�^t]	^ D b1bq^x]>H ez@�q l ]iH J Hz[ e [ID ? DtI e b l k l ] e
@&e b @&e l v w&kq^x]>H � e b E D�^ l ] e w DGF l kGH ^/IED D ] @�e�� D `KF X 5 ^p]&b [ e `	^xkq^yl�k1^p` � e b l D E ^p]�I � @�e b ^xkkl l ?�e ]�I1bb e k D ]�I @ D ]�]>B;b L l ^p]�I?��[ q e�v D bGI e ]>H e�@rq l ] e I e [ [ e w DPF l kkH;^/IHD D ] @ ^p]�b?[ e b eVv `CB;kMD e ]FH e b X
M6N QzN M ��Z>de^�`%f PFf�Se^�
e[�ZF`���d arS�UXW��5[���f.P�R P\[)UXWYSeZF[����5[ ��de^�`���[_`o[���W�R�ZFf�[_^�ar[_`

5 ^p]&bL[ q e ]&b e&? w&[ e�@&e b @KJ ]	^ ? DIL l e b D w&b e k E B e b�^ lAE�D DrbED ]	^yl e�@&e [r^;I1kq^p]&bMDtIED D ] @&e F e l Dr[ [ e Iq^yl ee I �W[�^�`&kkBjH�D bED D ] @&e b @ D " B;k e ]�Iqb `	^pk1^ ? NsIqk e b E ^pkMD#Bzb S �de I�� 1 ����# ��� � $ n � n���� ^ e I � � $ n1���! Q �^ l H l ]vBjI�^~IL^xb J%? `\I D IEDIL l e `CB;kED D @ DIL l e ] q ^2BjI�B D w�b e k E B X Qye kkBzb l [}I�^/I ` e l I?`&^pkq^ �tIqk e b l k/`&k e ]	^p]�IbED [ q D ]ab q e ] IHD e ]�I ^ l F�^ D}I L l e I D�l I e Iqk1^p]&bMDtIHD D ] E e k/b�[�^YH D ? `&[ e�v D}I�BzI e&? ` D k e [r[ e S I e [ [ e H e [r[ e�@&e [r^kkBjl D D ] � D�l @&e [�^ kGB&l D D ] � 1 @ D DtI�H D ? ` D kGI e k��CH D ?�?�e I D�l I e `&k ej? DGN;k e BjIq^p` e � l ] e w DGF l kGH ^/IED D ]
@&e�� D `KF X



� �
� � � � � �
��� � � � � � � �������9� �0� �
� � � ��� � ���
� �	�
� � �����

J�.� � 
�� ��� ����� � � � ���

Chaos

QR

Ff N(+ 
0/ U
Ff N(+/U

� �

�
� �

&('���� Q X � } ) � �  � $&!�3�( � � ��!5$ � ��3=��3�( � ��!�(�*%$&* ��� � $ � � ��� � �! �> �!�3 ���
�	� �<4 �C$�*�398:.�! � $&��3�( � � � � (���8
��(�.
� 8
� !�3=��3�-/. � � � ! - � � � $ � ( �! 3���� ���
�	�)��� ��! � . �  ��5$&� � � $�(���3�-~. �n� �C. �  ��5$&�r���5$&��3�( ��� $&3=! � 4 � (�!���-/. ��� ��� � � � ��

�2� � $&����!�( � � � � ��� $o��!5$ � ��3=��3�( � 
 ��� *�!�.�3=��� � ! - � � � � +,(�3=! � $o! ��� $  $&��3�( � ����3=!5$ � $ � � � + � !�� ��� �F(�3 � �2:  �� 4
+ � ��! ��� � ��� 
 . ����� � � -z* ��� � � *�398#.�! � $&��3�( � �V��.�! �������������6� 3D-L3=� � � � .�+ ��� �;- ���
� !V$&. � � $�(��<4

m ] kkB;^p[ID}I�B @�q l ](` D D ]
I @&e EYl e F D k ?�e [ � Dr[ e�v D bGI e l ] e F�^�� D ](bMD ? `&[ e2@�q ^ E�D D k l ] e I1kq^p]�bEDtIED D ]w&k l I�^p[ e E e k/b3[ e H � ^ D b;l�k */H e � l ] e w DGF l kGH ^/IED D ] @&e � D `KF,b D�l b p H;kMDtIEDIL l e X J ] I e [�bkHjB;]	^xkED D e b5Ik e `&kkBzb e ]
IkB,b l k [r^ u l l k e Q X � }�XYj_D k1bML l e [ e `	^xkq^ ? NjI1k e�@&e H D ]�Iqk ��[ e�e b5I E ^pkMD#B � [ e ` D Dr]�I u�v�e bGIq^pw&[ e
H D eVv D bGI e ^ E e Hy[ q BjI�^~I D bGH�D [r[�^x]
I S � �Am � m � � 1 X	� [ q ^p`&`�k D H � eV@�e � � ��[�^?b l bkH e `FIEDrw D [ID}I�B @ D E e kGl eye I [ ew&k l DtI @&e [ q e�v `CB;kMD e ]>H e e b5I @&e�? D D ]&b e ] ? D Dr]&b ^ ? D kGIHD X Qye w&k l DtI�` e k ?3e I ^p[ D k/b @&e � E�D D k � [r^ @KJ p]	^ ? DIL l e D bkH�D [r[r^p]�I e6@&e k e [�^ v ^/IED D ] b l k�[ e ` D Dr]�I u�v�e �%H q e bGI [�^ � kkB;b D ]	^p]FH e bGI D H � ^pb5IHDGL l e ��X Qye IkI e
H ^xkq^yHsI�B;kMDrb5IHDIL l e e bGI�w D e ]c`&kGB;b e ]�I e�@ ^p]&bt] D b eVv `CB;kMD e ]FH e b �nH q e bGI�[�^ @KJ ]	^ ? DIL l eo@&e [r^ kGB&l D D ] Q
S H2F X u l Q X>� Q �&`	^/l e � �21 X Qye IGI e�@&e k/] DINzk e H D k1k e b1` D ] @ � l ] e�@KJ ]	^ ? DIL l e w&k l DtIkB e H D ? ` D kGIq^p]�I�[ e b
F kkB L l e ]>H e b�H ^pk1^yHjIkB;kED bGIEDIL l e b @&e [ q D ]&bGIq^pw Dr[GDtIkB � E e ] Drk X�j_D k1bML l e [r^ H D ]�Iqk1^ Dr]�I eHe bGI3^ l l ?3e ]
IkB e �
@&e b=w DGF l kGH ^/IED D ]�bLb l H&H e b1bMD E e b�b l k,[ e H J H;[ e [ID ? D}I e ` e lFE e ]�I ?3e ] e k=^ l H � ^ D b S w&kq^x]>H � e ? 4�
 1 X
� ] ^�^p[ D k1b l ] e H D eVv Drb5I e ]FH eae ]
I1k e [ e H � ^ D b e IW[ e ` D D ]�I u�v�e X j_D k1bML l e � ~ � � � [ e ` D Dr]�I u�v�e` e k @ bq^ b5I�^pw D [ID}I�B e I D ] D w�b e k E e ^x[ D k/b l ] e H D ? `&[ eVv DtIkB�I e&? ` D k e [ [ e S kkB&l D D ] � 1 X�j e b=^xkkl l ?�e ]�I1b
L l ^p]�I�� l ] I e [AbGH&Bz]	^pkED D b D ]�I�B E D @�e&?;?3e ]
I ? Dr]FH e b
� D ] D w&b e k E e l ]KDIL l e&?�e ]�It[r^a`&kkBzb e ]FH e;@&ew&k l DtI D bkH Dr[ [�^p]�I @ ^p]&b?[�^3kGB&l D D ] Q X�J ]�^pkkl l ?3e ]
I F D kGILb e kq^ D}IL[ q D w�b e k E ^/IHD D ] @ l bGH&Bz]	^pkED D Dr] E e k1b e[ D k1bEL l e [�^�H D ]�I1kq^ D ]
I eye bGI
H D ]�IHDr]�� ?�e ]�I @ D ? Dr] l B eV@�e [�^�kkBjl D D ]W^p`CB;kED D @ DIL l e � S w&kq^p]FH � e 
14 ? 1 X
Qye ` e ] @ ^p]�I �T� [�^M`�kkB&H DrbMD D ] @&e ] D b eVv `CB;kED e ]>H e b S � ��$ n1�7n�� � ^K� � � $ n � �! QJe I � + $ � 2pn�npn b 1 �^ l H l ]|BjIq^/I ^pb J\? `FI D IHDGL l e `CB;kED D @ DIL l e ] q ^wBsI�B D w&b e k E B e ] @ D ? D ] l ^p]�Iy[r^�H D ]
I1kq^ D ]�I e D�l [r^YI ej? p`CB;kq^~I l k e X Qye kkB;b l [tIq^/I?] q e bGI�H e ` e ] @ ^x]
I,`	^pb e ] @ B;b1^yH&H D k @ ^ E e H [ e bkHjB;]	^pkMD D @�q l ] e w DGF l kGH ^/IED D ]
@&e�� D `KF�b D�l b p HzkEDtIEDIL l e �s[ q Dr]�I e k E ^p[r[ e b l ky[ e L l e [CH D eVv Drb5I e [ e ` D Dr]�I u�v�eLe Iy[ e H J Hz[ e [GD ? DtI e ` e l I e ]e#" e I $ Iqk e ` e IEDtI @&e E ^x]
I�[r^M`&kkBjH�DrbMD D ] @&e ] D Iqk ete�v `CB;kMD e ]>H e � ����# � � � � R � � ��� � � X

5 e�? ^p] DGN;k e bMD ? Dr[r^ Drk e �Y[ D k/bEL l e [�^2H D ]�I1kq^ D ]
I e�e bGI @ D ? Dr] l B eL@&e [r^ kGB&l D D ] �;E e k1b?[�^ w&kq^p]FH � e



��} �������������	�
����� �
���	�
� � �����

J�
��� � �
� ����������� � ��� ��� ����
O����������� � ���

0 2000 4000

15

18

21

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 )

(a)

0 2000 4000

13

15

17

(b)

Temps  (s)

&('���� Q X � � ) 3 $�5 � � � 3 �=� $&��3�( � �;��!5$ � ��3=��(�3=! � � � � �> �!�3�( � � ��� $&. +,(�3���3 � $ ',� � . �>(�3 � ���64 � � � � 3 '��
� �
�>(�3 � ��3 �=�  � ��3 � � 3�-/. ��� � ��� � (�.�* ��� - ��� � � �2� $i�F �!�3�( � � 4;3#*C5 ! !5$ � ��3=��(�3=! � $&. +,(�3���3 � $ ',� � . �F(�3 � � �64 � �
� 3��5$&3 �=��� - ��� �V(�� � 3 �=��� �> �!�3�( � 3�-~. � - ��� �<4

bGIq^/IHD D ]&]	^ Drk e � 4 M � l ] e I1kq^p]�bEDtIED D ] @ l H � ^ D b E e k1bW[r^HbED ? `&[GD#H�D}I�B @ D DtI $ Iqk e `&kGB;b e ]�I e X m ]>H D k el ] e F D Drb � ^ l H l ]AH J H;[ e [ID ? D}I e b5I�^pw&[ e ] q ^�BsI�B D w&b e k E B X Qye kGB;b l [tIq^/I,b l l�l Nzk e l ] e F D D b @&e `&[ l bL[ ebkHjB;]	^xkED D @&e [r^ u l l k e/Q X � }�X J ]�I e [YbGH&Bz]	^pkED D e bGI e ] ^yHjH D k @ ^ E e H [�^ @KJ ]	^ ? DIL l eV@&e k e [r^ v ^/IHD D ] E e k1b[ e ` D Dr]�I u�v�e D w�b e k E B e ^ l�EyD DrbMDr]	^/l e�@ l ` D Dr]�I � S H F X u l X Q X>�7� �s`	^/l e �-� 1 �Y[ e H Drb1^ Dr[ [ e&?�e ]�IAk e [r^ v�e`	^pk � D ]�I e k ? D}IkI e ]>H e � E e k1b=[ e ` D Dr]�I u�v�e b5I�^pw&[ e ��b l lyl�B;k1^p]�I=[�^iH D e�v DrbGI e ]>H e2@ l H J Hz[ e [GD ? DtI ete I
@ l ` D Dr]�I u�v�e XCm ]>H D k e l ] e F D Drb�[ e b�^pkkl l ?3e ]
I1b�^ E ^p]FH&B;b?b D ]�IzIqk D ` ? D ]>H e b�` D�l k�H D ] u k ?3e k l ] e
I e [r[ e � J ` D I � Nzb e X_m ]�k e E ^x]>H � e � `&[ l bED e l k1b?bkBzkED e b�I e&? ` D k e [ [ e b�I1kq^p]&bMDtI D Drk e bzH D ]KF D kGI e ]�I l ] e I e [r[ e� J ` D I � N;b e X � ^pk eVv�ej? `&[ e � [�^ @KJ ]	^ ? DGL l e I1kq^p]�bEDtI D Drk e S ����# � ] D ] p ^pb J%? `FI D IEDrbGB e 1 @&e [�^ u l l k e Q X � ��X ^b l l�l N;k e l ]iH J Hz[ e [ID ? DtI e @&e `CB;kED D @�e Q ]>BjH e b1bq^ Drk ej?3e ]�I `&kGB;b e ]�I @ ^p]�b [r^LI1kq^p]�bEDtIED D ] E e k1b [ e H � ^ D b`	^pk @ Dpl w&[ ej?3e ]�Iqb @&e ` BzkED D @&e S H ^pbGH ^ @&e b D�l b p�� ^pk ? D ] DGL l e �6H2F X b e HsIHD D ] X Q X � X � ��`	^yl e � � 1 X j e
Iqk1^p]&bMDtI D Drk e;@&e [r^ u l l k e�Q X � �pX w e bGI k e [r^/IHD E e&?�e ]�IYH D ?;? l ] @ ^p]&bM[ e b eVv ` BzkED e ]>H e b ?�e ]>B e b�� l ]
BjIq^/I `CB;kED D @ DIL l e=e b5Izl�B;]>Bzkq^p[ e&?�e ]�I D w&b e k E B�b l k ? D Dr]&b @�e � } ` e kMD D @&e b X
M6N QzN O �=P\f���f�`\d�P\f�S�^ ��[_` Seh�P\f���` P\S
WYS ��S��ef�g6h�[_`

MLl H l ]#bkH&Bz]	^pkMD D H D ? `&[ e I @�e Iqkq^x]&bED}IHD D ] E e k1bt[ e H � ^ D bt] q ^ J ^p]�I�BjI�B ? Drb e ] B E D @&e ]>H e �*] Dpl b^ E�D ]�b @ B&H�D @ B @�q l IHD [ID b e k [ e b D�l IHD [rb `&kkBjH&B @�e&?;?3e ]
I @ B&H;kMDtI1b�` D�l k�bq^ E�D D k bED*[ e b @OJ ]&^ ? DGL l e b�H D ? p`&[ eVv�e b D w&b e k E B e b�H D k1k e b/` D ] @&e ]�IL� @ l H � ^ D b @ BjI e k ? D ] Drb5I e7@&e w&^pb1b e�@ D ?�e ]&bMD D ]&]&^p[ID}I�B X%m ] `	^pk p
IHDtH l [GD e k��T[ e bLbkBzkED e b7I ej? ` D k e [r[ e b�`&kkBzb e ]
I e b @ ^p]�b,[�^ kGB&l D D ] � S H F X u l X Q X7� �O� `	^/l e � �21 `	^pk5I�^yl e ]�I
@&e ] D ? w�k e l b e b?bED ? D [IDtI l @&e b�^ E e H�[ e H � ^ D b�b1`KDrkq^x[�^p]�I @&e ?�@�b/b1[ e k X� zD�l bL^ EyD ]&b @ B&H D @ B @�q l IHD [IDrb e k[ e b D�l IHD [rb7I D ` D [ D l DGL l e b=` D�l k�^p]	^x[ J b e k�[ e H ^pk1^yHjIEN;k e;@ BsI e k ? D ] Drb5I e2@&e H e b @KJ ]	^ ? DGL l e b X * D�l I e



� �
� � � � � �
��� � � � � � � �������9� �0� �
� � � ��� � ���
� �	�
� � �����

J�.� � 
�� ��� ����� � � � �
�e b5IHD ? ^/IED D ] ] l ? B;kMDIL l e|@&e b?D ] E ^pkMD�^p]�I1b ? BsIqkEDGL l e b e b5I;H D ? `&[INsI ej?3e ]
I�D ? ` D b/bEDrw�[ e � H ^ l b ev@ l
? ^p] L l e B E D @�e ]�I @&e bGI�^~IHDrb5IHDGL l e S e ] E Drk D ] � }2D bkH Dr[r[r^/IHD D ]&by^ l ? ^ v D ? l ? 1 X

J ] eVv�e&? `&[ e�@&e H D ]&b5Iqk l HjIED D ] @�q l ]�^/IGIqkq^/HjI e l k�����`	^pkGIEDrk @ l I � B D kEN ?3e�@&e * ^-, e ]&b � e bGIL`&kkB pb e ]�I�B\b l ka[�^ u l l k e Q X � Q X j e I ej? `&b @&e @ BjH ^p[r^yl e H �>D DrbMD e bGI / G � 2 b X 5 q l ] ` D Dr]�I @�e EYl e
I � B D kMDIL l e �ib D�l [GD#l�] D ]&b L l e [ e H �>D D v @&e / e bGI�^pk/w DtI1kq^ D k e X 5 q l ]_` D Dr]�I @&e EYl e `&k1^/IHDGL l e H e ` e ] p
@ ^p]�I�� l ] e*� w D ]�] e � H D ]�bGIqk l HjIED D ] e bGI @ D ]&]>B e ^ E e H @&e b�I e&? `&b / $ ��� h'2 ) ��� h � n D Z ��� e bGI=[r^`CB;kED D @�e F D ] @ ^ ?�e ]�Iq^p[ e6@�e [r^ @KJ ]	^ ? DIL l e X 5 q ^ l Iqk e beH �>D D v2@&e / @ D ]&] e ]
I l ] e k e `&kGB;b e ]�I�^/IED D ] @ l
E BzkED}I�^pw&[ e ^/IkI1kq^yHsI e l k=bq^p]�b � B;`&^ Drb/b e l k � S / � ��� h � n 1 D�l Iqk D ` � H D ]KF l b e � S / � ��� h 2 1 N � ��P5X
� Dpl kMk e H D ]�bGIqk l Drk e H e I ^/IGIqkq^/HjI e l k�� [�^ bkB;kMD e I e&? ` D k e [ [ e ^ABjIkBa[ID b1bGB e [tB&l Nzk ej?3e ]
I S H D ] EyD [ l IHD D ]

0 5000 10000

12

15

C
is

ai
lle

m
en

t  
(s

−
1 )

temps  (s)

(a)

0 20

2

0

2

(b)

g(t)g(t+τ)

g(
t+

2τ
)

&('���� Q X � Q ) 3 $�5 �y �!�3 � � � -L�F(�! ���=��� $&�F �!�3�( � 3�-~. � � �o� $ !� ' 3�( � #�4(3#*C5 � ( � ����!�. � ��3�( � � �;� � $&����!5$ � � � .�!
 ���!5$ �(',� �%$&! � $O-� �� � ( � � � . �  � $ � $ ',� � � -L�>(�! ��� 3 � 8�4 ! ��� $&��3�( � 3���4�� $�5 
 �%$ ',��� "�5�$	+ �	� ��= * G;�s4�� &�� )
� (�!�! � ���>( � � $&. � 3��5$&3 �=��� - ��� � - � ��.�!� i$&��!�"	� � ( � +,( � .���3�( � �%$&!�. �
� ' $&.
�5��3 �����
�;� ����(�.
����!5$ � ��3�( � � �o� $
-�( �,�����
� 4

^ E e H l ] e l ^ l b1bED e ]&] e 1 e I [�^ ? D J�e ]&] e ^�BsI�B k e IEDrkGB e X j q ^/IkI1kq^yHsI e l k k e b/b e&? w&[ e F D kGI e&?�e ]�I �zH e [ l D @&e
?A@�b1b/[ e ky`&kkBzb e ]�IkB�b l k�[�^ u l l k e@Q X Q � X w X Qye ` e ] @ ^p]�I � H D ?;?�e [ e�? D ]�I1k e ]�I [r^�H D�l ` eL@&e � D Dr]FH ^pkGBe Iy[ q ^p`&`&[GD#H;^/IHD D ] @&e `&k e&? D e k k e I Dpl k H;^p[#H l [#B e b ��`	^pkGIEDrk @&e H e I ^~IkIqk1^yHjI e l k S H2F X u l X Q X � � 1 �Y^ l H l ] e
F D k ?3e `&kkBjH�D b e7@&e [ q ^p`&`&[GD#H ^~IHD D ] @�e `&k ej? D e k k e I D�l k ] e ` e l I $ Iqk e�? Drb eLe ] B E D @&e ]>H e X Qye kGB;b l [tI�^~Ib l l�l N;k e L l e [r^ @KJ ]	^ ? DGL l e D w&b e k E B e ] e H D k/k e b1` D ] @ `	^xb bED ? `&[ e&?�e ]�I � @ l H � ^ D b @ BsI e k ? Dr] D bGI e
@&e�@ D ?�e ]&bMD D ] � X � [ l b @rq l ] e @ D#�;^ Dr] e�@&e bkBzkED e b�I ej? ` D k e [r[ e b @ D " Bzk e ]�I e b D ]�I2BsI�B�BjI l @ D#B e b�� [ e b
? BjI �FD @&e b @&e [GDrb1b1^yl e�@&e b @ D ]&]>B e b ^ Dr]�bED L l e [ e b I e&? `&b / @&e H D ]&b5Iqk l HjIHD D ] D ]�I�BsI�B E ^pkEDtB;b � ? ^ Drb^ l H l ] e F D k ?�e bMD ? `&[ e�@&e [ q ^x`&`&[IDtH ^/IED D ] @&e `&k ej? D e k?k e I D�l k?] q ^�BjI�B D w&b e k E B e X * [ ] Dpl b e b5I @ D ]FH
D ? ` D b1bMDrw&[ e7@&e bq^ E�D Drk bED*[r^ @OJ ]&^ ? DGL l e�@ l ` D D ]
I Q H D k/k e b1` D ] @ wKD e ] � l ]�^~IkIqk1^yHjI e l k�BsIqkq^x]>l e X
%\D�l [ID#lp] D ]&b L l e [r^ @KJ ]	^ ? DGL l e H D ? `&[ eVv�ez@&e [r^�kGB&l D D ] �8S H F X u l X Q X>��� �s`	^yl e � � 1 ] e H D k/k e b1` D ] @



� Q �������������	�
����� �
���	�
� � �����

J�
��� � �
� ����������� � ��� ��� ����
O����������� � ���

0 2

0

2

(a)

X

Y

0 2

0

2

(b)

X
k

X
k+

1

&('���� Q X � � ) 3 $�5 � (�.�� � � � 1r(�3 �
� $&!� � �;� � $&����!5$ � � � .�! � �;� $*: ' .�! � ��4�#5��4 * 
 ��� �w$  �� � 
 � � �K��( � �
$&!�*�3=��!5$&3=! � �<4��C$ � (�.�� �e� (�!�! � ���>( � � $&.�� � $ � � ��� (/(�! � ( ���  � ��
�� � &�� ) 	�� � &�� 	 � ) 	�� � &�� 	 �9� ) = Az$<+ �	�
3�� 
��&
�� 5! 3 8 � 
 " 
 � 5k4�3#*C51%���� � 3 � $&��3�( � � � ��! � -L3 � ! ! � ��(�.�! 
 ��� � 

�
� 
 �y4 � ( � ��!5$&3=! � - ��� � ��� $ : ' .�! � ��4��	�y4 * 
�%$ ',� � $ 
 $&. � . �
� 8:(�! - � ��!� � 3�� �6�
� �  ' $ ',� � ��� � $&��� � 3 � $&��3�( � � � ��! � -L3 � !e! � ��(�.�!<4


���
���������� D ��
�����
 ��� @ � H�� � D 
 @ BjI ��� ? D � D 
 I � @ �! ���
"
#� @ D ? �$��
 D D �����%� DtIkB�&(' �)
"� HjIHD D �*
#� D E ��� I �

�� B 
"�$� I � @ D�+ B �"�$� I ��
,
 D 
 I ��
 L ����� I-� ������� I ���"� ? � I.�>B ? � IEDIL ��� @ ��
,
 �>B � D ? N ���$
 D  �
"��� E B 
 &

M6N QzNJQ / h�[���g6h�[_`�c 
 W�S�P\c10_`%[_`o`\hzZ���d ^�d�P\h�Z>[ ��[_` ��
�^�d�U]f�g6h�[_`�S327`%[�Z�
 R_[_`

' ��
4
��%�.� l �"��
 � �$
-
�� B&HjB @ �$� I 
 D � I ? D � I � B(L ���5���$
 @KJ ��� ? DIL ���$
 D  �
"��� E B ��
6��� E�D D 
 D ��� l � @ �

 D D � I87 ��� H D �"�#��
#
 D � @ � D �$� I 
��%
8
 D ? 
���� ? ��� I9� @ � H�� � D 
 @ D 
"
 D 
�� IEDGF @ �1 ��%
"
"� @ D ? ����
 D D ������� DtI�B%&
7 ��
:��� @ ��� I ���$
;� IGI �.� HjI �$���"
<�"� H D ��
 I �"� DtI 
 � 
���� IHD � @ �$
;�>=?
 B � D ��� H ��
 S H F@&BA�l�& Q & � Q &  1 ���C
 D � I
L ����� DtI � IHD E � ? ��� I1I � N 
 @ DD+rB �"��� I 
 @ ��
E� IkI �.� HsI �����"
 BjI �.��� l ��
 ��I ����
 H ����� D @ � ?�@ 
"
"����� S H2F@&�A�l�& Q & Q%F &  �

�� l ��G � 1 &(H �3��
 I @ D � H � Bjl DtIED ? � @ ��
:����
#��� L ���!����
 H D ? 
 D � I � ? �$� I 
 D  �
#��� E B 
�
 D � I 
�� D H�� �$
 @ �
H �$�?= @ B&H � DtI 
3
����I���J
 J 
 IHN ? � H�� � D IHDGL ��� @ �K ��%
"
"� @ D ? �$��
 D D �����%� DtIkB�&	' q D  ML#� HsIHDPF @ ��
3
����"� l �"��
 � �$


"� D E ��� I 
;� q �$
 I 
���
 @ � @ BsI ��� ? D �����N�O� E B � DtI �% ����P��� I ���"� @ �$
 @KJ ��� ? DIL ���$
 ? ��
"��� B �$
 ? � D 
 @ �
@ D ������� L ����� L ���$
J
 D 
 I �$
Q
"� D E D �$
���� H D ���#
 @ �N�O� I"� N 
#�;
 D ��� D � I �$�"
�� BjI �$�Q����
Q� B 
#��� I � I 
 @ D ��� B 


����R� q �%����� J 
#� I D 
 D � D l DIL ���4
�� B&HjB @ �$� I � &

S =	� � 0&4UT34WV 2 = 2 � V 2 ��� 0&4 4(2NT 
 9 � 7 4CX ��
 4PY�X@Z 
 7 =�[ . 9 = 2 � . �
' �R
��"� ? D ��� F � D}I ? ��� L ���%� I �$
 I ��� ? �%� L ��� @ �R
 I � IHD 
 IEDIL ��� BsI � @ DtB � & m ��� + � I � ����
3
�����
I� D � l ���$



 B � D ��
 I � ? 
 D �"�$������
K�$���"� l D 
 I � B ��
 H D ? 
 D � I ��� I ����� I �#��� I � D ��� @�q D 
 H D ���O� IED D ��
 &�7 �$
\�$� @ ��� I @ ����
]���



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

 �!�"�

�� ��� �������2�#� $ �

? � D �����$��� @ �$
 H ��
 ��H � IGI �]
 I � IHD 
 IHDGL ���R
\�$� I 
"� > �#�-
 D ���3� q BsI � @ � I D 
 D � D l DIL ��� ? ��� B � & ' �,
�� D  �� N ? �

�� D � H D 
���� ��� H D � H ���#���N
���
5� B �$����� ? �$� I �O� 
 I � IHD 
 IEDIL ��� � ? � D 
4���$
 @ B � D E �$
 D � �>B �#��� I �$
 @ �!� q � =?
 B p
� D ��� H �R� DtB ��
 � � q B E ��
 D �.� IED D � &�' � � D ��� @�q � = D 
 I ��� H � @ ��
 @KJ ��� ? DIL ���$
9��
 B � D D @ DGL ����
 @ �R�O�1� B&l D D � �
��
 I �>= I �&% ? � ? ��� I�BsI � D DtI � S � 
\� D ���(' & � � � 1 � I �"��� @ I D � I � @ B � D E � S ? % ? � D � A ? � 1 
\�$� H ��
 IED  ����

"���Q���$
Q
 D#l ���%�?= &�H �9
"�N
\�$� I @ D � H8L � q ��� H ��� BjI � I ��
 J%? 
 I D IEDIL ���N� q � DtI L"� ? � D 
 BjIkB � IGI � D � I &�' �
A�l ���"� Q & � F 
�� B 
"��� I �������1� D � l ���-
 B � D � I � ? 
 D �"�$�����-�$���"� l D 
 I � B � ��� EyD D 
 D ��� l � @ � 
 D D � IR71&�7 � IkI �
@ �$�"� DGN �"� H D ? 
 I �5
�� N 
 @ �JG)' D 
 H D ���O� IED D ��
 S+* �$; � 1 & 7 D ?�? � D �C
\�$� I ��� E�D D � � ����� @ B � D E � I � N 

��� IkI � I ��� @ � ��� l ? �$� I ���J� q � ? 
�� DtI � @ � ? D J �$����� @ �$
 D 
 H D ����� IHD D ��
 & ' �$
�������� J 
"��
 I D 
 D � D l DIL ����


�� B&H&B @ � ?;? ��� I � + � HjI � B �$
 D � I�I D � I ��
 BjIkB � B ��� D 
 B ��
6
"��� @ �$
5
 B � D ��
 H D ? 
 D � I ��� I ��� ? ��= D ? � ?
� ' D 
 H�D ���O� IHD D ��
�� A � @ � ? D � D ? D 
"��� H � I � + � I @ � @ B � D E �R����� I � &-, D ��
3���R
 D � E�D ��
 I D � I � F D D 
 � = H �����#�
@ �]� D I �"�]������� J 
"�,�O� 
 D 
"
 D  D � DtIkB L ���]� q B E ��
 D �.� IHD D � @ ��
 H D ��
 IHD}I ���%� I 
 ? ��
 L ���]����� F D � ? �R
�� BjH�D 
#�
@ �$
1��
�
�� DtH � IED D ��
 @ �6
��"� ? D ���K�#� I D ��� &

0 20000 40000

12

14

16

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 )

.0/���� Q & � F21 �y �!�3 � � �!3�4 (�! ���=��� $ 4  �!�3�()5�3�-~. � (�*76 � !�+, � 5
$ � 6 � $7!� ' 3�( � #(8 ):9 , �<; 4 �C$ � ( � ��!5$&3 � � �7� � � $
� �!3�4  �!5$&��.�! � 6�( � � 3 $&3 � � ��� . � 6 � ( � 6��5$ � � � 6
$&. � (�.�!�6=5 �e� � �! >4  �!�3 ���
�	� 4 �C$?5� �!�3=+ � ��!�"�6 �
� ��� � 5 ��� $�8 (�! 3��
5 � 6e(#6 � 3 �=� $&��3�( � 6 � 6�� � 3� �5�7� �  �+�$ 4 (�!5$&��3�( � 4

@ � 4 TBA �3=DC ��� 034 V 2 . ;�E = V 2 �!� 034�F
J ����
"� H D � @ � � J 
 D I"� N 
#�*�$
 I � q � = D 
 I ��� H � @rq ����� @KJ ��� ? DIL ��� 
 I D H�� ��
 IEDIL ��� &?G � 
:��� I 
��%�

�>=?� ? 
���� D ? � l D ���$� L ���-���, ��"� DtI D � �>B �#��� IK� �O� ? ��
"���"� @ � H D 
.� D ����� ? ��� I�H @ BsI �"� D 
"�JIJ�O� E B � DtI �� ����
F D � ? � @ ��� q �%
�
�� DtH � IED D � @ � 
��#� ? D ���R�#� I D ��� &�7 � IkI � � J 
 D I.�KN 
"����
 IzH ��
:��� @ ��� I 
:��� 
�� D  ��� ���� H �%�
�O�N
�� BjH�D 
 D D � ? BjH ��� DGL ��� @ �W� �>B D ? NsI �"�Q� IHD � D 
 B �$
 I  D ���W
#��
 B � D �����#�J���?=C���#�"�$���"
 L � q D � F ��� @ �"� DtI
D � I � D @ � D �#�4
 D ���R
:��� I ���" :���,
 D#l � DDA�H � IHD E � ? ��� I � q �����%� J 
"� I D 
 D � D l DGL ��� &



$ F ��������������������� ����		�
���������

 ������� �
��������� ���-�����>�����?	�
(������������� ���

G �P
:��� I ����
"
 D9D ? � l D ���$� L �������$
R
 D#l �����?= �$���"� l D 
 I � B 
 H D �#�"�$
"
 D � @ �$� I1� ����� D 
 H D ���O� IED D �N
 B p
� D D @ DIL ��� S @ �9
 B � D D @ �E
�� D H�� � @ � � '>']
 1 � ? D @ ��� B �9����� I � ? �$� I 
��������5
�� D H �$
"
"��
I
 I D H�� �%
 IHDGL ��� &�7 �

 HjB ���%� D D ��
 I D ? 
 D 
"
 D  ���� � E B � DDA ��� ��H �%��
"� @ � ? �%� L ��� @ �8
 I � IHD 
 IEDIL ��� & � D ��� D ������
 I �"��� ��� � E � ? ��� I
���N
�� D H �$
"
"��
K
����#� ? ��� I 
 I D H�� ��
 IEDIL ��� � � D ��
K� E�D ��
8
 D ? ��� B �M� ? B � DIL ��� ? �$� I �����1 DPF ��� H � IHD D � @ �� D 
 F  ��"� D}I�B � � ��� E�D D 
 D ��� l � @ �)
"�$� D � &�' ��
 B�L ��� IHD D ��
,� IHD � D 
 B �$
K
 D � I ���$
,
"� D E �%� I ��
 �

��� ����B
	���
�� B 843 ��� B�����
���� ?��

�
�	 B���
 8 3 ��� B � ��
 � � ? � 6�� �! "� �
S Q & Q � 1

D$# � �% "�Q��
 I ���  ��#� DtI  ������ H l �%��
"
 D ��� &'& �����O� A�l ���"� Q & � � & �U� q D � I�B&l �.� IED D � @ � 
 J 
 IHN ? � S Q & Q � 1
��
 I 
�� B 
#��� I�B � @ �%��
���� H ��
 6 	 �)(1�$*W� I 3 	+*-,.*$*�� &B' � H ���"� B @ � E ��� D �� ����/
0�! "�Q� D � ? �%� D 
 B �
��
 I 
�� B 
"�$� I�B � A � @ �;
 D � E�D D � H D ? 
����"�$� H � IGI � @KJ ��� ? DGL ��� � E � H ����
5
 Dtl �����?=�� =�
 B � D ? ��� I �%�?= &
' q � IkI �"� HjI ����� H D �"�#��
"
 D � @ ��� I S H D ��
 I �"� DtI 
���� �O� ? BjI.� D @ � @ � @ BjH ����� l � I � ? 
 D �"�$� � / 	 *-, ; 1
��
 I 
�� B 
"��� IkB 
#��� �O� A�l ���"� Q & � � &  & � �O� 
 I � IED 
 IHDIL ��� BsI � @ D#B � S+* 9'2 D 
 H D ���O� IED D ��
 1 � �O� H D ��
:�
@ � � D D � H ��� B � I � q ��
�
�� D#H � IHD D � @ � 
��"� ? D ���N�"� I D ���N��� 
 D � I 
���
 I � N 
 @ D�+ B �"�$� I ��
 @ ��
 @ D ��� B �$

�>=?
 B � D ? ��� I ������
 S H F@&�A>l�& Q & � � & H 1%@ 1 &�7 � I �>=?� ? 
���� 
:��� ? � I @�q D ������
 I �"�$�8
 D ? 
���� ? �$� I �O��
 D 
"
 D  D � D}I�B
L � q ����� @KJ ��� ? DIL ��� 
 I D H�� ��
 IEDIL ����
�� D 
#
"��% I �"�6
�� B 
"�$� I � @ ����
,� D 
,�>=?
 B � D ��� H ��
 &

1 0 ; E = .:V!T&4 [ X 0 V(E = 0 254WT �+C 4 � V � . � �3= X � 2 
 F
' q ������� J 
"� I D 
 D � D l DGL ��� ? ��� B � @ ����
 H � IGI ��
"� HjIHD D � E D 
.� D}I �O� ? D 
#� ��� B E D @ �$� H � @�q ��� � IkI �"� H p

I �$��� BsI �"��� l � / @ � @ D ? ����
 D D � 35476 � / �2	 93�54 S � E � H *768496 � 1 &9' � �"� H D ��
 I �#� HjIED D � @ �
* � , �$��
4�J���P� + � IzBjIkB � + � HjI � B � @ ����
,���)��
#
�� H � @ �$
 BsI � I 
 @ � @ D ? ����
 D D � ��& G �)
\�$� I D  ML#� HjI �$�
L ���<��� @KJ ��� ? DGL ���<��
 B � D D @ DIL ��� D  �
"��� E B � H D �#�"��
#
 D � @ �<�$� � B ��� D}I�B!� @ � H�� � D 
 @ �<
�����
 � ��� I �
@ D ? �$��
 D D ������� DtIkB�& 7 � IkI � � J 
 D I"� N 
#�;����� F D D 
 @ �<
�����
 � ���!
\�$� I % I �#� E B � DDA�B � E �*���$
5� D � l �������#

@ �$
3
 B � D �$
 I � ? 
 D �"�$������
 BjI � @ D#B ��
 &$& D ��� D#l � D ��
 H ��
:��� @ ��� I L � q ����� I ������� � J 
 D I"� N 
#�R��
 IB� ��� I � ? �$� I
D ? 
�� D  ��� ���� & m �!� + � I�� �O� I.�FB D � D � @ �$
 F D � ? �$
3� D � ? ������
 D ? 
�� DIL ��� L ���-��� H D ? 
���� = DtI�B6I � ? 
 D �"�������
���;: I 
����J DGF ��� H � IED D ��
Q
"� HjH ��
#
 D E ��
 ? �$����� I @ � 
 D D � I�A =?� � � q � IkI �"� HjI ����� BsI �"��� l � & m � H D ��
 B p
L ����� H � � ���P� IkI �.� HsI �$��� @ � @ D ? ����
 D D � ;��<4,�"� L � DIN �"��� q �>= D 
 I ��� H ��
�� B ���O�� ���� @�q ���C� IkI �.� HsI ����� @ �
@ D ? �$��
 D D �U9=��4 S @ � �O� ? % ? � ? ��� DGN �"� L ��� H � @ ���#� D �$�R�"� L � DIN �#�6�O�Q
�� B 
#��� H � @�q ��� H J H ��� � D ? D}I �
� B 
����R�����5 DGF ��� H � IED D � @ � � D 
 F 1 &
> 034MX � 034MV ;*. C*[ . 9 2 4 C 4 � 2	V 4 �@? = 714 039�TBZ 0 � 4 ��� 254:9 [ 9 
 2 = 2 � . � 4 � 254:9 C 4MV4T34<V A V 2BA C 4MV
T A �&=�C �!� 0&4MV!T&4DC = V�V�4UT ��C 4 � V � . � �&= X � 2 


' ��
 H D ? 
 D � I � ? ��� I 
 
�� B 
#��� I�B 
9
#��� ��� A�l ���"� Q & � ��D � I1BsI�B D  �
"�$� E B 
B��� EyD D 
 D ��� l � @ �Q
 D D � I � &
7 ��
 
 B � D �$
 I � ? 
 D �"�������$
 H D � F D � I �$� I � q � J 
 D I.� N 
"� @�q ����� @OJ ��� ? DGL ��� @ BjI �$� ? D � D 
 I �B��� EyD D 
 D ��� l � @ �



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

 �!�"�

�� ��� �������2�#� $ �

0.5 1

0.5

1

(c)

X

Y

0.6 1

0.6

1
(d)

X
k

X
k+

1

0 30 60
0

0.5
g(

t)

(a)

0 0.5 1
0

0.5

1
0

0.5

1 (b)

g(t)
g(t+τ)

g(
t+

2τ
)

.0/���� Q & � � 1 8 $ ;�� $&!�3}$&* ��� ���������	�
� � �����
� � � ������������������� � ����������� 3
�/�� ' !� � �J4 $&!���3=!B5�.�6 � 6���" 3�� 8���4��*� ; 4
8#* ; %1����!5$���� � .�! �	(�!�! � 6 4 (��75
$��~�e! � �	(��76���!�.�3=� 4 $&! 5� !�<$ � $ ',� � �!3�4 (�! ��� 8��"�$#
	 , ; 4�8%� ; � (�. 4'& 5 &)( (�3
�*�<$&!� 
5
$��76,+ &J4 +}$��(5.-  	-/.%$&��3�(�� �'������� ����� 	 �9�/�0�$#�4D8
5 ; % 4-4 +=31�<$&��3�(���5 & 4 ! &!3 3 & !
! & ��(�.�!2�	(�!�! & 6 4 (��75
$��~� & 4

�O� I �.����
 DtIED D � @ � F ��� D ����� I � l � & m �N� + � I � ����
 B � D � I �.�%��
 D}I D D �"� @ �]�O� A�l ���#� Q & � � & �6
 D 
"
 N @ � @ � F D � I �$

�"�$
"
#� ?  ������ H ��
 L ���%� DtI � IHD E �$
B� E � H �O� @KJ ��� ? DIL ���,
 H��FB ? � IHDGL ��� @ �]�O� A�l ���"� Q & Q $ & @ S 
�� l �]G G 1 � ���
H�D 
.� D ����� ? ��� I 
�� B 
#��� I � @ D�+ B �#��� I �$
 D 
 H D ����� IHD D ��
 @ �,�"�$�O��=�� IED D ���$� I �"� H D ��
 B ��
8
���� @ �,
\� IHD}I ��
 D 
 H�D � p
�O� IHD D ��
 
#���I����� H  ��.��� H�� � IQ D ��� @ BsI ��� ? D � B � S

�3
* �-21
54 � 1 & ' ��
 D 
 H�D ���O� IHD D ��
 @ �R�O� A�l ���#� Q & � � &  

L ����� IR� �������$
 � F D � I 
\�$��
"�$� � ����� @OJ ��� ? DGL ��� L ���%
 D 
 B � D D @ DIL ��� �.6�7 # 7 @ �$
 D 
 H�D ���O� IHD D ��
 @ �-
 B � D D @ �

�� D H�� � @ � � ')' 
 ? D @ ��� B ��
4�$�*� ? 
�� DtI � @ ��
���� ����� @KJ ��� ? DIL ���J
�����
6����� I � S * 9 * *$*;
 1 &�7 � IkI �
@KJ ��� ? DIL ��� L ���%
 D 
 B � D D @ DIL ����� 
���� � D �����$���"
1����
#
 D
BjIkB D  �
"�$� E B � @ ����
6���$
4� B � HjIED D ��
 H�� D ? DIL ���$

D 
 H�D ���O��� I ��
98 G � ��� ';: &I7 ��
 H D ? 
 D � I � ? �$� I 
 I �.����
 DtI D D �#��
����;� D ��
�
\�$� ? � IGI ��� I 
���
 @�q � > � ? ��� �
H D ��
 
=<�� � �O� 
�� B 
"�$� H � @�q ����� @KJ ��� ? DIL ��� @ BsI �$� ? D � D 
 I � H ������� H ����� BsI � @ � 
 J 
 I�B ? � IEDIL ��� � q �

�� % I �"� ? �$� B � � H �%��
"� @ ��
 @ D > H ��� I�B 
6� =�
 B � D ? ��� I �%����
 � =?
 D 
 B �$
Q
�� B&H&B @ � ?;? ��� I & & D ��� Dtl � D ��

H �$
\�$� @ ��� I4L ��� H ��
 @KJ ��� ? DIL ���$
K��� 
 D � I 
�� D  ��� ���� ? ��� I 
���
8��� H4F �"� D}I @ � � �%
.��� @ I &�7 �$
R
 B � D �$




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

 ������� �
��������� ���-�����>�����?	�
(������������� ���

0 5000 10000

12

15

18

C
is

ai
lle

m
en

t  
(s

−
1 )

Temps (s)

(a)

0 3000 6000

20

24

28

Temps (s)

(b)

.0/���� Q & � � 1 8 $ ; ��� �%$ 3 3�-/. &�� 5 & .  �� 8:(�� &�� 6��F4 � & ��3 6
	&3
+
+ &!3�& ��� 4
��� 6 & ��� & 5 & 6��#6����
+
+�	��������76 5 &���& +�	  	��
������� & ��� ��& ����� 4��!& 6 4 	 � 5 & 4'& ����� & 6��#6����
+
+�	��������76 6 4 � � 	�+�	���� & 628! "��� 6��
�#	 ';& 5$� 4 ���
��� � ;&% 8!' ; ��� �#	 3 ��(�� &
(��#	 6�� 4���� ���)5$��(�� & & � ��&�' � 6�� ���!& 	��) "��� 6��
�#	 ';& 5$� 4 ���
��� � %


"� l�l N �#��� I @ D � H@L ���5����
 H D ? 
 D � I � ? ��� I 
 D 
 H�D ���O�%� I 
R
 D ��
 p L"� H ��� I 
-
 D � I � B&l D 
]
���� @ ��
 B�L ��� IED D ��

@ BsI ��� ? D � D 
 I �$
 &

� Z E A [ . 2�E AMV�4UV [�= 2 � .+* 254 C*[ . 9 4MX X 4
7 D ?;? �4
 D ��� D#l � B @ ����
R����
"� HjIHD D � Q & �K� ��� I.�>B D � D � @ �$
R
 J 
 IEN ? ��
 @KJ ��� ? DIL ���$
 H D � H ���#���6��� D p

L ��� ? ��� I ���$
R
 D ��� IHD D ��
 @ �$
 B L ��� IHD D ��
 @ � I J 
\� �

�B2	-, �(B � 3 �0, S Q & Q Q 1
7 ��
 B�L ��� IED D ��
 H @ DD+rB �"��� IED �������$
 D � @ D ��� D �"��
 IU� q D � H �����$� I 
��%
5� q �$��
"��.� ���� @ �$
Q
 �FB � D . N ����
 L � D
�"� L � DIN �"��� I1D � I � D ��
 N L ����.!��� I �����). D @ B � D 
.� IED D � 
#
�� IHD D/p I ��.!
 D �"������� &:7 ��
6
 �>B � D . N ���$
 
 D � I @ B p
H � DtI 
�
���� @ ��
 B�L ��� IHD D ��
 @ D}I ��
����?= H @ B � D E B ��
J
���� IED �������$
 I � H D ��
 IEDtI � B �$
 @ � @ B � D E B ��
 @ � I J 
:�
S0/ ; � /$1 1 � l D 
"
"��� I 
"���32���
34 � �5.!
�
76 � B �  "� &98 �%��
74��$�;:.� D ��
34���
 � �!< �#
 L ���4����
74�< �
:.�"� D �
:.�$
R
"
���: D �%����


&<��=:�
#� > 
.�5.>.!���
: D .!
?<��;:��%�=:"��
 � D �8��

:�
?<�
"
 D  ����@2�� �&A�2�� D �"�B4$��:&:"�C4�<$.!
���� = D :�A � ��� 
 J 
;: N .!�
2 J ���5. DIL ���!
 D .N
���� 8 $�� : &�8 ����
D2 q ����:.�#��
E4 ��
D4��$
\�$�+2����
: � �O�C2 J ���5. DIL ����
#
���: D < p :"��.!
?<��"�������5���

:����: %�:.�#�R�&A�2�� D :"� � �O�1
 D .!
����FA L ����: D <�� S Q & Q Q 1 &�' ��
3
����.� l �.��
 � ��
I
#� DHG ���
:.
�4�< �+4$���"�����
: L ����� L ����

�&A$
"����:���:"
,��� F � G �����I2��J4$��:&:"� � J 
K<5: � N 
"� &

M6N QzNON � ^�[ ��
�^�d�U]f�g6h�[ `
W7d�P\f�S �$P\[)UXW�S
Z>[�����[ T

�L< ��� G A�� DDA ���P� q �>= D 

:.�$�+4��M< � ��< �N2 q �����O2 J ���5. DIL ��� 
"
���: D < p :"��.!
?< �#������� � ���P:.��

: 
 D .!
����
4�<���
 D 
;:.� �#F � D �"� G ��� D ���(����
 
����.�5. N :"�"�$
 l A�<$.>A�:"� DGL ����
Q2��B� q �>=?
KA�� D ����4�� & G �6
:����: � D ��
 D �$
"
KA��#��� L ���



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

 �!�"�

�� ��� �������2�#� $��

���F4�<�� A ����.N�$�=: 2���
 � A��+<$. N ���K
\�$�&.!��:;:.�.�I2��E�&A�2�� D �#�8�O�I4�<5.N
����>= D :&AE
#
���: D ����� &�7 �8�"� D 
;< ������.N�$�
:
��

:>4��O�%
"
 DGL ����2�����
�����2+<$.N� D ��� 2���
�
 � A$�+<$. N ���$
N��< � p � D �+A�� D �#��
 8 $ � : & �3�#���+< ��
N� q � =���.N
����B2��$

�&A��54�: D < ��
74 � D . DIL ���$
�< 
;4 D ���O�%�=:"��
 &�' < �#
 L ��� 4��$
32����#� DIN �"�$
R
&< �
:R� + ��4�:.��A���
I2��%��
R��� �&A��54�:"�����R��< �
� l D :�A � ���<
��;<  �� N .!�<��

: � ��� :.��.!���
:J��< � p :"� D�GOD ��� ��D � J � 4�<$.!
?A�: D : D < � ���
:"�"�;���<
 � A$�+<$. N ��� 2��
�&A��54�: D < � �+<�� p � D �+A�� D �#�<���
:"�"� ���$
>4�< ��

: D :"�����
:.
J��:!�O� 2 DD+ ��
 D < � 
#
���: D ����� 2��C4���
 2��$�"� D ���#
 & �L<����
<  �
#��� G ��� ���$
L2 J ����. DGL ����
 :.��.!
K< �"�$�����$
Q2���
��&A��54�: D < ��
L< 
;4 D ���O�%�=:"��
 � ����� .<��� DIN �#�3
 D .N
�����4�< ��
 D 

:.� �
HE� <5.@< l A��+A D 
"�$� � q �$
"
���4�� I � � q � D 2��F2 q ����� l D :.��:.�$��� &%7 ��:&:.�8�&A�2��+4�: D < �E2�� H 
#
���: D < p :"��.!
?<��"��� I5���
H :.��.!
K< �"�$�7IN�6
\�$�&. D 
3���J. D 
#�,���>A G D 2��$�+4���2���
9�+<$.Q ��"�$��
"�$
�2 J ���5. DIL ���$
 4 � �5<5: DGL ����
F2�����
F4��$


 J 

: N .!��
 8 ��� ' : & 8 ����
4��� 4���
 2��W� � A�<#4 � �5< 
 �7D � �$
;:JA G D 2���.>.N�$�
: D .!
K< 
"
 D  ����D2 q H � <$.>< l A$�+A D 
"���
� q ��
#
��54$��I & m �N4�< � A �����
:P����
 l A�<$.@A�:.� D ��
 ��: D � D 
&A$��
�< � 
\�$��: :�< ��:"� F < D 
 ��
"
KA��#��� H�l ������� I ���$

2�� l �&A$
�2��]� D  \�$�;:�AR
#
���: D ���?= &?7 <$.>.N�,
;< ��� Dtl �+A32��%��
8����
B�&A$
"����:���:"
 2��]�O�6
"��4�: D < � Q & Q & � S 
�� l � ��� 1 �
�O�D2 D �#��4�: D <�� 2��4��� G < �;: D 4 D :�A]���4
#��.� ����1
��%
K
\�$�;: D ���$�=:"� &�' �$
7< 
;4 D ���O��: D < ��
3
;:.�#�+4�:"���"�$������
�2�� � � D 2��

&<��=:<��� � + ��: � <$.@< l N ���$
N��� �!< � l 2��)�O� 2 D �#��4�: D <����O2��P���M4$������������2�� 7 < ����:&:"� &E' q � + ��:@2 q ���
4�<�� A ����.N�$�=: 2�����
 4���:&:"� 2 D �"��4�: D < � ��� 4 � ��� l � 
��&<� ��� �����.!���
:C� D �$� ���M=P2 J ���5. DIL ����
 &-7 ��:&:"�
� J 
?<5: � N 
#�4�JA�:&A G A�� DDA A��]�>=?
KA�� D .!���
:�������.!���
: � � q � D 2��32 q ����� l A�<$.>A�:.� D �32�� 7 < ����:&:"��2�� � �%��:.�$���
�&A�2�� D :.� � 	 �B4�. & H �E� q �$� ��

:J
���
E2�� .�%�.!�N
K< �����O� 2 D �#��4�: D <�� 2�� l �.�52 D ���
:E2�� G D :.��
#
"�����
4�<5.@.!� �+< ��
]�����!< ��
8��� G < D �32�����
]����
R
����.� l �.��
 � ��
,
"� D�G ���
:.
 &

,�E 
 .\X�. 
 � 4 4(2-;*.10 [ X = 
 4 V 259 0�; 2 039 4$* 
 ;*.10 X�4 C 4 � 2 4 � 4 � 259 4 ? 4:9-9 
 T�0 � 2	� 	 *-,32 C C

' ��
1� =?
?A$� D �$�+4��$
1
��;A�4�A�2��$�=:"��
 <��=:�A�:&A5�#��
�� D 
#��
 2�����
]����� l A�<5.@A�:.� D � 2�� 7 < ����:;:.�5
?< 
#
&A�2����
:
�����$�
:.�"� F ���L2 q A$
�� D 
"
"�$��� � 	 *-,32 .>. &	' � 4�< ���# \� 2 q A�4�<�������.N�$�=:L2��E�O� A�l ���#� Q & � � & �1� A�:�AE�&A���� D 
&A��
� � q � D 2��F2���
��;<5:�<#4�<���� H � 6�7 # 7 � � 	 *-,32�� �1��: �  	<9 � &%' ��
L4�< ���# \�$
 2 q A�4�< ������.N�$�
:3� G ��4K� q ���
:.�#� F �$�
2 q A�
�� D 
"
#����� � 	 * ,�2J.@. 
;< �
:R
"��.� ��O�% ����$
 � 4��������$
 <  :.��� ���$
,� G ��4 � 	 ��.@. &M' ��
8
 D =N
&4�A����%� D <�

2 J ���5. DIL ���$
�2��-�O� A�l ���#� Q & � � S 
�� l � � Q 1 � D ��
 D L ���1���5 K< �+4$��� 2 q � J 
;:&A�� N 
"� 
;< �
:K�$�+4�< �#�4
��;A�
"�$�
:.

2�����
]��� l A�<5.@A�:.� D � 4�< � A �+A�� & 
 ����� L ���$
I2 D�+ A��#���+4$��
]
\�$� G �$�=:�4��$
\�$�+2����
:?%�:"�"�J<  �
#��� G A��$
 �

1 � G ��4 ���-
��&<5:&< 4�< ��� H S �;A G A$�O���
:R����
 2 J ���5. DIL ����
8�+< � p ��
 J .!
�:�<5: DIL ���$
 1 � � q �5.!
�� D :.�+2��I2��$
7< 
 p
4 D ������: D < ��
Q2��E�O�]�&A l D < � F ��

:3
�����
 l �"���+2�� 2�����
I��� 4���
 4�< � A �+A S Q '�
 � ']
 4 � � 4 F@&%A>l�& Q & � G & � 1
L ��� 2��%��
R����4 ��
 � 	 � .>. S Q � 
 F 'Q
54 � � 4 F@&MA�l�& Q & � G &  1 &�' ��
3<�
&4 D ������: D < ��
 < �
:,����
#
 D �����
F < �;.N�P
�����
;�"�$�O��=���: D < ����������� 2�����
;��� 4 ��
 � 	 *-,32O.@. � 6�7 # 7 �O� :"�.����
 D : D < � �$�
:.�"�W� q A�:���:
G D 
 L �����?=)��:]� q A�:���: � � D 2������ D �$� 
"��� 2���
IA�4 � ��������
I2�� :"��.!
�
I4�< ���
:.�$
 S+* �B*$*J
 1 x

1 ���  ?< ��4���� 2 q � J 
;:&A�� N 
"� � 4 8 4 m 4 � � = D 
;:"��:�< ��L;<����"
)2��%��
J���B4���
 4�< � A �+A � .N� D 
Q��

:

�����
 l �"���+2�� L ��� 2�����
���� 4 �%
 � 	 �).>. S

�3
�
* � 2;��: �3��

* 2 2<
54 � 
?< ��� � 	 *-,32 .>. �

�3
�
* � 2���: �3
�

* � 2�
 4 � 
K< ��� � 	 �J.@. 1 x
1 � G ��4����6
��;<5:�<#4�<���� H ��:�2�����
-���D4 ��
�2�� ����� l �6�$�=:"�"� F ��� � �O�� ��"���+4 � � u 4�� ���E4�< �#�"�$
"
K< �+2

��%
1
;:"� D 4�:.��.N�$�
: � �O�! ��.�%�+4 � � �+4 u S 4 F@& A�l�& Q & $ � 
�� l � � ' 1 � ���H< �"
 L �����O�>.@<��=:&A�����:4���



$ G ��������������������� ����		�
���������

 ������� �
��������� ���-�����>�����?	�
(������������� ���

20 40 60 80

14

16

18

C
on

tr
ai

nt
e 

 (
Pa

)

Cisaillement  (s−1)

(a)

15 35

15

16

0 2000 4000
0

20

40

60

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 ) 

et
 φ

(b)

.0/���� Q & � � 1 8 	 ; � ��� � ' & 5.- � ����� + &!3�& ��� ��'
� & ��� & � � � ,�#  � & �D	� & � + - & ��� ��&�� &�� 5.- �!4 	�� 6�6 & � ��� �
#
	�� 3�3 4 	 � + & 4
� ����������+ &�� % � & 6?6�� 3 '+��+ & 6 ��� ����& 6 4 ���75 & ���J	��   �	�+ & � � 6 3 � � & � � & 6 5 & 6 ��� 6
	��
+
+ &!3�& ����6
& � ��&�' � 6�� ��� 6 % � & 6J'#	 ����& 6��=� � �
	 �����
	�+ & 6 �
�75$��(�� & ��� + - 	 3�4 +������75 & 5 & 6E�#6����
+
+�	��������76 5 & ��� 6
	��
+
+ &!3�& ��� 5 & +�	
����' ����� � % 8�� ; ��� ����& 6 4 ���75 � +�	 3 ����� �!& & � ������� � 	��
��� & & � 8�� ; � +�	 5 & 6�� & ��� & % �0- �
�76 &�� � & 6�� � & ��� ��� 6�� �
+�	 '����*� + & 5.- ���>6�� ����
 6 & 	��
�76��7(�� & + & 6 �#6����
+
+�	��������76)��'76 &��  �!& 6 % 8!' ; � � ����� +�	�������� 6�� � �*����� ��& � � ����� + &!3�& ���
3�& 6�� ���!& 5=	��760+�	 ����' ����� 3J� �
	 6��
	�' + & 5 & 6 ' � 	��75 & 6 �#6����
+
+�	��������76 8 ����' ����� � ; & � 	� & �2+ - & ��� ��&�� &�� 5.- �!4 	�� 6 6 & � �
� � #
	�� 3�3 % 8�� ; ��� ����& 6 4 ���75 	�� 4 	 � 	 3�
 � ��&�� &! � � 	���� 5 & 6�� ' � ��& 605 & 5$��� � 	���������� & � +�	 +�� ' � & ���������
��� &
��&!4
��� 6 & ��� & + & ��� 6
	��
+
+ &!3�& ��� %

2��$
&4$���
:.�E4�< � �+4 D 2�� L ����
 D .N�$�
:-
���� F � D :.��.N�$�=:K
?< ��� � 	 *-,32 .@. x
1 �H< �"
 L ���N���C4�< �"�;A�����: D < �U���
:.�#�<�O� 

:.�"��4�:.���"�<��:Q� q A�4�< ������.!���
:���

: 4����.��4�:�A$� D 
&A��N� G ��4<���!
�� p
�"�5. N :.�#��� S 4 F@&8A�l�& Q & � � &  1 � D �1��

: 4��O� D � L ��� 2��%��
 ��� 4���
C4�< � A �+A � ����
�< 
;4 D ���O��: D <���
 2��
4 D 
.� D ������.!���
: 4�< �"�#��
#
?< ��2����
:N�>=��54�:"��.!���
: � 2��$
 < 
&4 D ������: D < ��
E2�� �O�W
;:"�"�+4�:.���#� 2�� � � D 2�� &
m � 2 q �%��:.�#��
):.�$�&.!��
 � ��� 
;:"�"�+4�:.���#� 2�� � � D 2���< 
;4 D �����;�$�
:.�"� � q A�:���: 4�<$.N
�� N :"��.!���
: 2+A$
&< � p
2+<����+A S � * * 1 ��:5��� A�:���:D4�<5.N
�� N :"��.!���
:D< �&2+<����+A S � � * 1 & 8 �N
�����
6�O� A�l ���"� Q & � � &  
�;A G N ���5�+< �C
#��������.!���
:4���>4�< �"�;A�����: D < � ���C
 � ��
"�E2���
 2����?=P
;A�� D ��
 :.��.!
K< �"�$�����$
 � .N� D 
-�%��
"
 D
��� 4�< �#�&A�����: D < � ���P�5.!
�� D :.�+2�� &

7 ��
 <  �
#��� G ��: D <���
 4�<�� F < �;:"���
:B� q � J 
?<5: � N 
#�I2 q �����R
;:"�"�+4�:.���"��: D < �J
"
���: D �%���K���8�!<�� l 2�� l �.��2 D �$�=:
2�� GOD :.�$
"
"� ��� &\7 �$
4
;:"�"�+4�:.���#��
4
#
���: D �����$
I4�< �#�"��
#
?<��+2��.� D ���
:1���?= 2 DD+ A$�"���
:"
 A�:.��:.
I:.� =#:.���"���?= 2��
� � D 2�� S < l �+< ��
 2+A�
;< �&2�< ���+A$
 1 F �$� D ������:&A�
 1 & &OD 2�� :.�$������
1

:.�#�+4�:"���"�$
�
#
���: D ������
4� = D 
;:"���
:6���5�!< � l 2��
��� � �%�!< �#
�����
�4�< ���" :��
 2 q A�4�< ������.!���
:L2+A�
:���+2����
:�2��9� q ���
:.�#� F �$� � � 4 �������$
 � + ��:.
 
"
���: D �%�?=�
&< �
: 
��&< p
 ��� �����.!���
: 
�����
 D .!
K< �;:.���
:.
(
K< ��� � 	 ��.>. L ���B
?<���� � 	�*-,�27.>. & 7 ��4 D 
?< ���"�.� D : � =�
�� DIL ���$� ���$

2 DD+ A$�"���
:"��
34 �%�.�54�:�A�� D 

: DIL ���$
 L �����
: D :���: DHG ��
�2���
34�<����" :��
72�� � � A�< �!< l D � &#8 � . %�.N� � < �<
\�$��: D .N� p
l D ����� L ���-����
 < 
;4 D ���O��: D <���
 2�� 4 D 
.� D ������.!���
: <  �
"��� G A$��
74�< �"�#��
"
K< �+2����
: � ����� 2 J ���5. DIL ���,
#
���: D �����



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

 �!�"�

�� ��� �������2�#� $>$

0 1000 2000

20

40

60

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 )

(a)

0 1000 2000

20

40

60

Temps  (s)

(b)

.0/���� Q & � G 1 �J6����
+
+�	��������76 5$� ��� 6
	��
+
+ &!3�& ��� ��'
� & ��� & 6 5=	��76 +�	 ����' ����� 3J� �
	 6��
	�' + & � 	  & ��+ &04
� ����������+ & � 

8 	 ; 5=	��76,+ & � 	 6 5 & + - & ��� ��&�� &�� 5.- �!4 	�� 6�6 & � � � � #
	�� 3�3 
 8!' ; � � 9 3�3 %

2��J4��$
,
;:.�#�+4�:"���"�$
 & J � .>A�4 �%� D 
;.N� 2�� H �M��4��!A���: D < � 1 �%��� D��KD �O��: D <�� IC2 q ����� H  ��%�+2���I�2 q < l �+< ��

< �;2+< ���+A$
,
?< ���"�.� D :R
��%�]� =?��.!
����6� G < D �R� D ��� & &OD 2�����
,��� 4 ��
I4�<�� A �+A � 	 *-,�2 .>. � �O�J �����2��6�M� p
4��HA�A$�4�5���J:.� D �����72��1� q ���
:"�"� F �$� � < � <� �
"�$� G �$�.� D :K�%�!< �#
 2��$
�< 
;4 D ���O��: D <���
 2��-
;:.�#�+4�:"���"�-���
:.�#�1��� A�:���:
< �;2+< ���+A S � � * 1 ��:]��� A�:.��:I2+A$
&< �;2+< ���+A S � * * 1 &98 ����
]��� 4 ��
 � 	 �J.@. � < � <  �
#��� G ���"� D : 2��$

< 
;4 D ���O��: D < ��
�2��4
;:"�"�+4�:.���#�4���
:"�"� 2��$�?= A�:���:.
K
��%�;: D ��������.!���
:F< �;2+< ���+A$
8
 D ���$
8 ��%�+2���
8�M��4��!A�A��$
3< �
:
2��$
 :�� D ������
 D � F A�� D �����"��
 � � .@. &M7 ��
 � J 
K<5: �KN 
"�$
R�>=?
�� DIL �����"� D �$�
:8�%�!< �#
E����
F2 D�+ A��#���+4$��
�<� �
"�$� G A$��


K< ���Q��� 4�< �"�;A��O��: D <��*
;:"�"�+4�:.���#� p A�4�<�������.N�$�=: S 4 F@& A�l�& Q & � � &  ��: Q & � G & � � 
�� l � �>$ 1 &L8 �;�O� . %�.N�
.N��� DIN �"� � < � 
:����: D .<� l D ���$� L ��� 
 D 4��C.>A�4 �%� D 
;.N�@4�< �+2�� D : � 2��$
 < 
&4 D ������: D < ��
J2�� �"�$�O��=���: D < �
2�����
!��� � D . D :.� 2 q ��� ���
:"�"� F �$� � <$.>< l N ��� S � 	8*-,32 .@. 1 � ����.�%�.!��.@A�4 ��� D 
&.!�B4�<��+2�� D �.� D : �
2��$
�< 
;4 D ���O��: D <���
K� J �%�=:]��� H 4 ���"�54�: N �#���#������=���: D < �����$��I�.@< D ��
3.N��� L �+A � 
 D 
�����
 D �����#
R
;:"�"�+4�:.���#��


"
���: D �����$
3< 
&4 D �������
:32��%��
,��� 4 �%
 � 	 �D.@. S 4 F@&�A�l�& Q & � G 1 &

* <���
J4���
�
&4�A����%� DID 
#���;< �
:E2 D 
&4$��:�A$
E2�����
6���$
 4 � ��
 D :.�"�$
6
"� D�G �%�=:"
J< # ����� .@A�: � <#2�� 2�� G A$�!< p
4 D .@A�:.� D ���+< ��
Q
\�$�&.!��:&:"�.� 2��<
&<��+2����Q�!<#4 ������.!���
:Q���P� � A�< �H< l D �N�%� 
"� D � 2��<� q ���
:.�#� F ��� & 8 �%��
����

����"� l �"��
 � �K
#� DHG ���
: � �+< ��
 D ������

:.�&<���
 ��� � G ��.!���
:B� q � + ��: 2 q �����7:.�$����� � J 
K<5: � N 
#� 2��K
;:"�"�+4�:.���"��: D < �

"
���: D �����4
#���,� q ������� J 
"� 2��$
-
 D#l ���%�?= 
��;A�
#���
:�A$�Q
��;A�4�A�2���.>.!���
: &

@ � 4 TBA �3=DC ��� 034 T34 C =	� T34MV<X�4 X�. � 
�T�0 
 9 = T � 4 � 2NT34 7 � 254MV V�4 � � F
�L< ����<  �
"��� G �$�1���$
I2 J ���5. DIL ����
,
��;A�2 D :.�$
-
��%�]��� : � A�< � D � 2���
-
 J 
;: N .!��
 2 J ���5. DIL ����
 � D � F ��� :

L ���;����
 2�� l �;A�
 2��<� D  :���
:�A$
5
#
���: D ���?= ���<
&< D ���
:�
��%
�
\�$�;: D ���$�=:"
 & ' q <  L#��4�: DGF 2��@4��;
����.� l �.��
 � �
��

:72���.@<��=:"�"�$� L � q ����� 2 J ����. DGL ���-
#
���: D < p :"��.!
?<��"�������R
:����: .!�����$� � ����� 4�<5.N
����>= D :&A F ����
"
"���
:
���$
1�%����� J 
#��
 :&< 
?<��!< l DGL ����
,
��;A�4�A�2����
:"��
 & 7 ��:&:"��
 D :.����: D <��)�$
;: �$�+4�<��"�Q����� F < D 
 �  ����������D2�����
-���$


 � A$�+<$. N ���$
I�+< � p � D �+A � D �"�$
 & ��< ��� D ������
;:"�"��� 4$��:&:"�72 J ���5. DIL ��� 4�<$.!
����>=?� � 
��"�$�+< ��
 � q �>=?��.!
����9��� � F



� '>' ��������������������� ����		�
���������

 ������� �
��������� ���-�����>�����?	�
(������������� ���

�

�3 �
�3 �

�3 �

� �
� �

� �

�

���

.0/���� Q & � $ 1�� ����� + &!3�& ��� �
� �=� 3 � ' 
 � & 5=	��760+ - � ����� + &!3�& ��� 5 & � ��� & ��� & %�� � ��� 6 '#	��75 & 6 5 & ��� 6
	��
+
+ &!3�& ����6
5$� 6����
�*����6 ��� &! � 6�� & ��� + & +���� ' 5$� ' � 	 5$� & ��� 5 &  5��� & 6�6 &
	�� % � � & 6��0+�	I ���� & 6�6 & 5$� � ����� � � 4 	 � ��� � 5 & +�	�(�� & +
+ &
& 6�� � 	�+1��� + � + & ��� 6
	��
+
+ &!3�& ��� & � & ����� � 5
��� � ��4 	 � + &3� � � � 3�
 � ��& %


"� DHG ���
: � 
#��
�
K< 
&<���
74�<5.@.!�R
"� lyl A��;A1
��;A�4�A�2���.>.!���
: � L ���1� q A�4�< ������.!���
:9���]
&< D :9
���
 � <$.>< l N ���
���B�H< � l 2��E��� 2 D �"��4�: D < �D2�� l �.�52 D ���
:L2�� G D :.��
#
"� � � � .N� D 
 4�<5.N
K< 
&A 2�� 2 D�+ A��#���
:.�$
 H  ����+2��$
 IJ.<� p
4��;< 
&4�< 
 DGL ����
 & ' � A>l ���"� Q & � $ 
��&A$
"���
:"�;
&4 � A�.<��: DIL ����.N�$�
:Q�����@:.�$�����J
 D :"����: D < � 2�����
5���>4���
D2��
:.�;< D 
� �����2���
�2���4 D 
"� D ������.N�$�=:"
 �!<#4 ���?=D2 D 
;: D �+4�:.
 �3 �

�
�3 �(��: �3 �

&�' � G ���������L2+< ���+A$�K
���� ���E� � A�<$. N :.�#�
4�<��"�"�$
"
K< �+2 � �����3.!��
#���"� l �!<  ��%��� S D �
:&A l �;A�� 1 2��R� q A�4�< ������.N�$�
: & �3����
I
��;A�4 D 
&A�.N�$�=: � ���8� � A�<$. N :.�#�
.!��
"���"�6��� 4 D 
"� D ������.N�$�=:8� + ��4�: DGF �3 2+<����+A6
���� �

�3
	
� �
� �3 � �

� � � � �
� �3 � �

� � � �
� �3 � ,

S Q & Q � 1
&OD < � 
"��
�
?<�
"� 2�A�
&<��&.N� D 
 L ���B4��$
Q ��%�+2���
Q
?< 
#
 N 2����
:����$���"
�
��;< 
��"�$
 2 J ����. DGL ����
Q�H< 4������$
 �

���D4 D 
.� D ������.!���
:,� + ��4�: DGF .N�$
"���;AQ���5
\�$�&.!��:-
���
4�%�!< �#
�2 q �54�4�A�2���� � 4���
�4�<$.!
K< �;:"��.!���
:.
-�!<#4 ���?= &
�3�"�$�+< ��
R��� 4 ��
�< # ���$
72 J ���5. DIL ���$
72���
34 D 
"� D ������.!���
:"
E�H< 4����?=@4�< �#�"�$
"
K< �+2��$�=: � ��� G ��� D �� ���� � �% "�
2��)
 J 
;: N .!�E2�� ?A@ 
#
"���$� & �3����
,
����;: D 4$��� DGN �"��.N�$�
:34�< ��
 D 2�A��&<���
 �


 �% "� 	 � � �! "� � �6���! "� � � � �% "� S Q & Q%F 1
� G ��4���+ �! "�6
&< ����: D < �O2�� 
 J 
;: N .!��2�� ?A@ 
#
"���$� S Q & � F 1 2��%��
Q����
 4���
 S D � F 1�L S ' & �K� ' & � 1 ��:&H L F & � �
F & F � ��: F & � � 
?< ��� � � � �6�9��: � �8�#��
"
:��4�: D�G ��.!���
: &(7 ��:&:"� G ��� D �� ���� l �!<� ������ 
 �! "�K��

:1
��&A�
#���
:�A$�Q
#���
�O� A�l ���#� Q & F ' & � & m �����Q
��;A�
"�$�
:.�����$
 . %�.N�$
 4 �%�.�54�:�A�� D 

: DIL ���$
 L ����� D :���: DHG ��
 L ���J����
 G ��� D �� �����
-�!< p
4 �%����
 ��+ �! "� & 7 �$
\�$�+2����
:6� q ������� J 
"�D:�< 
K< �H< l DIL ���J.!���+A$��
��;A�4�A�2���.>.!���
: 4�<��+2�� D : � � q ��
�
�� D 4 ��: D < �
2��P
��"��. D ���<�#��:&< ��� 2��C�O� A�l ���#� Q & F ' & 2 � ���+4$����� F < �;.N�)
��;A�4 D 
"� ���C
:����:�%�:.�#� <  �
#��� G A�� &R' �



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

 �!�"�

�� ��� �������2�#� � ' �

0 30

0

30

(c)

X

Y

0 40

0

40
(d)

X
k

X
k+

1

0 30 60
0

20

40

Z
(t

)

(a)

0 20 400
20

40

0

20

40
(b)

Z(t)Z(t+τ)

Z
(t

+
2τ

)

.0/���� Q & F ' 1 8 	 ;�� 	 � ��	�' + &�� �����2� � � ����� 	 � � ����� 	 � � ����� % 8!' ; % ��� � 	���� & � � ��� ����& 6 4 ���75=	���� 
 �����76�� � �
��� �
4 	 � ��� � 5 & +�	) �	 � ��	�' + &�� ����� 4 	 � 5 � � 	�+�	 ';& � &!3�4 � ��& +J8�� � #
	 9 ;&% 8%� ; � ��� 4�& 5 &�( ���
�*� 	 ��� 5=	��76 + &�4 +�	��
5.- � (��#	�������� � ��� 	 �9�/� � � ����� � # %�� & � � 6������ 5 & �  	  & 6J� � � �=� ' ���#	��  	 � '
��� � 	�� ��& 6 5$� 4 +�	�� 5 &
����� 4�& % 8
5 ; % 4-4 +��1� 	��������25 & 4
��&!3 � &��L��& ����� � � ��� � 

�
� � � 
 	��*��� � &�� � � 3�& 4
��� ��� 6 & � & 6 & 5 ��' 	 ';& 5 & � & ��� &	��#	�+��>6 & %

G ��� D �� ���� 
 �% "�Q����4�< �#�"�$
"
K< �+2 
���
�
 D .N
�����.!���
: � 2�� 4 � �5< 
 2+A�:.���;. D � D 

:.�B2 D 
"
 D 
���: DGF 2��  ���
"
#�
2 D .N�$��
 D < ������� D :&A &M7 ��:,� =?��.!
���� � q ��
���
R
K< ����<  ML#��4�: DPF 2 q � > �;.N�$�K�O�Q
��&A�
#���+4$�E2 q ����� 
;:.�#�+4�:"���.� p
: D < �C�$�W ����+2���
4���5�H< � l 2�� l �.��2 D �$�=: 2�� G D :.��
#
"� & H � 
:���;.N��:4
#��������.!���
: 2 q D ������

:.�#���,� q � + ��: 2 q �����
4�<5.N
����>= D :&A4
"
���: D < p :"��.!
?< �#�������1
#���,�O� .!��
#���"�6� � A�< �H< l DIL ���1��:]� q ������� J 
"� :�<�
?< �H< l DGL ��� .N�$�+A�� &

� & '�! � >�3%�2&('C3 � ' $%*#0 ; .4)+� "@� 0�*435*#$ 0�.43%>�; .

* <���:]��� �!< � l 2�� 4��J4 � ��
 D :.�#�4�+< ��
-� G < ��
I. D 
K���CA GOD 2�����4��J2 D�+ A��#���
:.
,�;A l D .N�$
72 J ���5. DIL ���$

� � q � D 2�� 2�� 
��&<5:&< 4�< ���$
Q� � A�< �H< l DIL ���$
 2 D 
;: D �+4�:"
J��� G < D 
 D ��� l � 2 q ������:.�"����
 D : D < � D �+2�� D :.�N
����J���



� ' Q ��������������������� ����		�
���������

 ������� �
��������� ���-�����>�����?	�
(������������� ���

4 D 
.� D ������.!���
: &\7 ��
 <�
&4 D ������: D < ��
,
&< �
:J4����.�54�:�A$� D 
;A��$
 
����4�����J
?A$� D <#2����H< � l ��� S �$� GOD �&< � � ')'<
 1 ��:
2+A$
\�$�+2����
: :"� N 
 F < �;:"��.!���
: 2��5�O� :.��.!
KA��.��:.���#� � �!< �#
 L ��� � 6 ��� 	 9��  7 � ���+4$����� 2 J ����. DGL ���
� q ��

:@<� �
"�$� G A$� & �L<���� ��� ��� � 2 DD+ A$�"�$�=:"
)4�<$.!
K< �;:"��.!���
:.
)2 J ����. DGL ����
)< �
:>A�:&A�<  �
"�$� G A�
!���
F < �+4�: D < � 2��E�O�I4�< �
:"�.� D �=:"�K��
�
�� DGL ��A��E� D ��
 D L ���72���
 
 � A$�+<$. N ���$
 � J 

:�A$�&A�: DIL ���$
3��: 2��8 D 
;:��% D � D :�A &
� �%�&. D 4��$
�2 J ����. DGL ����
 � 2���
,
&A$� D �$
3:.��.!
K< �"�$�����$
K
 D . D �O� D �"�$
 � 2���
,
 D#l ���%�?=�4 � ��<5: DGL ����
 2��6 ���
"
#�
2 D .N�$��
 D < ������� D :&AE< �
:JA�:�A .N�$
"���;A��$
 & 7 ��
J4�<5.N
K< �;:"��.!���
:.
 <�
&4 D �������
:.
4
;< �
:5
����6� D �����$���"
-�"��� D A$
 �
�����I< 
;4 D ���O��: D <��Q
;:"�"�+4�:.���#�������32�� � � D 2��34�<5.N
����>=?� � �O� :"�>=#:.���"�I2�� � � D 2��34 � ��� l �,
KA�� D <#2 DIL ����.N�$�=:
��� 4�< ���#
 2�� :.��.!
�
 &E' q ��
"
:��4�:B.N�54��;< 
&4�< 
 DGL ��� 2��P�O� 4��$��������� �&A G N ��� ����
"
 D �O�U
��;A�
"�$�+4�� 2 q �����

;:"�"�+4�:.���"��: D < �W
"
���: D �����������!<�� l 2��J��� G < �
: D 4 D :&A � L � D ���J
"��.� ����J
���
 4�<��"�&A$�!A$�����?= <�
&4 D ������: D < ��

<  �
#��� G A��$
 & J ���<������� J 
#����: D � D 
"���
:6���$
E< � : D ��
 2��!�O��: � A�< � D �>2���
�
 J 
;: N .!��
 2 J ����. DGL ����
��+< ��
5�

:���&. D 
L2��3.>< �
:.�"�$� L ���R����
I
;A�� D ��
3�$���"� l D 

:.�&A$��
3���34�< �"�#��
#
?< ��2�� D �$�
:3
���
I
 D .!
�����.N�$�
: � 2��)4 � ��< 

2+A�:.���;. D � D 

:.�F2��8 ���
"
#�72 D .!����
 D <�������� D :�A &	7 ��:;:.�8������� J 
#� � � D ��
 D L ����2��$
I�>=?
KA�� D ���+4$��
 2��K� � A�< �!< l D �
���<���
:.�#� F ���8�&A�2�� D : � 
#� l�l N �"���
:R� q � = D 
;:"���+4$� 2 q �����1
;:.�#�+4�:"���.��: D <��;
"
���: D �%���,���]�!< � l 2�� l �.�52 D ���
: 2��
G D :"��
"
#� ��� &

J ��� L ����
;: D < �Q
"�� �
 D 

:.� � 
K< ��� L �+< D 2��$
 4�<5.N
K< �;:"��.!���
:.
L< 
&4 D ���O���
:.
 W8' ��
I� =�
KA�� D �$�+4��$
 .N�$�+A��$

2�����
 4�� 4 � ��
 D :.�#�J���J
\�$�&.!��:;:.���
:DA G D 2���.>.N�$�
: 
���
 2����;A�
K< �+2��#� � 4$��:;:.� L ����

: D <�� F <��+2��5.!��� p
:��%��� & , < ��
 
K< � G < ��
L4���
:����2����
: F � D �"� L ����� L ���$
 � J 
?<5: � N 
#��
 L �����
: � ����� < � Dtl D ��� . D 4$�&< 
;4�< 
 DGL ��� &
' �N
��#��. DIN �"�6�"��.<��� L ���E4�< �+4$���"�����O�J
KA�� D < 2��E2��$
 < 
;4 D ���O��: D <���
 S * �$*$*!
 1 &?8 �E:.�$������
IA�4 � �$������
 2��
:.��.N
�
3< �
:,
��&A�4�A�2���.>.N�$�=: A�:�A <  �
#��� G A��$
4� G ��46��� .�%�.!�4
 J 
;: N .!�J2�����
32 q ����:"�"�$
]
 D :"����: D < ��
K� = p

KA�� D .N�$�
:�������
 & 7 ��:;:.�CA�4 � �������B2��B:"��.!
�
J� �+<5:.�5.>.N�$�=: A�:�A�.!��
#���&A$� �!< �#
 2��$
��&A �%�"�.�%� l ��.!���
:"

. D 4��;< 
&4�< 
 DGL ����
D2��<���C:"�>=#:.���#�B< l ��< �*
;< �+. D 
"� � ����� 4�< �
:.�.� D �
:.�>.@A�4 ��� DIL ��� & 7 ��
Q�&A �%�"�.�%� l � p
.!���
:.
3
;< �
:B� D A$
I���M=)2+A$
��O�54$��.!���
:.
�2���
(L;< D �
:"
 2�� l �"� D ��
 ���
:.�#�,����
 2+<$.N� D ���$
 < �;2+< ����A�
 2 q < l �+< ��

��: D .!
�� DGL �����
:J2��$
 A�4 � ��������
E2��@:"��.!
�
 2��!� q < �;2��"�>2��<��� . D � ��:"� 8 � �7� : & 7 ��
EA�4 � �$������
 2��@:.��.N
�

4�<��"�"�$
"
K< �+2��$�
:9����
"
 D ���E:.��.!
�
 2��8�"� l < � � ��.!���
:�2 q ���)< l ��< � 4�<5.N
��#��
#
&A & �3����
I
��&A�4 D 
;A�.!���
: � D �M�
A�:&A7.>< �
:.�&A � � q � D 2��F2��8����2 DD+ ��
 D < �E2��8������:"�&< ��
 � L ���K���8
��%
 
&.!��4�: DGL ��� 9 2���
 
 � ��
#��
3�O��.N�$���O� D �"�$

G ��� D �!� G ��4N���>4 D 
"� D ������.N�$�=: ��
�
�� DIL �+A � 
?< ���5���� �� DDA ���6� q A�4�< ������.!���
: � ����
D< l �+<���
5�#������� l �����
:D2��
� q � �%�N�$�B2 D . D � ���%�=: 9 8 � F � ��� Q : & m �;

:�< 
�
����
:8����4 D 
"� D ������.!���
: � ���$
 < l �+< ��
9
"�-�"� l < � � �$�
:8
#����2��$

:.��.N
�
 4 ���"�54�:&A�� D 
;: DIL ���$
�
?<�� G ���
:2%�:"�"� � = :"��%�.N��.N�$�=:��!< � l 
 8 G $ � $ ' : &I7 ��.>A�4���� D 
;.N�N
?<����"�"� D :
%�:"�"� � � q <�� D#l D ��� 2��5��� l �"��� ���!<�
 D :&A <  �
#��� G A�� � �O� :"�.����
 D : D < �C2�� F ��� D ������:�� l � � 4����,� q � ���)�"�$�O��� l �+A$�
��� l .N�$�=:"���"� D : F < �
:.��.N�$�=:]���):"���" D 2 D :�A 2���� q A�4 � �%�=: D ���!< � &�8 ��
�����
 � 4��D.@A�4 ��� D 
&.!�J2����"������� l � l � 1
�"� l < � � ��.!���
:J2+A�
:����2 F <��;:.��.N�$�
: 2��J���@:.��.N
KA��"��:.���#����:4
�����
1
��&A�4 D 
;A�.!���
:J2������<
��;< = D . D :�AD2��
�O�):.�"����
 D : D < ���	� 1 � � & m � � + ��: � � q ��
�
���� D : D < �C2��E2+A F ��� :.
 2�����
1����
 .N��.� ��"������
-��� G < D 
 D ��� l �J2��
�O� 
 � ��
"� A�
K< � l �P�%� l .!���
:.�C4�<���
 D 2+A��"�� �����.N�$�
:��O�W
\�$�&.>A ��: D < � ��:>2 D . D � ���B2�< �+4 ���$
)A�4 � �$�����$

2�� :"��.!
�
 2��J�#� l <�� � ��.!���
: & 7 ��:;:.�)2+A$
\�$�+2�����4��!� G ��4J���@:.��.N
KA��"��:.���"�Q
:���;.N��:&:"�.� D : ���H< �"
 2 q �>= p

�� DIL �����5���$
 2��$�?= �;A l D .N�$
Q� � A�< �H< l DIL ���$
 <  �
"��� G A$
 � � 6 ��� 	 9��  7 
 ���+4$�����C< 
;4 D ���O��: D < �U��:
�
� ��� 
 <�
&4 D ������: D < ��
 & ' �$
 < 
;4 D ���O��: D < ��
�<� �
"�$� G A$��
B
K< ���"�"� D �$�
:I���H< �"
 %�:"�"�K���8�&A$
"����:���: 2 q �����74�<$. p



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

 �!�"�

�� ��� �������2�#� � ' �


KA�: D : D < �N�$�
:.�"�1��� 
��&<#4��$
"
#��
32�� . D 
#�-�$��< �&2��"� D �+2�� D :8
����8����4 D 
.� D ������.!���
:9��:8���;
��;< 4$��
"
#��
R���$�
:
2��J2��$
;:.�#�+4�: D < � 2��J4���: < �&2��#� D �+2�� D : &

' ��
 4 � ��
 D :.�#��
 
"� D�G ���
:.
 
&< �
:�2���2 D A$
 � �����FA�:.�+2�� � �+< �6
�����
 &������� ��8# 4�<5.@.!��4 q A�:.� D : ��� 4 ��
 2��%��

4��D4 � ��
 D :.�#� � .N� D 
 ������ ��8# 2����O�):.�"����
 D : D < �C2�� F �$� D ������:�� l � & J ���D:"����������
�
��;< 4 � ���+< ��
1
:���&.!��:;:.�"�
2 q � > �&.!���R����
��&A�
#���+4$�E2 q �����5

:.�"��4�:.���.��: D < � 
"
���: D < p :"��.!
?< �#�������-��� G < D 
 D ��� l � 2��6�O� :"�.����
 D : D < � &



� ' F ��������������������� ����		�
���������

 ������� �
��������� ���-�����>�����?	�
(������������� ���



� �������	��
�� 


� ��� ��������� ��������� ����� � � !"�#!$
��%���&� � '

��� �����(��) � � *+!,)���-.��� !/��
0��� )��%-"��)�� �$�

1 !2��� !"�#
0��� � � � ��� �"�3�#�

465 <87 L:9�4�:<;>=K2?974@974BADCFEG;H:IH:9J9@K;: 2?9LEGH&AMK:9MN
:I9@H6O?N?97.>A�:<A+<#2?9�2?9 G AMPH< 4@;!.>A�:IH:;Q9 .R;QK<9S9MNUTVO G H<9LCFO
4�<FO?H<K32?9 4M9�:;:I9 :<A?WMK:9FXZYJ9�:&:I9 .>A�:<A+<#2?9 2?9 .R9MK:O?H<9[P!<#4\CFP>9F]^7DCFK&A@9_K<O?HJP`C 2?;bacOGK<;!<FNB2Gd^NDC5.R;QefO?9�2?9
P`CgPQO+.R;QW@H<9F]hE	9MH;.i9�:�2 5 C54�4�A�2?9@HjCFOlkmE?H&<Fn?PQK 2?9 G ;�:I9@K<K<932G9LoDO?;!2G9MK 4@;QKICp;QPQPHAMKqCFOUK<9@;QN)2?9JP 5 9MN
:IH:9@=r9MH 2?9
P`C>4M9@PQPQOGPQ9D2?9sY�<8O?9�:&:<9FX 465 <87^t:9�4�:I;b= A�:ICFN
:_CFPH<8H<K�2 5 A�:IO+2G;Q9MHgP!<#4\CFP>9�.R9MN
:uP 5 ;QN?K
:BCF7G;QPQ;�:�A :<9�.RE?<8H:9MP>PQ9wv
P`Cpe^OG9MPQP>9xN+<8O?KjN+<FO?KSK;<$.>.i9@Ky;>N
:�AMH:9MK:K&AMKSE?H&A�4�A�2?9�.>.i9@N
:\XlYJ9�4BA?CFE?;H:<H<9z;QNGK;:IH:O+.R9MN
:BCFPDEGH&AMK:9MN
:I9gPQ9@K
7DCFK:9MK :<A+A�<FH<;QefO?9@K 2?9LPQC�.>A�:<A+< 2G9SO�:<;QP>;QK&A@9g{|P`C 2?;>a�O?K:;!<8NE2Gd^NDC5.R;QefO?9JA�A�:�A@H&<#2Gd^N?9FX 4 9@K}E?H:;QN+4@;QEDCpPQ9MK
4\CpHIC54�:�AMH:;QK
:I;QefO?9@Kq9~klE?A@H<;!.R9MN
:ICFPQ9@K�2GO .><8N
:BCF�89jK;<8N
:�CFOGK<K<;#2+A�4MH<;�:I9@KL2DCpN?KqP>9MK�K<9�4�:<;!<8N?K�efO?;^K<O?; G 9MN
:MX
4 9MKzH&A@K<O?P�:BC�:<KzE?H&A@K<9MN
:&AMK 2?CFN?KI4M9J4BADCFEG;H:IH:9J<8N
:IA�:�AwE?O?7GPQ;!A@K32DCFN?KzPQC�H&A@= A@H<9@N+4M9i�b�\� �h� X

�i�M� �����x�@�i���z���w�z���L���V�������z�

�z�:�j��� �� j¡u¢?£L¡g y¤s¥g¦�§"¨�¦�§l¡u¢?¦�§/©ª x«c¬j©ª¦�§®­
4 9MK#oDO?;Q¯G9MK#°M±8²RE?P>9�kl9MK�K<±8N´³�°\CpHICF°�³IµMH:;QK:µMK�EDCFH#O?N?9¶µM°BAG9MPQP>9¶²iµ@K<±8K:°M±8E?;>efO?9·K:9·°@±8O?E?PQCFN´³�v

P 5 µM°@±8O?P>9M²R9MN´³#¯?9¸°M;QK<CF;QP>PQ9@²i9@Nf³3K<;Q²RE?P>9"¹º°�=ªXu°BA?CFE?;>³<H<9"�8]xEDCp�89"�»�´¼�XuYJ9¸°M±FO?E?P`Cp�89¶²iW@N?9¸v.¯?9@K
°M±F²iE	±8H:³<9M²R9MN´³IKwN?±8N^½¾N?9�¿x³I±8N?;>9MN?KwK:³ICp³I;>±8N?NDCp;QH<9@K_³I9MP>K®efO?9ÀP`C�H<A?µ@±FoDO?;>¯?;>n?°\Cp³<;Q±8N�]�±FOÁ9MNG°M±8H:9À¯?µ~½
E	9MN?¯DCpNf³<K0¯?OÂ³I9@²iE?K�°M±F²i²R9¶PQ9¶H<A?µ@±l°BA?CF±8KMX 4 C.°MCFHICp°@³Iµ@H<;>KICp³<;Q±8NÂ¯?9¸°M9MK(°M±8²RE	±8H:³<9M²R9MN´³IK#9MK�³
E?H:;QN?°@;QEDCFP>9M²R9MN´³u9@a�9M°�³IO?µ@9sviP 5 CF;>¯?9V¯?9MKÃ±FOG³I;>PQKu°MP`CpK<K<;>efO?9MKg¯?9mPQCiH<AGµM±8P>±8�8;Q9pX 4 9MK_CFEGE?H<±^°BA?9MK[¯?9mPQC
H<AGµM±8E?A´d^K<;>efO?9F]D°@±8O?E?PQCFN´³xO?N?9_²R9MK:O?H<9Ã¯G9_P`CmK�³IH<OG°@³IOGH<9_¯?O�oDO?;>¯?9_vmOGN?9_²i9@K<O?H:9_H<A?µ@±8PQ±F�8;QefO?9g±8N´³
CFP>±8H<K�E	9MH:²i;>K}¯?9x²R;Q9@Olkm°M±8²RE?H<9@N?¯?H:9xPQ9MK6²RµM°MCFN?;>K<²R9MK�¯?Os°@±8O?E?PQCF�89LK�³IH<OG°@³IOGH<9�½ÄµM°@±8O?PQ9@²i9@N´³\X´ÅÃCpN?K

�»Æ8Ç



�»Æ�� �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

°M9@KÃ9�klE	µMH:;Q9MNG°M9MK_°@9ME	9MN?¯?CFN´³\]�O?NG9�°M±8N´³<HICF;>Nf³<9m²RµM°MCFN?;QefO?9)8
9;:
<%=
9;>®9MK:³_CFE?E?P>;QefO?µM9®9@³[P`Ci¯Gµ@=r±8H:²ÀC|½
³I;>±8N�8
9;:
<%=
9;>z¯?OR²ÀC|³IµMH:;`CFOU9@K:³y²R9MK<OGH<µM9p]?>A@B8C@fP>9x°M±8O?EGPQ9�D09@³yPQC�El;b³I9@K<K<9u¯?9uH<±F³ICp³I;>±8NGF2¯?CFN?KjPQ9x°MCFK
¯?9gP`CV�8µM±8²Rµ@³<H<;>9g¯?9ÃYJ±8O?9�³<³I9pX�H�±8O?HS°M9MH�³BCF;>N?KSo?O?;Q¯?9@KJ°@±8²iEGPQ9�kl9@KM]^°M9@³:³I9gK<;Q²RE?P>9gCpE?E?H<±^°BA?9g�8PQ±87?CFPQ9
N?9ÃK:O�Is³xE?P>O?KL°\CpHJ¯?9@KxE?A?µMNG±8²iW@N?9MKx¯ 5 µ@°M±8O?P>9M²R9MN´³IKJ;QN?A?±F²i±8�FWMN?9@KJE	9MO�EF9MN´³zK<O?HJE89@N?;QH@XKHq±8OGHJ³I±8OGK
°M9@Ki°MCFKsEDCFH�³I;Q°@O?PQ;>9MH:KM]�PQC ²i9@K<O?H:9(¯?O.°BADCF²RE.¯?9LEl;b³I9@K<K<9�E	9MH<²R9@³R¯ 5 CF°@°MµM¯G9MHiCFO2°@±8²RE�±8H�³I9@²i9@Nf³
H<AGµM±8P>±8�8;QefO?9RPQ±^°\CpP X?M¾P>PQO?K�³IH<±FN?KmK:O?°M°@;QN?°�³I9M²R9MN´³UPQC�NGµM°M9@K<K:;>³Iµ�¯ 5 O?NG9i³I9@PQP>9ÀCFEGE?H<±^°BA?9À9@N/H<A?µ@±8PQ±F�8;Q9
�8HONF°M9wv�³IH:±8;QKx9~kG9@²iEGPQ9MKzK:;Q²RE?PQ9@KMX

¹º°\¼
P�Q P�Q

R�S

T

R�S

¹ºC´¼ T
P�Q

R7S

¹º7Z¼T

UV'W
UV5X

UV5Y

UV'W

UV5X

Z\[^]`_ �GX>�badc^e�fhgiekjml�npoqj#r�s6eAtvu�w'eAx�l�yBxCz4{)|�}~s��Ct��A��}'�Ct��%j�s�x7��s\lCs�n���w'eAx�lCs%j�lCs���y~jJeAyB}B}~s���s�x7��jql�y~j#�#yBx�����j
�� W s�� �� X�� c;w5f�giekj�l�n�o`z1}By~j�j�s���s�x���eA�C�'eAt�s�x���{+|!lCs%j4��}B��j�lCs�}BnCwCt#y��'�6eA�#y~�kx+eAn��3�'eAt��ky~j�j��kx7���^�kt#��sOu
��s�x��b��y~jJeAyB}B}~�%j �5� s���y~jJeAyB}B}~s���s�x��bs�x����k}BnC��s�l�n���eA����t#y�eAnLs%j#��yBx��^��t#y~s�nCt`eAn���y~jJeAyB}B}~s���s�x7��yBx�l�y~�7n��4�'eAt�}~s
t#r��%�k�����#t�s � c��&f � e0�%�k���C}~sO�
yB������s������kt�s�}B}~s�l�npt#r��%�7�Jr'ek�1jb���knCt#tJeAyB�`���#t�s���ekj��7n��%s��'eAtb}�e��Ct��%j�s�x��%s�lCs
�C}Bn�j#y~s�nCt�j�w'eAx�lCs%j�lCs`��y~jJeAyB}B}~s���s�x7��j\�7nCy�eAnCtJeAy~s�x��\}~s�nCt��Ct��k�Ct�s4l� 
x'eA��y~��n�s�c��O� � j�s%���#y~�kx�¡ � ¢�� ¢�£ �'eAz�s�¤1¡�f �
¥ S yBx�l�y~��n�s4}�e��7yB��s%j�jJs`lCs`}�e��C}�ek��n�s4���kwCyB}~s �

Y 5 9@K:³JPQ9x°\CpKyNG±F³BCF²R²R9MN´³jE�±FO?Hj¯?;>a�µMH:9MN´³IKjoDO?;>¯?9MKj°M±FN?NfO?KSE	±8O?HjE?H:µMK:9MN´³I9@HJ¯?ORK<A?9MCFH�½Ä7DCFN?¯G;QN?�?]
PQ;b³<³<µMHICpPQ9M²R9MN´³y¯?9@K�¦g7DCFN?¯G9MKx¯?9Ã°@;QK<CF;QP>PQ9M²R9MN´³m§ ¹º°�=ªXGK:9M°@³<;Q±8N �FX>�8X �G]lEDCF�89�¨�©8¼�X 4 Cm°M±8OGH<7	9_¯ 5 µ@°M±8O^½
PQ9@²i9@N´³i³¾d^E?;>e^OG90¯?9(°M9MKioDO?;Q¯G9MKR9MK:³3°M9MP>PQ9#¯?9(P`C nD�8O?H:9Á�8X«ªGX °·{y°M9@KÀoDO?;>¯?9MKRK<±8N´³À9�k^³IH�¬M²R9M²R9MN´³
H<AGµM±FoDOG;Q¯?;bnZCFN´³IKw°\CFHwPQ9@O?H�E^;QK<°@±8K<;b³IµR°BAfOG³I9i7?H<OG³ICFPQ9@²i9@N´³�v#O?N?9i°M±8N´³IH<CF;QN´³<9i¯?±FN?N?µM9pXi­^O?H®P>9sE?P`C|½
³I9MCFOÁ¯G9À°M±FNf³<HICF;>N´³I9F]�±8N·K<O?EGE�±8K:9ÀefO 5 ;QP6d¸C�=r±FH<²iCp³I;>±8N PQ9sPQ±FN?�(¯GOÁ�8H<CF¯?;Q9@N´³m¯?9GE^;>³<9MK<K:9L®iRZ]�¯?9
E?P>O?K<;>9MO?H:K}7DCFNG¯?9MK6¯?9J°M;QK<CF;QP>PQ9@²i9@Nf³<K�¯?;>a�µMH:9MN´³IKu¹r°@=ªXhnD�?X8�lX>�8X C´¼~XFÅÃCpN?K�°M9@K6°\CFK}EDCFH:³<;Q°@O?PQ;>9MH<K@]hPQ9JEGH<±FnDP
¯?9�E^;>³<9MK<K:9®9@K:³u;QNG¯?;QK:E�9@N?KICF7GPQ9_E	±8O?Hx²R9MK<OGH<9MH¯¦[P>±l°MCFPQ9@²i9@Nf³i§�PQ9_°M;>KICF;>PQP>9M²R9MN´³L¯?O#oDO?;>¯?9FX
Å 5 CFOG³IH:9jEDCFH:³M]MP>9MK�oDO?;>¯?9MK�°@±8²RE?PQ9~kG9@K�E?H<µ@K<9@Nf³<9MN´³qEDCFH:=r±F;QK�¯?9@K�nDPQ²RK�¯?;b³IK�¯G9�¦�P>O?7?H<;bnD°\C|³I;Q±FN4§_CFO

E8±F;QK<;>NDCF�89R¯?9@KmEDCFH:±8;QKw¯?9@Km°M9@PQP>O?PQ9@K®OG³<;QP>;QK<µ@9MKV¯DCFNGKmPQ9@Km9~kGE	µMH:;Q9@N?°M9@K�¯?9ÀH:A?µM±FPQ±8�8;>9FX�YJ9@KmnDPQ²RKVPQOl½
7?H:;>nZCFN´³<K�K<±8N´³R°M±F²iE	±8K<µ@K�¯ 5 O?N?9#K<±FO?K�½ÄE?ADCFK:9�E�9@O°E^;>K<efO?9MOGK<9�9@³U±8N´³sO?NG9�µMEDCF;>K<K:9MO?H�³<H<WMKUE	9@³<;>³<9
¹²±´³kµ�µ�N?²À¼�XZYJ9@Kzn?PQ²RKxCF7?K:±8H<7	9MN´³uP`C�°@±8N´³IHICp;QN´³I9�E^;QK:efO?9MO?K:9mCpE?E?PQ;>efO?µM9_¯?9_K:±8H:³<9Ve^OG9wP>9Ã°M;>KICF;>PQP>9�½
²R9MN´³_¯?O¶²iCp³Iµ@H<;`CpO 9MN�EF±8PQO?²R9F]�K<±8;b³_7?;>9MN ;QNl=rµMH<;>9MO?H[CFO¶°M;>KICF;>PQPQ9@²i9@N´³g²R9MK:O?H<µUE?CFHÃPQ9mH<A?µ@±8²iW�³IH:9



� �'�%-����'�%	��� ��! %$��7-;�²"� %	 �»Æ�©
¹º°�=ªXlnD�GX?�GXb�8X 7Z¼�X 4 C�EGH<µMK:9MN?°@9®¯G9Ã°M9@Ku°@±8O?°BA?9@Kz¯?9ÃPQOG7?H<;bnD°\Cp³<;Q±8NiK<9Ã³<HICF¯?OG;>³LE?CFHLO?N ¦g�8P>;QK:K<9M²R9MN´³i§
CFE?E?CFH<9@Nf³MX8ÅÃCpN?K�PQ9S°\CFK}¯?9MK�µ@²�O?P>K<;Q±FN?K}EDCpH}9�kl9@²iE?P>9F]|°M9�³69@a�9@³6¯G9L�8PQ;>K<K:9M²R9MN´³�9@K:³6P>;QµSv[P`CuE?H<µ@K<9MNG°M9
¯?9®°M±8O?°BAG9MK_¯?9®¯?µME?P>µ@³<;Q±8N0CFOlk(EDCFH:±8;QKw{�P 5 µ@²�O?P>K<;Q±FN0CFOdE8±8;>K<;>NDCF�89w¯?9MK[EDCFH<±F;QKu°M±8N´³I;>9MN´³Ã²R±8;>N?Kz¯?9
�8±8Ol³<³I9@PQ9�³<³I9@KVe^O 5 9@N E8±8P>O?²R9(� �1� � X�ÅÃCFNGKmPQ9@KV9�klE�µ@H<;>9MN?°@9MKm¯G9iH:A?µM±8P>±8�8;>9F]�°@9@³®9@a�9@³®¯?9i�FPQ;QK:K<9@²i9@Nf³
CFOlk EDCFH<±F;QKV9MK�³®²R;QK_9@N·µ&E^;Q¯?9@N?°M9i9MN¶=ºCF;QK<CFN´³�EFCpH<;Q9@HVPQ9MK_E?CFHICF²RW@³<H<9@Kw�FµM±8²Rµ@³<H<;QefO?9@KV¯?9MKw°M9@PQPQOGPQ9MK
OG³<;QPQ;>K<µ@9MKzCF;>N?K<;�efO?9wPQ9MOGHuH:O?�8±8K:;>³<µi� �1�^]!ª8Ç � X��6N?°@±8H<9®O?N?9V=r±8;QK@]?O?N?9mCFE?E?H:±l°BAG9®P>±l°MCFPQ9Ã¯G9®°@9MK[µ@°M±8O^½
PQ9@²i9@N´³IKmE	9MH:²i9�³�¯?9À²i9@K<O?H:9MH�efODCFN´³<;>³BC|³I;�EF9M²R9MN´³�P>9À�8P>;QK:K<9M²R9MN´³®9@³UE	9MH:²i9�³UCFOGK<K<;S¯ 5 CF°M°@µM¯?9@HsCFO
°M;>KICF;>PQP>9M²R9MN´³�P>±l°MCFP?¯?OR²ÀC|³IµMH:;`CFOcX�H}CpHJCF;>PQP>9MO?H:KM]FP>9x°M±8OGE?P`CF�F9x9MN´³IH:9gPQCV°@±8N?°@9MN´³IH<Cp³I;>±8Ni9�³yPQ9x°M;>KICF;>PQP>9�½
²R9MN´³u¯DCFN?Ku°M9@H:³BCp;QN?Kz²RµMP`CpN?�89MKz7?;>NDCF;>H<9MKxE	9MOl³ÃCFOGK<K<;�°@±8N?¯?O?;>H<9wvi¯G9MKuµM°M±FO?PQ9@²i9@Nf³<Kg;>N?A?±8²R±8�8W@N?9MK
� �»Æ�ª � X 4 C·²R9MK<OGH<9�¯?O$E?H:±FnDPx¯?9dE^;>³I9@K<K:9(E	9MH:²i9�³3CFP>±8H<KU¯ 5 CF°@°Mµ@¯?9MHÀv·P`C E?A´d^K<;>efO?9 ¯?O2°M±8O?EGP`CF�89
°M;>KICF;>PQP>9M²R9MN´³:½Ä°M±8N?°@9MN´³IH<Cp³I;>±8N�X

�6NGnDN�]�°M±8²R²R9UN?±8O?KwP 5 CkE8±8N?KV9~kGEGPQ;QefO?µiCFO¸°BADCFE?;b³IH:9REGH<µM°@µM¯?9@N´³\]}NG±8O?KwCkE8±8N?K®¯?9s=r±8H:³<K®CpH<�8Ol½
²R9MN´³IKsefODCFN´³Àv¸O?NG9(K�³IH<OG°@³IOGHICp³<;Q±8N"K<E?Cp³I;QCFPQ9�¯?9#P 5 µ@°M±8O?P>9M²R9MN´³s¯?9�P`C ³I9~k^³IO?H:9(±8�FN?±8N.CFO°E8±8;>K<;b½
NDCF�F9�¯?9�PQCR³IH<CFN?K:;>³I;>±8N0¯G9m=r9MO?;>PQP>9@³BCp�89FX��g±FO?KÃE	9MN?K:±8N?K_9MN 9�ac9�³_efO?9UP 5 µM°@±8O?P>9M²R9MN´³Ã9@K:³_E?H:±87DCF7GPQ9�½
²R9MN´³u°M±8²RE�±FK<µV¯?9VE?PQOGK<;Q9@O?H<Kz7DCpN?¯?9MKu¯?9w°M;>KICF;>PQPQ9@²i9@N´³L¯?±8N´³uP`CU¯Gd^NDCp²i;>e^OG9wE	±8O?H:HICF;b³x°M±FN?¯?O?;>H<9wv
O?N?9®°M±8²RE?P>9�kl;>³<µ®K:EDCp³I;>±p½Ä³<9M²RE�±FH<9MP>PQ9Ã¯GO °M;>KICF;>PQPQ9@²i9@N´³®¹º°@=ªXZnD�?X��GXb�8X °»¼�X 465 CpE?E?H<±^°BA?9®PQ±^°\CFP>9w¯GµM°MH:;>³<9
¯DCFNGKg°@9®°BADCpE?;>³<H<9VN?±8O?KuE	9MH<²R9@³:³IH<CiCFP>±8H<Kx¯G9�EFµMH<;bnD9MHuPQ9@KzK<°Mµ@NDCFH:;Q;�µMN?±FN?°Mµ@K[¯DCFNGKgPQCsK:9M°�³I;Q±FN+¨lX��?X��
¹ºE?CF�89
	C¨8¼~X

�z�:�j��� 
¸ ����l¢G¬j¤����G¦�§.¦�������¢?¤�¨�¦����l¬j©ª¦�§
� ³IH<CkE89MH:KU°M9@K�³IH<±F;QKm9~kl9M²RE?PQ9@KM]`¦VK<A?9MCFH�½Ä7DCFN?¯G;QN?�0§�]}�FPQ;QK:K<9@²i9@Nf³�CFE?EDCpH<9MN´³U9�³UH<AGµM±^°BADCF±8K@]�;QP

CFE?E?CFHIC��>³w°MP`Cp;QH<9@²i9@N´³mefO?93P>9MKw²i9@K<O?H:9MK�P>±l°MCFPQ9@K®9@N H<AGµM±8P>±8�8;Q9sK:±8N´³U°MH:O?°M;QCFPQ9@K®E	±8O?H®°M±8²RE?H<9@N?¯?H:9
PQ9@Ki²RµM°MCFN?;>K<²R9MKsE?A´d^K<;QefO?9@K�¯?O$°@±8O?E?PQCF�89#K:³<H<O?°�³IO?H:9�½ÄµM°M±FO?PQ9@²i9@Nf³MXJÅg9ME?O?;>KÀE?P>O?KR¯?9�¨pÆÁCFN?K@]j¯?9
N?±8²m7?H<9@Olki9@a�±8H:³<KJ±8N´³Lµ�³IµÃ¯GµM¯?;>µMKLv®P`CV²i;>K<9u9MN3E?PQCF°M9g¯?9g³<9M°BA?NG;QefO?9MKx9~klE�µ@H<;Q²R9MN´³ICFPQ9@KS¯?9g²i9@K<O?H:9
PQ±^°\CpPQ9R¯DCFN?KUP>93¯?±8²iCF;QNG9À¯?93PQC0H<AGµM±8P>±8�8;Q9i¯?9MK�o?O?;Q¯?9@KU°M±8²RE?P>9�kl9MK�� �8ÆG]��C�G]�Ç�	l]L�»Ç�¨ � X��uN?93³I9@PQPQ9
³I9@°BA?N?;>e^OG9F]};>²iEGPQµM²R9MN´³<µM9RK<O?H®O?N H<AGµM±8²RW@³<H<9ÀK�³BCFNG¯DCFH<¯c]qE	9MH:²i9�³<³IH<CF;>³®CFP>±8H<Kw¯ 5 CF°M°@µM¯?9@H�K<;>²�O?Pb³BC|½
N?µ@²i9@Nf³Rv PQC0H<AGµM±8P>±8�8;Q9R�8P>±87DCFP>9À9@³�PQ±^°\CFP>9FX}YJ9�¯?9MH:N?;Q9@H�E�±F;QN´³�;>²iE?P>;QefO?9R°M9@E�9@N?¯DCFN´³R¯?;>a�µMH:9MN´³I9@K
°M±FNf³<HICF;>N´³I9MKz9~kGE	µMH:;Q²R9MN´³BCpPQ9MK_{

a PQCz²R9MK:O?H<9S¯?±8;b³h¬@³IH:9JN?±FNl½¾;>Nf³<H<O?K:;�EF9FX �6N�9@a�9@³qPQ9@K�oDO?;Q¯G9MK}°@±8²RE?PQ9~kG9@KqK:±8N´³}�FµMN?µ@HICFP>9M²R9MN´³�³IH<W@K
K:9MN?K:;Q7?P>9MKuCFOlk3¯?µ@=r±8H:²ÀC|³I;Q±FN?KLPQ±^°\CpPQ9MK@X 4 9MKxK:±8N?¯?9@KgP>±l°MCFPQ9@KJ³I9@PQP>9MKLP>9MK�¦gnDP>Kx°BADCFO?¯?K�§3°@P`CFK:K<;b½
efO?9@²i9@Nf³uOG³<;QP>;QK<µ@Kx9MN�A´dl¯GH<±^¯Gd^NDCF²R;QefO?9F]DK:±8N´³u¯?±8N?°V9�kl°@PQO?9@K"!

a P>9MKxE?H:±8E?H<;>µ@³<µMKx±8EG³<;QefO?9@Ku¯G9MKxoDO?;>¯?9MKx°@±8²iEGPQ9�kl9@Ku9�³zPQ9@KxµMEDCF;>K<K:9MO?H:Kg²R;QK:9MKL9@NUt:9@O ¹re^OG9MPQefO?9@K
²R²3¼}NG9uE	9MH:²i9�³<³<9MN´³JE?CFKS9@NÀ�8µ@N?µMH<CFP ]F¯ 5 Ol³I;QP>;QK:9MH6PQ9@K6³I9M°BAGN?;QefO?9@KJ±8EG³<;QefO?9@Ky³<9MPQP>9MKjefO?9uP`C$#Ãµ~½
P>±l°@;Q²Rµ@³IH:;Q9 4 CpK<9MHqÅ[±8EGE?PQ9@HL¹ 4 Å%#_¼�±8O®9MN?°@±8H<9yP`C�­lE	9M°�³IH<±FK<°M±FE?;Q9y¯?9JYJ±8H<H:µMP`C|³I;Q±FNw¯G9'&}P>O?±8H:9MK�½
°@9MN?°@9�¹(&�Y`­?¼~X��6N(9@a�9@³\]	P`CUE?P>O?EDCFH�³[¯G9MKu²ÀCp³<µMH:;`CFOlk�K<±8N´³Ã±FEDCFefO?9MKg9@³g¯?;>a�O?K:9MN´³g=r±FH:³I9@²i9@N´³



�»Æ�ª �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

PQC PQO?²R;QW@H<9FXmM¾Px9MK�³À¯?±FN?°#¯?;�IR°M;>PQ93¯G9 ¦VK<O?;�E^H<9�§/PQ9�²R±8O�EF9M²R9MN´³R¯ 5 O?N?9#�8±8OG³:³I9@PQ9@³:³I9�¯DCpN?K
O?NG9ÃµM²�OGPQK<;>±8NÀ±FO�9MN?°@±8H<9Ã¯ 5 O?NG9_EDCFH:³<;Q°@O?PQ9zoDO?±8H:9MK:°M9MN´³<9w¯?CFN?KLO?NG9ÃK<O?K:E�9@N?K<;>±8N#°M±8NG°M9MN´³<H<µM9pX
4 9MKzK:9MO?P>Kx°\CFKz±��#;QP�9MK�³zE�±8K:K<;>7?PQ9_¯?9_K:O?;�E^H:9w;>N?¯?;�El;>¯?O?9@PQPQ9@²i²R9MN´³yPQ9@KxEDCFH�³I;Q°@O?PQ9@KLEDCFHx;>²ÀCp�89�½
H:;Q9s9@³®¯ 5 9MN ¯?µ@¯?O?;>H<9RO?NÁ°BADCp²iE·¯?9�E^;>³<9MK:K<9 ¹�¦�HqCFH:³<;Q°@O?PQ9GM¾²iCF�8;QNG� #j9@PQ±^°M;>²i9�³IH:d)§�].HqM #V¼~]
°@±8N?°M9@H<N?9@N´³�¯?9MKi²ÀC|³IµMH:;`CFO^k/³IH<CFN?K<E?CFH<9@Nf³<K {jµM°@±8O?PQ9@²i9@N´³37?;>¯?;Q²R9MN?K:;Q±8NGN?9MPL¯ 5 O?NG90²R±8O?K<K:9
� �Cª � ]DEKNp³<9MKz�8H<CFNfO?P`CF;>H<9@KL³IHICpN?K<EDCpH<9MN´³<9MK®�b�hÇ � ±8O�9MN?°@±8H<9V²R;Q°M9@PQP>9MKL�8µMCFN´³I9@Ku¯G;QPQOGµM9MKV�«¨�	G]�ªl� � !

a PQC¶³<9M°BA?N?;>efO?90¯?9(²i9@K<O?H:90P>±l°MCFPQ9�¯?±F;>³�¬@³<H<90°MCFHICp°@³Iµ@H<;>K<µM9(EDCFHRO?N?9�¦®7�±FN?N?9�§�H<µMK:±8PQOl³I;Q±FN
K:EDCp³I;QCFPQ9pX �u±8O?KyCFE?E	9MP>9MH<±FN?K�¦x7	±8N?NG9�§JH:µMK:±8PQOG³<;Q±8Nc]F³I±8Ol³I9L³I9@°BA?N?;>e^OG9g°MCFEDCF7?P>9z¯?9z¯?;QK�³I;QNG�8O?9MH
9�³j¯?9x²i9@K<O?H:9MH6P>9MKiE^;>³<9MK<K:9MKj¯?9x¯?9@Olk EF±8PQO?²R9MK6¯GOso?O?;Q¯?9JK<µME?CFH<µ@KyE?CFHyÇFÆ�a	�\Æ8Æ���²�X �uN?9L³I9@PQPQ9
H:µMK<±FPQOG³<;Q±8N3K:EDCp³<;`CFP>9[E	9MH<²R9@³L9MN#9@a�9@³z¯ 5 ±87G³<9MN?;>HL¯?9@KxE?H<±Fn?PQKL¯?9�E^;b³I9MK:K<9_¯ 5 O?N?9�E^;>N?�F³BCp;QN?9g¯?9
E	±8;QN´³<KS¯DCpN?KJP>9MKJ9@N´³IH<9�=r9MH:KL¯?9MKJ°M9MP>PQO?P>9MKj¯?9ÃYJ±8O?9@³:³I9Ã°@±8O?H<CF²i²R9MN´³SOG³I;>PQ;>K<µM9@Kg¹���� ³&al�V²i²À¼�X

�g±p³I±8N?K�E	±8O?H�nDN?;QH�efO?9JPQCx�8µM±8²Rµ@³<H<;>9y¯G9xYJ±8O?9�³<³<9F]|;QN´³IH:;QN?K:WMefO?9M²R9MN´³}°M±8O?H:7�9p]h;QN?¯?OG;>³�¯?9yN?±8²�7?H:9MOlk
9@a�9@³<Ks¯?9�H<µ�=rHICF°�³I;Q±FN�X6YJ9@Ki9�ac9�³IKs°M±8²RE?P>;QefO?9MN´³Uµ&E^;Q¯?9@²i²R9MN´³UPQC ²i;>K<939@N2E?PQCF°M9À¯?9MKU³I9@°BA?N?;>e^OG9MK
±8EG³<;QefO?9@KJ7DCFK:µM9@KxK<O?HSP`C®¯G;>a�O?K<;>±8Ni¯G9ÃP`CVPQO?²R;QW@H<9pX �u±8O?KydiH:9 E^;Q9@N?¯?H:±8N?KLE?P>O?KJP>±8N?�8OG9M²R9MN´³J¯?CFN?KJ°@9
°BADCFEG;>³IH:9FX

�z�:�j�º� �
	�� ¦���
������Ã¥[¦�¡ � �l¦�«�� �g¤�£J¡[¦�§$¥g¦ ¨�¦�§^¡g¢G¦�§/©� x«�¬j©�¦�§
H}CFH:²i;�P>9MKL³<9M°BA?N?;>efO?9MKg¯?9�E8µMP>±l°@;Q²Rµ@³<H<;Q9gPQ±^°\CFP>9Ã9�kl;>K:³BCpNf³<9MK@]	¯G9MOlk�²Rµ@³<A?±l¯G9MKzO?N?;>e^OG9M²R9MN´³u±8N´³

µ@³<µmCpE?E?PQ;>efO?µM9@K[CkE89@°�K<OG°M°MW@KÃvRP`CsH<A?µ@±8PQ±8�F;Q9_¯?9@KuoDOG;Q¯?9@K[°M±F²iE?P>9�kl9MKw{ZP 5 M¾²ÀCp�89MH:;Q9ÃEDCpH��zµMK:±8NDCFN?°@9
� CF�FN?µ@³<;QefO?9 �gO?°@PQµMCF;QH:9w¹(� � �w]�¦ �gOG°MPQ9MCFH � CF�FN?9@³<;Q°��z9MK<±FNDCFN?°@9�§G¼69�³yP`C_Å[;bacO?K:;Q±8NRÅgd^NDCp²i;>e^OG9
¯?9VP`C 4 O?²R;QW@H<9R¹ºÅ 4 ­�].¦ÃÅgd^NDCF²R;Q° 4 ;Q�FAf³�­^°\Cp³:³I9MH:;QN?��§G¼�X
�������! �"$#&%(')#+*, -%/.103254768 96,:�#<;= �"7680?>@'�ACBD#FEFBD:?G)0& 9'H%@#7I,EF;=.

YLCFPQPQCF�8ADCpN >KJ�=
9�@G±8N´³JOG³I;>PQ;QK:µz°M9@³:³I9[³<9M°BA?NG;QefO?9ÃE	±8O?HS;Q²iCF�89MHjP>9[°BADCF²RE3¯?9�E^;>³I9@K<K:9Ã¯?9Ã²R;Q°@9MPQP>9MK
�8µMCFN´³I9MKjK:±8O?²R;QK6vÃO?NRµM°@±8O?P>9M²R9MN´³6¯?9z°M;>KICF;>PQP>9M²R9MN´³}¯?CFN?K6¯?9@Olks�8µ@±8²iµ�³IH:;Q9MK}¯?;>a�µMH:9MN´³I9@Ku{FP`CÃ°M9@PQP>O?PQ9
°5LFN?9�½ÄE?P`CFN�9�³zP`Cm°@9MP>PQO?P>9[¯?9wYJ±8OG9@³<³<9R� �8Æl]?�G�8]?Ç�	G] 	F� � XZYJ9MKzµ@³<O?¯?9@Ku±FNf³L²i±8N´³<H<µ_E	±8O?HLPQC�E?H<9@²i;>WMH<9
=r±8;>KyP 5 9~kl;QK:³<9MN?°@9[¯?9u7DCFNG¯?9MKS¯?9[°@;QKICp;QPQP>9M²R9MN´³6¯DCpN?KJP>9MKyK:d^K:³<WM²R9MKJK:9M²R;b½Ä¯?;QP>O?µMK6¯?9g²i;>°M9@PQPQ9@K6�8µ\CpNf³<9MK@X
4 C�H<µMK:±8PQOl³I;Q±FN K<EDC|³I;`CpPQ9�¯?9s°@9@³<³<9�³I9@°BA?N?;QefO?90¹²±NM
µO��²À¼�]�9MN =ºCF;>³ÃO?N¶±8OG³I;>P}E?OG;QK<K<CFN´³w¯?9U²i9@K<O?H:9
PQ±^°\CpPQ9JE	±8O?H6P>9MK�oDOG;Q¯?9@K6°M±8²RE?PQ9~kl9MKMX 4 9xK:9MO?PD;>N?°M±8NCEFµMN?;>9MN´³y¯?9zP 5 ;Q²iCF�89MH:;Q9�� � �29MK:³yPQC[=ºCF;Q7?P>9JH:µMK<±|½
PQOl³I;Q±FNi³I9@²iE	±8H:9MPQP>9FXlÅÃCFN?KxPQCmH<µ�=rµMH:9MN?°@9s� Ç�	 � ]lPQ9MKLCFOG³I9@O?H<KxH<CFE?E	±8H:³<9MN´³xP 5 9~kG;>K:³<9MN?°@9_¯?9ÃoDO?°�³IODCp³<;Q±8NGK
³I9@²iE	±8H:9MPQP>9MKL¯G9wPQC0E^;>³I9@K<K:9®¯?O#oDO?;>¯?9VN?±8N#H<µ@K<±8P>O?9MKzEDCpHuPQC�²iµ�³IA?±^¯?9pX��jN�9@a�9@³M]DPQ9Ã³<9M²RE?Kz¯ 5 Cp°M°MO^½
²�O?PQCp³I;>±8N�E	±8O?H6±87l³I9MNG;QH�O?NRE?H:±FnDPD°M±F²iE?P>9@³jv_P 5 CF;>¯?9L¯?9x°@9@³:³I9x³I9@°BA?N?;QefO?9p]f9MK:³SCFEGE?H<±\kl;Q²iCp³I;�E89@²i9@Nf³
O?N?9VA?9@O?H<9pX
YJ;>³<±8N?KLCpO?K<K:;�PQ9@KS³IH<CkEFCpOlki¯?9VYJ±8O?K:K<±F³¯>KJ�=
9�@GE�±8H�³BCFN´³JK<O?HLP 5 µ�³IO?¯G9[¯?9[³<HICFNGK<;>³<;Q±8NGKSEKN|³I96a´oDO?;Q¯G9

¯DCFNGK�PQ9@K}K:d^K�³IWM²R9MK6°@±8N?°@9MN´³IH:µMKjv[P 5 CF;>¯?9y¯?9LP`C4E8µ@PQ±^°M;Q²Rµ@³<H<;>9�� � � � �?�p]��C� � X 4 C[H<µ@K<±8P>OG³I;>±8NmK:EDCp³I;QCFPQ9



� �'�%-����'�%	��� ��! %$��7-;�²"� %	 �»Æ�	
Cp³:³I9M;>N´³I9m¹²±��
µ�µ ��²À¼�E�9@H<²R9@³JCFOlkiCFOG³<9MO?H:KJ¯ 5 CF°@°MµM¯G9MHLCpOlkiE?H<±Fn?PQKj¯?9�E^;b³I9MK:K<9g¯DCFN?Ky¯?9MKS9MN´³IH:9@=r9@H<K
¯?9_°@9MPQP>O?PQ9g¯?9wYJ±8O?9�³<³<9_H<9MPQCp³I;�E89@²i9@Nf³JP`CFH:�89MK_¹²±´³&a�¨m°@²3¼~XK­l±FO?PQ;>�8N?±8N?KS¯?9_E?P>O?KLefO?9_P`C®H<µMK:±8PQOl³I;Q±FN
³I9@²iE	±8H:9MPQP>9s¹²±´³kµ�a	�»Æ8Æ�KI¼L9MK:³u7?;>9MN#K<OGE�µ@H<;Q9@O?H<9wvs°M9@PQPQ9[¯?O(²R±8N´³BCp�89_¯?9®YLCFPQPQCF�8ADCpN >KJb=
9�@

�  �� '�� B,2 'H476����868 9� ')A BD#
	D# G) � B,� '��&%@#7I
� ���

4 CiÅ[;bacOGK<;Q±FN0Ågd^NDCp²i;>e^OG9®¯?9VPQC 4 O?²R;QW@H<9_9MK�³[OGN?9w³<9M°BA?NG;QefO?9mK:;Q²RE?PQ9_9�³[E	9MO�°M±��G³I9@O?K<9p]�E	9MHª½
²R9@³<³ICFN´³x¯ 5 CF°M°@µM¯?9@HgP>±l°MCFPQ9@²i9@N´³xv�P 5 µM°@±8O?P>9M²R9MN´³z¯ 5 O?N�oDO?;Q¯G9_°M;QK<CF;QP>PQµpX 4 CsÅ 4 ­39MK�³gOGN�±FOG³I;>Pc°MPQCFK�½
K<;>efO?93E	±8O?HmK:±8N?¯?9@HUPQ9@Km°M±FH<H<µ@P`Cp³<;Q±8NGK®K:EDCp³I;>±p½Ä³<9M²RE�±FH<9MP>PQ9@Kw¯G9MKmoDOG°@³IO?Cp³I;>±8N?Km¯G93E�9@H<²R;>³:³I;�E^;b³Iµs¯?;b½
µMP>9M°�³IH<;>efO?9s¯ 5 OGNÁ²iCp³Iµ@H<;`CpO�X��_H�NF°@9Rv#OGNÁ²R±l¯?W@PQ9�H:µ\CFP>;QK�³I9U¯?9R°M9@KwoDOG°@³IO?Cp³I;>±8N?KM]�PQC#Å 4 ­¶E	9MH:²i9�³
¯ 5 CF°M°@µM¯?9@HUCFOlk¸oDOG°@³IO?Cp³I;>±8N?Kw¯Gd^NDCF²R;QefO?9MK®¯?O ²iCp³Iµ@H<;QCFO�X 4 9MKwoDO?°@³<ODCp³<;Q±8N?Kw¯?9iE�9@H<²R;>³<³<;�E^;>³<µU¯?;b½
µMP>9M°�³IH<;>efO?9VvUP 5 µM°BA?9@PQPQ9�� ¹ºPQC�PQ±8N?�FO?9MO?HJ¯ 5 ±FN?¯?9V¯?9VP`C�P>O?²i;>WMH:9»¼y±FNf³z¯G;>a�µMH<9@N´³I9MKz±8H:;Q�8;>N?9MK[{?;QP�K 5 CF�8;>³
EDCFHm9�kl9M²RE?PQ9À¯?O/²i±FO�E89@²i9@Nf³�7?H<±»¿zN?;>9MN/¯?9�EDCpH:³I;>°MO?P>9MK®¯?;>a�O?KICpNf³<9MK�¹rP`C0Å 4 ­ E	9MH:²i9�³sCFPQ±FH<Kw¯?9
²R9MK<OGH<9MH®PQ9i°M±^9 IR°M;>9MN´³�¯?9À¯?;>a�O?K<;>±8NÁ¯G9À°M9@K�¯?9@H<N?;>WMH<9@K��«¨l� � ¼ !};>PjE�9@OG³UCFOGK<K<;SK 5 CF�8;>H®¯?9@KmoDO?°�³IODCh½
³I;>±8N?K�³<A?9MH:²i;>e^OG9MKj¯?9MKj²R9M²�7GHICFN?9@Kj¯DCFN?KjPQ9@KjK:d^K:³<WM²R9MKyP>d8±p³IH<±FE�9@Ku¹ºPQ9@KjEDCFHICp²iW�³IH<9@K6µMPQCFK:³<;QefO?9MKj¯?9@K
7?;>°M±8O?°BAG9MKu¯?9_³I9MNGK<;Q±8CF°@³<;>=rKLE	9MO�EF9MN´³�¬�³IH:9®Cp;QN?K:;�²i9@K<O?H:µMK®�b�\ÆC© � ¼�X
ÅÃCFN?KsP>9À°\CpKU¯ 5 OGN.µ@°M±8OGPQ9M²R9MN´³s¯?9À°M;QK<CF;QP>PQ9@²i9@Nf³®K<;>²iEGPQ9F]�P`C(¯?;>a�O?K<;>±8N ¯Gd^NDCp²i;>e^OG9 ¦wA?±8²R±p½

¯Gd^N?9�§ E�9@H<²R9@³_¯?9m²i9@K<O?H:9MH_PQ9®°M;>KICF;>PQPQ9@²i9@N´³[P>±l°MCFPJ� �F]?�C¨ � X"�6N¶9@a�9@³M]��x°��F9@H<K<±FN·9�³®YJP`CFH��·� � � 9MN
E8±FO?P`CFN´³j²R9MK:O?H<9@HyP>9L°M±^9 IR°@;Q9MN´³y¯?9x¯?;bacOGK<;Q±FN��+¯G9uE?CFH:³<;Q°MOGPQ9MK}7?H<±»¿zN?;>9MN?N?9@KS¯?CFN?K6O?NRµM°@±8O?PQ9@²i9@N´³
¯?9ÃYJ±8O?9@³:³I9p]l±8N´³S²i±FNf³<H<µuefO 5 ;>PZµ@³BCp;>³S;Q²RE�±8K:K<;>7?PQ9x¯ 5 9�k^³<HICF;>H<9���¯?9@KS=r±8N?°�³I;>±8N?Ky¯?9[°@±8H<H:µMP`C|³I;Q±FNR²R9�½
K<OGH<µM9@KÃEDCFHu¯?;bacO?K:;Q±8N�¯Gd^NDCF²R;QefO?9w¯?9wP`CsPQO?²R;QW@H<9p]?°\CFHuPQ9w°M;>KICF;>PQP>9M²R9MN´³x;QNG¯?O?;>³u¯?9@K[¯?µ@°M±8H:H<µ@P`Cp³<;Q±8N?K
PQ;>µM9@K�v P`C(�8µM±8²Rµ@³<H<;>9À¯?O�EF±8PQO?²R9À¯G;>a�O?KICFN´³MX6YJ9MKs¯?µ@°M±8H:H<µ@P`Cp³<;Q±8N?K®±8N´³UPQ;>9MOÁv ¯?9MK�³<9M²RE?K�°\CpHICF°~½
³Iµ@H<;>K:³I;>efO?9MKÃ7	9\CpO?°M±8OGE E?PQO?K[E�9�³I;>³<K[efO?9�P>9®³<9M²RE?KÃ¯?9�¯G;>a�O?K<;>±8N ¯?9@KÃEDCFH�³I;Q°@O?PQ9@K[7?H:±»¿zN?;Q9@N?N?9MK@X 4 C
²R9MK<OGH<9�¯?9(°@9MKi¯?µM°@±8H<H:µMP`C|³I;Q±FN?KUE�9@H<²R9@³ÀCFPQ±FH<KU¯ 5 9MK�³I;Q²R9MHsP>9�°@;QK<CF;QP>PQ9M²R9MN´³UP>±l°MCFP X �gN?9�³I9@PQPQ9�²Rµ�½
³IAG±l¯?9®CiNG±F³BCF²R²R9MN´³[µ�³Iµ®¯?µ EF9MPQ±FE?E�µ@9mE	±8O?Hu²i9@K<O?H:9MHg¯?9MKg�8HICF¯G;Q9MN´³<Kg¯?9�E^;>³I9@K<K:9�PQ±^°\CFO^k#¯DCFN?KgPQ9@K
K<±FPQOG³<;Q±8N?KJ¯?9VE�±8Pbd^²iW@H<9MKJK<±8O?²R;QKLvs¯G9MKzµM°@±8O?PQ9@²i9@N´³IKz9�k^³I9@N?K<;>±8N?N?9@PQKw� �»��ªl]c�hÇl� � XZYJ±8²R²i9[N?±8O?KzPQ9
²R±8N´³IH<9@H<±8NGKuE?CFHzP`CUK<O?;b³I9p]	P>9_¯?µ EF9MP>±8E?E	9M²R9MN´³Ã¯?9VPQCs°@±8NGnD�FO?HICp³<;Q±8N�A?±8²R±^¯Gd^N?9VN 5 9@K:³gEDCFKz=ºCF°M;>PQ;b³Iµ
EDCFHxPQCU�8µM±8²Rµ@³<H<;>9Ã¯?9®YJ±8O?9�³<³I9pX
4 C®¯?;bacO?K:;Q±8Ns¯Gd^NDCp²i;>e^OG90¦xA?µ�³IµMH:±l¯ldlNG9`§J°M±FN?K:³<;>³IOG9g°@9ME	9MN?¯DCpNf³JO?NÀ±FOG³I;>P?E?O?;>K<KICpNf³S¯?94E8µ@PQ±^°M;b½

²Rµ@³IH:;Q9L7?CFK<µ@9uK:O?H6P`CÃ²R9MK:O?H<9x¯G9uP 5 9�ac9�³jÅ[±8EGE?PQ9@Hz� ¨l� � X��g;QN?K:;?9MNs�8µ@±8²Rµ@³IH:;Q9LAGµ@³Iµ@H<±^¯Gd^N?9F]��_±8P>PQO?7 >KJ
=
9�@G±8N´³xµ�³IO?¯?;>µÃPQ9@KLE?H:±FnDPQKJ¯?9�E^;>³<9MK<K:9_¯?9[oDOG;Q¯?9@KLN?9@¿x³<±8N?;>9MN?KzCFO�K:9MO?;>Pc¯?9[P 5 ;QN?K�³BCF7?;>PQ;b³Iµz¯?9! qC\dlP>±8H�½
YJ±8O?9�³<³<93� ���?]��´Ç � X�YJ9ME	9MN?¯DCpNf³M]�³<H<WMKgE�9@O ¯?9®²i9@K<O?H:9MKÃP>±l°MCFPQ9@KxOG³I;>PQ;QK<CFN´³u°M9@³:³I9w³I9M°BAGN?;QefO?9�±FNf³gµ@³<µ
HICpE?E�±FH:³Iµ@9MKj¯DCFNGK6PQ9x¯?±8²iCF;>N?9J¯?9zPQCÃH<A?µ@±8PQ±8�F;Q9J¯G9MK6oDO?;>¯?9MKj°M±F²iE?P>9�kl9MK@XfYJ9M°@;D9MK�³SEGH<±87DCp7?PQ9@²i9@Nf³�PQ;Qµ
v�P`C3¯?;�IR°MO?Pb³IµU9�klE	µMH:;Q²R9MN´³BCFP>9U¯?9s°M±8NGK:³IH:O?;QH:9UO?N¸;QN´³I9@H:=rµMH:±8²RW@³IH:9U±8EG³<;QefO?9sCFOG³<±8O?H_¯ 5 O?N?9R°M9@PQP>O?PQ9
¯?9VYJ±FO?9@³:³I9FX�­l±8O?P>;Q�8NG±8N?KjEDCFHJCF;QP>PQ9MOGH<KjefO?9ÃP`C 4 Å�#+¹O¦ 4 CFK:9MHxÅg±8E?E?P>9MH�#j9@PQ±^°M;>²i9�³IH:d�§?¼y9@K:³x9@N�K<±8;
O?N?9g³I9M°BAGN?;QefO?9Ã¯G9Ã¯?;>a�O?K:;Q±8NiA?µ@³<µMH<±^¯Gd^N?9_¯?9gP`CwPQO?²R;QW@H<9FX^Å[9@E?O?;>KLPQ9@KS³IH<CkEFCpOlkR=r±8N?¯DCp³<9MO?H:KL¯?9#"y9MA



�8�»Æ �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

9@³zYJO?²i²R;QNGKÃ� �hÇ
� � ]G¯?9[N?±8²�7?H:9MO?K:9MKzµ@³<O?¯?9@KL=rH<O?°�³IO?9@O?K<9@KgOG³<;QP>;QKICpNf³S°M9�³<³<9_²iµ�³IA?±^¯?9[±FNf³zµ�³IµÃH:µ\CFP>;b½
K<µ@9MK_¯DCpN?KÃPQ9w¯?±8²iCF;>N?9®¯G9�P 5 A´dl¯GH<±^¯Gd^NDCF²R;QefO?9FXcYJ9ME	9MNG¯DCFN´³VP`C 4 Å%# 9@K:³_OGN?9m³I9@°BA?N?;>e^OG9U¯?;�IR°M;>PQ9
v3²R9@³<³<H<9®9MN E?PQCF°M9�¯?CFN?KÃPQCÀ�8µM±F²iµ�³IH<;>9®¯G9RYJ±8O?9@³:³I9p]�°\CFHg9MP>PQ9mNGµM°M9@K<K:;>³I9UPQCi=r±^°\CFP>;QKIC|³I;Q±FN(¯?9m¯?9MOlk
=ºCF;>K<°M9MCFOlk(P`CpK<9MHu9MN OGN ²�¬@²i9wE	±8;QN´³g¯?9mP 5 9@Nf³<H<9�=r9MHMXcY 5 9MK:³ÃE�±8OGH<efO?±8;�N?±8O?K[CkE8±8N?K[E?H<µ�=rµMH<µmOG³I;>PQ;QK:9MH
P`CiÅ 4 ­ 9MN ²R±l¯?9®A?µ@³<µMH:±l¯Gd^N?9p]�±�� P 5 ;>N´³I9MH�=rµMH:9MN?°@9�9MN´³IH:9UPQ9@K[¯?9@Olk =ºCF;>K<°@9\CFOlk0P`CpK<9MHg9MK�³_H<µMCFPQ;>K<µM9mv
P 5 9�k^³<µMH<;>9MO?Hx¯G9wP 5 µ@°BADCFN´³I;>PQP>±8N�X

�i��� � ����� �z�s�����������V�}�@�R�#�z�
	���	��
�¸�#�����®� 	�� �@� �@��� ���L�q��	#�®�#�
�#� �����®�#����� �z�U��	����J�M���V�@������� �z�s�

�z� �L��� 
Â¤��®¡[§^¤ª ���¥��%�[¬y¨�¤ª£L¡[¦ �g y¨� x¥����g¦ ¦�� � ��� ��¢G x¥����g¦
465 ±87ft:9M°@³<;>=z¯?9À°M9@³:³I9�K:9M°@³<;Q±8NÁ9MK:³�¯?93E?H:µMK<9@N´³I9MHUP>9MK�7?CFK<9@Km³IA?µ@±8H<;>efO?9MK�¯G93P`C0¯G;>a�O?K<;>±8NÁ¯Gd^NDCh½

²R;QefO?9s¯?9ÀPQC�P>O?²R;QWMH:9U¯DCFN?K®O?NÁµ@°M±8OGPQ9M²R9MN´³®¯?9R°M;QK<CF;QP>PQ9@²i9@Nf³MX�YJ9MK®µMP>µM²R9MN´³IKV³IA?µ@±8H<;>efO?9MK®K<9MH:±8N´³
;QNG¯?;QK:E�9@N?KICF7GPQ9MKJE�±8OGHLEDCFK:K<9MHz¯?9_P 5 ;>NG=r±8H:²ÀCp³<;Q±8Ns±8El³I;QefO?9Vv�PQCm²R9MK<OGH<9_¯?9_PQC0El;b³I9@K<K<9pXDÅÃCFNGKuOGN�9~kf½
E	µMH<;>9MN?°@9u³¾d^E?;>efO?9g¯G9g¯?;bacOGK<;Q±FN0¹r°@=ªX´nD�?Xf�lX�¨8¼~]´P 5 µM°BADCpNf³<;QP>PQ±8NUµ�³IO?¯?;>µz9MK:³SµM°@P`CF;>H<µzEDCFHjO?Ns=ºCF;>K<°M9MCFOR¯?9
PQOG²i;>WMH<9_°@±8A?µ@H<9MN´³<9�E�±FP`CFH:;QK<µ@9FX 4 CRPQO?²R;QW@H<9_¯?;bacO?K:µM9®viP 5 CFNG�8PQ9��s9MK�³ÃCFP>±8H<Kz°@±8PQP>9M°@³<µM9wEDCFHzO?N0³<O?7	9

�

���
�! 

"$#&%('

 4H �

)+*

, *
�

4

-

,/.

0 1

) .

2

Z\[^]`_ �GX�¨�a�3b�%�k�����#t#y~s�l54 nCxG���kx��JeAz�s�lCs`l�y76�n�j�y~�kx�l� 7x'eA��y~�7n�s`r��k���
l� 7x�s �98;:=< s%j#��}~sb�#nCw�s`�Cr��k���Au
��nC}B�#yB�C}By~�6eA��s�nCt £ }~s%j�eAnC�#t�s%j\j# 7��w��k}~s%j�j��kx���lC�O��xCy~j\l�eAx�jq}~s`��sO����s �

E?A?±p³I±8²�OGP>³I;>E?PQ;>°\Cp³<9MO?Hy¹� 4H � ¼�X 4 9S²i±FNf³ICF�89y±8EG³<;QefO?9J°@±8PQP>9M°�³BCFN´³qP`CgP>O?²R;QWMH:9j¯?;>a�O?K<µ@9L9MK�³6°M±FN?K:³<;>³IOGµ
¯ 5 O?Ns¯?;`CpE?A?HICp�8²i9y¯?9x°BADCp²iE�¹ �� �¼�9@³6¯ 5 O?N?9xP>9MN´³I;>PQP>9�>xX 4 9�EF±8PQO?²R9L¯?;bacOGKICFN´³ � 9@K:³jP 5 ;QN´³<9MH<K:9M°�³I;Q±FN
9MN´³<H<9RPQ9�=ºCF;>K<°M9MCFO¸;QN?°@;Q¯?9@Nf³V9�³wP 5 ;Q²iCF�89m¯G9 �! gv#³<HICkE89@H<K?>zX �uN·¯G;`CFE?AGHICF�8²R9�¯ 5 ±8O�EF9MH�³IO?H:9 ¹ �!�I¼
E	9MH<²R9@³L¯?9_H<µ@¯?O?;QH:9_P 5 ;QN´³I9@H�EpCFP>PQ9z¯ 5 CFN?�8P>9MK��m°@±8PQP>9M°@³<µMK@X �!�LE�9@H<²R9@³zCp;QN?K:;c¯?9_°@±8N´³IH LFPQ9MHJP`Cm³BCp;QPQP>9z¯?9
P 5 CF;>H<9�¯?9sE?AG±F³I±^¯?µ@³<9M°�³I;Q±FN�X 4 C#=r±FN?°@³<;Q±8N ¯?9s°@±8H<H:µMP`C|³I;Q±FN "@#A%(' �CBED #AFG' D #&FIHJ%('=K ¯?9sP 5 ;QN´³<9MN?K:;>³Iµ



� -
 ��3���!"
	�",�! ��$O�������%	��������;�m�
	��
��� ����-�� -²�
�����%$6���5�7��	¯�7�  2A�'�
-��%�L�%��"\����2%��	%�7��-;-��%�L�%��" �8�F�
¯?;bacO?K:µM9 D #&FG' 9MK:³L±87G³I9@NfO?9Ã�8HONF°M9[vmO?N3°@±8H<H:µMP`C|³I9MOGHJµMP>9M°�³IH<±FN?;QefO?9pX ,�� 9MK:³JP`Cw¯?;QH:9M°@³<;Q±8Ni¯?9ÃE	±8P`CpH<;QK<C|½
³I;>±8N0¯G9mP`CsPQOG²i;>WMH<9V;>N?°M;>¯?9MN´³I9®9@³ ,�� °@9MPQP>9®¯G9mP 5 CFNDCpP>d^K<9@O?HgEGP`CF°@µm9MN´³<H<9mP>9�EF±8PQOG²i9w¯?;>a�O?K<CFN´³ � 9�³
P 5 ±8EG³<;QefO?9_¯?9V¯?µ�³I9@°@³I;>±8N�X
� 0&47�!0?> %('H#	�847�!4�	��86D#
4 ±8H<efO?93P>9i³<9MN?K:9MO?HU¯?9iE�9@H<²R;>³:³I;�E^;b³Iµs¯?;Qµ@PQ9@°@³IH:;QefO?9 
 #���� FG' ¯?O ²iCp³Iµ@H<;`CpOÁ9MK�³�=ºCF;>7?PQ9@²i9@Nf³wE	9MHª½

³IOGH<7	µF]�

@
>A@ 
 #���� FG' ��
�� H � 
 #����GFG' 9@³ � 
�� 
s¹�� 9MK�³_PQ9®³I9MNGK<9MOGH_O?N?;>³<µ»¼~]�P 5 CF²RE?P>;>³IOG¯?9V°M±8²RE?PQ9~kl9
¯?O�°BADCF²RE#¯?;>a�O?K<µwvUP 5 CFN?�FPQ9 �U9MK�³u¯?±8N?N?µ@9®E?CFHV� ¨^� � {��� #&FG'����� 
 . * # - � FG'�� ¹ �lX>�h¼
±�� - � ) . � )+* 9MK:³uP>9�¦�E89M°�³I9@O?H[¯?9V¯?;bacOGK<;Q±FNG§�]?¯?±FNf³uPQCsNG±8H<²R9_9MK�³®{! �#"%$'&

� (*),+ - �
M�. � ¹ �lX�¨8¼

9@³ �� 
 . * # - � FG' 9MK�³SPQCÃ°M±8²RE	±8KICFN´³<9�D0/3¯?Os³I9MNGK<9MOGHS¯?9zPQC[³IHICpN?K:=r±8H:²iµ@9x¯?9 &D±8O?H<;>9MH�¯G9uPQCÃE�9@H<²R;>³:³I;�E^;b³Iµ
¯?;>µMPQ9@°@³<H<;QefO?9_H:9MK�³IH<9@;QN´³I9wCFO3E8±FPQO?²R9 � {�� 
 . * # - �GFG' �2143�576 � � .98;: < ,�� � 
 #���� FG' ,7�'= ¹ �lX �´¼
H}CpHJP`CVK<OG;>³I9p]fN?±8O?KSN?±8O?KS;QN´³Iµ@H<9MK:K<9@H<±8N?KJO?N?;QefO?9@²i9@N´³JefO 5 vmP`CV°M±F²iE	±8KICpNf³<9 0 0�¯?OÀ³I9@N?K<9@O?H � 
 #����GFG'
9@³uN?±FO?KzµM°MH:;QH:±8N?K_{ � 
 #���� FG' �� � 
?>@> #���� FG' X
4 CR²R9MK:O?H<9V¯?9wP 5 ;QN´³I9@N?K<;b³IµÃ¯G;>a�O?K<µ@9mvUP 5 CFN?�FPQ9 �UE	9MH<²R9@³u¯?9V¯?µ�³I9@H<²R;QN?9@HuP>9MKLoDOG°@³IO?Cp³I;>±8N?KzK<EDCh½

³I;QCFPQ9@K[¯?9UE	9MH:²i;b³<³<;�E^;>³<µ®¯?;>µMP>9M°@³<H<;>e^OG9Uv�P 5 µM°BA?9@PQPQ9A!�BDCBX �gCpE?E�9@PQ±8NGK_CFO?K:K<;6efO?9UP 5 ;QN´³<9MN?K:;>³Iµ D #&FG' ²R9�½
K<OGH<µM9(EDCFHRPQ9�³IOG7�9�E?A?±F³<±8²�O?Pb³I;>E?PQ;>°\Cp³<9MO?H�9@K:³i¯?±8N?NGµM90E?CFH({ D #&FG'E� ��� #&FG' �GF� #AFG' X��6N$¯?;bacOGK<;Q±FN
¯Gd^NDCF²R;QefO?9p]jPQ9MKRoDO?°�³IODCp³<;Q±8NGKR³<9M²RE�±8H:9MP>PQ9MKsK:±8N´³3¯?µ�³I9MH:²i;>N?µM9@KÀEDCpHiPQC¶=r±8NG°@³I;>±8N$¯G90°M±FH<H<µ@P`Cp³<;Q±8N
K<OG;�EpCFN´³I9s{

"@#A%(' � H ),IJ4K�L ³M 1 JN 57O D # O ' D # O H %(' �� B D #AFG' D #&F H %5' K = ¹ �lX �f¼
­l; � 
 #���� FG' 9@K:³uO?N?9�EpCFH<;QCF7?P>9ÃCFP>µ\Cp³<±8;QH:9Ã�´CFO?K:K<;>9MN?N?9p]D±8N�²i±8N´³<H<9_efO?9s{

"@#A%(' �QP HSRUTWV X CZY #&%('[T]\^� ¹ �lX Ç8¼
±��_PÂ9�³ R K<±8N´³S¯?9MO^kÀ°@±8N?K�³BCFN´³I9@KLefO?;Z¯?µME	9MNG¯?9MN´³x¯?OiHICFEGE�±8H�³�¦zK:;Q�8NDCpPDK<O?Hy7?H<OG;>³m§ ¹ºefO?;Z¯?µ@E�9@N?¯
E?H:;QN?°@;QEDCFP>9M²R9MN´³x¯?9VPQCm³BCF;>PQPQ9g¯?O3E8±8P>O?²i9_¯G;>a�O?KICFN´³z9�³g¯G9wP 5 Cp;QH<9[¯?9VE?A?±F³<±l¯?µ�³I9@°@³I;>±8NZ¼J9�³g± �V X CZY #&%5' � B �� 
 # - �GFG'��� 
?` # - � F+H %(' Ka� ¹ �lX �´¼
9MK�³VP`Cs=r±8N?°@³<;Q±8N0¯ 5 CpOG³I±p½Ä°M±8H:H<µ@P`Cp³<;Q±8N(¯?9�P`CR³IHICpN?K:=r±8H:²iµ@9m¯?9 &Z±FO?H<;>9MH[¯G9MKÃoDO?°�³IODC|³I;Q±FN?KÃ¯?9 � 
 #����GFG'
v(P 5 µ@°BA?9MP>PQ9b! BDC 9@³�CFO·³<9M²RE?K % X �uN ²i±FNf³ICF�89s²R9MK<OGHICFN´³�P>9i²R±^¯?O?PQ9s°MCFH<H:µ TWV X CZY #A%(';T \ ¯?9À°@9@³<³<9
=r±8N?°�³I;>±8N#9MK:³gCFEGE�9@PQµ_O?N�²i±FNf³ICF�89_¯?9V¯?;bacOGK<;Q±FN�¯Gd^NDCF²R;QefO?9_A?±8²R±^¯Gd^N?9FX



�8��¨ �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�� 0&47�!0?> %('H#	�80?> 0&%(4�	 �868#
ÅÃCFN?KsP>93°\CFKU± �.P>9MKmo?O?°@³<ODCp³I;>±8N?KU¯?9 � 
 #����GFG' N?9�K<±8N´³sEDCpKR�8CFO?K<K:;Q9@N?N?9MKU±FO.P>±8H<K:efO?9 V X CZY #&%5'

°M±FNf³<;Q9@Nf³}¯?9MK�³I9@H<²R9MK}¯G9JE?ADCpK<9JE	9MH�³I;>N?9MN´³IK@]pPQCg�8µ@±8²Rµ@³IH:;Q9jA?±8²R±^¯Gd^N?9SNG9JK<O5IR³}E?PQOGKMX7Hq±8O?H}CF°M°@µM¯?9@H
v·PQC EDCFH:³<;Q9#H<µ@9MP>PQ9#¯?9 V X CZY #&%(' ]S±FN$OG³<;QPQ;>K<9#CFP>±8H<KUPQC¸¯G;>a�O?K<;>±8N ¦VA?µ@³<µMH:±l¯Gd^N?9�§�XSYJ9@³<³<90²Rµ@³<A?±l¯G9
°M±FN?K<;>K:³I9Rv�²R9MK<OGH<9MH_P>9UK<;>�8NDCFPqH<µMK:O?P>³ICFN´³w¯?9UP 5 ;QN´³I9@H:=rµ@H<9MNG°M9s9MN´³IH:9sPQ9U°BADCF²RE¶¯?;>a�O?K:µ � � #&FG' 9�³wO?N
:���� 
^9^9�= J#>����\9;:��O=
9 �	��
 ±87G³<9MNfOUvgE?CFH:³<;QH�¯?Om=ºCF;>K<°@9\CFO®;QN?°@;Q¯?9@Nf³MX 4 9y°BADCF²RE�²R9MK<OGH<µJ9@K:³�CFPQ±8H:K � #&FG' ����

 H ��� #&FG' X 4 CL=r±8N?°�³I;>±8NV¯?9j°M±8H:H<µMPQCp³I;>±8NCB D #AFG' D #&F�H�%5' K �CB T ���

 H ��� #&FG'[T \ T ����
 H ��� #&F�H�%5';T \ K
=ºCF;b³®¯G±8N?°R;QN´³I9@H�E89@H<N?;>H®¯G9MK®³<9MH:²i9@K®¯ 5 ;QN´³<9MH:=rµ@H<9@N?°M939@N´³IH<9iP 5 ±8K<°@;QP>P`Cp³<9MO?HÃP>±l°MCFP6°M±FN?K:³ICFN´³ ���

 9�³�PQ9
°BADCF²RE¶¯?;>a�O?K:µ � � #AFG' X 4 ±8H:K<efO?9UP 5 CF²RE?PQ;b³IO?¯G9®¯?9UP 5 ±FK<°M;>PQPQCp³I9@O?HgP>±l°MCFP�9MK:³w�8H<CFN?¯?9U¯G9 EpCFN´³V°M9@PQPQ9m¯?O
°BADCF²RE ¯?;bacO?K:µF]yP`CÁ�FµM±8²Rµ@³<H<;Q9�A?µ�³IµMH:±l¯ldlNG9 E�9@H<²R9@³�CpPQ±8H:KiO?NG9 ²i9@K<O?H:9 ¯?9 PQC·EDCFH�³I;>90H<µ@9MP>PQ9�¯?9V X CZY #&%5' °\CFHzPQCm=r±8N?°@³<;Q±8N#¯?9V°@±8H<H:µMP`C|³I;Q±FN�²i9@K<O?H:µM9V9MK�³g¯G±8N?N?µ@9®EDCpHV� ¨l� � {

"$#&%(' �2P�� H R ���O��� V X CZY #&%5'�� � ¹ �lX�©8¼
±�� P � 9�³ R � K:±8N´³u¯?9MOlk�°@±8N?K�³BCFN´³I9@KgefO?;�¯GµME	9MN?¯?9@N´³Ã¯?O�HICFEGE�±8H�³zK<;>�8NDCFP�K<O?Hz7?H:O?;>³MX
�z� �L��� � � ¨� x¥10�©ª¦�§l¤�¨ �Ã©ª¦ �m j¡u¢����������� �! ¥g¬��g§ ¡ � ��«c j¡[©ª¦�¨�¦�����¥[¦�«c¤#"

§l¬j¤ª©ª©�¦�¨�¦����
$ 476,2 ' 	803%@ -> ')476D2 * � �825'�A B8#32
YJ±8N?K:;Q¯?µ@H<±8N?K[¯?µMK:±8H<²iCF;QKgPQ9w°\CFK[±�� PQ9�E8±8P>O?²R9®¯?;bacOGKICFN´³ � 9@K:³[K<±8O?²R;QK[vÀO?N µ@°M±8OGPQ9M²R9MN´³[¯?9

°M;>KICF;>PQP>9M²R9MN´³�°@±8²i²R9LH:9ME?H:µMK<9@N´³Iµ[K:O?HjP`CÃnD�8OGH<9z�GX �GX 4 9z°BADCF²RER¯G94E^;b³I9MK:K<9u°M±8H:H<9@K<E	±8N?¯DCFN´³yK 5 µM°@H<;b³g{
% #�� ' � R ,'& H UV #�� = ,'( ' ,'& = ¹ �lX ª´¼

4 9(EGH<±87?P>WM²R9�³IA?µ@±8H<;>e^OG9(¯?9(P`C ¯?;bacO?K:;Q±8N.¯Gd^NDCF²R;QefO?9�EDCFHsO?NG9 CFK:K<9M²m7?PQµ@9(¯?9(¯?;>a�O?K:9MO?H:Ki¯DCpN?K
O?N/°BADCp²iE/¯?9�°@;QK<CF;QP>PQ9M²R9MN´³®C0µ�³Iµ�µ@³<O?¯?;>µ3¯?9À=ºC*)@±8N/9�klADCpO?K:³<;�E89¶� �8]��C¨l]�	��G]J�»Çl� � X6YJ9@Ks³<HICkEpCFOlk
²R±8N´³IH<9@N´³ÃefO?9�PQCi�8µ@±8²iµ�³IH:;Q9VA?±8²R±l¯ldlNG9mE	9MH<²R9@³[¯?9m²R9MK:O?H<9@H[P>9m°M;>KICF;>PQP>9M²R9MN´³zPQ±^°\CFP��FH�NF°@9�vÀ¯?9@K
¯?µ@°M±8H:H<µMPQCp³I;>±8N?KgPQ;Qµ@9MKgvÀP`Ci�8µM±8²Rµ@³<H<;>9®¯?O�EF±8PQOG²i9w¯?;>a�O?K<CFN´³\X 4 CÀ�FµM±8²Rµ@³<H<;Q9wA?µ�³IµMH:±l¯ldlNG9Ue^O?CFN´³Vv
9MP>PQ9p]	E	9MH:²i9�³Ã¯?9®²i9@K<O?H:9MHÃPQCGE^;b³I9MK:K<9�²R±»d89@N?N?9sCFO K:9M;>N ¯?9 � �8H�NF°@9�vÀP 5 9�ac9�³_Å[±FE?E?PQ9@HMX �6N 9@a�9@³M]
P`C3=rH:µMefO?9MNG°M9À¯G9iPQC#P>O?²R;QWMH:9U¯?;>a�O?K:µM9R9MK:³®¯?µ@°\CFP>µM9s¯?9RP`C�efODCFN´³I;b³Iµ -,+ % °\CpHwP>9MKV¯?;bacO?K:9MO?H:K®K:±8N´³
K<±FO?²i;>KuviO?N(²i±8O5E89M²R9MN´³g¯?9w°M±8NCE89@°@³<;Q±8N ²R±»d89@N viPQC)El;b³I9@K<K<9-%yX�M¾P�9@K:³gK<;Q²RE?P>9_¯?9m²R±8N´³IH:9MHzefO?9V X CZY #&%5' �/.�0�1 # D -2+ % %5'43@#A%(' ]�±�� 3@#A%(' °M±8N´³<;Q9MN´³RPQ9@KU¯?µM°@±8H<H:µMPQCp³I;>±8N?KUPQ;>µM9@Ksv¸PQC �8µM±8²Rµ@³<H<;>9�¯?O
E8±FPQO?²R9m¯?;bacOGKICFN´³\X�YJ±8²R²i9®P`Ci¯G;>a�O?K<;>±8N A?±8²R±^¯Gd^N?9m²R9MK:O?H<9�P>9m²R±l¯GO?PQ9®°\CFH:H<µ�¯?9 V X CZY #&%5' ]�K:9MO?P>9
P`C�°@±8NGnD�FO?HICp³<;Q±8N#A?µ�³Iµ@H<±^¯Gd^N?9®E	9MH:²i9�³zP 5 CF°M°@WMKuvUP`C)E^;>³<9MK<K:9VPQ±^°\CFP>9FX
465 ±87ft:9M°@³<;>=6¯G9m°M9®EDCFH<CF�8HICpE?A?9w9MK:³[¯?9m¯G±8N?N?9@H[efO?9MP>efO?9MK[CFH<�8OG²i9@Nf³<K[E?A´d^K<;>efO?9MKÃK:;Q²RE?PQ9@KzE�±8OGH

CFE?EGH<µMAG9MN?¯?9@H®PQCÀ=r±8N?°�³I;Q±FN¸¯G9R°@±8H<H:µMPQCp³I;>±8N ²i9@K<O?H:µM9pX �g±8O?KVE?H:µMK:9MN´³I9@H<±8N?K®9MN?K:O?;>³<9s¯?9MKwµMefODCp³<;Q±8NGK



� -
 ��3���!"
	�",�! ��$O�������%	��������;�m�
	��
��� ����-�� -²�
�����%$6���5�7��	¯�7�  2A�'�
-��%�L�%��"\����2%��	%�7��-;-��%�L�%��" �8�\�

,��

,��,�� �

�

�

� �

�)+*
� �

�

�

�

) .
%

Z\[^]`_ �lX � a 3b�%�k�����#t#y~s¯l�nd���k}BnC��s�l�y76�n�jJeAx��
	 jJ�knC��y~j
�)nCxd�%�%�knC}~s���s�x7��lCs���y~jJeAyB}B}~s���s�x�� �
� s%j#�4}�e
�Cr��k���
�6eA�#r��7lCs �

E	±8O?H "$#&%5' efO?;}K:9MH:±8N´³_H<µ@K<±8P>O?9MKÃNfO?²RµMH:;QefO?9@²i9@Nf³[¯DCFN?K[P`CiK:9M°�³I;Q±FN¶�GX �lX �GX 4 CÀ�8µ@±8²iµ�³IH:;Q9wµ@³IOG¯?;Qµ@9
9MK�³w°M9MP>PQ9U¯?9sPQCÀnD�8O?H:9i�lX � {�PQ9�=ºCp;QK<°@9\CFO¶;>N?°M;>¯?9MN´³V9MK�³mNG±8H<²iCFP�v�PQC#¯G;QH<9@°@³<;Q±8N ¯?9sPQC El;b³I9@K<K<9 2 9�³
¯?93PQCdEF±8H:³<;Q°M;b³Iµ$0GX�Å[CFN?K�O?N/µ@°M±8OGPQ9M²R9MN´³m¯?9À°@;QKICp;QPQP>9M²R9MN´³\]��x°��p9MH:K<±8N.9@³UYJP`CFH��2� � � ±8N´³�²R±8N´³IH:µ
PQ9@KV°M±8H:H<µMPQCp³I;>±8N?KÃK:EDCp³<;Q±p½ ³I9M²RE	±8H<9@PQPQ9@K[¯?9RP`C�E	9MH:²i;b³<³I;�E^;>³Iµ®¯?;Qµ@PQ9@°@³IH:;QefO?9UN?9s¯?µ@E�9@N?¯DCF;>9MN´³®e^OG9i¯?9@K
EpCFH<;QCF7?P>9MKLK:O?;�EpCFN´³I9@KV{

D #����GF]� � � � F � ' �� B � 
 #����GFG'?� 
 #�� � �GF � ' K � D #�� � � � � # % H UV #�� = ,'( ' ,'& ' #AF � � FG' � F � � FG' = ¹ �lX 	´¼
�6N¶E?H<µ@K<9MNG°M9R¯ 5 OGN·µ@°M±8O?P>9M²R9MN´³V¯?9U°@;QKICp;QPQP>9M²R9MN´³\]ZP>9MK_E?H:±8E?H<;>µ@³<µMK_E?A´d^K<;>e^OG9MK®CFO¶K<9M;>N ¯?O E8±8P>O?²i9
¯?;bacO?K<CFN´³mNG9iK:±8N´³mE?P>O?Kw;QNCEpCFH<;QCFN´³I9MKVEDCpH®P>9MK_³IH<CFN?K<PQCp³I;>±8N?KV¯ 5 9MK:EDCF°M9pX 4 C�°M±8A?µ@H<9@N?°M9iK<EDCp³<;`CFP>9s¯?O
°BADCF²RE.¯?;>a�O?K<µ�9MK�³3CpPQ±8H:KU²i±^¯?;>n?µM9�E?H:±F=r±8N?¯?µ@²i9@N´³\X � EDCFH:³<;QHU¯?9#P 5 µ@e^O?Cp³I;>±8N ¹ �GX 	´¼�]6±FN2²R±8N´³IH:9
efO?9R{

B �� 
 # - � FG' �� 
 # � - � �GF+H %(' K��� µ � ¹ �GXb�»Æ´¼
K<9@O?PQ9@²i9@N´³gK:;�P`C�°@±8N?¯?;b³I;Q±FN�K<O?;�EFCpNf³<9V9MK:³4EFµMH<;bnDµM9R{

- � � - H UV %=# - = , & ' ,'( = ¹ �GXb�8�h¼
�6N¶H<µ\CpPQ;>³<µF]Z°M9�³<³<9U°M±8N?¯G;>³I;>±8N 9@K:³VO?N?;>efO?9M²R9MN´³�E^HICp;Q9�E	±8O?HÃOGN EF±8PQOG²i9®¯?;>a�O?KICpNf³Ã;QNGnDNG; X�ÅÃCFN?K_PQC
E?H<Cp³I;>e^OG9F] � °M±8H:H<9@K<E	±8N?¯·v�P 5 ;>Nf³<9MH:K<9M°�³I;>±8N ¯?9s¯?9MO^k¸°@d^PQ;>N?¯?H<9@K_;QNGn?N?;QK_9�³®H:9MK:K<9M²m7?PQ9sefODCFP>;>³BC|³I;�EF9�½
²R9MN´³yvÃO?NREDCFHICpPQPQµ@PQµ@E?;QE	WM¯?9y¯?9z¯?;>²i9@N?K<;>±8N?K����������Ã¹º°@=ªXpnD�?X´�GX �´¼~X 4 9`E89M°�³I9@O?Hj¯?9z¯?;>a�O?K<;>±8N - 9MK�³
¯?±8NG°LO?N?;>e^OG9M²R9MN´³6¯?µ�nDN?;?vgP`C[E?H:µM°@;QK<;>±8N � ! ( ��� M $�� �j9@³ � ! & � � ! > ��� M $�� �DX 4 C[³BCF;>PQPQ9�n?N?;Q9S¯?9



�8� � �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

� ;Q²RE�±8K:9ÃefO?9wP`C�PQOG²i;>WMH<9[¯?;>a�O?K<µ@9wvsOGN?9V¯?;QK�³BCFN?°@9���K<±F;>³x°@±8N?K:³<;>³<O?µM9w¯?9�¦[�8HICp;QN?Kx¯?9VK:E�9@°��^P>9�§
¯?9u³BCF;>PQPQ9���� � �hX 4 CwP>O?²i;>WMH:9u¯G;>a�O?K<µ@9g9@K:³LK:EDCp³<;`CFP>9M²R9MN´³j°M±8AGµMH<9@N´³I9_CFOiK<9@;QNÀ¯G9[°M9@KJ�8H<CF;QNGKSCpE?E�9@PQµ@KE	±8O?HV°M9�³<³I9iHICF;>K<±8N ¦VCF;QH:9MKV¯?9R°M±8A?µ@H<9@N?°M9�§�X 4 C�=r±8N?°�³I;>±8N·¯G9i°@±8H<H:µMP`C|³I;Q±FN¸²R9MK:O?H<µ@9i9@NÁ¯?;bacOGK<;Q±FN
¯Gd^NDCF²R;QefO?9_¯G9 E^;Q9@Nf³[CFP>±8H<KÃ{V X CZY #A%(' � �8�� 8��	��
 B �� 
 # - � FG' �� 
 # � - � � F H %5' K � ¹ �GXb��¨8¼

±���PQCgK:±8²i²R9y9MK:³�9@a�9M°@³<O?µM9xK:O?H}P 5 9@N?K<9@²�7?P>9J¯?9@K6CF;QH:9MKq¯?9J°@±8A?µMH:9MN?°@9x°M±8P>PQ9@°@³Iµ@9MKqEDCFH}P>9JE?AG±F³I±8²mO?P>³<;b½
E?P>;Q°\C|³I9MOGHMX'­l±8OGPQ;Q�FN?±8N?K6°@9ME	9MN?¯DCpNf³JefO?9g¯?CFN?KyP`CVE?PQO?E?CFH:³y¯?9@KS²R±8N´³BCF�F9MKj¯?9[¯G;>a�O?K<;>±8Ns¯Gd^NDCF²R;QefO?9F]
PQ9m¯?;`CFEGA?HICF�F²i9®¯ 5 ±FO�E89@H:³IOGH<9 �!�Ã9MK�³®H:µM¯?OG;>³_¯?9UK:±8H:³<9�efO 5 O?N?9sK<9@O?PQ9sCF;>H<9�¯G9�°M±8AGµMH<9@N?°M9RK<±F;>³Ã°@±8Pb½
PQ9@°@³<µM9FX

�6NÀE?H:µMK<9@N?°M9g¯ 5 O?NÀµ@°M±8O?P>9M²R9MN´³y¯?9u°M;QK<CF;QP>PQ9@²i9@Nf³M]FP 5 µ@e^O?Cp³I;>±8N(¹ �GXb�8�h¼};>²iE?P>;QefO?9LOGNÀ²R±8O�E89@²i9@N´³
¯?9R°M9@K�CF;>H<9MKV¯?9R°M±FA?µMH:9MN?°@9ÀPQ9sP>±8N?�#¯?9RP`C�¯?;QH:9M°�³I;Q±FN 1 X 4 C�P>O?²R;QWMH:9U¯?;>a�O?K:µM9RK<9R¯?µM°@±8H<H:WMPQ9R¯?±8NG°
PQ±FH<K<efO?9 T - � � - T K � ! ( ]�

@
>A@yP>±8H<K:efO?9 % K %
�� � M $�� # � UV ! & ' XyYJ9�³<³I9�¯?µ@°M±8H:H<µMPQCp³I;>±8N"¯?±8;b³G¬@³IH:9²R±l¯?OGPQµM9uEDCFHSP 5 9@a�9@³J¯?9[³BCp;QPQP>9LnDN?;>9[¯?9ÃP 5 Cp;QH<9z¯?9[E?A?±F³<±l¯?µ�³I9@°@³I;>±8N�X �6N�9@a�9@³\]lP`Cw¯?;QK�³BCFN?°@9[K:µMEDCFH<CFN´³
¯?9@Olk�CF;>H<9MKJ¯?9_°M±8AGµMH<9@N?°M9w°M±FNf³<H<;>7?ODCFN´³uv "$#&%(' 9@K:³u¯?9_P 5 ±8H:¯?H<9[¯?9 � � ± T - � � - T � ��� * ± UV�� % X
Hq±FO?H®¯G9MKV³I9M²RE?K % K %�� � � � # UV�� ' ]�PQ9sK:;Q�8NDCpP6K<9R¯?µM°@±8H<H:WMPQ9R°\CpHwP>9MKV¯?9@Olk·�8HICF;>N?K_K<±FNf³®K<µ@EDCFH:µMK¯?9RE?PQOGKw¯G9 � ]�P`C3³BCp;QPQP>9�²R±hdF9MN?NG9À¯?9sP 5 CF;>H<9U¯?9RE?A?±F³<±l¯Gµ@³I9@°@³<;Q±8N�XhHqCFH®CF;QP>PQ9MOGH<KM]�P`C�³BCF;>PQP>9®nDN?;>9s¯?9
� ;Q²RE	±8K<9®O?N ³IH:±8;QK:;QWM²R9®³<9M²RE?KÃ¯?9m¯?µM°@±8H<H:µMP`C|³I;Q±FN %�� X�YJ9�³I9@²iE?K[¯?93¦Ã³IHICpN?K<;b³�§ °M±8H:H<9MK:E�±FN?¯¸CFO
EDCFK:KICF�F9(¯?9@KiE?CFH:³<;Q°MOGPQ9MKs¯DCpN?KsPQ9LE8±8P>O?²R9�¯G;>a�O?KICFN´³RPQ9�P>±8N?�¶¯?9�P`C ¯?;>H<9M°�³I;>±8N 2 { %�� ± � � RÁ±��R.9MK:³�PQC E^;>³I9@K<K:9¸²R±»d89@N?N?9¸CFO K<9@;QN ¯?9 � XxÅ[CFN?K�P`C EGPQO?EDCpH:³�¯?9@K#K<;>³<ODCp³<;Q±8N?Ki9�klE	µMH<;>²i9@N´³BCFP>9MKM]
P`C °@±8N?¯?;b³I;>±8N %���� %��� 9MK�³GE8µMH:;>nDµ@9(9�³s°M9�³<³I9#¯?µ@°M±8H:H<µ@P`Cp³<;Q±8N/N?9#E	9MOG³�¬�³IH<9�²R9MK:O?H<µ@9FX�Hq±FO?HUnDN?;QH
N?±F³<±8N?KUefO?9�PQC0E?PQOGEDCFH:³�¯?9MKUK�dlK�³IW@²i9@KREGAfd^K:;QefO?9MKRE?H:µMK<9@N´³I9MN´³R¯?9@KR¯GµM°M±FH<H<µ@P`Cp³<;Q±8NGKm;QN´³<H<;QNGK<WMefO?9@K
PQ;>µM9@KmCFO^k¸¯Gd^NDCF²R;QefO?9MK®²i;>°MH:±8K<°@±8E?;QefO?9@KMXqY 5 9MK:³�PQ9R°\CFK®EDCFHw9�kl9M²RE?PQ9R¯?O ²R±8O�EF9M²R9MN´³�7GH<±»¿zN?;Q9@N
¯DCFNGK[PQ9@KgK:O?K<E	9MNGK<;Q±FN?KÃ°M±FPQPQ±��Ä¯DCFP>9MKL¯G;QPQOGµM9MK@X�YJ9MKÃ¯Gd^NDCp²i;>e^OG9MKuK<±8N´³Ã°MCFHICp°@³Iµ@H<;>K<µM9@KÃEDCFHu¯?9@Kg³I9@²iEGK
¯?9V¯?µ@°M±8H:H<µMPQCp³I;>±8N��8µ@N?µMH<CFPQ9@²i9@Nf³z�FHICFN?¯GKu¯G9 EpCFN´³[P>9MKL³<9M²RE?K %��� 9@³ %�� � � � X

�[;>N?K<; ]�v�E?CFH:³<;QHÃ°@9i°@9MK®CFH<�8OG²i9@Nf³<KVE?A´dlK:;QefO?9@KmK<;>²iEGPQ9MK@]c±8N¸²R±8N´³IH<9sefO?9RP`CÀ=r±8NG°@³I;>±8N V X CZY #&%5'
²R9MK<OGH<µM9V9@N(¯?;bacOGK<;Q±FN�¯ldlN?CF²i;>efO?9_¯?9VP`CUPQOG²i;>WMH<9p]GE?H:9MN?¯�P`Cm=r±FH<²R9_K<O?;�EFCpNf³<9s{VDX CZY #&%5' �
� .98 : ��� 3$#&%
�� � %��'� %(' = ¹ �GXb�»�´¼

� A B8 ->@'H476,2 "$036D0&%@ 9GH#32 * 47B8% 3$#&%
�� � %�� � %('
�g±8OGKxE?H<µ@K<9MN´³<±8N?Kx;Q°@;cP>9MKJµ@efODCp³I;>±8N?KL�FµMN?µ@HICFP>9MKLE	9MH:²i9�³<³BCpNf³L¯?9Ã°\CpPQ°MOGPQ9MHSPQ9@KJ=r±8N?°�³I;Q±FN?KJ¯?9[°M±8Hª½

H<µ@P`Cp³<;Q±8N®E�±FO?H�O?N E8±FPQO?²R9J¯?;bacOGKICFN´³6K:±8O?²R;QK�vÃOGNRµ@°M±8OGPQ9M²R9MN´³6¯G9x°M;QK<CF;QP>PQ9@²i9@Nf³MX 4 CÃ°M±8NGn?�8O?HIC|³I;Q±FN
�8µ@±8²iµ�³IH:;QefO?9w¯?9mP 5 9~kGE	µMH:;Q9@N?°M9w¯?9m¯G;>a�O?K<;>±8N(¯G9mP`CsPQOG²i;>WMH<9V9@K:³Ã°@9MP>PQ9w¯?9®PQCRnD�FO?H<9®�GX��?X 4 9®°BADCF²RE



� -
 ��3���!"
	�",�! ��$O�������%	��������;�m�
	��
��� ����-�� -²�
�����%$6���5�7��	¯�7�  2A�'�
-��%�L�%��"\����2%��	%�7��-;-��%�L�%��" �8�»Ç

�
�
�

� �

�

� �
) *

� S

) .

�

Z\[^]`_ �lX �)adg��kx���z1nCtJeA�#y~�kx j��Jr�����eA�#y~��n�s�l54 nCx��Ct��kwC}~����s�lCs�l�y76�n�j#y~�kx�lCs�}�e�}BnC��y~��t�s � 	 s%j#��}~s����k}BnC��s
l�y76�n�jJeAx���s�� � }�e��Cr��k���
�6eA�#r��7lCs �

µMP>9M°�³IH<;>efO?9V¯?;>a�O?K<µVCpO(E	±8;QN´³ � � ��� H � � EDCFHzPQ9�EF±8PQO?²R9Ã¯?;bacOGKICFN´³ � 9@K:³u¯?±8NGN?µVEDCFHV�«¨l� � {
��� # � �GFG' � � \* � S � . X������ S B
	 � Y" $ 
OS ��S � .���
�� < � �� 
 - - H � *��S � � � F . � ¹ �GXb� �f¼

CkE89@° - � )+* � ) . 9@³u9@N0K<OGE?E�±FKICFN´³ge^OG9 � � � 9@³ � � � � X���SJ9MK�³[PQCU¯?;QK�³BCFN?°@9V9MN´³IH:9®P>9w°@9MN´³IH:9� � ¯?9ÃPQC®E?A?±p³I±^°\Cp³<A?±l¯G9 � 9�³ � P>9[°@9MN´³IH:9_¯?O E8±FPQO?²R9[¯?;bacOGKICFN´³ � X �6N�¯?;bacO?K:;Q±8Ni¯Gd^NDCF²R;QefO?9g¯?9
P`C�P>O?²R;QWMH:9F]lP`C�=r±8N?°�³I;Q±FN�¯ 5 CpOG³I±p½Ä°M±8H:H<µ@P`Cp³<;Q±8N39@K:³w{V X CZY #&%5'�� 1 1 
 B ��� # � � � FG' � `� # � � � � F H %('9K = ¹ �GXb�hÇ8¼
�6N(Ol³I;QP>;QK<CFN´³xP`C�H:9MP`C|³I;Q±FN¸¹ �GXb� �f¼~]G°M9�³<³<9®¯?9@H<N?;>WMH:9wE	9MOl³zK 5 µM°MH:;QH:9i{VDX CZY #&%5' � 1�1 
 5 � � 5 � � � � .�� 
 : X < � B < � � Y � �� 
 - - H � *��S � � � F . �� 
 ` - - H � *��S � � � � F H % .�� = ¹ �GXb�1�´¼

Hq±8OGHÃE?H<9@N?¯?H:9U9MN °M±F²iEG³<9mP 5 9�ac9�³_¯?O °M;>KICF;>PQP>9M²R9MN´³zK<O?H_°@9MK[=r±FN?°@³<;Q±8N?K@]�OGN ²i±^¯?WMP>9m²R;Q°@H<±8K:°M±p½
E?;>e^OG9L¯?9LPQC[E�9@H<²R;>³:³I;�E^;b³Iµ6¯?;>µMPQ9@°@³<H<;QefO?9S9MK�³jN?µM°@9MK<K<CF;QH:9FX �uN?9LK:;Q²RE?PQ9SCFE?E?H:±l°BAG9x°M±8N?K:;QK�³I9xv[°@±8N?K:;Q¯?µ~½
H<9@H�¯?9MK�¯?;>a�O?K:9MO?H:KqE	±8N?°�³IO?9@PQK�9@³�;QN?¯GµME	9MN?¯DCpNf³<KqK:9S¯GµME?PQC*)\CFN´³q¯DCFN?K�P 5 µ@°M±8O?P>9M²R9MN´³\X 4 CzE�9@H<²R;>³:³I;�E^;b³Iµ
¯?;>µMPQ9@°@³<H<;QefO?9u¯?9&El;>9MN´³zCFP>±8H<Ku{ � 
 #���� FG' �����.�� C � #�� � � . #&FG'G' 9�³ � . #&F H %(' � � . #AFG' H % %�H UV 1 ,'& % ]^±��
P`CRK<±8²R²R9®9@K:³_9�ac9@°@³IOGµM9UK<OGH[P 5 9MNGK<9M²m7?PQ9®¯?9MKÃE?CFH:³<;Q°MOGPQ9MKg¯DCFN?KgPQ9�E8±8P>O?²i9w¯?;bacO?K<CFN´³\X � P 5 CF;>¯?9V¯?9
°M9V²R±l¯GWMPQ9p]?P`C�H:9MPQCp³I;>±8N¶¹ �lX>�1�8¼J¯?9 E^;Q9@N´³m{VDX CZY #&%('�� 1 1 
 5 � � 5 � � � � .�� 
 : X < � B < � � Y 1 3 5 � � .98;: X ��� �� (���� Y � � . X�� 
� � S Y"! <?: X < � B < � � Y � < � : X �#� �� (���� Y ��$ = ¹ �GXb��©8¼
ÅÃCFNGKwPQCÀE?P>O?EDCFH�³_¯?9MKV9~kGE	µMH:;Q9@N?°M9@KÀ¹r°M9UK:9MHIC�P>9U°\CFK_¯?9UNG±F³IH:9U²i±8N´³ICF�89»¼~]cPQCÀE?A?±F³<±l°MCp³IAG±l¯?9UE	9MOl³
¬@³<H<9x°@±8N?K<;>¯?µMH:µM9z°M±F²i²R9LE	±8N?°@³<O?9MP>PQ9g{8PQ9L¯G;`CFE?AGHICF�8²R9L¯ 5 ±8O�EF9MH�³IO?H:9��!�69@K:³j°BA?±8;>K<;?¯G9xK<±8H�³I9zefO 5 OGN?9



�8�1� �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

K<9@O?PQ9wCF;>H<9_¯?9V°@±8A?µMH:9MN?°@9®K:±8;>³z¯Gµ@³I9@°@³<µM9FX	ÅÃCpN?Kz°M9w°\CFKzK<;>²iEGPQ9F]lP`C�H:9MP`C|³I;Q±FN�E?H<µ@°MµM¯G9MN´³I9®¯?9 E^;Q9@N´³®{VDX CZY #&%5' � 1 3�5 � � .98 : X �#� �� (�� � Y � = ¹ �GXb�1ª´¼
�6N ¯?;bacO?K:;Q±8N(¯Gd^NDCF²R;QefO?9®A?µ@³<µMH<±^¯Gd^N?9p]cP`Cs=r±8N?°�³I;Q±FN0¯?9®°M±8H:H<µMPQCp³I;>±8N(CFE?H<W@KÃN?±8H:²ÀCpPQ;QK<Cp³I;>±8N�K 5 µM°@H<;b³
CFP>±8H<Kw¹r°@=ªX?H:9MP`C|³I;Q±FN¸¹ �GX ©8¼<¼[{

"$#&%('������ ( # - + % %5' 1 3 � . �� (�� � � = ¹ �GXb� 	´¼
Hq±FO?HwCFPQP>9MHÃE?P>O?K_PQ±F;QN ¯DCFNGKwPQC3H<µ@K<±8P>OG³I;>±8N ¯?9sP 5 µMefODCp³<;Q±8N2¹º�GX>� 	´¼�]�P`C3=r±8H<²R9�¯?O E8±FPQO?²R9U¯?;>a�O?K<CFN´³
¯?±8;b³`¬@³<H<9wK<E	µM°@;>nDµ@9À¹r°@=ªXDK:9M°@³<;Q±8N��GX �GX �´¼�X

�i�:� �&���¸�#�����®� 	��À��� � �@�i����	����M� �@��� ���L�q� �=�®�#����� �m������� �z�s�
	�� 	 �m���L�����

�z� �z��� 	  ����G¬�
j¦ ¦��%� ��¢G¤:¨�¦����G¬j©
4 9À²R±8N´³BCF�89sH:9ME?H:µMK<9@N´³Iµ�K<°BAGµM²iCp³I;>e^OG9M²R9MN´³�K:O?HmPQC#nD�FO?H<9À�GX Ç�E	9MH<²R9@³®¯?9iH<µ\CpPQ;QK:9MHVK<;>²�O?Pb³BC|½

N?µ@²i9@Nf³ÃPQ9MKg9�klE	µMH<;>9MN?°@9MKÃ¯G9�H<A?µ@±8PQ±F�8;Q9V9@³Ã¯?9¯EFµMPQ±^°M;>²iµ�³IH:;Q9FX�H�±8O?H[K:±8N?¯?9@HÃPQ9@K[E?H:±8E?H:;Qµ@³<µMKgH<A?µ@±8PQ±p½
�8;>e^OG9MKz¯?9MKzoDO?;>¯?9MKz°@±8²iEGPQ9�kl9@KM]Z±8N#OG³I;>PQ;>K<9ÃP>9w¯G;QK<E	±8K:;>³I;b=�¯?µM°@H<;b³g¯?CFN?KuP`C�K:9M°�³I;Q±FN�¨lXb�8X ¨l]DEDCF�F9mÇp�#{
O?N¸H<A?µ@±8²RW@³IH:9s°M±8²R²i9@H<°@;`CFPJ¹ �����»Æ8Æ8Æ �[¼[²�O?N?;}¯?9s¯?;�EF9MH<K:9MK®�8µM±8²Rµ@³<H<;>9MKÃ¯?9 � ±^±8N?9�dCalYJ±8O?9@³:³I9pX
4 9UH<A?µ@±8²RW@³IH:9s9MK:³VE	±8K:µRK:O?HVO?N?9�³ICF7?PQ9U²RµM°MCFN?;>e^OG9U¯?±8N´³VPQ9@K_¯?µME?PQCF°M9@²i9@N´³IKVK<±8N´³w°M±FNf³<H L8P>µMK_EDCpH
O?N¶±8H:¯?;QNDC|³I9MOGHMX�YJ9�³<³I9�³ICF7?P>9U²i;>°MH<±F²iµ�³IH<;>efO?9®E	9MH:²i9�³V¯?9U¯?µ@E?P`CF°@9MH_P>9UH<A?µ@±8²iW�³IH:9U¯DCFN?K_P>9MKÃ³IH:±8;QK
¯?;>H<9M°�³I;>±8N?K�¯?9#P 5 9@K<EDCF°@9#CkE89M°�O?N?9�EGH<µM°@;QK:;Q±8N/¯?9¶�O��²�X��uN?9#E?A?±F³<±¶°M±8²RE?PQW�³I93¯GO.²R±8N´³BCp�8939MK�³
E?H:µMK<9@N´³IµM9®¯DCFN?KzP 5 CFNGN?9�kl9 �m]DEDCp�89�¨F�8�GX

�gNÁ=ºCp;QK<°@9\CFO·P`CFK:9MH?> �
�w¹��g9%a �g9p]��8Æ(²�� ] �������?M =�� N?²3¼Ã³IH<CkE89MH:K<93PQC�°@9MP>PQO?P>9U¯?9�YJ±8OG9@³<³<9
9@³[9MK�³[=r±^°\CFP>;QK<µ®CFO(K<9M;>N ¯?9®P 5 9MN´³IH:9@=r9MHgEDCFHgO?N?9mP>9MN´³I;>PQP>9�>�¹ =r±l°MCFPQ9A/ � ³1µÀ°M²À¼�X 4 9mPQCFK<9@H > ���y9MK�³
E	±8P`CFH:;QK:µ[¯DCFNGKxP`Cm¯?;>H<9@°@³I;>±8N�¯?9_PQC¯E8±8H�³I;>°M;>³<µ 0GX �uN�nDP>³<H<9ÃK:EDCp³I;QCFP 3�� �ª]?°@±8²RE�±8K:µÃ¯ 5 O?N#±87^t:9@°@³I;b=�¯?9
²R;Q°MH:±8K<°@±8E	9i9�³U¯ 5 O?N?9in?7?H<93²R±8N?±F²i±^¯?9_/��m¹�MªÅ�M 4 ]}¯?;QCF²iW�³IH:9i¯?9i°MTVO?H 5 � " ��²À¼_E�9@H<²R9@³®¯?9°M±FPQPQ9@°@³<9MHxPQ9_°BA?CF²iE#µ@PQ9M°�³IH:;QefO?9V¯?;>a�O?K:µVvRO?N(CFN?�FPQ9 ��� ���x;Q²RE�±8K:µFX

Hq±8OGH0H<µMCFPQ;>K<9@H�P 5 A?µ@³<µMH<±^¯Gd^NDCF�F9F]zO?N ±FK<°M;>PQPQCp³I9@O?H�PQ±^°\CFP[9MK:³(=ºCF°M;>PQ9@²i9@Nf³#±F7G³I9@N^O v.EDCpH:³I;>H#¯?O
=ºCF;>K<°M9MCFOÂ;QN?°@;Q¯?9@Nf³#�FH�NF°@9Áv/O?N?9¸P`Cp²i9 K:9M²R;b½¾H:µ@oDµ@°BA?;QK:KICFN´³<9$¹ � �V¼�9�³0OGN K:9M°M±FN?¯ nDPb³IH:9¸K:EDCp³<;`CFP
3��! XDYJ9�³x±8K<°@;QP>P`Cp³<9MO?HjPQ±^°\CpP	9@K:³z¯?;>H<;>�8µuvm³IHICkEF9MH<KJP`C®n#"�$&%Ã²R±�'?±8²R±^¯
% /  X)(�*,+-'´³&%.$0/rµ�$&%�'?°.%1%�'f³&$&%Ã°�%
¯
%�$&'
+2%.$3%�³�4-%J°65
7F²98s¯
+ba;:�<<µ=%�<:³�$<µ.7>4-+2<<µ�%L��$�Np°.%?7>:U°@±�:
8
42%.:
$6¯�%Jn#"
$0%x²i±�'G±8²i±^¯
% " ¹
MªÅ�M@(q¼�A � 4-7
<<±>$:³B+2%Ã¯
%Ã°�%_¯
%.$0'
+-%�$M])4C*,+-'´³B%�$0/rµ.$0%.'?°�%1$<µ�<&:
4b³67>'´³B%�%.<:³D7p°65
%M²E+-'?µ�%17>:F8
5G±F³I±8²G:
4>³&+-8
42+Q°�7|³B%.:�$[¹� 4H � ¼
°M±>'
'
%M°�³Iµ�vH:
' °@±�$&$:µ.4I7|³B%.:�$mµ.42%M°�³B$<±>'
+QeJ:
%KA��L'´³B$0% 3��! %@³G4I7M4I7F²E%9<0%M²E+b½N$<µ@o?µM°65
+2<&<B7K'f³&% � ��]O:
'
7p³:³Iµ.'J:#7|³B%.:�$ PP8Q%.$:²9%�³z¯!* µ&ER+>³B%�$S:
'�³&$<±�8F/r±�$�³zµM°�4I7>+2$&%M²E%.'´³z¯
:�³&:
"T%U8
5G±F³I±8²G:
4>³&+-8
42+Q°�7|³B%.:�$.A



�������
	��
�����
��������������������-^�)-v�
������$&�b	&�'�
	� A2 �'�
-��%�L�%��"\�������'�'�1"O"�� �8�1©

� .� � MP
"

1

2

0

3 �! 

>

3 ���

/ �

> �
�

�����

/
	
/��/  

3 � �

YJ±�$0$<µ.4-7p³B%�:
$ 4H �

� �

Z\[^]`_ �)A Ç�a���y~j#���1j�yB�#y��KlCs\l�y76�n�j�y~�kx¯l� 
x'eA��y~��n�s�r�������t��7l� 
x�s\lCs�}�e`}BnC��y~��t�s\s�x¯�%�%�knC}~s���s�x���lCsbg��kn�s��#��s �

�� j��kx��\}~s%j�l�y76K��t�s�x���j���}B�#t�s%j�j#�'eA�#y�eAn��Gs���� }~s4�%�knC�C}~s�nCtblCsb��wCt�s%j����kx��k���
lCs%j�x��k���%s%j�� �C� s%j�eAnC�#t�s%j
j# 
��w��k}~s%j�j��kx7��sO�
�C}By~��yB���%j\l�eAx�jq}~s`��sO����s �

( %.<#n#"
$&%�<M:G³B+24-+-<:µ.%�<F'
% 8T%�$<²E%@³<³&%.'´³H8#7><#¯
%¶²97>+-'´³B%�'
+-$ 4I7 8	±�4I7>$0+-<&7p³B+>±�'$¯
% 4-7 42:?²E+��.$0% 4-%
4Q±>'?�U¯
%V°.%�<g¯
%�$&'
+��.$0%.<.A	Y %�8T%�'?¯#7>'´³g±�'M8T%�:G³u² 7K+-'´³B%�'
+-$ 7>8
8
$:±»k)+>² 7p³&+�E>%M²E%.'´³?4I7 8	±�4-7>$&+2<B7p³&+Q±�'9%.'
²R±l¯
+bn 7>'´³ 42%.<U°M±>'f³&$B7>+2'´³B%.<s²RµM°.7>'
+QeJ:
%�<s¯
%.<sn#"
$0%.<.A �u±�:
<E7kE8±�'�<i¯?±>'?°H7>8
8
42+QeJ:?µF:
'
%#°�%.$:³B7>+-'�%
°M±>:
$&"
:�$&% 7K:lk�n#"
$&%�<[��$ONF°.%®vi¯�%.< ¦ "	±�:?°�4-%.<�§ <&:
$g°.%.<[¯
%.$0'
+���$&%.<@]�¯�%�<:±�$:³&%meJ:
%G4-7E8	±�4-7>$&+2<B7p³&+Q±�'
$&%�<:³&%�7K8
8
$<±\k)+Q²97p³&+�E�%@²9%�'´³x°M±�'�<:³67K'f³&%®¯
7>'
<S4-%�<Ln#"
$&%�<.A��D'
%U4I7F²E% � � MG8T%�$<²E%@³D7>4>±�$&<J¯
%V°65#7>'?��%�$4I7 8	±�4-7>$&+2<B7p³&+Q±�'R¯
:�°65#7F²E8(v 4�* %�'´³B$<µ�%V¯
%14I7mn#"�$&%A/  A
(O7U¯
+2$&%@°@³B+>±�'�¯
%_°�%@³<³&%U4I7F²E%�%�<:³u°65?±�+2<&+-%[¯
%
<<±>$:³B%UeJ:
% 4-7�8�±�4-7>$&+2<B7p³&+Q±�'�¯
:¶°65#7F²E8¶¯
+>aT:
<:µ %@³V¯
% 4�* ±�<:°.+24-4I7|³B%.:�$ 4>±l°.7>437>: '
+�E�%.7>:¶¯
:¶°M±�:
8�4-%.:�$
7>+2%.'´³ 4I7 ²�¬M²E%3¯
+2$&%M°�³B+>±�'!A3(L*,+-'´³B%�$0/rµ�$&%.'G°.%M$<µ�<&:
4b³67>'´³B%M%�<:³97>4Q±>$&<�²97|k)+Q²97>4-%KA.Hq±�:
$ ER+-<0:#7>42+-<&%�$ 4-%
E8±>4-:?²E%�¯
+ba;:
<&7>'´³ %@³O7F°@°Mµ@¯
%.$�v=<&%�<�°�7>$&7F°@³<µ.$&+2<:³&+QeJ:
%.<��FµM±8²Rµ@³&$&+QeJ:
%�<M]�:�' <0%M°@±�'?¯ 4I7><0%.$+> �  ¹ � %%a � %p]
�»Æu²�� ¼�°@±�:
8
4>µLvD:
'�n#4>³&$&% <&8#7|³B+I7K4 3���� %�³3:
'
%yn#"
$0%�/ � 'G±�:
<38Q%.$:²9%�³}¯
%�ER+-<&:
7>4-+2<&%.$O4C*,+-'´³&%.$&<0%M°�³B+Q±>'
%.'´³&$&% 4-%�/ 7>+2<<°�%�7>:H+-'?°�+Q¯
%�'´³S%@³D4-% / 7>+2<<°�%�7>:#¯
+ba;:
<:µ>A

Hq±�:�$un#'�+-$M] <:±�:
4-+>��'?±�'�<xeR:�%G4C*,:G³&+-4-+2<B7p³&+Q±�'i¯!*,:
'0°@±�:
8
42%.:
$u¯
%Vn#"
$&%�<[²R±�'?±8²R±^¯
%.<?8Q%.$:²9%�³ :�'
%
��$&7>'?¯
%[o
%�k)+-"
+24-+b³IµueR:
7>'´³�7K:�°65?±�+bkÀ¯
%14�*�7>'G��4-%���� ���@]l³I±>:G³?%.'#��7K$<¯#7>'´³?42%.<L°@±�'?¯
+b³B+>±�'
<L¯!*,+-'´³&%.$0/rµ�$<±p½
²Rµ@³B$0+-% $0%MeJ:
+2<&%U8�±>:
$?4C*,5?µ@³<µ.$:±l¯GdR'#7p��%>AKH 7>$D7>+-424-%�:
$&<@])8#7K$x°M±�'
<�³B$0:?°@³&+Q±�'��8µM±F²iµ�³B$&+>eJ:
%Ã¯!*,:
'
%_n#"
$0%
²R±�'?±8²R±l¯�%F]c°�%@³:³B%s¯
%.$0'
+���$&% '
%s°M±>4-4-%@°@³&%�eJ:
%94-7�4-:?²E+���$&%�<&8#7p³&+I7>42%M²E%.'´³_°@±�5?µ.$0%.'´³B%KA �D'
% :
'
+>eR:�%
7>+2$&%J¯�%L°M±�5Gµ.$&%�'?°.%?%�<:³�7K4Q±�$0<q°@±�4-42%M°@³<µ.%S¯#7>'
<342%J²R±�'´³67F�>%J¯?µ@°.$&+b³�A8Y %@³<³&%L°�7K$B7F°�³Iµ.$0+-<�³B+QeJ:
% 8T%�$<²E%@³}¯
%
<&+>²98�4-+>n
%.$j��$B7K'?¯
%M²E%.'´³?42%.<Lµ@eJ:#7p³B+>±�'
<S¯?µM°�$&+>³&%.<?8
$:µM°@µM¯
%@²i²E%.'´³?8
:�+-<<eJ:
%14�* µ@eJ:#7p³B+>±�' ¹º��Ab� 	´¼ <0:�Is³



�8�1ª �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

8	±�:
$x¯?µ@°.$&+2$&%U4-%18�$<±�"
4��M²E%Ã³B5?µ@±�$&+>eJ:
%>A

�z� �z��� 
¸¦�©�©ª¡g©�¦ ¥g¦ 
¸ j¡[¦�� �l¦ ¦��"¦ �®¦��l§"¥[¦ ¢ ���I¢?¬j«��l¤ª  �
Hq±�:�$�²9%�<&:
$0%.$F:
' 8
$:±Fn#4[¯�%�E)+b³B%�<&<&%¶v 8#7K$:³B+2$À¯
%�<�/r±�'?°�³B+Q±>'
<3¯
% °@±�$&$:µ.4I7|³B+Q±>' 5?µ�³Iµ.$:±l¯ld)'�%.<

±�"G³&%.'J:
%�<M]#8
42:
<&+2%.:
$0<?8#7>$B7p² ��³B$&%�<=+-'´³&%.$�ER+2%.'
'
%�'´³V{
4C* 7>'?��42%[¯
%_¯�+>aT:
<&+>±�' � 7>+2'
<&+ceR:�%14-%.< 8�±�<0+>³&+Q±�'
<
%�k�7F°�³B%�<6¯
: <:³B7p³I±�$ %@³}¯
: $<±F³<±�$.AFY %.8Q%.'G¯#7>'´³�4C*,:G³B+24-+2<B7p³&+Q±�'_¯!*,:
'
%J°.%.424-:
42%S¯�%zYJ±�:
%�³<³B%S³B5
%�$<²R±�<:³B7p³Iµ�%
°M±F²98
42+QeJ:
%94I70¯?µ�³B%�$<²E+-'#7p³&+Q±�'·¯
%3°�%.< 8#7>$&7F² �@³B$0%.<�A��L' %@aT%@³\]q°.%�³<³B%�°�%.424-:
42%F]O$&%.8�$<µ.<0%.'´³Iµ�% <0:
$ 4-7
nD��:�$&%#��A«�G] %�<:³s°@±�'
<:³&+>³&:?µ.%�¯
%ÀeR:
7p³B$0%F+-'´³B%�$0/ 7F°�%.< <&:G°M°.%�<&<0+�E�%�< <:µ.8#7>$&7>'´³ 4-%Ro#:
+Q¯�%�°.+-<&7>+-424Qµs¯
%F4-7

&��

� 	���

�

2

10

��� ���

����

& &
	
� �
�  � �

Z\[^]`_ �)A �)a g�s�}B}BnC}~s�lCs�g��kn�s��#��s�nC�#yB}By~j��%s ��� s��C}~sO��yBz1}�ekj�c;yBx�l�y~�%s��
�
fqs%j���yBx�l�y~�7n���s�x�z1t#y~j �'� 4 �%�Jr'eAx��#yB}B}~�kx

c;yBx�l�y~�%s
�!f�s%j#��j�yB�#n��4s�x��#t�s�� � s����  �C� 4 s6eAn��#r�s�t#���1j#�JeA���%s¯c;yBx�l�y~�%s
���Ofis�x��#t�s�� � s���� 	 �

°.+2$<°�:
4I7p³&+Q±�'0¯!* %.7>: 8T%�$<²E%@³:³67>'´³U4-%U°@±�'´³B$ L�4-%�¯�%E4-7À³B%@²98	µ.$&7p³B:
$0%>A�Y %�³<³&%R°�%.424-:
42%m¯
%iYJ±�:
%�³<³&% 7F��+>³
7>4>±�$&<x°@±8²i²E% :
'�% 42%.'´³B+24-42%[°@dR42+-'?¯
$0+QeJ:
%1+2'?¯
:
+2<B7>'´³z¯
%U'?±8²G"
$&%�:
<&%�<g°@±8²98�4-+Q°.7p³B+>±�'
<g{

a 4�*�7>'G��4-%���� ��� +>²98	±�<:µE8
7>$�4�* %~k)8�µ�$&+Q²E%.'´³B7p³B%�:
$U'
%i°@±�$&$0%.<08�±�'G¯ 8#7><®vH4�*�7K'?��4-% $:µ.%�4S¯
%R¯
+ba;:l½
<0+Q±�' �'!

a 42%)E8±�42:?²9%U¯�+>aT:
<B7>'´³U<0%s³&$<±�:5E�%97>: 8�±�+2'´³ P %@³ '?±�' 7>: 8�±>+-'´³GP � ¹r°�/@A�nD�
A���A �8¼ A�Y %�³�%�a;%�³
°@±8²98�4-+QeJ:
%[¯?±�'?°U4I7�¯Gµ@³B%�$<²E+-'#7|³B+Q±>'�¯
%.<S8	±�<&+b³B+Q±>'
<?%�k�7F°�³B%.<u¯
:H<:³B7p³I±�$?%�³u¯
: $:±F³I±>$"!

a 4>±�$&<:eR:�% 42%1$&5?µ@±8² �@³B$0%U%.<:³u¯?µ�8
4I7p°MµV¯
%U4I7UeJ:#7>'´³B+b³Iµ � 1 4-%14>±�'?�U¯
:(��$B7p¯
+-%�'f³z¯�%�ER+b³B%.<0<&%0®iR	]
42%_¯?µ.8
4-7F°.%@²9%�'´³ $:µ.%�4 � 1 � ¯
:3E8±�42:?²E%_¯
+>aT:
<B7K'f³z¯�+>a �.$&%U4>µM� ��$&%M²E%.'´³.A

Y %.<�%@aT%@³&<m¯
%9$<µ�/ $&7F°@³&+Q±�'¸±�8G³&+QeJ:
%R¯?±�+�E�%.'´³0¬@³B$0%98�$&+-< %.'·°M±8²E8G³&%98	±�:
$w±�"G³&%.'
+2$ 42%.<w²9%�<&:
$0%.<®¯
%
8
$:±Fn#4-<�¯
%�E)+b³B%�<&<&%KA�H�±�:
$}°@±�'
'#7 �Q³B$0% 42%.<O$&%�4I7p³&+Q±�'
< %�'f³&$&%���� ���M] �^] � 1 %@³ � 1 � ]K'?±>:
<37kE8±>'
<3<&+>²98�4-%M²E%.'´³



�������
	��
�����
��������������������-^�)-v�
������$&�b	&�'�
	� A2 �'�
-��%�L�%��"\�������'�'�1"O"�� �8� 	
µM°�$&+b³�42%.< 4Q±�+2<_¯
%L­R'
%.424b½ªÅ %.<<°.7>$:³&%.< 8�±>:
$�42%.<VeJ:#7p³&$&% +2'´³B%.$ / 7F°.%�<.A.Hq±>:
$�'�% 8#7><�7>4>±�:
$<¯�+-$14-%U³&%�k^³B%p]
°.%�<z°�7>4>°.:
42<=<<±�'´³S8
$:µ.<0%.'´³Iµ�<g¯#7K'
<?4C* 7>'
'
%~k)%��[]
8#7F�>%�¨F�C©)A�( %.<?8#7>$&7F² �@³B$0%.<x�8µ@±8²Rµ@³B$0+QeJ:
%�<=:G³B+24-+2<<µ.<
¯#7>'�<Ã°.%�°65
7>8
+>³&$&%�<<±�'´³U{ � � � M�M � �  � M�� � � � � M�� = � � � 	 � ��µ = �9%�³���� � ���À²R²HAT(L*,+-'?¯�+Q°.%
±�8G³&+QeJ:
%x¯
%�<6o#:
+Q¯�%.<jµ@³&:?¯
+Qµ�<�8#7>$L4I7 <0:
+>³&%?%.<�³ & � ³ = " µl]>4-%�<L+-'?¯�+Q°.%�<6¯
:�H�42%�k)+Q�>4I7>< %@³y¯
%S4C*,%�7>: <:±�'´³$&%�<&8Q%M°�³B+�E>%M²E%.'´³ & � � ³ = " � %@³ & � � ³ = ����A�Y %�< +-'?¯�+Q°.%�< '�%�EK7>$0+-%.'´³ 8#7>< <&+Q�>'
+>nD°.7p³B+�E�%@²9%�'f³D<0:
$�4-7
��7F²R²E%Ã¯
%_³B%@²98	µ.$&7p³B:
$0%Vµ@³B:G¯
+Qµ�%À¹ M �
M��1a)� ���IYx¼?%�³D4I7�¯
+24I7p³B7p³B+>±�'À³B5�%.$<²E+QeJ:
%_¯�: HL4-%~k)+Q��4-7><=%.<�³
'?µ@��4-+>��%�7>"�4-%>A
(�* 7>'?�>4-%U+Q²E8�±><<µU%.<�³ ��� ��� � � � � A �hE�%@°m¯
%w³B%.42<S8#7>$B7p² ��³B$&%�<M] 4-%�< $0%.4-7p³B+>±�'
<x¯
%)­)'
%.424b½
Å�%�<<°�7K$:³B%�<®² �.'�%.'´³wv � 1 � � / ( � 1 7kE�%@° / ( ± ³ = ³ ��%�³ �1� /�� ��� ���U7kE�%@°_/�� ± µ = �
	�A � :
'�%�³B$ ��<
"	±�'
'
% 7>8
8�$<±\k)+Q²97p³B+>±�'�]D/ ( '�%w¯Gµ.8Q%.'?¯ 8#7><z¯
% 4I7 8�±><&+>³&+Q±�' 1 7>:H<&%.+2'(¯�% 4�* %�'´³B$&% / %.$�A	Y %.8Q%.'?¯#7K'f³M]
4C* 7>'?�>4-%���EK7>$&+2%�4>µM� ��$&%M²E%.'´³=71E>%M° 1 v®³&$B7kE�%�$&< /��Ã{�4-7�EK7>$&+-7p³B+>±�'E$&%.4-7p³B+�E�%u¯
% 4�*�7>'G��4-%D%.<�³x¯
% 4�* ±�$:¯
$&%
¯
% � � � ��± ��� v ³B$&7kE�%.$0<94�* %�'´³B$&% / %.$�AyY %�¯�%.$&'�+-%.$ 8	±�+-'´³ %�<:³98#7>$�³B+Q°�:
4-+��.$0%M²E%.'´³ +>²98	±�$:³B7>'´³U°�7K$
4I7i¯
+>aT:
<&+>±�' 5?µ�³Iµ�$<±^¯GdR'
%s²9%�<&:
$0% 4-%�¯GµM°�7K4I7F��%�Å[±�8
8
42%.$ - + % A�Y %U¯
%�$&'
+2%.$Ã¯?µ�8T%�'?¯¶¯
% 4C* 7>'?�>4-%w¯
%
¯
+ba;:
<0+Q±�'C�_v_³&$B7kE�%�$&<�4-%\E�%M°�³B%�:
$j¯
%x¯
+>aT:
<0+Q±�' - A�(O7�EK7>$0+I7p³&+Q±�'®¯
%��Ã¯#7>'�<L4C*,%.'´³B$0%�/ %.$6°@±�'?¯
:�+>³j¯?±�'G°
v9:�'
%�+2'?°.%�$:³&+>³B:G¯
%�+2'´³B$&+2'
< �@eJ:
%�<0:
$�4-7U²9%�<&:
$0%m¯
% 4I7 ER+>³B%�<&<0%m¯
% 4C* ±�$<¯�$&%w¯
% � R � R�± ���FA��u±F³I±�'�<
°.%�8T%�'?¯#7>'´³yeJ:
%?4-%�<L%�k)8	µ.$&+2%.'?°�%.<j²E%.'?µ�%.<�8#7>$34-7�<&:�+>³B%?<0:
$L4-%�<3<:dR<�³ �M²E%.<y¯
%x²E+Q°�%.4-42%.<��8µ�7K'f³&%.<�%@³�¯
%
8
5#7K<&%.<L4-7F²E%.4-4-7>+-$0%.<j¹ +-'?¯�+Q°.%S±�8G³&+QeJ:
% & ±´³ = � �8¼�±�'´³6µ@³<µ=$<µ.7>4-+2<<µ�%.<}¯
7>'
<�¯
%�<L%.'´³B$0%�/ %�$&<�¯!* µ.8
7>+-<0<&%.:�$&<
� � ³ %�³ � � µ = �s²i²�]Zv :
' 7K'?��4-% +Q²E8	±�<<µU"Q%�7>:?°@±�:
8 8
42:
<[�>$B7>'?¯ ¹ ��� ���4± ��µ��I¼ A�Å 7>'
<g°.%.<[°�7><@]
4C*,+-'G°.%.$�³B+b³B:?¯
%�<&:
$S4I7U²E%.<0:
$&%V¯
%&E)+2%.'´³ � R � R)±´³���A

�z� �z�º� 
¸¬j¢G¬j«�� ��¢?¤ª§ �G¤ª£L¡g¦�§�
 �� y¨ ���^¢?¤ª£L¡[¦�§Â¥[¡�
j j©�¡[¨�¦ ¥[¤��®¡[§^¬���� ¦�� §^ j©�¡ "
�G¤ª  �[§ �L¡[¨ ��¢?¤ª£L¡g¦�§.¥g¦�§ �B ��g«��l¤ª  �[§"¥[¦ «� 6¢G¢ ��©ª¬��l¤ª ��

YJ±8²R²9%='G±�:
<L4C* 7kE8±�'�<38
$<µ@°Mµ@¯
%M²R²9%�'´³ <:±�:
42+Q��'?µp]K4-7 /r±�'?°�³B+>±�'�¯
%x°@±�$&$:µ.4I7|³B+Q±>'�²9%�<&:
$:µ.%x¯?µ�8T%�'?¯
¯
%D4I7 /r±�$:²9%x¯
:GE8±>4-:?²E%z¯
+>aT:
<B7K'f³ � ¹º° /@AR$0%.4-7p³B+>±�'�¹ ��Ab� 	´¼:¼ ACH 7>$ 7>+-424-%.:�$&<M]K4I7Ã³67K+-4-42%J°.7>$B7F°�³Iµ�$&+-<�³B+>eR:�%
¯
%i°.%3¯
%�$&'
+2%.$®°M±�'´³B$ L�4-%E4I7H$<µ�<<±�42:G³B+>±�' <08#7p³&+I7>42%i¯
%9'?±F³&$&%À²R±�'´³67p��%>AO( %.< 8
7>$B7F�>$B7>8
5�%.<G<0:
+�EK7>'´³&<
°M±>'?°.%�$&'
%�'f³z¯G±�'?° 4-7m¯?µ@³&%.$:²9+2'#7p³B+>±�'R¯
% 4I7 /r±�$<²E%g¯�% � 7>+-'�<&+	eR:�%14I7�$:µ.<:±�4-:G³&+Q±�'9'J:?²iµ�$&+>eR:�%Ã¯
% 4-7
$&%�4I7p³&+Q±�'¸¹º��Ab� 	´¼ A

� 4$% � # 	DB�� 47G)B,� #
	D'�� BD25 967>

( 7À�8µM±F²iµ�³B$&+2%V¯
:�E8±�42:?²E%®¯
+ba;:�<B7>'´³ � ¯?µ.8Q%.'?¯ %.<&<0%.'´³B+2%.424-%M²E%.'´³[¯
: ¯
+-7>8
5
$&7F�8²E%®¯
%®°65#7F²E8
�! B]�¯
%M4I7 42%.'´³B+24-4-%9:G³B+24-+2<<µ.%À¯#7>'
< 4-%3n
4>³B$0%F<&8#7|³B+I7K4 3G� ��%@³R¯
%M4-7 ¯
+-<�³67>'?°�% � %�'f³&$&% 3G� ��%@³ � A
Hq±>:
$L¯?µ�³B%.$:²9+2'
%.$ 4I7V³67>+24-4-%x¯�% � ]�'G±�:
< 8	±�:�EF±�'
<bER+-<0:#7>42+-<&%�$S°�%Ã¯
%�$&'
+2%.$Lv�4C* 7>+Q¯
%u¯
:F4-7><&%�$�> �  ¹º°�/@A
<&%@°@³&+Q±�'¶��A ��Ab�8]Q8#7F��%3�F�1�´¼ A��U$ONF°.%mv�:
'
% 4-7F²9%�7F°@µ.$<µ�% <&%U¯?µ�8
4I7
)�7>'´³_vÀ³&$B7kE�%�$&<142%G/ 7>+-<:°.%.7>: %@³ %.'
²E%.<&:�$B7>'´³ 4C*,+-'´³B%�'
<&+b³Iµj³B$B7K'
<<²E+-<0% 8
7>$ 4-7D4-7F²E%jvg¯
+bacµ�$&%.'´³&%.< 5
7>:G³B%�:
$&<I0G]|±�'G8Q%.:G³}¯?µM¯�:
+-$0% 4-7S/r±�$:²9%
¯
: / 7K+-<<°�%�7>:;A �L'F%@aT%@³M])42%.< 8
$<±Fn
4-<J¯;* +2'f³&%.'
<0+>³<µ[¯
: / 7K+-<<°�%�7>: <<±�'´³=/ 7F°�+-42%M²E%.'´³y±�"G³B%�'J:
<?%.'3¯Gµ.$&+�EK7>'´³



��¨FÆ �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

4-%�<U+-'´³B%�'
<&+b³Iµ.<V³B$&7>'
<:²9+2<&%.<®v#¯
+>a�µ.$0%.'´³B%�<G5#7>:l³B%.:�$&<.Am­):�$�4-7�n?��:
$&%i��A ©l] 4I7�¯
+2<:³67K'?°.% /r±l°.7>4-%U¯�%94-7

−500 0 500

0

0.2

0.4

0.6

0.8

1

z  (µm)

I 
 (

u.
 a

.)
(a)(a)(a)

−200 −100 0 100 200
0

0.2

0.4

0.6

0.8

1

z  (µm)

dI
/d

z 
 (

u.
 a

.)

(b)

Z\[^]`_ ��A�© a c^e�f��,x���s�x�j�yB��� �%�k}B}~s%�����%s�j#nCt�nCx�s)�Cr��k���
l�y~�7lCs�eA�Ct��%j��#tJeAx�j#��y~j�j#y~�kx+�'eAt�nCx�s)}�eA��s�ek�%��t��%s
�#tJe%��s�t�j�eAx��`}~s��^eAy~j��%s6eAnLl�y76�n�j�� � g�s�lCs�t#xCy~s�t`s%j#���7y~j�n'eA}By~j���z1t��k�%s�eAn }�ekj�s�t����  c��O� � ��z �	����
 f � c;w5f : t��A��}~j
l54 yBx���s�x�j�yB�����kwC��s�x7n�jbs�x lC��t#yB�1eAx���}~s%j\lC�kxCx��%s%jblCs�}�e���z1nCt�s ���
�
� e �5� s%j�l�y76K��t�s�x���s%jbl�y~j#�JeAx��%s%j\�^�7�6eA}~s%j�lCs
}�e0}~s�x��#yB}B}~s¯l�np��}B�#t�s�j#�'eA�#y�eA} 
�� � jJ�kx���|�¡ � ¤0��� c��1f £�
���
 ��� c��1f`s���������� c��
f �K� e }ByBz1x�s����kyBx7�#yB}B}~�%s
yBx�l�y~�7n�s`}�e��keA}~s�nCt�� BDC ��s�t#��s��#�JeAx��\lCs`lC�O��xCyBt\}�e�}~�kxCz1n�s�nCt�� � �
4-%�'´³B+-424-%®¯
:¸n
4>³B$0% 3G� �=7�µ@³<µGEK7>$0+Qµ�% %@³ 4-%�<18
$<±Fn
4-<_¯!*,+-'´³B%�'
<&+b³Iµs±�'´³wµ@³<µR²E%.<0:
$<µ�<wvM:�'
%i¯�+-<:³B7>'?°�%
� � ³ ��°M²�� 7>8
$ �.< 7kEF±�+-$U/r±l°.7>4-+2<<µ 4C*,+Q²97F��%m¯
: °��U:
$w¯
%94I7�n#"
$&%9<&:
$ 4I7M4I7p²9%KA�� %@³<³&%À²Rµ@³&5?±l¯�%
8Q%.$<²E%@³�¯!* ±�"G³&%.'
+2$ / 7F°.+24-%M²E%.'´³ 4-7x³B7>+-424-%q°�7>$&7F°@³<µ.$&+2<:³&+QeJ:
% � � ¯
:�E8±�42:?²9%6¯�+>aT:
<B7>'´³.A��u±�:
<�°65?±�+2<&+2<&<<±>'
<
¯
%¶¯?µ�n#'
+-$ � � °M±8²R²9% 4-7 ¯
%M²E+b½N4I7>$:��%.:�$À¯
%�< 8
$:±Fn#42<�¯!* +2'´³B%.'�<&+>³<µ¸v 4-7 E>7K4-%.:�$H$0%.4-7p³B+�E�%<� BDC ¹º°�/@A
nD�
A8��A�©RA "Z¼�A�( 718
4-:�<38T%�³B+b³B%J³B7>+-424-% %.<:³y±�"l³B%.'J:
%S8	±�:
$34-7Ã¯
+-<�³67>'G°.%=/r±^°�7>42% / � ³�³x²R²�{ � � � " µ��c² A
� %@³:³B%�EK7>4-%�:
$?%.<�³D%.'H"�±�'H7F°@°M±�$:¯ 7kE>%M°U4-%_��$&7>'?¯
+2<&<0%M²E%.'´³u�8µM±8²Rµ@³&$&+>eR:�%�Vd± � � /d±´³1µU¯?±�'
'
7>'´³
� � ± V 5)± " µ ��²��?±�� 5 � " �c² %.<�³D4-%_¯
+-7F² ��³B$0%_¯
%V°��U:
$x¯
%U4I7�n#"�$&%U:G³B+24-+2<<µ.%KA

�gn#'"¯!* ¬@³&$&%�<��
$�eJ:
%F4�* +>² 7F�>%R¯�%F4I7�n
"
$&%�²R±�'?±8²R±^¯
% /��D<<±�+b³ %~k
7p°@³B%@²9%�'´³ 4Q±^°�7>42+-<<µ�%9<0:
$ 4-7
4I7p²9% ��'?±�:
< 71EF±�'
<S²9%�<&:
$:µ�4-%�< 4-7>$<�>%.:
$0<y¯�: / 7>+-<:°.%.7>: 8	±�:
$y¯
+>a�µ.$0%.'´³B%�< 8	±�<&+b³B+>±�'
<j¯
% ¦x¯?µ /r±l°.7>4-+2<B7|½
³B+>±�'¯§ 5"! # %�'f³&$&% 4I7U4-%.'´³&+-4-42%=%@³ 4I7_n#"
$0%>A�­):
$ 4I7_nD��:
$0%Ã��A«ª <:±�'´³=8
$:µ.<0%.'´³Iµ�%.<x¯
+bacµ�$&%.'´³&%.< 4>±�'?��:�%.:
$0<
°�7K$B7F°�³Iµ.$0+-<�³B+QeJ:
%�< � � 8	±�:
$_¯
+�E�%.$0< 5"!$# 7kE�%@°94-7�4-%�'f³&+-424-%m¯�% /r±^°�7K4-%b/ � ³�³s²i²HA!( %s²9+2'
+Q²G:?² ¯
%
°.%�³<³&%0°M±>:
$&"Q%/¹�5%!$# � µ´¼s°@±�$&$0%.<08�±�'G¯ v 4-7 EK7>42%.:
$ � � � " µ ��² $0%.8	±�$:³<µ.% <&:
$E4I7 nD��:
$0% ��A ©)A,"
8
$:µM°Mµ@¯
%.'´³&%>A&� %i²9+2'
+Q² :G² %.<�³ 7p³:³B%.+2'´³G4>±�$&<:eR:�%94�* +>² 7F�>%U¯
: °��U:
$®¯
% 4-7#n
"
$&%9%.<:³ <&+>³&:?µ.%9%�k�7F°~½
³B%@²9%�'´³G<0:
$�4-7H4-7F²E%>A (�±�$&<:eJ:
%942%.< %@aT%@³&<m¯
%E$<µ / $B7F°�³B+Q±>'·¯
%94I7�°.%�4-42:
4-%U¯
%'�J±�:
%�³<³B%9<<±�'´³�8
$&+2<U%.'
°M±F²98G³&%(�34-7 4Q±>'?��:
%�:
$ �À°.7>$B7F°�³Iµ�$&+-<�³B+>eR:�%�¯
: E8±�42:?²9%À¯
+>aT:
<B7K'f³(¹r°�/@A}n?�
A6��A �´¼�%�<:³R¯?±�'
'Gµ.%F8#7>$�{
���U/ ( � � � (?),+ # /�� ��� ��� ' ±´³1µ�µ ��²HA

�L'�:G³B+24-+2<B7>'´³�4I7V²�¬M²E%u²Rµ@³&5?±^¯
%�7kE>%M°�42% 4-7><&%�$ > �����J'?±�:�<=7kE8±�'�<J²E%.<&:�$<µ�4-7w¯�+Q²E%.'
<0+Q±�'U³B$&7>'
<ª½



�������
	��
�����
��������������������-^�)-v�
������$&�b	&�'�
	� A2 �'�
-��%�L�%��"\�������'�'�1"O"�� ��¨^�

−300 −150 0 150

40

80

120

160

d
FL

  (µm)
c’

  (
µm

)

Z\[^]`_ �)A ªpa � eAt#z�s�nCt�� � l�n3��eAy~j��%s6eAn l�y76�n�j���������� ! # }�e�l�y~j#�JeAx��%s�lCspoblC�O���
�6eA}By~jJeA�#y~�kx { ��� e�l�y~j#�JeAx��%s
�^�7�6eA}~s`l�n ��}B�#t�s�j#�'eA�#y�eA} 
�� � s%j#� ���
	�	`��� �

E�%�$&<0% �3¯
:dE8±�42:?²9%V¯
+ba;:�<B7>'´³ � { ��± M
µ �c² A�� %�³<³&%¯EK7>4-%�:
$S%.<�³�%�' 7F°@°M±�$:¯ 7kE�%@°G4I7 $0%.4I7|³B+Q±>'�¯
%
°M±>'|t0:?��7>+2<<±�'(¯!*,:
' / 7>+Q°�%�7>:(��7>:
<0<&+2%.' {
�p± � / � # $
� S ' ± M
µ ��²��	± � � S�± ³®²i² %�<:³ 42%L¦ "Q%�7F²
¿ 7>+-<�³�§#¯�:H/ 7>+2<<°�%�7>:M+-'G°.+Q¯�%.'´³S%@³�/ � ³1µU°M² 4I7�¯
+2<:³67K'?°.%1/r±^°�7>42%Ã¯
%U4I7 4-%�'´³B+-424-% >SA

��6 > 0&"$%( >@')476 6 B,� 03%(')A B8# 	8# "@#A%('
� 4�*�7>+>¯
%R¯
%.< 8�$<±Fn#42<®¯;* +2'f³&%.'
<0+>³<µ %�k)8	µ.$0+Q²E%.'´³67>:^kÁ¯�%�4I7#nD��:
$0%3��A ©)A," ¯?±�'
'
7>'´³ 4I7M/r±�$<²E%R¯
:

E8±>4-:?²E%_¯
+>aT:
<&7>'´³ � �#'?±�:
<D7kE8±>'
<S$<µ.<:±�4-:M'J:?²Rµ.$0+QeJ:
%M²E%.'´³D4C* µMeJ:#7|³B+Q±>'¸¹ ��Ab�1ª´¼ 8	±�:
$x¯
+bacµ�$&%�'f³&<z°.+b½
<B7K+-4-42%M²E%.'´³B<�A �g±�:�< 7kE8±�'
<m¯?±�'?°9<&+Q²E8
42%M²E%.'´³m°@±�'CE8±�42:?µ 42%.< /r±�$<²E%.<�%�k)8�µ�$&+>²9%�'f³B7>4-%�<®¯�:�E8±�42:?²9%
¯
+ba;:
<&7>'´³[¹rnD�
Af�)A�©)A,"Z¼L7kE�%@°�4-%?/ 7F°�³B%�:
$�.�0�1 # D UV 1 ! & %5' 8	±�:
$j¯
+bacµ�$&%�'f³&<S°�+-<&7>+-424-%M²E%.'´³&< UVF%@³y¯
+bacµ�$&%�'f³&<
³B%@²98�< % v :
' 7>'G��4-%i¯
%�¯
+>aT:
<0+Q±�' ��� ��� � ��� � A �un#'/¯
%�8�$&%.'G¯
$&%F%�'.°@±8²E8G³B%94-%.<G%@aT%@³B<U¯�%�$<µ~½
/ $B7p°@³B+>±�'�±�8G³B+>eJ:
%(�Q:
'
%®¯
+-4-7p³67p³&+Q±�'#¯!*,:
' / 7p°@³B%�:
$G/ ( � (*),+ # � ' 7Àµ�³IµG8�$<µ�7K4I7>"
42%M²E%.'´³ 7>8
8
42+QeJ:?µ�%�<0:
$4-%�<G/r±�$:²9%�<G%�k)8	µ.$0+Q²E%.'´³67>42%.<�¯�% � A3( 70nD��:�$&%���A 	�A 7 8
$<µ�<&%�'f³&%M4-%.< /r±�'?°�³B+Q±>'
<�¯
%3°@±�$&$:µ.4-7p³B+>±�' 5?±p½
²R±l¯GdR'
%�<J³B5GµM±�$0+QeJ:
%.<S7K+-'
<0+�°.7>4Q°�:
4Qµ�%.<=8	±�:
$L¯�+>a�µ.$&%�'´³B<L°�+-<B7K+-4-42%M²E%.'´³B< UVOA
( 7®nD�>:
$&%_�)A 	�A,"F8
$:µ.<&%�'´³B%
4-%�<u³&%M²E8
< % ���  ¯
%m°�%.< /r±>'?°@³&+Q±�'
<u¯
%®°M±�$0$<µ.4-7p³B+>±�'
<z¯?µ�n#'
+-< 8#7>$ "@#A% ���  ' � ³ � M)AQ(L*�7»t0:
<:³&%M²E%.'´³Ã¯
%�<¯?±�'�'?µ.%�<g¯
%U4-7Un?��:
$&%w��A 	�A,"M+-'?¯
+>eJ:
%_eJ:
% % ���  � UV BDC?7K+-'
<0+�eJ:
%�42%.<z°M±>'
<&+>¯?µ.$&7p³B+>±�'
<?8
5´dR<&+>eR:�%.<u¯
%
4I7 <0%M°�³B+Q±>'0��A ¨)A ¨ 4-%18
$:µM¯
+2<B7>+2%.'´³�A

�z� �z��� � �%� ��¢G¤�¦��g«c¦�§ �[¢ ��©ª¤:¨�¤ �g¬y¤¾¢G¦�§���©��r¬y¤ª¥g¦ ¥��r¡ ���Ã¡g¤�¥g¦ �[¦�� �l  �[¤ª¦��
�gn#'"¯
%�²E%.<0:
$&%�$ 4-%�< 8
$<±Fn
4-<�¯
%pER+b³B%.<0<&%�¯#7K'
<s¯
%.<�o#:�+Q¯
%�<U°M±8²E8
4-%~k)%.<�� :
'
%�°�7K4-+-"�$B7p³&+Q±�'·¯
:

²R±�'´³67F��%#v 4�*�7>+>¯
%3¯!*,:
'2µM°M±>:
4-%@²9%�'f³ <0+Q²E8
4-%À¯?±�+>³G¬�³B$0%H%�a;%@°@³&:?µ.%KA�� %�³<³B%#°.7>4-+2"
$B7p³&+Q±�'Á¯?±�+>³)¬@³B$0%



��¨�¨ �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

−6 −4 −2 0
0

0.2

0.4

0.6

0.8

1

log
10

 τ (s) 

C
(τ

)

(a)

0 1 2

1

2

3

log
10

 Cisaillement (s−1)  

lo
g 10

 τ
1/

2  (
µs

) 
 

(b)

Z\[^]`_ ��A 	 a c^e�f����kx����#y~�kx�j�lCsL�%�kt#t���}�eA�#y~�kx°r��k���7l� 
x�s%jG�6eA}~��nC}~�%s%j x7nC����t#y~��n�s���s�x7��z1t��k�%s � }&4 �%�7n'e u
�#y~�kxLc ��� ����fh���knCtil�y76���t�s�x7��jq��y~jJeAyB}B}~s���s�x���j`| �� � 	�c��mf £(
 c���f £ ���0c�	4f £ 
 �¯c�
mf.s���������j BDC c��1f ��� e�}ByBz1x�s
���kyBx��#yB}B}~�%s\yBx�l�y~��n�s\}�e`�1eA}~s�nCt ��
���� � 	�����nC�#yB}By~j��%s����knCtm�6eA}~��nC}~s�t�}~s%j.��s�����j�� ���  � c;w5f�� ���  ����� �� ��� e4}ByBz1x�s
�%�kx��#yBx7n�s�s%j��q}~sb��s�yB}B}~s�nCt�e��vn�j#��s���s�x���lCs%j�lC�kxCx��%s%j��'eAt�nCx�s`}~�ky!lCsb�CnCy~j�jJeAx��%s�|�� ���  �� �� B N � ��� �
$<µ.7>4-+2<<µ�%M71E>%M°H4-%3²�¬M²E%F+-'G¯
+Q°�% �R:�%H42%3o#:
+>¯
%�µ@³&:?¯
+QµM%�³Rv 4-7 ²�¬@²9%À³&%M²E8�µ�$B7p³&:
$&%M8	±�:
$Uµ&E)+b³B%�$
4-%�<F%�!T%@³&<(¯
%¶¯
+24I7p³B7p³B+>±�'$³&5
%.$:²9+"�R:�% ¯
% 4I7 °.%�4-42:
4-% ¯
% �J±�:�%@³<³&%>A4H�±�:
$#°.%�4I7 �?'?±>:
<M8
$<µ�<&%.'´³<±�'
<
+Q°�+#�J:
%.4"�J:
%.< %�$)8	µ.$&+2%.'?°�%.< $<µ.7>4-+2<<µ.%�<VvF4C* 7>+Q¯
%m¯!* :�'
%9<0:
<&8Q%.'�<&+Q±>'·¯
+24-:?µ�%U¯
%E( 7p³B%�$.¹&% ± µ = ³�� %�³
¯
+-7F² ��³B$0%�± � µD'?²À¼�¯#7>'
<O:
'®²iµ�4I7>'?�>% %.7>:'a^�>4"'^°Mµ�$<±�4´¯!*,+-'G¯
+Q°�%y±>8G³B+"�R:�% & � ³ = " µ)A$� %J²Rµ.4I7K'?��%L%.<�³:
')(#:�+Q¯
%='�%@¿x³I±>'
+-%�'R¯G±�'´³L4-%�<38
$<±+*#4-<q¯
%bER+>³B%�<&<0%?<<±�'´³6°@±�'
'J:
<j¯#7>'
< 4I7[�8µ@±8²Rµ@³B$0+-%S¯
% �J±�:
%�³<³&%w¹º°�/@A
<&%@°@³&+Q±�'(��A>�>A�¨ �J8#7p��%�¨F�8¼ AfÅ 7>'�<=4I7U<&:
+b³B%D'?±�:
<S²i±>'f³&$<±�'�<,�J:
% �G²�¬M²E%D<0+T%�'�8
$0+-'?°�+-8Q%D4-7w�FµM±8²Rµ@³&$&+-%
5?±8²R±^¯-'R'
% 8Q%.$<²E%@³S:�'
%1%.<�³B+Q²97p³&+Q±�'i¯
:#°.+-<&7>+-424-%@²9%�'f³ 4Q±^°�7K4 UV���42%.<?%�!;%�³B<x±�8G³&+.�J:
%�<?+-'?¯
:�+>³B< 8#7>$=4-7
�8µ@±8²iµ�³B$0+-%Ã¯
% �J±�:�%@³<³&%�<0:
$S4I7G/r±�$:²9%_¯�% � '
%U8Q%.$<²E%@³:³B%�'f³/�J:!*,:
'
%w²9%�<&:
$0%U$&%.4-7p³B+�E�%Ã¯�% UVOA
Å�%.< /r±�'?°�³B+>±�'
<�¯
%#°@±�$&$:µ.4I7|³B+Q±>'Á³�'R8
+.�J:
%�<9<:±�:
<s°.+2<B7>+24-4-%@²9%�'´³�¹ UV � ³1µ < BDC ¼G<:±�'´³98�$<µ.<0%.'´³Iµ�%.<

<&:�$ 4I70*D��:�$&%#��Ab�»Æ ±�� 4I7 $&7F°.+2'
%3°.7>$&$:µ.%#¯
%F4I7H/r±�'?°@³&+Q±�' 5G±8²i±^¯-'R'
%F%�<:³ 8
$:µ.<&%�'´³Iµ.%KA��J±F²i²E%�4-%
8
$:µM¯
+2<&%.'´³�4-%�< $0%.4-7p³B+>±�'
<s¹º��A ÇF¼1%�³À¹ ��Ab�»�´¼ � "@#A%(' C  \ ¯#7>'
<U4-7#�FµM±8²Rµ@³&$&+-% 5G±8²i±^¯-'R'
%U°@±�$&$0%.<&8	±�'?¯Áv
4C*,%.'CE>%.4Q±>8
8T%�¯
%M4I7 /r±�'?°�³B+>±�' 5?µ@³<µ.$<±^¯-'R'
%KA�� %�³<³B%H%.'CE>%.4Q±>8
8T%H8
$:µ.<&%�'´³B% :
'�%(¯?µ@°M±�$0$<µ�4I7p³&+Q±�'.v :
'
³B%@²98�<u°.7>$B7p°@³Iµ�$&+2<:³B+"�J:
%_¯
%U4C* ±�$<¯�$&%_¯
% � µ �!<�A

( 7�*D��:
$0%V��A>�F� 8
$<µ�<&%�'f³&%U4-%.<S³B%M²E8
< % ���  ²E%.<0:
$<µ�<?8�±�:�$L¯
+"!�µ.$0%.'´³B< UV <0:
$?4-%�< /r±�'?°�³B+Q±>'
<=5?±8²R±p½
¯-'R'
%�<.A � %x³B%M²E8
<qEK7>$&+2%L°M±F²i²E% % ���  �1 UV BDC �>%.'97F°M°@±�$<¯97kE�%M°D4I7 8�$<µM¯�+Q°@³&+Q±�'�³&5?µM±>$&+.�J:
%V{ %
�� 1 UV BDC A
H 7K$ 7>+24-4-%�:
$&< �!4-%�<�EK7>42%.:
$0<�'J:?²Rµ.$0+.�J:
%�<G%�$)8	µ.$0+Q²E%.'´³67>42%.< % ���  
# UV ' <<±�'´³G%.' 7F°@°M±�$:¯2�J:#7>42+>³B7p³B+ / 7kE>%M°
°.%�4-42%.<x°�7K4Q°.:�4Qµ.%�<x³B5?µ@±�$&+"�R:�%M²E%.'´³®¹º° /@A3*D�
AZ��A 	�A,"Z¼ A

­):
$�4I74*?��:
$&%z�)A>��¨RA�7 �>'?±�:
<�7kE8±>'
< 8�$<µ.<0%.'´³Iµ % ���  8�±>:
$6¯
+"!�µ.$0%.'´³B%�<j¯
+-<�³67>'?°�%.<j¯
%z¯?µ /r±l°.7>4-+2<B7p³&+Q±�'5"! #65�:
' °�+-<B7K+-4-42%M²E%.'´³g¯
% UV � ³1µ�< BDC A � 5#7>'-7�%.$14-7À¯
+-<�³67>'G°.% 5"!$#E%�'f³&$&% 4�* %�'f³&$<µ�%U¯
%)*#"
$0% %@³14-7



�������
	��
�����
��������������������-^�)-v�
������$&�b	&�'�
	� A2 �'�
-��%�L�%��"\�������'�'�1"O"�� ��¨p�

−6 −5 −4 −3

−0.5

0

0.5

1

log
10

 τ (s)
C

(τ
)

Z\[^]`_ �)A��»Æ)a��\ek��yBx�s��6eAt#t��%s�lCs�}�e��^�kx����#y~�kx lCs��%�kt#t���}�eA�#y~�kx r��k���
l� 
x�s0c��1f�s����^�kx����#y~�kx lCs��%�kt#t���}�eA�#y~�kx
r�������t��
l� 7x�s�c��1fq�kwC��s�x�n�s%j\z1t��k�%s���nCx�s4j#n�j#��s�x�j#y~�kxGlCs � eA��sO�G��y~jJeAyB}B}~�%s
� �� � 	���j BDC �

−1 0 1 2

1

2

3

log
10

 Cisaillement (s−1)

lo
g 10

 τ
1/

2 (
µs

)

Z\[^]`_�� A��	��a � ���  ��s%j#nCt��%j�eAn ��yB}By~s�nplCs4}&4 s�x��#t�sO�^s�tb���knCt � ! # � �
���
�K� ����� �� �5� e�}ByBz1x�s��%�kx7�#yBx�n�s�s%j#�
}�e���s�yB}B}~s�nCt�s4}~�ky!lCsb�CnCy~j�jJeAx��%s�eA�C�Ct��6�
yB��eAx7�\}~s%j�lC�kxCx��%s%j,� ���  �� �� B N � ��� �
4-%�'´³B+-424-%u¯
: *#4>³&$&% <08#7p³&+I7>4 3G� � 7>:37F²9%�'f³&% 4I7 4-7>$ 7>%.:
$S¯
:F/ 7>+-<:°.%�7K: 5 :�'
%_¯
+-<�³67>'G°.%��P%@³S7 /r±�$�³B+Q±>$&+
4I7Ã³B7>+-424-%J¯�:�EF±�4-:?²E%x¯
+ !;:
<&7>'´³ � ¹r°�/@A * 7�A � A ª8¼ A"�J±8²R²E%x±�'98Q%.:l³ 42%bE8±�+2$L<&:
$�4-7 *37�:
$&% � A���¨)A 7 �8°�%M°�+
¯
+>²9+2'R:�%14-%Ã³B%@²98�<g°.7>$B7F°�³Iµ�$&+-<�³B+"�R:�% % ���  A � %®°@±8²98	±�$�³B%M²E%.'´³S%�<:³ %.' 7p°M°M±>$<¯ 71E>%M°�4-%.<?8�$<µM¯�+Q°@³&+Q±�'�<
³B5GµM±�$0+.�J:
%.<i°�7>$ %
�� 1 # � UV ' BDC�A���' 8
$B7|³B+.�J:
% �j°.%@³:³B% 8
$<±�8�$&+Qµ�³IµM%.<�³�:G³&+-42+-<<µ�%F4Q±�$0<i¯�: $<µ�7�4I7+7�%#¯
:
²R±�'´³67 7�%��;8	±�:
$g²9+2'
+Q²E+-<0%.$?4I7R³67>+24-4-%V¯
:�EF±�4-:G²9%®¯
+"!T:
<B7K'f³��c±�' $&%M°65�%.$<°65�%E42%m²97 $)+Q² :G²�¯�% % ���  
%.'3EK7>$&+-7>'´³ 5"! #�A

( 7w°@±�'-* 7�:�$B7p³&+Q±�' 5?±F²i±^¯-'R'
%?8Q%.$<²E%@³ 4-7Ã²9%�<&:
$0%u¯�:R³B7>: $s¯
%z°�+-<B7K+-4-42%M²E%.'´³ UV <&%�:
4-%@²9%�'f³ <0+D±�'



��¨�� �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

−200 −100 0 100 200

40

50

60

70

80

d
FL

  (µm)

τ 1/
2  (

µs
)

(a)

14 15 16

50

70

90

110

x
t
  (mm)

τ 1/
2  (

µs
)

(b)

Z\[^]`_ � A���¨�a c^e�f � ���  lCs%j4���kx����#y~�kx�j�lCs��%�kt#t���}�eA�#y~�kx r��k���
l� 
x�s%j4��s%j#nCt��%s%j�eAn3��yB}By~s�n lCs�}&4 s�x7�#t�sO��s�t �
�� �
	���j BDC ����� � !$#�� : �knCt��Jr'ek��n�sb���kyBx�� £ lCs�n��0���kx����#y~�kx�jqlCs`�%�kt#t���}�eA�#y~�kx��kx��������4ek�%��nC��nC}~�%s%j���s�x�l�eAx7�
�¯��yBx s���}~s%j�lCs�n��d�keA}~s�nCt�j��kx7�������¯���6 �s�xCx��%s%j �*� s%j�w'eAt#t�s%j�l54 s�t#t�s�nCt�j�yBx�l�y~�7n�s�x���}�e�l�y76K��t�s�x��%s0s�x7�#t�s
}~s%jblCs�n���s%j#�#yB��eA�#y~�kx�j � c;w5f � ���  ���������1j�yB�#y~�kxplCs�}�e¯�JeAwC}~s � � l�eAx�j`lCs�n�� �6ekj�l�y76K��t�s�x���j�|�}~s��6ekj\���
�6eA}By~j��
� ! # � �0c��1fms��.}~s��6ekj�lC�O�^�
�6eA}By~j�� � !$#�� �
��� �K� c��1f ��� s���s�����jil54 ek�%��nC��nC}�eA�#y~�kxGlCs\�Jr'ek��n�s���s%j#nCt�s�s%j#�
lCs��b��yBx�s��q}~s���y~jJeAyB}B}~s���s�x���s%j#� �� � 	���j BDC �

°M±>'
'#7��>³U4I7 /r±�$:²9%U¯
: E8±>4-:?²E%U¯
+"!T:
<&7>'´³G7kE>%M°E:
'
%67�$B7>'G¯
% 8
$<µ@°.+2<&+Q±>'!A�Å 7>'
<U'?±p³B$&%s²R±�'´³67 7>%(�!4-7
/r±�$:²9%u¯
% � %�<:³xµ&ER+Q¯
%@²i²E%.'´³S² 7>4Z¯?µ�*#'
+2%Ã°�7>$ 4I7V°.%�4-4-:�4-%u¯
% �J±�:�%@³<³&% +-'G¯
:
+>³S¯
% '?±8² "
$0%.: $ %�!T%@³&<
±�8G³&+.�J:
%�<.A � 'R²R±�:�E�%@²9%�'´³S¯�%D4-7Ã°.%�4-4-:�4-%=8Q%.:G³y¯?±>'?°z°65#7>'37�%�$�4I7�/r±�$:²9%x¯
% � AC­):
$�4I74* 7>:
$&% � A���¨)A,"
%.<�³ 8
$:µ.<&%�'´³IµF4-%�< % ���  ²E%.<0:
$<µ�< 8�±�:�$m¯
+ !cµ�$&%.'´³&%.< 8	±�<&+b³B+>±�'
< 1 � ¯�% 4I7�³67>"
42%i²RµM°.7>'
+"�R:�%�%@³G8�±�:�$
¯
%�: $ ¯
+2<:³B7>'?°.%�<�¯
% ¯?µ /r±l°.7>4-+2<B7p³&+Q±�' 5"! #�AbH�±�:
$ 5"!$# � µ � 4-%.<�E>7K4-%.:�$&<3¯
% % ���  8�$<µ.<0%.'´³B%�'´³ :�'
%
¯
+2<&8Q%.$&<0+Q±�'.¯
% ¨FÆ�� 7>4>±�$&< �J:
%�¯#7>'
<94-%#°�7K< 5"!$# � M
µ�µ<��² �L4-7¸¯�+-<&8Q%.$0<&+>±�' %�<:³i¯
%H4C* ±�$<¯
$0%#¯
%
ÇFÆ���AZÅ 7K'
< 42%.<z¯
%�: $(°�7>< � % ���  7>:37F²9%�'f³&%�<0+.7�'�+"*D°.7p³B+�E�%M²E%.'´³D7>:3E8±>+-<&+2'#7 7�%V¯
%�< 8
7>$<±�+2<.A � %�³ %�!;%�³
%.<�³ 42+Qµ�594-7i¯
+>²9+2'R:
7p³B+>±�'�¯
%G4-7R³B7>+-424-%Ã¯
% � 4Q±>$&< �J:
%®°.%�4-:
+ ½¾°.+ +2'´³B%.$0<&%@°@³B%G4-%.<D8#7>$:±�+-<u¯
%�4I7s°.%.424-:
42%>A
� %@³:³B% 7>:378²E%.'´³67|³B+Q±>'2¯
% % ���  %�<:³�8
7>$:³&+Q°.:�4-+���$&%@²9%�'f³GER+-<0+-"
42%M8�±�:�$942%�°.7>< 5"!$# � M7µ�µ ��²��6°�7K$
4-%pEF±�4-:G²9%�¯
+ !;:�<B7>'´³E%.<�³i¯�%.: $ /r±�+2< 8
4-:�<67>$B7>'?¯ �J:
%�¯#7>'
< 42%�°�7><_5"! #<� µ2¹º°�/@A#*37
A � A«ª´¼ A � %�<
°M±F²98
42+Q°.7p³B+>±�'
< +2'?¯
:
+b³B%�<L8#7>$L4I7 78µ@±8²Rµ@³B$0+-%L¯�% �J±>:
%@³:³B%S'
%S8T%�$<²E%@³:³B%.'´³ 8#7>< 7>+2<<µ@²9%�'f³j¯�%g²E%.<0:
$&%�$
�J:#7>'´³B+b³67p³&+�E>%M²E%.'´³ UV 42% 4Q±�'-7U¯
%14C*,%.'´³B$0%�/ %�$x¯
%U4I7�°.%�4-42:
4-%g¯
% �J±�:
%�³<³B%KA�H 7>$D7>+24-42%.:
$0<��R4-%.< 8�±�<0+>³&+Q±�'
<
%�$�7F°�³B%�<g¯
:M<�³67p³<±�$?%@³z¯
:H$<±p³I±�$='�%18T%�:�E�%�'f³�¬@³&$&% 7>+2'
<&+�¯Gµ@³B%�$<²E+-'?µ�%.<�A���* %�<:³D8	±�:
$ �J:?±>+ '?±�:
<?'?±>:
<
<<±F²i²E%.<?'#7|³B:
$0%.4-42%M²E%.'´³L³<±�:
$&'Gµ.<4E�%.$0< 4-7�°M±�' * 7�:
$&7p³B+>±�'M5?µ@³<µ.$<±^¯-'R'
%KA



�������
	��
�����
��������������������-^�)-v�
������$&�b	&�'�
	� A2 �'�
-��%�L�%��"\�������'�'�1"O"�� ��¨FÇ
�z� �z��� 
¸¬y©ª¤��[¢G¬��G¤ª  � ¥[¡ ¨�  ���l¬�
j¦+¦�� ¨�¦�§^¡g¢G¦�¬��[§l j©ª¡[¦+¥[¡ �g¢? ��Ã©(¥[¦ 
x¤#"

�G¦�§^§^¦

Hq±�:�$Ã±�"G³&%.'
+2$ :
' 8
$<± *
4q¯
%¯E)+b³B%�<&<&% �c±�'(¯?µ.8�4I7F°�%G4-%�E8±�42:?²E%®¯
+ !;:�<B7>'´³ � 5R³B$&7kE�%.$0<14C*,%.'´³B$0%�/ %�$
¯
%F4-70°.%�4-4-:�4-%À¯�% �J±�:
%�³<³B%M%�'/¯?µ.8
4-7*)�7K'f³ 42% $05?µM±8² �@³&$&%�¯#7K'
< 4I70¯�+-$&%@°@³&+Q±�' 1 A � %�¯?µ.8
4-7F°.%@²9%�'´³
%.<�³F8
+24Q±F³<µ 8#7K$À±�$:¯
+-'#7|³B%.:�$.A�� '
% /r±>+-< �J:
% 4I7¸³B7>"
42% <.*,%.<�³#¯?µ.8�4I7F°@µ.%(� 4-%(°M±�$0$<µ.4-7p³B%�:
$ %�'
$&%�7�+-<�³B$0%
:
'
% /r±>'?°@³&+Q±�'3¯�%Ã°M±�$0$<µ�4I7p³&+Q±�' "@#A%(' A
(O7w³67>"
42%Ã²RµM°�7K'
+.�J:
% %�<:³?%�'
<&:�+>³B% 5 'G±�:�E�%.7>:#¯?µ.8�4I7F°@µ.%Ã¯#7K'
<
4I7#¯
+2$&%M°�³B+>±�' 1 A �L'-*#' � :
'�%9/r±�+2<��J:
%94I7�³67>"�4-%s²iµ@°�7>'�+.�J:
%97 *#'
+j¯
%9<&%R¯?µ.8�4I7F°�%.$��O4-%�<1/r±�'?°@³&+Q±�'�<

0 1 2
log

10
(τ (µs))

C
(τ

)

(a)

0 2 4 6 8 10
0

20

40

60

k

τ k  (
µs

)

(b)

Z\[^]`_ � A�� � a c^e�f ���kx����#y~�kx�j�lCs��%�kt#t���}�eA�#y~�kx r�������t��
l� 7x�s%j���s%j#nCt��%s%j����knCt�l�y76���t�s�x7��s%j����1j#yB�#y~�kx�j�lCs�}�e
�JeAwC}~s4z1t��k�%s ��nCx�s�j#n�j#��s�x�j#y~�kx�lCs � eA��sO����y~jJeAyB}B}~�%s � �� � �
��j BDC � � � � 	��	��
 c��1f £ � ¢�� ¢ c��mfis�� � 
�� �����
c���f � � s%j!�^�kx����#y~�kx�j?lCsm�%�kt#t���}�eA�#y~�kx�j��kx7� lC�%�6eA}~�%s%j?}~sm}~�kxCz�lCsm}&4 e �CsmlCs%j �kt�lC�kxCx��%s%j?�'eAt jJ�kn���y
lCs���}�eAt#��� �k� s%j
}ByBz1x�s%j`���'eAy~j�j�s%j`jJ�kx��`}~s%j�yBx���s�t#���k}�eA�#y~�kx�j�lCs%j��^�kx����#y~�kx�jbr�������t��7l� 
x�s%j4lC�kx7�4�kxpsO���#tJeAyB�`}~s%j�yBx���s�t�j�s%���#y~�kx�j
e%��s%��}&4 e �Cs�lCs%j4eAw�j���y~j�j�s%j ��
���� � �pc;�#tJeAyB��j4���kyBx7�#yB}B}~�%j�f �K� s%jb��s�����j4l54 yBx7��s�t�j�s%���#y~�kx � � jJ�kx��`j# 
��w��k}By~j��%j
�'eAtq}~s%j 
 � c;w5f 8 s�����j�l54 eAxCx7nC}�eA�#y~�kx � � �����
�)sO�
�#tJeAyB��j�lCs%j��^�kx����#y~�kx�j�r�������t��
l� 
x�s%jq���knCtq}~s%j�l�y76���t�s�x7��s%j
���1j#yB�#y~�kx�j�lCs�}�ep�JeAwC}~s �.� s%j¯}ByBz1x�s%j0�%�kx��#yBx�n�s%j)j��kx7��}~s%j���s�yB}B}~s�nCt�j0e��vn�j#��s���s�x���j¯}ByBx��6eAyBt�s%j¯�'ekj�jJeAx��¯�'eAt
}&4 �kt#yBz1yBx�s¯c � £ ��f � �`eAx�j�}~s4�6ekj\��� � � � 	��	������� c��
f £ }&4 e��vn�j#��s���s�x7��s%j#���#t#yB�7y�eA}��6eAt�yB}�x(4  Ge���n(4 nCx�s�j�s�nC}~s
eAxCx�nC}�eA�#y~�kx �

¯
%3°@±�$&$:µ.4-7p³B+>±�' <:±�'´³ 7>'#7K4"'R<<µ�%.<.A ( 7 * 7�:
$0% � A�� � A 7 8�$<µ.<0%.'´³B%�¯�+"!�µ.$&%�'´³B%.< /r±>'?°@³&+Q±�'
< 5?µ�³Iµ.$:±l¯ ')'�%.<
²E%.<&:�$<µ.%�< %�'�8
42:
<&+2%.:
$0< 8	±�+-'´³&<�¯�% 4�* %�'f³&$&% / %.$H<&:
$H:
'
% <&:
<08T%�'
<&+>±�' ¯
+24-:?µ�%¶¯
% ( 7p³&%�$Â°�+-<B7K+-4-4>µ.%
5 UV � M
µ < BDC A � 5#7F°�:
'
%¶¯
% °�%.<F/r±�'?°�³B+Q±>'
<�%.<�³M'?±�$:² 7>42+-<:µ.%0¯�% <<±�$�³B% �J:
% "$#&%�� � ' � µ�A
Hq±>:
$9%�$^³B$B7K+-$&%M42%�¯GµM°�7K4I7 7�%�Å[±>8
8
4-%�$ -2+ % ¯�%.<9/r±>'?°@³&+Q±�'
< %�$�8	µ.$0+Q²E%.'´³67K4-%.< 5?µ�³Iµ�$<±^¯-'R'
%.< � '?±>:
<



��¨
� �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

+-'´³&%.$&8	±�4>±�'
<F8
$:µ�7>4-7>"
4-%@²9%�'´³#°.%.<�¯
%�$&'
+��.$&%�<���A � '�% <:µ.$&+2%¶¯
%¸³&%M²E8
<#¯!* 7>'
'J:
4I7|³B+Q±>' % � %.<�³ 7>4>±�$&<
%�$^³&$B7>+b³B%�¹ < '^² "	±�4-%�< �Â¯
%G4-76* 7�:�$&% � A�� � A 7´¼�A �J±F²i²E% "$#&%5' � 3$#&%5'S��� ( # - + % %5' �	±�' <�*�7p³:³B%�'?¯ 5
% � � # ��$ H�� \ ' # - + % ' BDC�A ( % 8
$:±l¯
:�+>³ <:°�7>4-7>+-$0% - + % %�<:³ 7>4>±�$&< %�<:³&+Q²Rµ 5�8#7>$�³B+-$[¯
% % ��� �A@ � 8#7K$
4I7w²iµ�³B5?±^¯
%g¯
%.<L²R±�+2'?¯
$&%�<J°.7>$&$:µ.<.A�( 7 * 7�:
$0% � A�� � A,"�8
$:µ.<&%�'´³B%_¯
%[³&%.42<=7��0:
<�³B%@²9%�'f³&<?4-+2'?µ�7>+2$&%�<.AJ( 7
¯?µ&E)+-7p³B+>±�'¶¯
%.<w¯?±�'�'?µ.%�<G8#7>$U$&7>8
8	±�$:³ 5#°.%.<G7��0:
<�³B%M²E%.'´³&<�8Q%.$:²9%�³®¯;* %�<:³B+>²9%�$U4C*,%.$&$0%.:
$V°@±8²i²E+-<0%>A
� %@³:³B% %.$0$&%.:�$ <0%.$:³ %.'�<&:
+b³B% 5i¯?µ�*#'
+-$S42%.<S"#7>$0$&%.<u¯!*,%.$0$&%.:�$ <0:
$ 42%.<D8
$<±+*#4-<z¯
%�ER+>³B%�<&<0%>A	Å 7>'
< 4-%_°.7><
±�� +-4 '!* ' 7 �R:;* :
'�%H<0%.:
42%H7>'
'J:
4I7|³B+Q±>' % � �6±�' '
%F8Q%.:G³E8#7><U¯Gµ�*#'
+2$U¯!*,%.$&$0%.:
$���±>' 8�$&%.'G¯ 7>4>±�$&<
4C*,%.$0$&%�:
$x² 7 $�+>² 7K4-%[¯�%.<D7>:G³&$&%.<D8	±�+-'´³B<x¯�: 8
$:± *#4�¯�%�ER+b³B%.<0<&%KA

( 72* 7�:
$0% � A�� �
A�7 8
$<µ�<&%.'´³&% 4-7 8�µ�$&+>±l¯
%0Å[±�8
8�4-%.$ M � # - + % ' BDC � �A@ 1 � A`H�±�:
$F%�<:³B+>²9%�$ 4-7
ER+>³&%.<&<0%(� '?±�:
<�<&:
8
8	±�<:±�'
<)�J:
%�4�* µ@°M±�:�4-%M²E%.'´³�%.<�³ 8
:
$0%M²E%.'´³�±�$�³B5?±>$B7F¯
+-7>46¯#7>'�<G4-%98
4I7K',¹ 1 � 2G¼ %�³
�J:
% ��± /�� ��� �����^±�� /��L± µ = �
	�¹º° /@A)<0%M°@³&+Q±�' � A � A ¨8¼�A	� %�<=5�')8	±F³&5 �.<0%.<S%@³x°�%.<L°@±�$&$0%M°�³B+Q±>'
<L±�8G³&+.�J:
%�<
8Q%.$<²E%@³:³B%�'f³D7K4Q±�$0<J¯!* µM°�$&+-$0% �J:
% - + % �2!7R �.� ( # � � M ' � M $'& (*),+ �iR � � A�( %�<?8
$<±+*#4-<L¯�%�E)+b³B%�<&<&%1<:±�'´³

13.5 14.5 15.5
0

50

100

150

x
t
  (mm)

T
  (

µs
)

(a)

13.5 14.5 15.5
0

20

40

60

x
t
  (mm)

v 
 (

m
m

.s
−

1 )

(b)

Z\[^]`_ � A�� �)a : t��
�%�%l�nCt�s�lCs4�6eA}ByBwCtJeA�#y~�kx ��}&4 eAy~lCs4l54 nCx	��nCy~lCs`x�s�
q���kxCy~s�x ���knCt�l�y76K��t�s�x���j\��y~jJeAyB}B}~s���s�x���j
�� � ��c��1f £ 
 c��1f £ ���pc�
mf�s��`¡��0j BDC c���f � c^e�f
�hj#�#yB��eA�#y~�kx�j`lCs%j�����t#y~�
lCs%j �b�k�C�C}~s�t�� � c;w5f
�hj��#yB��eA�#y~�kx�j
lCs%j��7yB��s%j�jJs%j ¥ � gmr'ek�7n�s��Ct��A��}qs%j#��s�x�j#nCyB��s)e��²n�j#���¯}ByBx��6eAyBt�s���s�x������knCt�lC�%l�nCyBt�s0}�e����1j�yB�#y~�kx l�n j#�JeA���kt
��� � 	��	� 	���� � � � ����� c;}ByBz1x�sq���kyBx��#yB}B}~�%s&f � : �knCtm��yBxCyB��y~j�s�th}~s%jhs 6Ks���jhlCsiw��kt�lCj £ }&4 e��vn�j#��s���s�x��.s%j��*t��6eA}By~j��
j#nCt`}�e0�'eAt#�#y~s��%s�x7�#tJeA}~s�l�nL�Ct��A��} �K� e)}ByBz1x�s����kyBx��#yB}B}~�%s � ��� � 	��	��� 
 ��� yBx�l�y~�7n�s�}�e0���1j�yB�#y~�kx3s%j#�#yB���%s
l�n)t��k���kt �C� s%ji}ByBz1x�s%jq�%�kx��#yBx7n�s%j�j��kx7�i}~s%j�eA�C�Ct��%��yB��eA�#y~�kx�j�}ByBx��6eAyBt�s%j ¥ � 
 � � �� � 
 �� �3
 ����� � � ��� 
 ����� ��� � £
e%��s%� �� � � £"
�£ ����s��\¡���j BDC �
8
$:µ.<&%�'´³Iµ.<E<&:�$ 4I7 * 7>:
$&% � A�� ��A " %�' /r±>'?°@³&+Q±�'/¯
% 4I7 8	±�<&+b³B+Q±>'Á¯
%F4-7(³67>"�4-% 1 � A}Å�%.<E7��0:
<�³B%@²9%�'f³&<
4-+2'?µ�7K+-$&%�<j¯
%Ã°.%�<=8
$:± *#4-< 8T%�$<²E%@³:³B%.'´³J¯
%Ã¯?µ@¯
:
+-$0%�4-7�8	±�<&+b³B+Q±>'i¯
:F<�³67p³<±�$ � 1 � � ³�� = ³ � ��µ = µ�Mw²R² A

�����! �"$#&%�')()*+(-, .0/1#2*$3245'768��#&.8'�/:9)#2.068.8;&"$*=<>;&4�68.0/?*�@BAC9�D�.FE19�*�'79G68.0/�"H��.83&*�IJ/K, �LE19?�7;M.8 +*$/1#N��9?AC9�/?*�.8/)O?9�*P/?AC*+;M9?3
6F�
 +*H;M9�32*Q()*Q6F�
RS.0#&*H;&;&*�T



�������
	��
�����
��������������������-^�)-v�
������$&�b	&�'�
	� A2 �'�
-��%�L�%��"\�������'�'�1"O"�� ��¨
©

� ' %�<:³B+>²9%H%.'�<&:
+b³B% 7K+-<<µ@²9%�'´³ 4-7 8	±�<&+b³B+>±�'"¯
: $<±p³I±�$ 1 � °.7>$E4C*,%.'´³B$0%�/ %.$E%�!T%M°�³B+ /1%.<�³3¯?±�'�'?µ 8#7K$
1 � � 1 � � � � / ( ± M = � �¸²R²HA ��' %�!T%@³ �,5 :�',¯?µ.8�4I7F°�%M²E%.'´³3¯
% 4I7 ³67>"�4-% � 1 °@±�$&$0%.<08�±�'G¯ :
'
¯?µ�8
4I7F°�%M²E%.'´³S¯
:�EF±�4-:?²E%z¯
+"!T:
<&7>'´³ � 1 � � / ( � 1 �f±��E/ ( ± ³ = ³ �i¹º° /@A�<&%M°�³B+>±�' � A � A ¨8¼ A�H�±�:
$S±�"G³B%�'
+-$
°.%�³<³&%�* 7>:
$&% �Q4�*�7K'37�4-%���� ���D7Rµ�³Iµ�7��0:
<:³<µ�4>µ 7 ��$&%@²9%�'f³u¯
% <<±>$:³B%��J:
% 4-%.<D8
$:± *#4-<z¯
%�ER+>³&%.<&<0%®²E%.<0:
$<µ�<
°M±>$&$&%�<&8	±�'?¯
%�'´³ 7>: $ 8
$<± *
4-<_³B5?µ@±�$&+"�J:
%.<�A � %�<®¯�%.$&'�+-%.$0<�<:±�'´³m¯Gµ@³B%�$<²E+-'?µ�< 7�$�NF°�%E7>: $ ER+>³&%.<&<0%.<®¯
:
$<±p³I±�$x¯?±>'
'?µ.%�< 8
7>$?4-%1$05?µM±8² �@³&$&% �

R�S � � �,F � � � UV � 3 �� � ¹ � A ¨FÆ´¼
±�� F %.<�³14I7GER+>³B%�<&<0%U¯
% $<±p³67p³&+Q±�'(¯
% 4I7R°.%.424-:
42%®¯�% �J±�:
%�³<³B% � UV 4-%m°�+-<&7>+-424-%M²E%.'´³D+-'G¯
+.�J:?µ�%@³ 3 �� �# � \ � H � \ ' � # � \ � � \ � ' 71E>%M° � �U%@³ �  42%.<E$B7�'8±�'�< $&%�<&8Q%M°�³B+2/ <i¯
: $:±F³I±�$ %�³3¯
: <:³67|³I±�$�A 3 �� %.<�³
:
' / 7p°@³B%�:
$[¯�%m°M±>'�E>%.$0<&+Q±>' +-'
5?µ�$&%�'f³ 7>: $05?µM±8² �@³&$&%w³B%.'
7>'´³Ã°M±F²98G³&%m¯
%�4I7678µM±8²Rµ@³&$&+2%w°@±�:
$0"T%®¯
%
�J±�:
%�³<³&%À¹r°�/@A
<0%M°�³B+Q±>' �>A���A ¨ �)8#7 7�%�¨8ÇF¼ A�­l±>:
4-+"7�'?±�'
<,�J:
% �R:�%.4.�J:
%�< 8	±�+2'f³&< 5 1 � B 1 � %�³/5 1 � K 1 �
¹º° /@A * 7
A � A�� �
A "D¼ <<±�'´³j²E%.<&:�$<µ.<�A � %M°.+#%�<:³ 4-+>µ 514I7[³B7>+-424-% *#'
+2%x¯
% � �´²�¬@²9%=%�'s¯
%.5?±>$&<j¯
%S4C*,%.'´³B$0%�/ %�$
¯
%U4I7�°�%.424-:
42% :
'
%U/ 7>+-"�4-%�+2'´³B%.'�<&+>³<µV¯
+"!T:
<<µ�%U8T%�:G³�¬@³B$0%V¯?µ@³&%M°@³<µ.%KA

­):
$?4-7�* 7�:�$&% � A��hÇ �R4I7m°@±�$&$0%M°�³B+Q±>'F$&%.42+Qµ�% 5 / ( 7�µ@³Iµ18�$&+-<0% %.'�°@±8²E8G³B%KA 1 %.<�³D7>4Q±�$0< 4-7G8�±><&+>³&+Q±�'
$<µ�%.424-%V¯#7>'
<D4C*,%.'´³&$&%�/ %�$z¯
%�4-7R°�%.424-:
42%_¯
% �J±>:
%@³:³B%>AQ(L*,+-'?°�%.$:³&+>³&:?¯
%U<&:
$D4I7U²E%.<0:
$&%w¯
% 4I7 E)+b³B%�<&<&% %.<�³
¯
%U4C* ±�$:¯
$&%_¯
%U4-7m³67>+24-4-%g¯
%.<D< '^² "	±�42%.<.A

0 1 2 3
0

10

20

30

40

50

60

x  (mm)

v 
 (

m
m

.s
−

1 )

Z\[^]`_ � A��hÇ4a : t��A��}~jmlCsi�7yB��s%j�jJs�l�eAx�jhnCx ��nCy~lCs�x�s�
q���kxCy~s�x �bl�y76���t�s�x7��jh��y~jJeAyB}B}~s���s�x7��j �� � ��c��1f £ 
 j�c��1f £
��� c�
mf�s��`¡��¯j BDC c���f � � �%�kt#t�s%j#���kx�l ��}�e����1j�yB�#y~�kx�t��%s�}B}~s�l�eAx�j�}&4 s�x��#t�sO�^s�t`lCs�}�e¯�%s�}B}BnC}~s�lCs�g��kn�s��#��s�s��
� � ��s%j#�m}~s�t��k���kt �
� s%jm}ByBz1x�s%j��%�kx7�#yBx�n�s%jqj��kx7�m}~s%jm�Ct��A��}~j ¥ � 
 � � �� � 
 �� �3
 	 � � � ����e%��s%� �� � � £ 
�£ ����s��
¡���j BDC �C� s%ji��ek����s�nCt�j�lCs`�%�kx7��s�t�j#y~�kx � � � � ����
�s�� � ( � 	�� 	����kx��������bnC�#yB}By~jJ�%jq���knCtq�Ct�s�x�l�t�s�s�xG�%�k���C��s
}~s%j�s 6Ks���j�lCs`t��O��tJek���#y~�kxGyBx�l�nCyB��j��'eAt�}�e��%s�}B}BnC}~s4lCs�g��kn�s��#��s �



��¨
ª �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�

.1032547G)B8>@'H476 25*D ->@'H 9GH#

� 'V¯
%�<O%�'?�0%.:�$V² 7)�0%.:
$0<�¯
%�³I±�:l³B%�³B%@°65
'
+"�R:�%y¯�%iE8µ.4>±l°�+Q²Rµ@³&$&+-% %.<�³ 4-7 $<µ�<<±�42:G³B+>±�'1<&8
7p³B+-7>4-%KAMÅ 7K'
<
'?±F³&$&%Ã²R±�'´³67+7�% %�$)8	µ.$0+Q²E%.'´³67>4 �l°�%@³:³B%_¯
%�$&'
+��.$&%1%�<:³S42+Q²E+>³Iµ�%S8#7>$=4-7m³67>+24-4-%z¯
:LEF±�4-:?²E%[¯�+"!T:
<B7>'´³ � A
�L' %�!;%�³ �J4I7_¯
+ !;:
<0+Q±�'E5?µ�³Iµ.$:±l¯ ')'�%[¯?±�'�'
% :�'
%g²E%.<0:
$&%u¯
%D4I7�ER+>³&%.<&<0%[²R±�'�%.'�'
%�7K: <&%�+-'R¯
% � AR( %�<
¯
+>²9%�'
<&+>±�'
<�³�'R8
+.�J:
%�<J¯
%u°.%u¯
%�$&'
+2%.$y¯#7>'
< 4C* 7>+-$ <<±�'´³S¯?±�'
'?µ�%.< 8#7>$ � ±=M
µ ��² %@³ � � ± " µ �c²�¹º°�/@A<&%@°@³&+Q±�' � A � A � � 8#7 7�% �	� 	´¼�A>( 7u¯
+"!T:
<&+>±�'mµ�³67>'´³L%�!;%@°@³&:?µ.% 5�:�' 7>'37�42%���� ��� +>²98	±�<<µ �h¯#7>'
<3:�'
%L°.%�4-42:
4-%
¯
% �J±�:
%@³:³B%G7 7�+-<0<B7>'´³u³B%�4-4-%U:
'�%G4-%�'´³B+-424-%_°�')42+-'?¯�$&+.�J:
% � 4I7U³67>+24-4-%[°�7>$&7F°@³<µ.$&+2<:³&+.�J:
%m¯�% � %�<:³[¯?±�'
'?µ�%
8#7>$�� ±�/ ( � � � (*) + # /�� ��� ��� ' A � ' 7(¯G±�'?° ��± ³kµ�µ+��² 8	±�:
$ 4-%�<m°�7K$B7F°�³Iµ.$0+-<�³B+.�J:
%�<�78µ@±8²Rµ@³B$0+.�J:
%�<
¯?±�'�'?µ.%�<Ã¯#7>'
<[°.%�°65#7K8
+>³&$&%>A�Å 7>'�< 4-%w°�7><[±�� 4-%�<[²E%.<0:
$&%�<Ã±�'´³Ãµ�³Iµ %�!;%@°@³B:Gµ.%.<1%�' %.'´³&$&%�/ %�$ $<µ@¯
:
+b³
¹º° /@Af°65#7>8
+b³B$&%�< <0:
+�EK7>'´³&<B¼ �R4C* 7>'37>4-%S7®µ�³Iµu°65?±�+2<&+ 8
4-:�<,7�$&7>'?¯ ¹ ��� ����± �
µ � ¼6¯
% <:±�$:³&%4�J:
% �`±��
µ �c² A
.1032547G)B8>@'H476 > #3�!* 4$%@#3G�GH#

(L* ±�"K�0%M°@³&+2/ 8
$0+-'?°�+-8#7K4D¯
%[°�%@³<³&%g³&5 �.<0% %.<�³L¯!* µ@³&:?¯
+-%�$ :
'À°M±8²E8�±>$:³B%@²9%�'´³ $05?µM±>4Q± 7�+"�J:
%g±><<°.+24-4-7>'´³�A
M 4 %�<:³_¯G±�'?°�°�$&:?°�+I7>4�¯
%�¯?µ�³B%�$<²E+-'
%�$ 4-7 $<µ�<<±�42:G³B+>±�'(³&%M²E8�±�$0%.424-%V¯
% '?±p³B$&%®²i±>'f³B7 7�% � 

@
>A@;42%®³B%@²98�<
'?µ@°.%.<0<B7>+2$&% 8�±�:�$y±>"G³B%�'
+-$�:
'
%u²E%.<&:�$&%u¯
%�ER+b³B%.<0<&%KA �D'
%u¯
%.< 4-+Q²E+>³B7p³B+>±�'
<�² 7)�0%.:
$0%.<y¯
% 'G±F³B$0%u²R±�'l½
³67+7�% %.<�³D4C*,%M²E8
4Q±�+Z¯!*,:
'�°M±�$0$<µ�4I7p³&%.:
$Lµ�4-%@°@³B$:±�'
+"�R:�%>A �D'M7>'#7>4 ')<0%.:
$x¯�%1<&8Q%M°@³&$&% 7>:
$&7>+>³=8T%�$<²E+-< :�'
%
"
+2%.'s²9%�+-424-%.:�$&% $:µ.<:±�4-:G³&+Q±�'���%�'CE)+2$<±�'d³1µ 6 ²E%.<0:
$&%�< 8#7K$L<&%M°@±�'?¯
%KA � %@³<³&%u³&%M°65
'�+.�J:
%D%�$)8�µ�$&+>²9%�'f³B7>4-%
7 '?±F³B7F²i²E%.'´³zµ�³IµU:G³B+24-+2<<µ.%�8#7>$ �_±�4-42:
" >KJ�=
9�@ 8	±�:
$z²E%.<&:�$&%.$?42%.< (#:?°�³B:#7|³B+Q±>'
<L³B%@²98	±�$&%�4-42%.<L¯
%U4-7
ER+>³&%.<&<0%®¯;* :
' (#:
+>¯
%1'
%�¿x³I±�'
+2%.' 7>:H<&%.:�+-4�¯
%U4�* +2'
<:³B7>"
+-42+>³<µg¯
%  7�')4>±�$�½ �J±�:
%�³<³B%�� ��� ���8Ç��CA

( 7�$<µ.<:±�4-:l³B+Q±>'0³B%@²98	±�$&%�4-42%m¯
% '?±p³B$&%m²i±�'´³B7 7�%�¯?µ�8T%�'?¯ %.<0<&%.'´³&+-%.424-%@²9%�'f³Ã¯
% 4I7 8�:
+-<0<B7>'?°�%s¯
:
4I7K<&%.$ :G³&+-42+-<<µ�7K+-'
<0+��R:�%S¯
% 4I7 �J:#7>'´³&+>³Iµy¯
% 4-:?²E+���$&%6¯
+ !;:�<<µ.%KA � %.<}¯�%.: $w°.7>$B7F°�³Iµ�$&+-<�³B+"�R:�%.<�°M±�'´³B$ L�4-%�'´³
B�� K �!4-%G'?±8² "
$0%�²R± '>%.'¸¯
% 8
5?±p³I±�'
<_°@±�4-42%M°�³Iµ.<�8#7>$ <0%M°M±>'?¯
%>A.H�±�:
$1%.<�³B+>²9%�$ 4I7 $:µ.<:±�4-:G³&+Q±�'0¯
%
'?±F³&$&%w²i±>'f³B7 7�% �#'?±�:
<�71EF±�'
<g²9%�<&:
$:µ�42%.<S/r±�'?°@³&+Q±�'�<u¯�%m°M±>$&$<µ�4I7p³&+Q±�'M5?±F²i±^¯-'R'
%.<D%@³ 5?µ�³Iµ.$:±l¯ ')'�%.<
8	±�:
$[¯�+"!�µ.$&%�'´³B<[³&%M²E8
<Ã¯!* 7F°M°�:?² :
4-7p³B+>±�' F�� A!( 7 *37�:
$&% � A��k� 8
$<µ�<&%�'f³&% 4-%�<[²E%.<&:�$&%.<_¯�% % ���  %@³[¯
%
8	µ.$&+>±l¯�%ÀÅ[±>8
8
4-%�$ M � # - + % ' BDC ±�"G³&%.'J:
%�8	±�:
$®¯
+"!�µ.$0%.'´³B< F�� <&:�$G:
'
% <&:
<08T%�'
<&+>±�'/¯
%F( 7p³&%�$25
UV�� ³1µF< BDC %@³ 8�±>:
$�B�� K ± ³1µ
	 8
5?±p³I±�'
<U8#7K$ <0%M°@±�'?¯
%R¯#7>'
< 4I73°@±�'-* 7>:
$B7p³&+Q±�' 5?±F²i±^¯-'R'
%>A
M 4L7>8�8#7>$B7 �Q³g°.4I7K+-$&%@²9%�'´³ �J:!*,:
'
% "�±>'
'
% %�<:³B+>² 7|³B+Q±>'0¯
% % ���  %@³ M � # - + % ' BDCD%.<:³V±>"G³B%�'R:�% 7>8
$ ��<
:
'¶³B%@²98
< F�� ¯
% 4C* ±�$:¯
$&%s¯
%ÀÇ�<.A�Å 7>'
<w¯
%R²9%�+-424-%.:�$&%.<[°M±�'?¯�+>³B+>±�'
<1%�$�8	µ.$0+Q²E%.'´³67K4-%.< � 

@
>A@O4>±�$&< �R:�%
4C* µM°65
7>'´³B+-424Q±�'2¯
+"!T:
<0% /r±�$:³&%M²E%.'´³F4I7 42:?²E+��.$0%05 4�*�7>'-7�4-% ��� ���¶¹�>A@B8C@ B�� K ± � = ³1µ 	 ¼ �=42%0³B%@²98�<
¯!* 7F°M°�:?² :
4-7p³B+>±�'#²9+2'
+Q²97>4Q8�±>:
$x±�"G³&%.'
+2$D:�'
%�"	±�'
'�% %�<:³&+Q²97p³B+>±�'�¯
% 4I7)ER+>³B%�<&<0%�%�<:³g¯
%�4�* ±>$<¯
$0%_¯
%
��<�A��g±p³B$&%i²i±>'f³B7 7�%9%.<:³�¯?±�'?°�<0:�IE<B7F²R²E%.'´³ $:µ.<<±>4-: 8	±�:
$�µ�³B:?¯�+-%.$�4-%�<m¯-'R'#7F²E+.�J:
%�< 4-%�'´³B%.<m¯
:
$&5GµM±^°65#7F±�<0¹²± �
µ�µ <I¼�² 7>+2< '
%H8T%�$<²E%@³98#7><s¯
%H$<µ.<:±�:?¯
$0%0¯
%�<i¯ ')'
7F²9+"�J:
%.<E8
4-:�<9$&7>8
+Q¯�%.< �J:
%
�&a �\ÆU<�A � '
%D7>:l³B$&%S42+Q²E+>³67|³B+Q±>'�8
$:±1E)+2%.'´³y¯
:R¯?µ.8
4-7F°.%@²9%�'´³S¯�:9$05?µM±8² �@³&$&%D7+*#'s¯!* ±�"G³&%.'
+2$�:
'98�$<± *#4
¯
%�ER+>³&%.<0<&%>A (�±�$0< �J:
%_°�%_¯
%.$0'
+-%�$x°M±8²E8�±>$:³B% %.'CER+-$:±�'M:
'
%Ã³B$0%.'´³67K+-'
%_¯
%18	±�+2'f³&<=%@³ �R:�% F�� ±´³ < �
4-%
³B%@²98�< $0% �J:
+2<L8�±�:�$6²9%�<&:
$0%.$�:
'E8
$<± *
4
%.<�³S¯�%D4�* ±>$<¯
$0%x¯
%S4I7Ã²E+-'J:G³B%KA � %�³<³B%D4-+>²9+b³67p³&+Q±�'V°@±8²98�4-+.�J:
%



�������
	��
�����
��������������������-^�)-v�
������$&�b	&�'�
	� A2 �'�
-��%�L�%��"\�������'�'�1"O"�� ��¨�	

0 0.5 1 1.5

30

50

70

log
10

 t
a
 (s)

τ 1/
2  (

µs
)

(a)

0 0.5 1 1.5

16

17

18

log
10

 t
a
 (s)

T
  (

µs
)

(b)

Z\[^]`_ � A��1��apg��kx���s�t#z�s�x��%s�j#�JeA�#y~j#�#y~�7n�s�lCs%jqs%j��#yB��eA�#y~�kx�j�lCs%ji��s�����jq�6eAtJek������t#y~j#�#y~�7n�s%j���s%j#nCt��%j � c^e�f � C  \
lCs%jq�^�kx����#y~�kx�j�r��k���
l� 
x�s%j ������� � }~s`��s�����j�l54 ek�%��nC��nC}�eA�#y~�kx � c;w5f : ��t#y~�
lCs � lCs%j��1j���yB}B}�eA�#y~�kx�j�lCs%jq�^�kx��Ou
�#y~�kx�j�r�������t��7l� 
x�s%j ������� � � gmr'ek�7n�s¯��s%j#nCt�s¯�%�kt#t�s%j����kx�l � }�e����6 �s�xCx�s)s 6�s%���#n��%s¯j#nCt 
 ��s%j#nCt�s%j�j#n��Ou
�%s%j�j#yB��s%jilCs��^�kx����#y~�kx�jqlCsb�%�kt#t���}�eA�#y~�kxG�kwC��s�x�n�s%j�eA�Ct��%jqnCx)��s�����jql54 ek�%��nC��nC}�eA�#y~�kx�lC�kxCx���� � �7� s%jiw'eAt#t�s%j
l54 s�t#t�s�nCt�j�j��kx7�q}~s%jilC���7y�eA�#y~�kx�j�j��JeAx�l�eAt�l lCs��%s%ji��s%j�nCt�s%j �C� sb��y~jJeAyB}B}~s���s�x���eA�C�C}By~��n��`s%j#� �� ��	���j BDC ��� s
x��k��wCt�s����6 �s�x lCsb�Cr��k���kx�j�t�s���n�j��'eAt�jJs%�%�kx�lCs4s%j#���	��
 � 	�� 	 s�x z��%�k�����#t#y~s�r��k���7l� 
x�s �

µ ER+>¯
%M²R²9%�'´³ 4C* µ@³&:?¯
%3¯
% 4C*,5 'R8	±F³B5 �.<&%�¯�%3¯-'R'#7F²E+.�J:
%�< <&8#7p³&+Q±p½ ³B%@²98	±�$&%�4-42%.< 7>:�E8±>+-<&+2'#7 7�%i¯
%�4-7
³B$&7>'
<0+>³B+>±�'�¯
%1/ %.:�+-4-42%@³B7 7�%U¹r°�/@AD°65#7K8
+>³&$&%�¨ �#8#7+7�%
	��´¼�A



� � Æ �������
	��
�����
�����������������! �"# %$&�'�
���!�)(*�
�+�'��",��-.���0/1 %-
�'2%���3 1",$��
�4-��526�7-
�



� �������	��
�� 


� � 
���������������� ����������� � ��
�������
� !���"�#

�$#%�'& �����' (��'& "��) *����+ �,��+��,�'+-��
���� ���

& �)�,�'�)���' ���'�.+-���' 

/1032547698;:=<?>A@CBD8E:=8E:GFIHKJD>L<NM?8E8=O9<PBD8QJDM?R=O?8;ST<?8;MUBD8;OWVX8;O9YDM?8=OWBD8EJDM?2[ZI\]O^B_8a`b>L<N8=O?O?8E2K4_<N8=ScY_8;OUd
\e03HK>ABD8PBDYfVg2KS7<NHKh58UBD8QB_>AijYDO?>A25S�B_kcSIH[Vg>AlcY_8QBD8m\nHg\AYDVX>]o;M98PBDR;:=M?>A<pBIHKSDOp\]8U:GFIHKJD>L<NM?8mJDM?R=:;R=BD8;ST<
O?Y_MgBD8=YbqsrIYD>ABD8;OX:;25VXJD\A8tqb8;OuJIHKMv<N>A:;YD\A>]8;M9O*wxYDSD8�R;VaYD\AO?>A25S�:;25SD:=8;ST<NM9R;8�8=<gYDSD8�O?25\AY_<N>A25S�O?8;VX>Ly
BD>A\]YDR=8zB_8{VX>]:=8;\]\A8;O*h5R;HKST<N8=O;|p}~8;O�B_8;Ybq�O9kcOv<No;VX8;O�JDM?R=O?8=S7<?8;ST<�BD8=O�R=:;25YD\A8;VX8;ST<�O9<GH�<N>]2KSDSIHK>AM?8;O
>]S_FD25VX25h5o;S_8;O;|[}~8=O1Vg8=O?YDM98;O�J	8;M9Vg8t<?<?M?25ST<1H[\]25M9O�B�0�>]ST<?M?2cBDYD>]M98�B_>AijR;M?8=ST<NO�:=25SD:=8;J_<?O1:;\]R=O�<?8;\]O�l7YD8�\]8
� hK\]>]O9O?8=Vg8=S7<���H[YbqgJIHKM?2K>]O;�725Yg8;SD:=25M?8p\]8�\]>]8=Sg8=ST<NM?8p\nHPM?FDR=25\]25hK>]8 � \A2b:;HK\]8C�g�j���j�x8t<�\nHUM?FDR=25\]2Kh5>]8
� h5\A254IHK\A8p���x�T�� ��|�/�8=O�M?R;O9YD\A<NH[<NO�BD8z:;8z:GFIHKJ_>A<NM98�Jj8=M?VX8=<?<?8;ST<�BD25SD:�BD8�<N8=O9<?8;M�\e03HKJ_<N>L<NYDB_8fBDY
VX25ST<GHKh58�BD8�BD>AijYDO?>A25S'BDR=:;M9>A<�JDM9R;:;R=BD8;VXVX8;ST<�d$M?R;O925YDBDM98�BD8;O�R;:=25YD\A8;VX8;ST<NO�>]S_FD25VX25h5o;S_8;O�8t<
O?8=M9`c>]M925ST<PJIHKMPHK>A\]\A8;YDM9O;�	Jj25Y_M^\e0�R=<?YDBD8EBD8E\]H�:;25VXJD\]8�qb>A<NRQO?JIH[<?>]2[ye<N8=VgJ	25M?8=\]\A8UB_8E\e0�R;:;2KYD\]8=Vg8=S7<^BD8
\nHQ<?8tqc<NY_M?8U25h5SD25S�|

}~8a:GFIHKJ_>A<NM98a8;Ov<WYDSfM9R;O?Y_VgRaB_8;O^M9R;O?Y_\A<GH�<NO^JDY_4D\]>AR;OpBDHKSDO^\A8;OpM9R=@�R=M?8;S_:;8;Ou� ���K� � ���5 ¢¡ J	25YDM£\]8=O
:¤H[OQM?8=O?J	8;:t<N>A@�OUBD8g\e0�R;VaYD\AO?>A25S�8=<mBD8;OaVX>]:=8;\A\]8;OWhKR¤HKST<N8=O;|�¥p8�S_25Va4DM98;Ybq{J	25>]ST<NOP8�q_J	R;M9>]VX8;ST<GH[Ybqj�
SD2K<NHKVXVg8=S7<�8;SE:=8�l7YD>_:=25SD:=8;M?S_8¦\e0�R;VaYD\AO?>A25S���O?2KS7<§YDSD>]l7YD8=Vg8=ST<1BDR=<NHK>]\A\]R=O¨BDHKSDO§\]HpM?Rt@�R;M?8=SD:;8^� ���[�K¡ �
VgHK>]OWJD\AYDO?>A8;YDM9OQH[SIHK\AkcO98;OP<NFDR=25M?>AlcY_8;OUBDR=`K8;\]2KJDJjR=8;OaBDHKSDOU:;8X:GFIHKJD>L<NM?8XS�0�25ST<QJDHKOU@©H[>A<P\e0�254c698t<UBD8
JDYD4_\]>]:;H[<N>A25S�|

��� �



����� �������
	 ���
��
������������������������������O	 �!��"$#%��#&��')(*����+
,�-/. 0214365)798;:=<?>�1A@�B <�C/7EDGFH> 3IFH>?3I1�>KJELM@N1

OQPSRTPUR VXWZYE[=\6W�YE]_^T`Ea�`cb!dT[=egf�`E]

/)8;O�R=VaYD\AO?>]2KSDOEO?25ST<gBD8;OgO9kcO9<?o;VX8;Og:;25VXJj2KO?R;OXBD8�BD8;Ycq�rIYD>]B_8;OX>]VXVg>AO?:;>A4D\]8=OQ8t<�:=25SDO?>AO9<?8;ST<
8;S�YDSD8 HKO?O98;Va4D\AR;8zBD8zh525Y_<9<N8;\A8=<9<N8;O�B�0�YDSD8{JDFIHKO98 BD>AO?J	8;M?O9R;8{BIHKSDO�YDSD8zJDFIHKO98 :=25ST<N>]S7YD8[|^}~8=O
O9kcOv<No;VX8;OES_8�O?2KS7<aJIHKOad�\e0�R;l7YD>]\A>]4DM98E<NFD8=M?VX2bB_kcSIH[Vg>AlcY_8g:;HKMQBD8=OaJDFDR=SD25VXo;SD8=OaBD8�:=2THK\A8;O?:=8;SD:=8
8=<gBD8�V�hDM9>]O?O98;VX8;ST<X<N8;S_BD8;ST<*d{HKYDh5VX8;ST<?8;Mu\nHf<GHK>A\]\A8�Vg2�kK8;SDSD8�BD8;Ogh525Y_<9<N8=\]8=<9<N8=O�HKYs:;2KYDM?OgBDY
<N8=VgJ_O��ji  �¡ |�k�25YDM1M?HK\]8=ST<N>]M�:;8=O1JDM?2c:;8=O?O?Y_O;�725SEY_<?>]\]>AO?8�h5R;SDR=MNHK\A8;VX8;ST<1YDSE<?8;SDO9>]2THK:t<N>L@ lcY_>IHKYDh5VX8;ST<?8
\nHaOv<GHK4_>]\]>L<NR^B_8;O�h525Y_<9<N8=O�B_8U\]HEJDFIHKO98UB_>]O?J	8;M9O?R=8K|

/)8;O1JDM925JDM?>AR=<?R;O�M9FDR;2K\]25h5>Al7YD8;O�BD8;O1R=VaYD\]O9>]25S_O�BDR=Jj8=SDBD8=S7<x@�25Mv<N8=Vg8=S7<�BD8�\]H£@�MNHK:t<N>A25Sm`K25\]YDVX>]l7YD8
l BD8;OCh525Yb<?<N8=\]8t<?<N8=O;|�mb> l?n lpo �72�q lpo 8;O9<�\nH^@�M?HK:=<?>]25SE`52K\]YDVX>]l7YD8¦B�0�YDSD8£HKO9O?8;VQ4D\]R=8£BDR=O?25M9BD25SDS_R;8
8=<¨:=25VgJDHK:=<?8CB_8�JIH[M9<N>A:;YD\A8;Osr � MNH[SDBD25V :=\]25O98xJIHK:�t7>]SDh��j� lpovuxwzyj{}|�~ �;\e0�R;VaYD\AO?>A25SW8;Ov<�SD8G�¦<N25S_>]8;S_SD8
8=<xJ_M?R;O98;ST<N8£YDSD8¦`c>]O9:;25O9>A<NRN�QJDM?2c:GFD8�BD8¦:;8=\]\A8¦\nH^JDFIH[O?8�:;25ST<?>]S7YD8��}�S�t|}�pYby BD8;\]d^BD8 lpo �5>A\_S�0 kuHWJD\]Y_O
B�0�8;O9JIHK:;8~\]>]4_M?818;ST<?M?8~\A8;O¨h525Y_<9<N8=\]8=<9<N8=O�w¢:;8=O§BD8=M?SD>Ao;M?8=O�O925ST<1HKYm:;25ST<NHK:=<�\]8=O�YDS_8;O§BD8=O�H[Y_<NM98;O�8t<�O925ST<
BD25S_:�BDRt@�25M?VXR;8=O;|�k�25Y_MQBD8gJj8t<N>A<?8;OUBDR=@�2KM?VgH[<N>A25SDOP>]VXJj2KO?R;8=O;�T�����/�¨BDHKSDOQ\A8gB_25V�H[>]SD8E\A>]SDR;HK>]M98K�)\]8
VgH[<NR=M?>nH[YgO98^:;25VXJ	25M9<?8p:;2KVgVX8£Y_S�O?25\A>]BD8�:¤H[M�\]8=O~h525Yb<?<N8=\]8t<?<N8=O~M9R¤HKh5>AO?O98;ST<¦BD8£V�HKS_>]o;M98£R=\nHKOv<N>AlcY_8
HKYbq @©HK>]4_\]8;OQ:;25ST<NM?HK>]ST<?8;OXHKJDJD\A>]l7YDR=8;O;|��WS�JIH[M?\]8�HK\]25M9OaB�0�R=<NH[< � J��[<?8;Ybq��	|T�£R;4_MNHKYDB��G�)�}���125ST<
VX25ST<NM?R�h5M��K:;8{d�\nH�BD>AijYDO?>A25S�VaYD\L<N>]J_\]8fBD8z\nH,\]Y_Vg>Ao;M?8fl7YD8{Jj2KYDM�BD8{hKMNHKSDB_8;O�BDR=@�25M9V�H�<N>]2KSDO;�
BD8=O£M9R¤HKM9MNHKSDhK8;VX8;ST<NO�VX>]:;M925O?:=25JD>AlcY_8;O�BD8;O�h525Yb<?<N8=\]8t<?<N8=O¦Jj8=M?VX8=<9<N8;ST<pdE\e0�R;VaYD\AO?>A25S*BD8PO;0�R;:=25YD\]8=Mmw
:K0�8;Ov<�\]8�M?R=h5>]VX8�JD\]HKO9<?>]l7YD8 ���}� ¡ r�:=@ |CO?8;:t<N>A25S � | � | � ��JIH[h58 � � ~ |I��HKO?2KS��G���}���~25ST<*VX25ST<NM?R�l7YD8
:;8t<?<?8u<?MNHKS_O?>A<?>]25SfJ!�[<N8��7rIYD>ABD8XH�\A>]8=Y{d*YDS_8X:=25ST<NM?HK>]ST<N8uBD2KSDSDR;8u���£BDR;J	8;SDBDHKST<QBD8 l 8t<QH[JDJj8=\]R=8
� :;25ST<?MNHK>AS7<?8QO98;YD>A\ �^� ������¡ |*� \AO£25ST<^HKYDO?O9>�M?HKJDJ	25M9<?RQ\e0�8tqb>AO9<N8=SD:;8mB�0�R;:;2KYD\]8=Vg8=S7<?O^>]S_FD25VX25h5o;S_8;O£HKY
`52K>]O?>ASIHKh58WB_8U���£����� ¡ |

¥Q0�YDS�Jj25>AST<~BD8£`bY_8W8tqbJjR=M?>AVg8=S7<NHK\e�7BD8pSD25Va4DM98;Ybq�O9kcOv<No;VX8;O¦J_M?R;O98;ST<N8=ST<£B_8;O�:=25VgJ	25Mv<N8;VX8;ST<?O
O?>AVg>A\nHK>AM?8=O~HKYcq*R;VQYD\]O9>]25SDOWw_:K0�8;O9<�\A8W:¤HKO�BD8=O�VX25YDO9O?8=O;�IBD8=O�O9YDO?J	8;S_O?>]2KSDO£:=25\]\A2}� BDHK\]8=O~:;2KSD:;8=S7<?M?R=8;O
25Yg8;SD:=25M?8£BD8;O�V�H[<?R;M9>nHKYbqEh5MNHKS7YD\]HK>]M98;O=|c}p038=O9<¦J	25YDMx:;2KVgJDM98;SDB_M?8p:=8;O�:;25VXJj2KM9<N8=Vg8=ST<NOCYDSD>A`K8;M9O?8;\AO
l7YD8�BD8�SD25Va4_M?8;Y_O?8;O�HKJDJ_M?2c:GFD8;O1<NF_R;25M9>]l7YD8;OxO98�O925ST<C>]ST<NR=M?8;O9O?R=8;O�dU\]Hp<NMNH[SDO?>L<N>]2KSaJ��[<?8��7rIY_>]BD8¦BIH[SDO
:;8=O�VgH[<NR=M?>]HKYbq � Vg2KYDO��	|~}~8=Og<?FDR;25M9>]8=OXJDHKM9<NHKh58;ST<gBD8�@�25M9<?8;OXO?>]VX>]\]HKM?>L<NR=OaH¤`58=:�\A8;OgHKJDJDM92b:GFD8=O
<NF_R;25M9>]l7YD8;OUBD8=OmOvkbOv<No=Vg8=Om`c>A<?M?8;Ycq�r©:=@ |�M9R=@�R;M98;SD:=8;Om:;>A<?R;8=OmBIH[SDO�� � � � �b� �	� �c� �¤�K�[¡ ~ |� �q_J	R;M9>]VX8;Sby
<GH[\]8;VX8;ST<;� }~25YDO9O?2K<¡�G�6�}��� 25ST<pVX25ST<NM9Rmdu\e03HK>ABD8^BD8U\nHa`5R=\]2c:;>AVgRt<NM?>A8 ¢£�¥¤9r � ¢£YD:=\]8;HKM���HKh5SD8t<N>A:
¤�8;O?2KSIHKSD:=8p� ~ �	lcY_8aBD8QS_25Va4DM98;Ybq�O9kcO9<?o;VX8;OW:=25SD:;8=ST<NM?R=OWJDM?R=O?8=S7<?8;ST<PBD8=O^R;:=25YD\]8=Vg8=ST<NOp>ASDFD25VX2[y
h5o=SD8;OCHKYa`K25>]O9>]SIHKhK8�BD8¦\nHp<?MNHKS_O?>A<?>]25SQJ��[<N8��7rIYD>ABD8K|K/)8;OCHKY_<?8;YDM9O1>]ST<N8=M?JDM9o=<N8=ST<�:=8;O1:=25VgJ	25Mv<N8;VX8;ST<?O
8;S'<?8;M9Vg8 B�03YDS_8 <NMNH[SDO?>L<N>]2KS�BD>AO?:;2KS7<?>]S7YD8f8=S7<?M?8f\ 03Rt<GH[<�J��[<N8=Ybq 8t<*\e0�R=<NH[<�rDYD>]BD8¦r©:=@ |CZIhD| � |�ib|34��
§©¨!ªG«�¬£­�®�¯Q°±¬³²G´=µ·¶�ªG¸$¯�¹Gª»ºj«$¼I¶¾½/«�®S¯Q¶j¸/µ¿®U¬¿¼IÀ�­�¶¾²�¶�¬·®�¯UÁc­�®S¯Z´=ª»¬·¬¿®S´=µ·¶�ªG¸$¯�­�ªG¶�¹G®S¸/µ�Â=µ¿¬·®)Ã�¬¿¶�¯·®S¯�®U¸%´=ªG¼6Ã�µ¿®GÁcÃ$²G¬

®=Ä�®S¼IÃ$ºj®Åº¾²6¬·®Sº�²�µ·¶�ªG¸�­�Æ Ç&¶�¸$¯�µ·®S¶j¸�Á�È6É?ÈGÊ�Ë�Ì*Í¡Î�Ï ÐpÑ}Ò=Ó



�v�©�G��+£��� "��
�©	�' "}� +S����� �����
�/�	�
���G	»� ���K�
JIHKhK8 � � ~ � � � � � � ¡ |)¥pHKSDO^YDSzHKYb<NM?8QO9kcO9<?o;VX8a`b>L<NM98;Ybqj�ck1>Ah5SD25S��G�Q�}����25ST<PH[YDO?O9>§MNHKJ_Jj25Mv<NRa\ 038�qb>]Ovy
<N8=SD:;8*B_8�JDM92KZI\]Om>]SDF_25Vg2Kh5o;SD8=OaHKY{`525>AO?>]SDHKh58�B_8����u� � � i ¡ |�¥^H[SDOE:;8=M9<GH[>]SDOm:¤HKO=��YDS,VXR;:;HKSD>]O9Vg8
HK\L<N8;M9SIHKST< � @�MNHK:t<NYDM98C��8t< � M98;:=>]:¤H�<NM?>AONH[<?>]25SW�sHKYXO?8=>]SuBDYXV�H�<NR;M9>nHKYQBD25SDSD8�HKY_O?O?>I\A>]8=YudPY_Sg:=25Vuy
J	25M9<?8;VX8;ST<pM9FDR;2K\]25h5>Al7YD8WB_kcSIHKVX>]l7YD8UBDY�< kcJ	8 � Ov<N>]:�t5y O?\]>AJu� r©:t@ |IO?8=:=<N>A25S � | � | � � JIHKhK8 �K� ~ � �	� i ¡ |

£S_8mH[Y_<NM98W:¤HKM?HK:=<?R;M?>AO9<?>]l7YD8WBD8=O�OvkcO9<No=Vg8=O�:;25SD:=8;ST<NM9R;O�8;Ov<£\A8^h5\A>]O?O98;VX8;ST<�HKYbq�JIHKM925>]O�B_8;O�:;8=\]\]Y_\]8;O
\]>AO?O98;OxBD8;OxM9FDR;25VXo=<?M?8=O;| k�25Y_MCO=0 H�i�M?HKSD:GFD>AM1BD8£:=8=<9<N8�:;25VXJD\A8tqb>A<?RK�5\]H^JD\]YDJDHKM9<xBD8=O�8�qbJjR=M?>]8=SD:;8=O�O925ST<
M?R;HK\]>AO?R=8;O�du\e03HK>]BD8pBD8PJIHKM?2K>]O�M9YDh5YD8=YDO?8=O^H[ZIS � B�03HK:;:=M?2c:GFD8;MC�*\]8WVgH[<?R;M?>]HKY*HKY�M?F_R;25VXo=<?M?8K|

}p038=O9<xJ	25YDM�\e0�8;SDO98;Va4D\A8~BD8~:;8;O�MNHK>AO?25SDO6r©R=:;25YD\A8;VX8;ST<NO�>]SDFD2KVg25hKo;SD8=O�8=<§h5\]>AO?O?8=Vg8=ST< ~ lcY�03>A\bSD2KYDO
H�JIH[M?Y,>]ST<?R;M?8=O?O?HKST<uB�03Rt<NYDB_>]8;MQ\]8;OmJDM?2[ZI\]OmBD8�`c>A<N8=O?O98�BIHKSDOQBD8�<N8=\]OQOvkcO9<No=Vg8=O;|Tk�HKMaHK>A\]\A8;YDM9O;��\]8=O
HKSIH[\]25h5>A8;O£8;ST<NM98X\]Hg<N8�qc<NYDM98X2Kh5SD25S�8=<P\A8;O^R=VaYD\AO?>]2KSDO^SD8uVgHKSDl7YD8;ST<PJIH[O;|�}~8uO?2KS7<P8=S�8=ij8=<P<N25Y_O
BD8=Ybq*BD8=O¦O?YDO9Jj8=SDO?>A25SDO�:;2KSD:;8=S7<?M?R=8;O�:;25SDOv<N>L<NYDR=8;O¦BD8 � :;8;\A\]YD\A8;O���BDR;O925M?B_25SDSDR=8;O;|	¥^H[SDO¦\]8£:¤HKO¦BD8=O
R;VQYD\]O9>]25SDO�:;8=Jj8=SDBIHKST<;��\nHu<GHK>A\]\A8WBD8;O^:=8;\A\]YD\A8;O�SD8m`[HKM9>]8UJIHKO^O925YDOpR=:;25Y_\]8;VX8;ST<;��HK\A25M?O�l7YD8aBIH[SDO^\]8
:¤H[O�B_8;O�25h5SD25S_O¦>]\�8=O9<�4D>]8=S�R=<GH[4D\]>�l7YD8U\]8W:=>]O?HK>]\A\]8;VX8;ST<~BD>]VX>]S7YD8^\]HQ<GHK>A\]\A8pVX2¢kK8;SDS_8mBD8=O�25h5SD25S_O;|
¢£25Y_OgH[\]\]2KSDOQ`52K>]MaJIH[ME\nH O?Y_>A<N8*l7YD8�\]8�Vg25ST<NHKh58*BDR=:;M?>L<uJDM?R=:;R=BD8;VXVg8=ST<gJ	8;M9Vg8t<uBD8*:¤H[MNHK:�y

<NR=M?>AO?8;M�l7YIHKST<?>A<GH�<N>A`K8;VX8;ST<�\]8fhK\]>]O9O?8=Vg8=S7<�BDHKSDO�\]8=O*R;VaYD\AO?>A25SDO�HK>ASDO?>^l7YD8zBD8�SD25VQ4DM?8=Ybq�8=ij8=<?O
SD25Scy SD8G�¦<N25SD>A8;SDO=|&¢£25Y_O�VX25ST<NM98;M925SDO�HKY�:GFIHKJ_>A<NM98   lcY_8U:=8;O�8=ij8=<?O�O925ST<£HKYDO?O9>)JDM?R=O?8=S7<?O£BDHKSDO�\]8=O
R;:=25YD\A8;VX8;ST<NO�B�0�25h5SD2KSDO;|

�
������������������������� �"! l$#&%('()

¢£25Y_OmSD2KYDOmO925VXVg8=OmJDM9>]SD:=>]JIH[\]8;VX8;ST<W>AST<NR;M98;O9O?R;Oad�YDS_8gR=VaYD\]O9>]25S�:=25SD:;8=ST<NM?R=8�:;2KVgJ	25O?R=8uBD8
h525Yb<?<N8=\]8t<?<N8=O�B�0�F7YD>]\A8^O?>A\]>]:=25SD8Hr·k¨25\AkcB_kcVXR=<NFTkc\�mb>A\]2¤q_HKSD8pB_8^`b>AO?:=25O?>L<NR ���5  k�H_|�O;��¤�FD2cBD>nH ~ BD>AO?J	8;Mvy
O?R=8;OWBIH[SDOWYDSfVXR;\nH[SDh58Q8;HKY �chK\Akc:;R=M?25\ |j/)8Q<?8;SDO9>]2TH[:=<N>L@xO9<NHK4D>]\A>]O?HKST<p\A8QO9kcOv<No;VX8E8;Ov<P\]8+*¦R=<NM?HKBDR=:=kc\
*¨M?>]VXR=<?FTkb\��pVXVg2KSD>]YDV-,�M?25VX>]BD8£r�*.*��/,p�}�p\]B_M?>]:GF ~ |5/10�R;VaY_\]O?>A25Sa:=25SD:;8=ST<NM?R=8¦ZISIHK\A8�8;Ov<x254_<N8=S7YD8
JIHKMx:=>]ONH[>]\]\A8;VX8;ST<§B�03YDS_8 � O?2K\]Y_<?>]25SEVXo;M98C�j�TO?YD>L`c>	B�03YDS_8�:=8;ST<NM9>A@�YDh5H[<N>A25SuJj25Y_M1254_<N8=SD>]Mx\]Hp@�MNHK:t<N>]2KS
`52K\]YDVX>]l7YD8 l0#1%('() ����i ¡ |	/�8mO9kcO9<?o;VX8Q254b<N8;S7Yf8=O9<WH[\]25M9O�VX25SD2cBD>AO?J	8;M?O98m8t<p\A8mB_>nHKVXo=<?M?8PVg2�kK8;S
BD8=O£h52KY_<?<?8;\]8t<?<?8;O�8;Ov<p8=S7`c>AM?25S �32 V�|I/�HulcYDHKST<N>A<?RPBD8mhK\Akc:;R=M?25\)8=O9<�:GFD25>AO?>]8PBD8UO?2KM9<N8Pl7YD8m\e0�>]SDBD>A:;8
25J_<?>]l7YD8PBD8U\nHaJDFDHKO?8U:;25ST<?>]S7YD8UO?25>L<�R;hTHK\�du:;8=\]YD>)B_8m\ 03F7YD>A\]8^O9>]\]>A:;25S_8¡r�4 #65�y�|�w�~ |D/x0�R;VQYD\]O9>]25S�8;Ov<
BD25S_:X<?MNHKSDO9JIHKM98;ST<N8X8=<UBD>Li�YDO98E@©HK>]4D\A8;VX8;ST<P\nH*\AYDVg>Ao;M98K|�/)8=OmBDRt<GHK>A\]OWl7YIHKST<Qd*\nH*JDM?R=JIHKM?H[<N>A25S�BD8
:;8t<?<?8UR=VaYD\AO?>]2KS�J	8;Yb`58;ST<87=<?M?8W<NM925Y_`5R=O£BDHKSDO�\nHaM9R=@�R;M98;SD:=8�� ���K��¡ |

OQPSRTP:9 ; YE]�WQb!Y=<�Y=>Zb@?BA£[=]C<ZY=DNe³f�YE] ]�Y&EGF*e=]�dTe=[=[=YIH YEa f eJHG>+?T]�`
K \e03HK>ABD8uBDY,Vg2KS7<NHKh58XBDR;:=M?>L<aBIHKS_Oa\]8X:GFIHKJD>L<NM98�JDM9R;:;R=BD8;ST<;�§BD8;OEVX8;O9YDM?8=OaBD8g:GFIHKVXJ$BD8�`c>Ly

<N8=O?O98m25ST<�R=<?RPM?R¤H[\]>]O9R;8=O�O9YDM�\e0�R;VaY_\]O?>A25S�:=25SD:;8=ST<NM?R=8QBIH[SDO�YDS�R=:;25Y_\]8;VX8;ST<�BD8m}~25YD8t<?<?8mB�0�8;ST<?M?8=@�8=M
B�0�R;JIH[>]O?O98;YDMML #ON VXV�|�k1M?R;HK\nHK4_\]8;VX8;ST<;�5YDSD8�:¤H[\]>]4_MNH[<?>]25SmBDYuVg25ST<NHKh58�dW\e03HK>]B_8�B�0�YDSD8�O?YDO9Jj8=SDO?>A25S
BD>A\]YDR=8~BD8¦/�H[<?8tqaB�03>ASDBD>A:;8~2KJ_<N>AlcY_8P4 #15�y�|�w HpRt<NR¦8=ij8;:t<NYDR=8 r©:t@ |[ZIhD| � | �¤� 8=< � | �¢  �[JIH[h58 ��� � ~ |[/�8=O



���K� �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

JIHKM?HKVXo=<NM98;O1BD8�:=25ST`58;M9O?>A25S ��� 8t< ��� �TH[>]SDO9>Dl7YD8�\]8;OxJ	25O?>L<N>A25SDO����x8t<C�	�§B_YXM92K<N2KM18=<CBDYuO9<NH[<N25M1O925ST<
BDRt<N8;M9Vg>ASDR;O~dQJIHKMv<N>AMCB_8^:;8t<?<N8£:¤HK\A>]4DM?H[<N>A25S�|T¥£8;O¦JDM9R;:¤H[Y_<N>A25SDO~2KS7<~R=<?RpJDM9>]O?8=O�H[ZDS�l7YD8^\nHUJj2KO?>A<?>]25S
BD8�\]H�:=8;\A\]YD\A8gSD8�:GFIHKSDh58gJIHKOa\A25M?O9l7YD8�\ 03R=VaYD\]O9>]25Sz8;Ov<EJD\]HK:;R=8�BIHKS_Oa\nH�:;8;\A\]YD\A8uBD8�}~25YD8t<?<?8K|1}~8=O
V 7;VX8;OUJIHKMNH[Vgot<NM?8=OmJ	8;M9Vg8t<?<?8;ST<aH[\]25M9OUB_8gJIH[O?O?8=MQBD8=Om@�25S_:=<N>A25SDOUBD8X:;25M9M?R;\]H[<N>A25S�Vg8=O?YDM9R;8=OEHKYbq
JDM92KZI\]O�BD8Q`c>L<N8;O9O?8mBIHKSDO^\A8m:;HKOpB_8a\e0�R;VaY_\]O?>A25S�|�¢�25YDOWH¤`K25SDOWHKY_O?O?>�`5R=M?>LZIRaJIHKM�BD>Li�YDO9>]25S�O9<NH[<N>AlcY_8
BD8^\]HQ\]Y_Vg>Ao;M?8�l7YD8W\nHP<GHK>A\]\A8�B_8;O¦h525Yb<?<N8=O�SD8p`[HKM9>]8£JIHKO�O9YDM¦\nHUhTHKVXVg8£BD8^:;>AONHK>A\]\A8;VX8;ST<�HKJDJD\A>]l7YDRQw
\e0�R;VQYD\]O9>]25S�8=O9<£BD25SD:POv<GHK4D\A8WJj8=SDBIHKST<�\]8=O�8tqbJjR=M?>A8;SD:=8;O;|

/�HXZIh5Y_M?8 � | � JDM?R=O?8;ST<?8E\]8;O�JDM92KZI\]O�BD8U`b>L<N8=O?O?8mBD8Q\ 03R=VaYD\AO?>]2KS�:=25SD:=8;ST<NM9R;8EJ	25YDM�BD>AijR;M98;ST<NO£:;>Ly
ONH[>]\]\A8;VX8;ST<NO�HKJDJ_\]>]l7YDR=O;|�¤£H[JDJj8=\]25S_O�l7YD8¦\]8CM?F_R;25VXo=<?M?8�Y_<?>]\A>]O?RZr��Z¤ ������� ¢ ~ SD8~Jj8=M?VX8=<§JDHKO§M?R=8;\A\]8ty
VX8;ST<~B�03>AVgJ	25O?8=MxYDS�:;>AONHK>A\]\A8;VX8;ST<1:;2KSDO9<NHKST<^w7:;8£BD8;M9SD>]8=M�8=O9<�8=S�8ti�8t<�YDSgM?FDR=25Vgot<NM98pdU:;25ST<NM?HK>]ST<?8
>]VXJ	25O?R=8K|
k�25YDM^HKJDJD\A>]l7YD8;M�YDSf:=>]ONH[>]\]\A8;VX8;ST<�:;25S_O9<GH[S7<;��YDS_8a4j2KYD:;\A8QBD8aM9R=<?M?2THK:t<N>A25S�8=O9<W8ti�8=:=<NY_R;8
HKY�S_>A`58;HKY�BDY�\]25h5>A:;>A8;\I:;2KS7<?M�
5\]HKST<~\A8p:=25YDJD\A8p>]S_BDYD>A<CO9YDM�\nHP:;8=\]\AYD\]8[|_}~8pVg2cBD8�BD8£@�25S_:=<N>A25SDSD8=Vg8=ST<
J	8;M?VX8=<£B�0�>]VXJj2KO?8;M�BIHKS_Op\]8U:¤H[OpBD8a\ 03R=VaYD\AO?>]2KS�Rt<NYDB_>]R;8[�jY_S :;>AONHK>A\]\]8=Vg8=ST<�:;25SDOv<GHKST<WO?HKSDOpHKYD:;Y_SD8
rIYD:t<NYIH�<N>]2KS$<N8;VXJ	25M?8=\]\]8XO?>Ah5SD>LZI:¤H[<?>A`K8 r
�1���� w�y�w@5 O���� ~ |§¥p8;Ybq < kcJj8=OXB_8*:;25VXJj2KM9<N8=Vg8=ST<NOQO925ST<
HK\A25M?O¦254_O?8;Mv`5R=Omw
��J	25YDMXBD8�@©H[>]4D\A8;Ou:;>AONHK>A\]\]8=Vg8=ST<NOuHKJDJ_\]>]l7YDR=O rT�� # w�y 5 8=< � | � O���� ~ �C\ 03R=VaYD\AO?>]2KSshK\]>]O9O?8�HKYbq
JIH[M?25>AO~8=<�8;O9<�H[SD>]VXR;8£B�03Y_S*Vg25Yb`58;VX8;ST<¦B_8WM?2K<NH[<N>A25S�O925\]>ABD8p:;HKM�8;\A\]8£S�038=O9<�JIH[O�:;>AONHK>A\]\]R=8�8;S
`K25\]YDVX8¡r©:t@ |_ZIhD| � | � |3HE8=<�4 ~��

��J	25YDMX���� wzy�| O����G�[\A8�h5\A>]O9O?8;VX8;ST<�HKYbqQJIHKM925>]O�M?8=O9<?8�>]VXJj2KM9<GH[S7<¨VgHK>]O�\ 03R=VaYD\]O9>]25SU8;Ov<§:=>]ONH[>]\]\AR;8
8=S�`K25\]Y_Vg8[|N�^S M?8=V�HKM9l7YD8�HKYDO9O?>^l7YD8�\]8=O�JDM92KZI\]O�BD8 `c>A<N8=O?O98fJDM?R=O?8;ST<?8;ST<�Y_SD8f:;25Y_M?4DYDM98
O9>]h5SD>LZI:¤H�<N>A`K8£JDHKM�M?HKJDJ	25M9<~HKYbqgJDM92KZI\AO~BD8�`b>L<N8=O?O?8pB�03Y_S�rIYD>ABD8pSD8G�¦<N25S_>]8;S r©:=@ |7ZIhD| � | � |�:��7@ ~ |

/�HmZIh5Y_M?8 � | � |3HmJDM9R;O98;ST<N8P\]8=O~JDM92KZI\AO~BD8p`c>L<N8;O9O?8^S_25M?VgHK\]>AO?R=O����I���j��J	25YDM����� wzy�| O ��� |_/¨HmSD25M?VgH�y
\]>AONH[<?>]25S����D���j��8;Ov<�BDR=ZIS_>]8PJIHKMWw

���I���j� # �j���j���,���
� �!�,���#" r � | � ~

2�qX� ��8=<C���¨O925ST<C\]8;O1`c>A<?8;O9O?8;OCM?8=O?J	8;:t<N>A`K8;O�BD8�\e0�R;VaYD\AO?>A25SEHKYXM?2K<?25M18=<�HKYuOv<GH[<?25MxVg8=O?YDM9R;8;O�dWJIHKMv<N>]M
BD8=O¦JDM?2KZD\]O�BD8£`b>L<N8=O?O?8WhKM��K:=8PdaYDS�H¢69YDOv<N8;VX8;ST<�SD2KSby \A>]SDR;HK>]M98�B_R=<GH[>]\]\AR£J_\]YDO�\A25>]S�BIHKSDO�:=8W:GFIHKJD>L<NM98
r©:t@ |DJIHKhK8 �¤� � ~ |@*¨25YDO¦\A8;O¦JDM92KZI\]O~SD25M?VgHK\A>]O?R=O~O=03>ASDO?:=M?>A`K8;ST<�O?YDM¦Y_SD8W:;25Y_M?4	8WV�H�$A<NM98;O?O98^JDM9R;O?8=ST<GHKST<
YDSD8P:=25YDM?4_YDM?8UJDM?2KSD25SD:=R;8K| /�HaZIh5Y_M?8 � | � |34�JDM9R;O?8=ST<N8U\nHEVg2�kK8;SDSD8&%X����' BD8P:;8=O�JDM?2KZD\]O;|
mb>]VQYD\A<NHKSDR;VX8;ST<md�:=8;OaVX8;O9YDM?8=Oa\]2c:¤H[\]8;O=�)\]8XM?FDR=25VXo=<NM98g8=SDM?8=h5>]Ov<NM98�\nH�:;25Y_M?4	8�B�0�R;:=25YD\]8=Vg8=ST<

h5\A254IHK\A8�BD8~\e0�R;VaYD\AO?>A25S�|�}~8=<9<N8¦BD8=M?SD>Ao;M98~8;Ov<xJDM?R=O?8=S7<?R;8�O?Y_M§\nH�ZIh5YDM98 � | � |�(xYE\ 03>AVgJ	25Mv<GHKSD:=8xBDYEh5\]>AOvy
O?8=Vg8=ST<¤�D>A\�8;Ov<�:;\]HK>]MCl7YD8W\]8=O�Vg8=O?YDM98;O�BD8WJDM92KZI\AO~BD8^`c>A<?8;O9O?8PO?25ST<¦>ASDBD>AO?J	8;SDO?HK4D\]8=O�J	25YDM�:=25SDSIH�$A<NM98
\]8p:;25VXJj2KM9<N8=Vg8=ST<�M?FDR=25\]25hK>]l7YD8pB_8U\ 03R=VaYD\AO?>]2KS�|z 1S�8=ij8=<;�I\]8^:=>]O?HK>]\A\]8;VX8;ST<��� >]S_BD>]l7YDR^JDHKM¦\]8^M9FDR;2�y
VXo=<NM98^SD8W:=25M?M98;O?J	25SDB�JIH[O�HKY*:;>AONHK>A\]\]8=Vg8=ST<~M9R;8;\�BIHKSDO¦\A8^V�H�<NR;M9>nHKY�|_/�Ha:;2KYDM?4	8WB�0�R;:;2KYD\]8=Vg8=S7<�BD8
\nH^ZIhKYDM?8 � | � SD8�<NM?HKBDYD>L<�B_25SD:�JIHKOC\nH^`5R=M?>A<NHK4D\A8�M9FDR;2K\]25h5>A8¦BD8�\e0�R;VaYD\AO?>A25Su:¤HKMC8;\A\]8¦>]S_:;\]Yb<x\]8;OC8=ij8=<?O
BDY�h5\]>AO?O98;VX8;ST<¤|



�v�©�G��+£��� "��
�©	�' "}� +S����� �����
�/�	�
���G	»� ���5 

0 1 2 3
0

0.25

0.5

0.75

1 (a)

0 1 2 3
0

0.25

0.5

0.75

1 (b)

0 1 2 3
0

0.25

0.5

0.75

1 (c)

v/
v 0

0 1 2 3
0

0.25

0.5

0.75

1 (d)

0 1 2 3
0

0.25

0.5

0.75

1 (e)

x  (mm)
0 1 2 3

0

0.25

0.5

0.75

1 (f)

x  (mm)

������� � | � ���
	���
���������������������������� �"!$#&%����'���)(+*��)(�*��$(��'	�!��-,.�)%�	/�0�213!$	��$(4����*$����5��������$#6�$(4���75�,�,�����84%�!��:9�;<���
,�	���
����7�����������������-���)(���(��)	'#=5�������!���,>5�	@? �$A �B5C�D�������������0%�	��)���)	@��(��0��8�%�!��-,>5�	�����	'E�!��)#6F$�'	��G9H;<��������IG(����
�$(J�'	�5������LK �'��	�!��@	��$,�	�!����$(4���$(���������,�	���
����@�����D�������������3� %�(NM�%������-(��$OP���)(����$(<9RQ�5TS+UV+WYX0Z�[ �$�\Q^]_S X0Za` � ��� 9
;<���b����IG(����c*��)(��'��(4%����d���)(4�
�����c�0	��)�������
5feL%��'��5�(4�c�����c���)(�(�!����g9�Qh*:SCUVJWYX0Z"i A Qh�>S ` A Qh�:Skj��$��QmlnS [ j�� ��� 9);<���
����IG(����o*��)(4�'��(4%����@���)(4�p�����d#6�$�������$%�	��P5feL%��'���$#6�$(4���/�����o���)(�(�!����p%��'�������q5�(4�/� �"!�84%>5��'���)(rQ^s�9utTSp5��T��*�v WYX0Z"i 9
;<���/����IG(����o,.�)��(4�'������!����P	��$,�	�!����$(����$(4�������o,�	���
����P�������������������3� %�(wM�%�������(��$OP���)(����$(J8�%��_IG���������75�%0xy,>5�	��)���
��5�(��P�����@#6z$#6���P,�	��),H�)	'�'���)(���84%��-� �"!$#{%����'���)(<9

OQPSRTP}| ~ aZdT['�N] Y&<ZYE]�H YE] W�b!YE]¦[ ?.F
ds[=YE]
� ������������� �"� � �

k�25Y_M~\e0�R;VQYD\]O9>]25SuR=<?YDBD>AR;8Kr l$#&%('()�~ �c\A8�h5\]>AO?O?8=Vg8=ST<�HKYcqXJIHKM?2K>]OCV�HKO9l7YD8£\A8£:=>]O?HK>]\A\]8;VX8;ST<1M9R;8=\
BIHKS_O£\ 03R=VaYD\]O9>]25S�|� 1S M?R;HK\]>L<NRK�_:;8QhK\]>]O9O?8=Vg8=S7< � HKJ_JIHKM?8=ST<�� BIHKSDO�:;8=OpVgH[<NR=M?>nH[Ybq�SD8U:;25M9M?8=O?J	25SDB



��� � �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

0 1 2 3
0

0.25

0.5

0.75

1

x  (mm)

v n

(a)

0 1 2 3
0

0.25

0.5

0.75

1

x  (mm)

<
v n>

(b)

������� � | � � Q�5TS\�c	���
����6���w�D�����������w(��)	'#=5�������!��=? � �����&,.�)%�	C�0�21.!$	��$(����=*$����5��������$#6�$(������yUV W X0Z"i Q	�-S A
UV W [ Q�
pS A UVYW ` Q	�GS A UV W j Q�
0S A UV W [�X Q	�GS\�$� UVYW [ j � ��� Q��LSn9��pE>5)8�%��y,�	���
������w�D�����������w���'�
(��)	'#=5�������!����$���)(��4? � W �^?��J? � �����^? � �N? � �n9.Q^]_S�� ���T�$(�(����C? ��� ���7*����o,�	���
����o(��)	'#=5�������!��g9D;<���o]>5�	'	����
�3�"�$	'	��$%�	p*��)	'	�����,H�)(����$(��� ��B5���!$�D�B5��'���)(=�'��5�(���5�	��y���P*����d�0�213!$	��$(4�����p#6���'%�	����g9T; ���c����IG(����d�$(6�'	�5������'K �'��	�!��
*��)	'	����',.�)(����$(4��5�%0xw,�	���
������������������������3� %�(NM�%�������(��$OP���)(����$(<9

0.01 0.1 1 10
50

100

200

400

C
on

tr
ai

nt
e 

 (
Pa

)

Cisaillement  (s−1)

������� � | � �!�o�)%�	']H� �3�"!�*��)%����$#6�$(���IG���)]>5���� �)]����$(4%�� ����#{%�����5�(�!$#6�$(4�r5�%0xY,�	���
����J���r�D����������� ���r�B5

�IG%�	���s�9#"$ *$���q5��������$#6�$(4�@��#C,.�G��!G9%�pE>5)8�%���,.�)��(4�@*��)	'	�����,H�)(��� \%�(�!$��5��@�'��5��'���)(�(>5���	��'&	(*)+(-,/.10 WYX 9

JIHKOmHKYzh5\]>AO?O98;VX8;ST<PO?25\A>]BD8E:=\nHKO9O?>AlcY_8�w)>A\18;O9<m\]>AREd�\nH*JDM?R=O?8=SD:;8*H[Yz`K25>]O9>]SIHKhK8EBD8;OmJIHKM?2K>]O;��B�03Y_SD8
ZISD8P:=25YD:GFD8UBD8WrIYD>ABD8WJj8=Y�`c>AO?l7YD8;Ycq�@�25M9<?8;VX8;ST<�:;>AONHK>A\]\]R=8K|b¥^HKSDO�\]8p:¤HKO�B�0�YDSD8UR;VaY_\]O?>A25S��b:;25VXVg8
25S�J	8;Y_<�\]8£`525>AM¦O?YDM�\nHQZDh5YDM?8 � | � �_:K0�8;O9<£YDSD8WB_R;JD\AR=<N>A25S�BD8Wh525Yb<?<N8=\]8t<?<N8=O�HKYbq*JDHKM?25>AO¦l7YD>)O?8=MNHK>L<�d
\e0�25M9>]h5>ASD8£B_8U:=8;O¦ZI\AVgO�B_>A<NO~BD8 � \]YD4DM9>AZI:;H[<N>A25SQ�^� � � ¡ |I¥pHKSDO�:;8PO?:=R;SIH[M?>]2u\]HQ:;25ST<?MNHK>AS7<?8PHKJDJD\A>]l7YDR=8
8;Ov<W:;2KS7<?>]S7YD8QHKY O?8=>]SfBDY�V�H[<?R;M9>nHKY��	HK\A25M?O�l7YD8aBIH[SDOp\A8Q:¤H[OpBDYfh5\A>]O9O?8;VX8;ST<£O?25\A>]BD8[� >]\¨8tqb>]Ov<N8QY_SD8



�v�©�G��+£��� "��
�©	�' "}� +S����� �����
�/�	�
���G	»� ��� �

� �

�$�

L � ���

�$�

� �

��� �

��� �

������� � | � ���7���������$#6�$(4�{5�%0x ,>5�	��)������5�(������\*g5)���3� %�(��C!$#&%����'���)(<9 �7�"���'���B5y,�	�!����$(�*��C�3� %�(�� ��!$,���!$�'���)(
���yIT�)%��'���$���$�'�����JQh����#&]H�)������!����&,>5�	 �GS\5�% �T�)������(>5�IT�y�0%�	��)���)	 �$�\�0%��'��5����)	 84%��o,H�$	'#6�$�C5�% #=5���!$	'�B5�%
������IG���������$	
	 5�%0x ,>5�	��)���g9R;<�=*$����5��������$#6�$(�� 	�!��$�o��5�(��&� �"!$#{%����'���)( ���'�\5����)	��&��(0l�!$	'���$%�	C5�% *$����5��������$#6�$(��
��(��0��8�%�!�,>5�	�����	'E�!��)#6F$�'	��G9

@�MNH[:=<NY_M?8�\]2c:¤HK\A>]O9R;8~8t<CBD25SD:�M?Y_J_<NYDM98£B_8�\]H^:;25ST<?MNHK>AS7<?8K|� 1SX8=ij8=<¤�TBDHKSDOC\]8¦:¤H[BDM?8�BD8�\e0�FTkcJj2K<?FDo;O98�BD8
\]Y_4DM?>LZI:¤H[<?>]25S��[\ 03R=:;25YD\A8;VX8;ST<xHKYuO98;>]SuBD8=O1ZI\]VXO§\]Y_4DM?>LZ HKST<NO§8=O9<C\nH[Vg>ASIHK>]M98�:;HKM1\]8=YDM§R=JIHK>]O9O?8=YDM � 8;Ov<
8tqc<?M 7;VX8;VX8;ST<xJ	8=<?>A<N8[|T/�H^:;25S_BD>A<?>]25S���
 � # w 8;Ov<xBD25SD:�`K8;M?>LZIR;8�8t<x>]\_S�0�kaHUH[YD:;YDS_8�B_>]O?:=25ST<N>AScY_>A<NR
BD8P\nHa:=25ST<NM?HK>]ST<N8[|
�¨`K8;:EYDS_8m<N8=\]\A8mFTkcJj2[<NFDo=O?8K��SD2K<NM98mVX25ST<GH[h58QJ	8;M9Vg8t<pB�03HK:=:;R;B_8;M^>ASDBD>]M98;:t<N8;VX8;ST<^dg\e0�R;JDHK>]O9O?8;Y_M

BD8*:=8;OEZI\]VXOQB_8*\]YD4DM9>AZI:;H[<N>A25S�|M 1Ss8ti�8t<¤����
 � # w >]VXJD\]>AlcY_8gl7YD8�\nH�:;25ST<NM?HK>]ST<?8*\]2c:¤HK\A8gBIH[SDO
\e0�8;ST<?M?8=@�8=M�BD8P\nHa:;8=\]\AYD\]8^B_8Q}~2KYD8=<9<N8UO?25>L<¦BD25SDS_R;8UJIHKM r©:t@ |IM?8=\nH[<?>]25S2r � | �;� ~ �bJIHKh58 �K� ~ w

�x���j� # ������ ��� �����j��� " r � | � ~
2�qX� #?w :=25M?M98;O?J	25SDB�HKY�M92K<N25Mx8t<~� # LWH[Y�O9<NH[<N2KM;| � 8;Ov<�\]8�:;2KYDJD\]8£HKJDJ_\]>]l7YDR�8t< � \]HUFDHKY_<N8=YDMCBD8
\nHa:=8;\A\]YD\A8K|I}~8t<?<?8UM98;\]H[<N>A25S�J	8;M?VX8=<�B_8U:;HK\]:=YD\]8=M�\]8=O¦:;25ST<?MNHK>AS7<?8;O¦\A2b:;HK\]8=O¦HKY�M?2K<?25M¦�!��8=<�HKY�O9<NH[<N2KM
� ��8=S�@�2KSD:=<?>]25S*BD8P\]Hu:=25ST<NM?HK>]ST<N8WhK\]254IH[\]8^��>]S_BD>]l7YDR=8UJDHKM¦\]8WM9FDR;25VXo=<?M?8Ew

���� �� 
�!� # � � ���!� � �"�!�� � "

� � # � � � ��!� � �"�!�� � y
r � | � ~

mb>�25S�O?YDJDJ	25O98�BDR=O?25M9V�HK>AOulcY_8�\]8=OEZI\]VXOuBD8�\AYD4DM?>LZI:¤H�<N>]2KS,O?25ST<gYDSD>]l7YD8=Vg8=ST<�:;2KVgJ	25O?R=OgB_8�\]H
JDFIH[O?8�Jj8=YX`c>]O9l7YD8;YDO98£8;HKY �chK\Akc:;R=M?25\ �525SuJj8=Y_<CR;:=M?>]M98�\]8;O1M98;\]H[<N>A25SDO1O?Y_>A`[HKST<N8=OCB_25SDSIHKST<C\e0�R;JDHK>]O9O?8;Y_M



��� i �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

BD8P:;8=O£B_8;M?S_>]8;M9OPw
��� # ���¨��� �

� � " r � | � ~
2�q�� #15 � � >]SDBD>Al7YD8;ST<x\]8=O§:¤H[OCM98;O9Jj8=:=<N>L@�O1BDYuM?2K<?25M§8t<xBDYuO9<GH�<N25M18t<T����8;O9<C\]H£`c>]O?:=25O?>L<NR¦BD8¦\]H^JDFIHKO98
8¤H[Y �ch5\Lkb:=R;M925\6r ��� u�wzyjw@5 k�Hb|3O ~ |���� � 8;Ov<W\nHXBD>AijR;M98;SD:=8aBD8Q`c>A<?8;O9O?8EHKY�O?8;>ASfBDY�ZI\AV�� �����/����� � # ���
8=<���� � # �$� �,� �Nr©:=@ |DZDhD| � | � ~ |

/�HmZIh5YDM98 � |   |3HmJDM9R;O98;ST<N8W\A8;Ox`b>L<N8=O?O?8=O¦BD8phK\]>]O9O?8=Vg8=S7<���� � 8=S�@�25SD:t<N>A25S�BD8=O~:=25ST<NMNH[>]ST<N8=O~\]2c:¤H[\]8;O
� � |C/�H{BD>Li�R=M?8=SD:;8�8;ST<NM98���� �W8t<���� �md{YDS':=>]O?HK>]\A\]8;VX8;ST<EB_25SDSDR r©:=@ |1ZIh_| � | � ~ BD>AO?JIHKM?H�$]<X\A25M?O9lcY_8

0 200 400 600
0

1

2

3

4

5

σ
i
  (Pa)

v si
  (

m
m

.s
−

1 )

(a)

0 200 400 600
0

30

60

90

h i  (
nm

)

(b)

σ
i
  (Pa)

������� � |   � Q�5TS��7�������������7���&IG���������$#6�$(4��? � �
	�� (3*��)(4�'	�5���(4�����-����*g5������ 0 � 5�%�	��)���)	6Q	�GS@�$��5�% �'��5����)	CQ	�GSn9
; 5 ����IG(��N*��)(��'��(4%��+�����\���w#6�$�������$%�	y5feL%��'���$#6�$(��=�����C���)(�(�!����C,>5�	C%�(�� ,>5�	�5�].�)��� �k? � � W [)Z j [�X ��
 0 �� 9
Q^]_S��c,>5��������$%�	�� �����y
���#6� ���+��%�]�	'�2
>*g5��'���)( 5�% 	��)���)	rQ	�GS=�$�N5�% �'��5����)	rQ	�GS=�)]����$(4%����  � �u5������ �����B5
	��$�B5��'���)( Q^s�9 s�Sn9_; 5\����IG(��-*��)(4�'��(�%��&�����P%�(�5fe %������$#6�$(4������(�!g5���	��&���������)(�(�!������ � W [)Z j [�X ��� 0 � 9

:;8=OmB_8;M?S_>]o;M98;OUO?25ST<UM?8=JDM?R=O?8=S7<?R;8=Oa8;Sz@�25SD:=<?>]25S�BD8=Om:=25ST<NM?HK>]ST<N8=OP\]2c:¤HK\A8;OW�!�¦8t<U� �N|�/¨H�`c>A<?8;O9O?8XBD8
h5\A>]O?O98;VX8;ST<£8;O9<^BD25SD:mYDSD8Q@�25S_:=<N>A25S�Y_SD>A`K8;M?O98;\A\]8QB_8a\nHu:;25ST<?MNHK>AS7<?8Q\A2b:;HK\]8uw�J	25YDM�YDSf:=>]ONH[>]\]\A8;VX8;ST<
BD25S_SDRK�C\nH�BD>AijR;M98;SD:=8�BD8�`[HK\]8=YDMg8=ST<NM?8�\]8=OX`c>A<?8;O9O?8;O�BD8�h5\A>]O9O?8;VX8;ST<gHKY'M92K<N2KMX8t<*HKY�O9<NH[<N25MX8;Ov<
YDSD>Al7YD8;VX8;ST<u\]>AR;8�d�\ 03F_R=<NR=M?25hKR;SDR=>A<NR�BD8*��HKY�O?8=>]S,BD8*\ 038=S7<?M?8t@�8;M;|§/�8*VX8;>A\]\A8;YDMmH¢69YDOv<N8;VX8;ST<uBD8=O
BD25S_SDR;8=OCO9YDh5h5o=M?8¦BD8¦J_\]YDO§l7YD8¦���
� � � |5/�8=O1M?8=\nH[<?>]25SDOIr � | � ~ Jj8=M?VX8=<?<?8;ST<xB�0�254_<?8;SD>AM§\]8=O§R;JIH[>]O?O98;YDM9O
BD8g:;8;OUZI\]VXO ��� 8;S{@�25SD:=<?>]25S{BD8�� � r©:t@ |�ZDhD| � |   |�4 ~ |�/10�R;JIH[>]O?O98;YDMmVg2�kK8;SDSD8�BD8g:=8;OQZD\]VXOU8=O9<QBD8
\e0�25M9BDM?8�B_8 ����� SDV�|1}~8t<?<?8�`KH[\]8;Y_Ma:;25M9M?8=O?J	25SDBsd \e0�25M?B_M?8�B_8*h5MNHKS_BD8;YDMEB_8*\e0�R;JIHK>AO?O98;YDMaB_Y$ZI\]V
B�0�8¤HKY��ch5\Akc:=R;M?2K\¦lcY_>�8�qb>]O9<?8�8;ST<NM98�\A8;Ouh525Y_<9<N8=\]8=<9<N8=OXB�03F7YD>A\]8K|��WSsSD8�Jj8=Y_<XBD25SD:�JIHKOuM9R;8;\A\]8=Vg8=S7<
JIHKM9\]8=M�BD8£ZI\]VXO�B_8 � BDR=JD\]Rt<N>A25Sa��BDHKSDO�:=8p:¤H[O�JDM?R=:;>AO;|�k�HKM¦H[>]\]\A8;YDM9O;�T:=8;O�M9R;O?Y_\A<GH�<NO~VX25ST<NM98;ST<�Y_SD8
@�25>AOpBD8aJ_\]YDO^l7YD8E\ 03R=JIHK>AO?O?8=YDMpB_8;O^ZI\AVgO£SD8aBDR=Jj8=SDB�lcY_8EBD8a\nHX:;25ST<?MNHK>AS7<?8a\]2c:¤H[\]8U8=<Wl7YD8 � ���§|
k1\]YDO�BD8PBDRt<GHK>A\]O�J	8;Yb`58;ST<87=<?M?8P<NM?2KY_`5R=O�BDHKSDO�\nHEM?Rt@�R;M98;SD:=8�� ���K��¡ |



�v�©�G��+£��� "��
�©	�' "}� +S����� �����
�/�	�
���G	»� ��� �

� �������B� ��� ���(������� �"� � � ���	��
 ���
/)8;OWVX8;O?Y_M?8;OpBD8;O^J_M?2KZI\AO^BD8Q`c>L<N8;O9O?8aJ	8;M9Vg8t<?<?8;ST<WBD8aM98;VX25ST<N8=M^HKY `KR;M?>L<GHK4_\]8Q:=25VXJj25Mv<N8=Vg8=S7<

M?F_R;25\A25h5>]l7YD8�BD8�\ 03R=VaYD\]O9>]25S�|}�^SEJ	8;Y_<§8;SE8=ij8=<xB_R=ZISD>AM§YDSE:=>]ONH[>]\]\A8;VX8;ST<¨8=ij8;:t<N>A@P��
��� :=25M?M98;O9Jj25S_BIHKST<
HKY{:;>]O?HK>]\A\]8=Vg8=S7<^M?R;8=\�B_8g\ 03R=VaYD\]O9>]25S��Å�����/��ONH[SDOQ\]H�:=25ST<NM?>A4DY_<?>]25SzBD8;OUZI\]VXOPBD8Xh5\]>AO?O?8=Vg8=ST<¤| k�2KYDM
:;2KVgJIH[M?8;MWl7YIH[S7<?>A<NH[<N>L`58;VX8;ST<���
��� H¤`58;:X\]8=OPBD25SDSDR=8;O r©�§���� ~ >]SDBD>Al7YDR;8=OUJDHKMW\]8uM?F_R;25VXo=<?M?8K��>]\�@©HKYb<
BDRtZISD>]Mf��
��� BD8P\nHQ@©H��;25S�O?Y_>A`[HKST<N8uw

��
��� # � � � �"� ��� ���"� � � �!�$���� ��L y r � |   ~

/)8�@©HK:t<N8;Y_Mz� � � � � � �� ���D��� � � � � �XJDM?2�`c>]8=S7<�B_8 \nH B_R=ZISD>L<N>A25S'BDY�:;>AONHK>A\]\A8;VX8;ST<XBD25SDSDRfJDHKM�\]8
M?F_R;25VXo=<?M?8mH[ZIS BD8P<N8=SD>]M�:;2KVgJ_<?8mB_8Q\nHuh5R=25VgRt<NM9>]8PBD8Q}~25YD8=<9<N8?r�:=@ | M?8=\nH[<?>]25S_OHr � | �}� ~ �IJDHKh58 �5  ~ |
�^S�Jj8=Y_<�HK\]25M9O*HKO9O?2c:;>]8=M�d������� \]H$:;25ST<?MNHK>AS7<?8�� >ASDBD>AlcY_R;8fJIHKM*\A8fM?FDR=25VXo=<NM98��¤|�/�H$ZIh5Y_M?8 � |j�
JDM9R;O?8=ST<N8a\]Hu:=25YDM94j8UB�0�R;:;2KYD\]8=Vg8=S7<£h5\A254IHK\A8¡r�� ~ >]SDB_>]l7YDR;8PJIH[M£\A8UM9FDR;2KVgot<NM?8UHK>ASDO?>�l7YD8U\nHu:;25Y_M?4	8
8=ij8;:t<N>L`58UBDR;BDY_>A<N8UBD8=O£JDM92KZI\AOHr�� ~ | /)8;O�BD8=Ybq�Jj2K>]ST<NO�O?Y_M£\ 0 H�qb8��� #�w :;25M9M?8;O9Jj2KSDBD8;ST<^HKYbq�JDM92KZI\AO
BD8Q`c>L<N8;O9O?8EBD8=O^ZIh5YDM98;O � | � |3H�8=<^4�|�/�H�:=25YDM?4	8aB�0�R;:=25YD\A8;VX8;ST<W8=ij8;:t<N>L`58EM?Rt`5o=\]8E\e0�8tqb>AO9<N8=SD:;8QB�03Y_SD8
:;2KS7<?MNHK>AST<N8PO?8=YD>]\����£wDO?>)� ''���C\e0�R;VaY_\]O?>A25S*8;Ov<�:;>]O?HK>]\A\]R=8K|

¥Q03HKY_<NM98mJDHKM9<;�D25S�Jj8=Y_<£HKO?O92b:=>]8;M�dE\nHEVX8;O9YDM?8PBD8U�j���j�~YDS�:;25VXJ	25M9<?8;VX8;ST<�M?FDR=25\]2Kh5>]l7YD8W�x�T�� �
\]2c:¤H[\e|s 1S 8=ij8=<¤�~\nH M98;\nH�<N>]2KSxr � | � ~ Jj8=M?VX8=<*B�0 HKO9O?2c:;>A8;M*d \]H J	25O?>L<N>]2KS�����YDS_8 :;25ST<?MNHK>AS7<?8 BD25Scy
SDR=8��x���j�t|Mmb25YD\A>]h5S_25SDOWl7YD8�\ 03F_R=<NR=M?25hKR;SDR=>A<NRuBD8X:;2KS7<?MNHK>AST<N8X\]2c:¤HK\A8EBIHKSDOU\e0�8;ST<NM98=@�8=MmBD8X\nH�:;8=\]\AYD\]8
BD8m}~25YD8t<?<?8UYb<N>]\A>]O9R;8W8;Ov<�M?8;\]H[<N>L`58=Vg8=S7<�:=25SDO9>]BDR=MNHK4D\A8W:¤HKM r�:=@ |IM98;\nH�<N>]2KSDO©r � | � ~S~ w

�!�!�,� �
� # � � �� ��� � ��!�� �"�!� � u � '() y r � |�� ~

/)8p:=>]ONH[>]\]\A8;VX8;ST<C\]2c:¤HK\ BD8p\e0�R;VaYD\AO?>A25Sgl7YIH[S7<¦dQ\]YD> �TJj8=Y_<.7t<NM?8pBDR;BDY_>A<�B_8;O�JDM92KZI\AO~BD8p`c>L<N8;O9O?8^hKM��K:=8
dE\nHEM?8=\nH[<?>]25S�O?YD>L`KH[S7<?8 r©:=@ |IM98;\]H[<N>A25SDO©r � | � � ~ �DJDHKh58 �K� ~ w

�� ���j� # �Q� � � ���j���� � � �����j�� ������� y r � |¾� ~

/)8�O9>]h5S_8 � Vg25>ASDO	�UB_8~\nH¦M98;\nH�<N>]2KSUJ_M?R;:=R;BD8=ST<N8~`c>]8=ST<�BD8C\e0�25M9>]8;ST<NH[<N>A25SP:GFD25>]O9>]8xJ	25YDM�\e03H�qb8C�a\]8x\]25S_h
BD8=O�`c>L<N8;O9O?8=O�B_R;:;M925>]O9ONHKST<?8;O;|	}~8t<?<?8UJ_M?2c:;R;B_YDM?8PHER=<?RWBD>]M98;:t<N8;VX8;ST<�HKJ_JD\]>AlcY_R;8WHKYcq*BD25S_SDR;8=O�hKM��K:=8
d*\e03HKJDJDM92¤q_>AV�H�<N>]2KS BDYzJDM?8=Vg>A8;MW25M9BDM?8uO?Y_>A`[HKST<N8�w � � � � � u � � ���¢� u � � ��� � �¨�j� � � ���j�?� � �¢��|
k�2KYDM1:GFIHKl7YD8�JDM92KZI\DBD8�`c>L<N8;O9O?8�254_<?8;S7Y��52KSXJ	8;Yb<Cd^JIHKM9<?>]M�BD8¦\nH^VX8;O9YDM?8¦BD8¦\]Hp:;2KS7<?MNHK>AST<N8¦h5\A254IHK\A8K�
M?8=Vg2KS7<?8;M�duYDSD8P:;2KYDM?4	8PB�03R=:;25Y_\]8;VX8;ST<�\]2c:¤H[\]8p�1���j�"!�#/�P�� ���j� r�:=@ |DZIh_| � |j� ~ |$&%' ��� ²�¶�¸$¯�¶�½/«�®vº�² ¹�²�º�®U«�¬)(©¶�¸$­�¶¾½/«�ÀU®vÃ$²�¬*º�®M¬�*�ÀUª»¼,+=µ·¬¿®M´UªG¬¿¬·®�¯�Ã}ªG¸�­�®U¸/µ.-s«�¸�®vµ·¬�+S¯0/}ªG¸�¸�®Å²�Ã$Ã�¬·ª�Ä�¶�¼N²�µ·¶�ªG¸�²G«
´=¶¾¯¿²�¶�ºjº�®U¼6®U¸/µE®=µ�-Iº¾²6´=ªG¸/µ¿¬¿²G¶j¸/µ·®vº�ª�´S²�º�®Å®U¸"1325476GÎ�Ó



�¤��� �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

0 0.01 0.1 1 10
50

100

200

400

C
on

tr
ai

nt
e 

 (
Pa

)

Cisaillement  (s−1)

(a)

1 4 16

250

500

Cisaillement  (s−1)

(b)

������� � |���� Q�5TS �o�)%�	']H�\�3�"!�*��)%����$#6�$(4��IG���)]>5����\���-� �"!$#{%��������)( �)]����$(�%�� �$(+IT!��)#6!$�'	'��� ��� �o�)%��$�'��� Q	�GSn9
;<���&����#&]H�)�����{,����$��(��wQ	�GS-*��)	'	����',.�)(����$(4�' �B5N*��)%�	'].�=�3�"!�*��)%����$#6�$(4� �n13��*$�'���T�=�)]����$(4%��  � �u5������y���6�B5
	��$�B5��'���)( Q^s�9��TSn9_;<���7,.�)��(4��� Q�� S�*��)	'	�����,H�)(����$(���8�%>5�(4�  6�$%0x  6�B56*��)%�	'].�&�3�"!�*��)%����$#6�$(�������*g5���� 0������ 	�� (
UV ��� �k�)]����$(4%��  @� �u5������o�����R	��$�B5��'���)(���Q^s�9��TS �$��Q^s�9��GSn9�; ���k����IG(����b*��)(��'��(4%����
���)(��c�����b5feL%��'���$#6�$(����b����(�!g5���	����
���������)(�(�!��������D*g5������6Q 0������ A UV �����'Sn9
Q^]_S��H�D�)# ��� �B5
	g�)(��C���\�B5 *��)%�	'].� �3�"!�*��)%����$#6�$(4�{��(��0��8�%�!�� ,>5�	����
	���*$��5�(�IG���-,.�)��(4�'������!{�$( Q�5TSn9

}~FIHKl7YD8zS7YIHKh58fBD8�J	25>]ST<?O r©�x���j�t���� ���j� ~ 8=O9<�BD>]O9Jj8=M?O9R�HKY_<N2KYDM*BD8f\nH$:=25YDM94j8�B�0�R;:=25YD\]8=Vg8=ST<
8=ij8;:t<N>L`58�� !�#/����
����� | 
£S'H�69YDO9<?8;VX8;ST<�\A>]SDR;HK>]M98�BD8�:=8;OXS7YIHKh58=O�BD8�Jj2K>]ST<NOgHzRt<NR�8=ij8;:t<NYDR�Jj25Y_M
:GFIHKl7YD8�:=>]ONH[>]\]\A8;VX8;ST<gHKJDJD\A>]l7YDR[|¦}~25VXVg8�\]8�Vg25ST<?M?8 \]H{ZIh5YDM98 � |j�_�~:=8;O*O98;h5VX8;ST<NO�J	8;M9Vg8t<?<N8=ST<
B�0�8;Ov<N>]VX8;MU\]8X:;2KVgJ	25M9<?8;VX8;ST<UM?FDR=25\]2Kh5>]l7YD8XBD8�\ 03R=VaYD\AO?>]2KS{d�:GFIHKl7YD8�JDHK\]>A8;MPBD8�:=>]O?HK>]\A\]8;VX8;ST<;|�/�H
BD>AO?:;2KS7<?>]S7YD>L<NRal7YD8E\ 0325Sf2K4DO?8=M9`58u8=S7<?M?8 �� # 5 8=<��� # ' O ��� 8=O9<UJIHKMv<N>]:=YD\]>Ao;M98;VX8;ST<pO9YDM?J_M?8;SDHKST<N8
r©:t@ |cZDhD| � |j� ~ wDdQ\]HmJDM9R;:=>]O?>A25S�BD8£:;8=O¦BD25SDSDR=8;O�8�qbJjR=M?>]VX8;ST<NHK\]8=O~8=<�Jj25Y_M��� ' 5 O����t�c>]\	O?8=Va4D\]8£l7YD8
\]8m:;25VXJ	25M9<?8;VX8;ST<pM9FDR;2K\]25h5>Al7YD8QBD8m\e0�R;VaY_\]O?>A25S�B_R;J	8;SDBD8QBDYf:;>AONHK>A\]\]8=Vg8=ST<pH[JDJD\]>Al7YDRK|j}~8aM9R;O?Y_\A<GH�<
M?8=Vg8t<�8=S lcY_8;O9<?>]25S \ 038�qb>]O9<?8;SD:=8 B�0�YDSD8 \A25>�M?FDR=25\]25hK>]l7YD8�O?>]VXJD\A8�8t<�HKSIHK\Lk7<N>]l7YD8�J	8;M?VX8=<9<GHKST<�BD8
M?8=JDM?2cBDYD>AM?8W\A8;O�BD25SDS_R;8;O�O9YDM�<?25Y_<?8W\nHEhTHKVXVg8pBD8P:;>]O?HK>]\A\]8=Vg8=S7<~HKJDJ_\]>]l7YDR[|


���²Å­�¶�¯·Ã}®U¬³¯�¶�ªG¸I®S¯�µ�Ã�¬·¶�¸$´U¶jÃ$²Gºj®S¼6®U¸/µ�ºj¶�ÀU®	-vº Æ ®S¯�µ·¶�¼N²�µ¿¶jª»¸I®UÄ�Ã�ÀS¬·¶�¼6®U¸/µ¿²Gºj®c­�® %' Ë�1}Ò=Ó���ª»«�ºj¶��G¸$ªG¸$¯!½/«�Æ «�¸�® ²�Ã$Ã�¬·ª�Ä�¶��¼N²�µ¿¶jª»¸Z­�Æ ªG¬³­�¬¿®�� ­�®vº¾²N­�ÀS¬·¶�¹GÀS®v´UªG¸$­�«$¶�µ�-I«�¸�®T­�¶�¯·Ã�®S¬¿¯·¶�ªG¸£¯�¶�¼6¶jº¾²�¶�¬·®»Ó



�v�©�G��+£��� "��
�©	�' "}� +S����� �����
�/�	�
���G	»� �¤� �
OQPSRTP O VXWZYE[ F ? HG>+?�b�f�YIH YEa f¦b��Z` ?T[ ?T^se=\6W�Y�[ ?.F*dT[��
� � �(�����B� ����� � � ���&����� �����<���	� ��� � #�
 �� �

K \e03HK>ABD8£B_8^\nHm`KR;\A2b:=>]VXR=<NM9>]8�¢£�%¤P�I}~2KYDO?O92K<H�G� �}���_25ST<¦VX25ST<NM?R£l7YD8WBD8^SD2KVa4DM?8=Ybq�O9kcO9<?o;VX8;O
:;2KSD:;8=S7<?M?R=OpJ	25Y_`[HK>]8=ST< 7=<NM98PBDR;:=M?>A<?O¦JIHKM�\]8W:=25VXJj25Mv<N8=Vg8=S7<�M9FDR;2K\]25h5>Al7YD8^O?Y_>A`[HKST<U� � � � � � ¡ w

��� � 
�� ���j� # w J	25YDM�� %'� o "
�x���j� #�
 �� ���j� � Jj2KYDM�� � � opy

r � |�i ~

}~8;O�BD8=Ybq R=l7YIH[<N>A25SDOfBDR=:;M9>A`58=ST<{Y_SD8,:;25Y_M?4	8,B�03R=:;25Y_\]8;VX8;ST<�JDM9R;O98;ST<GHKST<zBD8=Ybq 4DM?HKSD:GFD8=OzB_>]Ovy
<N>ASD:=<?8;O�w¡r©> ~ \nH JDM98;VX>]o=M?8,R;l7YIH�<N>]2KS M98;JDM9R;O98;ST<N8�\e0�R=<GH�<�J��[<N8=Ybq l7YD>ESD8�:;2KYD\]8�JIHKO�J	25YDMfBD8=O
:;2KS7<?MNHK>AST<N8;O�>]S_@�R=M?>]8=YDM?8=O*d � o �£r©>]> ~ \]H{O98;:;2KSDBD8�M?8=JDM?R=O?8;ST<?8z\]H{4DM?HKSD:GFD8 rDYD>]BD8 w~\]8�:¤HKO 4 # 5
:;2KM?M?8=O?J	25SDB�dQYDS�rDYD>]BD8pSD8»�¦<?25SD>]8=S r 
 8=O9<�HK\A25M?O�\nHm`c>AO?:;2KO?>A<?R ~ 8=<.4 % 5 :=25M?M98;O?J	25SDB�daY_S�rIYD>]B_8
M?F_R;2KrIY_>]BD>LZ HKST<¤|v¢£25YDOQSD25YDOEO925VgVX8;OQBD25SD:�B_8;VgHKSDBDR=OEO?>�\A8�:;2KVgJ	25M9<?8;VX8;ST<EM9FDR;25\A25h5>AlcY_8 r � |�i ~
JDM925Jj2KO?RPBIHKSDO�\]HaM?R=@�R=M?8=SD:;8g� � �;¡ Jj8=M?VX8=<�BD8PM98;JDM92bBDY_>]M?8WS_25O�BD25SDSDR=8;O�8tqbJ	R;M?>AVg8=ST<GHK\A8;O;|


������T� #©�����������	����� #
}p038=O9<W\]Hu`[HK\A8;YDM�BD8m\e0�8tqbJj2KONHKST</4zl7YD>¨:;25ST<NM 
5\]8U\nHX:;25Y_M?4DYDM98QBD8=OpJDM92KZI\AO£BD8U`c>A<N8=O?O98a�j���j�t|p 1S

8=ij8=<;�§>]\�8;Ov<gO9>]VXJD\]8gBD8*VX25ST<NM?8=Mud \e03HK>]B_8�BD8;OEM98;\]H[<N>A25SDO?r � | � ~ �Nr � |�� ~ 8=<¥r � |ji ~ l7YD8*\]8*JDM92KZI\�BD8
`c>A<?8;O?O98mO9YDM�\nHa4DM?HKSD:GFD8PrIYD>ABD8W8;Ov<pB_25SDSDRPJIHKMWw

�����j� # ��� � � �,�� � � ��� � �,�j� 4 �
� �!�
 � � �� � � ��� � �

� � � � �� ����� � � � � � 5
�
" r � |�� ~

2�q��!�18=O9<�\nHE:;2KS7<?MNHK>AST<N8PHKY�M?2K<?25M;|D/�8=O�`c>L<N8;O9O?8=O£BD8P\ 03R=VaYD\]O9>]25S�H[Y�Ov<GH[<?25M¦8=<£HKY�M?2K<?25M¦O?2KS7<£BD25S_:
M?8=\]>AR;8;O¦JDHKMPw

� � # � � � �� � � 4 � � �"! �!�
$# � � � �
5 �

� � �� � � � � � � y r � | ��� ~

K \ 0 H[>]BD8uBD8=OaR;l7YIH[<?>]25S_O�r � |�� ~ �6r � | ��� ~ 8=<aB_8�\nH�BDR=ZDSD>A<?>]25S{BDY,JDM?2[ZI\�B_8g`c>A<?8;O?O98�SD25M9V�H[\]>]O9R¥r©:=@ |
M?8=\nH[<?>]25S2r � | � ~�~ �D25S�Vg2KS7<?M?8PHK>AO?R=Vg8=S7<�l7YD8Xw

���D���j� u �
5 � �� � � ��� � �D��� �����j�?� � � � � 5

��� � � � �e� � � � � 5
y r � | �	� ~

}~8=<9<N8�B_8;M?S_>]o;M98~R=lcYDH[<N>A25SQSD8~:;25M9M?8;O9Jj2KSDBaJIHKO�dpYDSD8�R;hTH[\]>A<?RxO9<NM9>]:t<N8�d£:¤HKYDO98�BDYQ<?8;M9Vg8CBD8�M92K<GH[<?>]25S
O?2K\]>]B_8U���	� � � �s�j��� � ��BIH[SDO£\ 03R=l7YIH[<N>A25S;r � |j� ~ | /�HXO?8;Y_\]8mHKJDJDM92�qb>AV�H[<?>]25S*8=O9<plcY_8m� ��� � � n �� ���j�
J	25YDM1<N25Yb<�J	25>AS7<x�*B_8£\ 038=S7<?M?8t@�8;M;|c}~2KVgVX8�� �&% ���G�¦�� ���j�'% �$� ��L£8t< � � uG5�w L5�T\ 038=M?M?8=YDMx:;25VXVX>]O?8
8;Ov<�>]S_@�R=M?>]8=YDM?8PdE\]HuM9R;O925\]Y_<?>]25S*8�qbJjR=M?>]VX8;ST<NHK\]8¡r u '()�~ |



�¤��� �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

�"�G�g� ���K���p�}�·� ��� ���	��� �G��� �
���¿�}� ��� � 4
¥^HKSDO�\]8�:=25ST<N8�qb<?8fBDY':=25VgJ	25Mv<N8;VX8;ST<�M?FDR=25\]25hK>]l7YD8�� # 
 �� � �C\e0�R;l7YIH�<N>]2KSxr � | �	� ~ J	8;M9Vg8t<

B�0 
K<N8=Mu\]8;Ou:=25ST<NM?>A4DY_<?>]25SDOE\A>]R=8;OuHKY�h5\A>]O?O98;VX8;ST<XHKYbq,JIHKM?2K>]O;|x/)8�O?8=YD\¦JIHKM?HKVXo=<NM98�\]>]4_M?8�BD8�:=8=<?<?8
R;l7YIH�<N>]2KS 8;Ov< 4�|�/�H�ZIhKYDM?8 � |¾�c| H�JDM?R=O?8;ST<?8�\]8=OQJDM92KZI\]OUSD25M9V�H[\]>]O9R;OP254_<?8;S7YDOEd�\e03HK>]B_8XB_8�\e0�R;l7YIH�y
<N>A25S;r � | �	� ~ J	25YDM�BD>AijR;M98;ST<NO�8tqbJ	25ONHKST<?O/4�|	/103>ASDO?8=M9<£>]SDB_>]l7YD8Pl7Y�03>A\�8;O9<£BD>�
g:=>]\A8UB_8mBD>AO9<?>]SDh5Y_8;M�\]8=O

0 1 2 3
0

0.25

0.5

0.75

1

x  (mm)

v(
x)

/v
0

1.4 1.5 1.6

0.4

0.45

0.5 (a)

0 1 2 3
0

0.25

0.5

0.75

1

x  (mm)
<

v n>

1.2 1.5 1.8
0.3

0.4

0.5 (b)

������� � |��K� Q�5TS��c	���
������'E�!��)	'��8�%������)]����$(4%��  =� �u5������&���\� �"!�8�%>5��'���)(�Q^s�9#" ":S@,.�)%�	�v W X0Za` Q	�GS A�� 9 srQ�
0S A
� 9��JQ�
pS A�� 9��NQ	�GSP�$� "6Q	�-Sn9�;<���P,>5�	�5�#6F$�'	����@IT!��)#6!$�'	'��84%����7���)(���� � W `G` �$��� � W ` j #C#J9�;
� ��(����$	'�@���'�
*��$(4�'	�!���%�	o����#C�������$%J���7� �"�$(��'	��nlh�$	g9 Q^]_Sp�c	���
��3#6�+�T�$(J(��)	'#=5�������!'�C? � � �)]����$(�%+�'%�	/� �"!$#{%��������)(+!$�'%��0��!��
Q	�GSCQh*nl'9H
�I�9.s�9��09 ]_S��$�-,�	���
������'E�!��)	'��8�%����-,.�)%�	�v W X0Z j Q^����IG(��C,H�)��(��'������!��=�'%�,.!$	'���$%�	��:S A v W X0Z"i Q^�'	�5����
*��)(4�'��(�%_S��$�Pv W X0Z�� Q^����IG(���,.�)��(4�'������!��-��(0l�!$	'���$%�	��:Sn9>;d� ��(����$	'�@���'��*��$(��'	�!{�'%�	P����#C�������$% ����� �"�$(4�'	��nl��$	g9

JDM92KZI\]OmBD8�`c>A<?8;O9O?8*J	25YDM w�y�{ � 4 � 5 |Åk¨25YDMaB_8;Oa8�q_J	25O?HKST<NOE>]Sb@�R;M?>A8;YDM9O;�¨\]8=OaJDM?2[ZI\]OmBD8�`c>A<?8;O?O98
JDM9R;O?8=ST<N8;ST<¦Y_SD8£:=25YDM94DYDM?8�JD\AYDO�J_M?25SD2KSD:;R=8£l7YD>	Jj8=M?VX8=<CBD8�\]8=OCB_>]O9<?>]SDhKYD8;Mx:;\]HK>]M98;VX8;ST<xB�0�YDS�J_M?2KZI\
SD8G�¦<N25SD>A8;S�25Y,@©HK>A4D\]8=Vg8=S7<QM?FDR=2KrIYD>ABD>AZIHKST<¤|1}~8t<?<?8�:=25YDM94DYDM?8�JDM92�`b>A8;ST<uBD8�\e0�8=ij8=<a:;YDVaY_\]R*BD8*\]H
M?F_R;2KrIY_>]BD>LZI:¤H[<?>]25Sg8=<~BD8^\nHmSD25Sby YDSD>A@�2KM?VX>A<NR¦B_8^\nHU:;25ST<NM?HK>]ST<?8^BIHKSDO~\e0�8;ST<NM98=@�8;M~BD8^\nHU:;8=\]\]Y_\]8K| k1\]Y_O
\nHg:;25ST<NM?HK>]ST<?8E8;O9<W@�2KM9<N8[��JD\AYDO^\nH�`c>AO?:;2KO?>A<?Ra8;Ov<P@©HK>]4D\A8�wj\]8a:=>]ONH[>]\]\A8;VX8;ST<£\]2c:¤HK\X�� ���j�pBDR=:;M?2�$]<PBD25S_:
BDY�M92K<N2KM�`58=M?O¦\A8£Ov<GH[<?25M;|zmbYDM�\]HPZDh5YDM?8 � |¾�c|34�8=O9<¦J_M?R;O98;ST<NR=8W\nHU:;25YDM94j8pV�H�$A<NM98;O?O98 %X����'�254_<N8=S7YD8
h5M��K:;8�HKYbq{JDM?2[ZI\]OmBD8g`c>A<?8;O9O?8*BD8g\e0�R;VaYD\AO?>A25S{J	25YDMs�� � wzy�| O ��� |�/)8;OQBD25SDSDR=8;Oa8�qbJjR=M?>]VX8;ST<NHK\]8=O
8=<£\]8=YDM?O�4IHKM9M?8=OpB�0�8;M9M?8;Y_MpO?2KS7<p:;25VXJDM9>]O?8=O£8=ST<NM?8m\]8=O£BD8=Ybq�JDM?2[ZI\]O�<NFDR=25M?>Al7YD8;O£:¤HK\A:;YD\AR;O�JIHKM�\nHuM?8�y
\nH�<N>]2KS r � | �	� ~ J	25YDM 4 # wzy N 8t< 4 # wzy ' |�/¨H�M?R;O925\]Yb<N>]2KS$BD8*SD2K<?M?8�VX25ST<GH[h58�J	8;M9Vg8t<EBD25SD:�BD8
:;2KSD:;\AYDM?8�l7YD8 4 # wzy�|��¥wzy 5 J	25YDMx\e0�R;VQYD\]O9>]25Sa:=25SD:=8;ST<NM9R;8pRt<NYDB_>]R;8[| mb25YD\A>]h5S_25SDO§l7YD8�:;8t<�8�qbJj25O?HKST<
8;Ov<�:;25VXJIH[<?>]4D\A8WH¤`58;:U\]8=O�JDM?R=BD>]:t<N>]2KSDO�<NFDR=25M?>Al7YD8;O�BD8 k1M?>ASD:;8=S r�4 # wzy '}~ � ���}��¡ 8=<�BD8 ,~8=M9<?FD>]8=MK�G�
�}���&r�4 # w�y N�~ � � � ¡ |}�£ZISEBD8¦O?H¤`525>AM§O?>b\]8�VX2bB_o;\]8�M?FDR=25\]2Kh5>]l7YD8�� # 
 �� � r©:t@ |KM?8=\nH[<?>]25S r � |ji ~S~ M?8=JDM?2�y
BDYD>L<�\]8;O�BD25S_SDR;8=O^8tqbJ	R;M?>AVg8=ST<GHK\A8;O;� >A\�@©HKY_<pHKYDO?O9>¨`KR;M9>AZI8=Mpl7Y�0�YDS YDSD>Al7YD8mJDHKMNHKVXo=<?M?8 
 J	8;M9Vg8t<?<?8



�v�©�G��+£��� "��
�©	�' "}� +S����� �����
�/�	�
���G	»� �¤�5�
B�03H¢69YDOv<N8;M�\]8=O¦JDM?2[ZI\]O¦BD8W`c>A<?8;O9O?8UVg8=O?YDM9R;O;|

�"�G�g� ���K���p�}�·� ��� ���	��� �G��� �
���¿�}� ��� � 
�� ����������� � � � ���G� ���	�p�	
��

£SD8�@�25>]Ou\ 038�q_J	25O?HKST< 4 BDR=<?8;M9Vg>ASDRK�x>]\¦8=O9<�Jj25O9O?>A4D\]8�BD8�Vg8=O?YDM98;MX\]8�JDM?Rt@©HK:=<?8;YDM 
 dzJIHKMv<N>]M

BD8=O�J_M?2KZI\AO*BD8f`c>A<N8=O?O98{J	25YDM �� � wzy�| O����t|Nk1\AYDO�JDM?R=:;>]O9R;VX8;ST<¤�¦\A8;O*JDM92KZI\AO*JDM?R=O?8;ST<?R;O�O9YDM�\]8=O
ZIh5Y_M?8;O � | � |�:��7@�25ST<�R=<?RmH�69YDO9<?R;O�JIHKM�\nHaM98;\nH�<N>]2KS*O?YD>L`KH[S7<?8Ew

�j���j� #�
 � � �,�� � ��� � � � �,�j� � � � �� � �,� � � � � � 5
�
" r � | ��� ~

2�q 
 8=<�� O?25ST<�BD8=O�JIHKMNH[Vgot<NM?8=O�\]>A4DM?8=O�8=<P4�HaR=<NR^Zbq_RUda\]Hm`[HK\]8=YDMP4 # wzy�| <NM925Y_`5R=8PJDM?R=:;R;B_8;VEy
VX8;ST<¤|I/)8=O¦Vg8=>]\]\A8;YDM9O�H¢69Y_O9<N8=Vg8=ST<NO�O?25ST<�\]8=O�\]>Ah5SD8=O�:;25ST<?>]S7YD8;O�JDM9R;O98;ST<NR=8;OpO9YDM¦\]8=O�ZIh5YDM98;O � | � |�:��7@ |
¥^HKS_O^<N25YDOW\A8;O^:;HKO;�j\nH�M98;\]H[<N>A25SXr � | ��� ~ J	8;M?VX8=<^BD8EBDR;:=M?>AM?8Q<?M?o;OWJ_M?R;:=>]O9R;VX8;ST<P\]8=O^JDM?2[ZI\]O£8tqbJjR=M?> y
VX8;ST<GHKYcq�|
mb>¦\]8�:;25VXJj2KM9<N8=Vg8=ST<uM?FDR=25\]25hK>]l7YD8�BD8�\ 03R=VaYD\]O9>]25S 8;O9<XM98;JDM9R;O?8=ST<NR�JIHKME\e0�R;l7YIH�<N>]2KS r � |ji ~ ��25S

O;03H[<9<N8;S_B�d�w ����� ��� 

6# ��� "
� #

4 �
� �!�
 � � �� � � � � � �

�

"

r � | ��� ~

:;2KS_@�25M?VXR;VX8;ST<md�\e0�R;l7YIH[<?>]25S r � |�� ~ |¨}p038=O9<Qd�JDHKM9<?>]MWBD8X:;8=OU`[HK\A8;YDM9OUl7YD8X\]8=OU`c>L<N8;O9O?8=OmBD8X\e0�R;VQYD\Ly
O?>A25SsHKYsM?2K<?25ME8=<gHKYsO9<NH[<N25Mu25ST<XR=<?R�BDR=<?8;M?VX>]S_R;8;O¥r�:=@ |1M?8=\nH[<?>]25S r � | ��� ~�~ |Tmb>¦\A8�:=25VXJj25Mv<N8=Vg8=S7<
M?F_R;2KrIY_>]BD>LZ HKST<�8;S�\]25>jBD8PJDYD>AO?ONH[SD:;8U� #�
 �� � 8;Ov<£`[HK\A>]BD8[�_25S�BD25>L<�HK\]2KM?O~<?M?25Y_`K8;M�l7YD8Xw

���#
� � �� � � � � � �4 � � #

�!�
 y r � | �¤� ~
/�HaZIh5YDM98 � |�iEJDM9R;O98;ST<N8U:;8PJIHKM?HKVXo=<NM98���8;S*@�25SD:t<N>A25S*BD8;O�:=25ST<NMNH[>]ST<N8=O�VX8;O9YDM?R=8;O�HKY�M?2[<N25M¦�!�v|!� \
8;Ov<1:;\]HK>]M�l7YD8�� SD8~`[HKM?>A8~JIH[O�\]>ASDR¤H[>]M?8=Vg8=ST<�H¤`K8;:¦�!�v|� xSE8�qc<NMNH[Jj25\]HKST<��f���!� �t�[25SaM98;VgHKM?l7YD8�lcY_8��
SD8UO;03HKSDS7YD\A8UJDHKO£\A25M?O9l7YD8P�!� # w |&k1\]Y_O�J_M?R;:=>]O9R;VX8;ST<¤� 25S�<NM925Y_`58Ul7YD8�� #�w Jj2KYDM¦�!� u 5�w�w k�Hb�
:;8ul7YD>1:=25M?M98;O?J	25SDB{d*YDSD8X:;25ST<?MNHK>AS7<?8EVg2�kK8;SDSD8u>ASDBD>]l7YDR=8uJIHKMW\]8EM9FDR;2KVgot<NM?8*w)� u���w k�H_|¨}~8=O
M?R=O?YD\L<GH[<?Ox>]SDBD>Al7YD8;ST<Cl7YD8£\]HW\]25>DB_8�:=25VXJj25Mv<N8=Vg8=S7<x� #�
 �� � H¤`58=: 4 # w�yj| S�0�8;O9<�JIHKOx:=25VgJDH[<N>A4D\]8
H¤`58=:X\A8;O^J_M?2KZI\AO^BD8a`c>A<?8;O9O?8EVX8;O?Y_M?R;OPJ	25YDM^Y_S � ���	�����pJDHKMNHKVXo=<?M?8 
 |ck¨25YDMWJ	25Y_`52K>]MWH¢69Y_O9<N8=MW\]8=O
BD25S_SDR;8=OUJDHKM^:;8E:=25VXJj25Mv<N8=Vg8=S7<;��>A\¨@©HKYb<WBD25SD:EJ	8;M9Vg8t<?<?M?8EHKYfJ_M?R=@©H[:=<N8=YDM 
 BD8a`[HKM9>]8;M£BD8a@©H �=25S
O?>Ah5SD>LZI:¤H[<?>A`K8PH�`K8;:U\]8^:=>]O?HK>]\A\]8;VX8;ST<�HKJDJD\A>]l7YDRK|

� ��� ��� ���(� ��� ���I� �(��� � ��
 ��� ��� � � �������


������T� #©�����������	����� # ��� � #©� � ��� # �"! � �*� �������	���}�����g� #�� � � �

£S�HKY_<?M?8^J	25O9O?>]4_>]\]>L<NR�J	25YDM�VX2bB_R;\]>AO?8=M�\]HQ4DMNH[SD:GFD8^rIYD>ABD8^8=O9<�B�0�>]ST<N8=M?JDM9R=<?8;M¦\nHU`KH[\]8;Y_M~���1<N8=\]\]8



�¤�5� �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

0 200 400 600
0

1

2

3

σ
1
  (Pa)

D
������� � |�iH� �b5�	�5�#6F$�'	���� 	�� ( 0 � Q	�GSn9>;<�-#6�$�������$%�	75feL%��'���$#6�$(4������(�!g5���	��-,.�)%�	 X0Z"i�� UV�� [ � ��� Q^�'	�5������
,����$��( �$�-,.�)��(4�'������!:S-(��6�g�u5�(�(�%����6,>5)��,.�)%�	$0 � W X 9<;<���{���$%0xr,.�)��(4���&�'%�	-� �u5fx���� W X *��)	'	�����,H�)(����$(��
5�%0x ,�	���
����@�����D�����������������P
�IG%�	�����s�9#"G9u5C�$��]<9

l7YD8 �f�©���v� # w :=25VXVg8^Y_SD8P:;25ST<NM?HK>]ST<?8UO98;YD>A\e|zk�25YDM¦`KR;M?>LZI8;M�YDS_8P<?8;\A\]8^FTkcJj2[<NFDo=O?8K� SD2KYDO�BD8=`K25SDO
BDR=O?25M9V�HK>AO¦ONH¤`52K>]M¦O?>)\A8W:;25VXJ	25M9<?8;VX8;ST<�M?FDR=25\]2Kh5>]l7YD8WO9YD>A`[HKST<)r©VX2cBDo;\A8^B�0j�£8;M9O?:GFD8=\Ly ,~YD\ t7\A8=k ~ w

�1���j� # ��� � 
 �� ���j� � J	25YDM�� � ��� " r � | �¢  ~
J	8;M?VX8=<^BD8aM?8=JDM?2cBDYD>AM?8aB_8;OWJDM92KZI\]OpBD8Q`c>A<?8;O?O98EVg8=O?YDM9R;O=| ��HK\AFD8;YDM98;YDO98;VX8;ST<¤�)>A\�S�038�q_>AO9<?8uHKYD:;Y_SD8
@�25M9Vg8EH[SIHK\Ak7<?>]l7YD8QB_25SDSIHKST<P\A8;OWJDM92KZI\§BD8a`c>L<N8;O9O?8E�j���j�pJ	25YDMp:;8=<9<N8E\A25>�M9FDR;25\A25h5>AlcY_8QBIHKS_OW\]8a:;HKO
4��# 5 |&k1\]YDO¦J_M?R;:=>]O9R;VX8;ST<¤� 25S�254_<?>]8=S7<��j���j�¦O925YDO�\nHa@�25M9Vg8p>]ST<NR=h5MNHK\A8^O?Y_>A`[HKST<N8uw

�����j�� ����� # � �� � �	��
 �
� �
 �
B��� � �!�I� � �����K� � �$���
 � � � � y r � | � � ~

¢£2[<N25SDO~lcY�03>A\�8;Ov<�MNHK>AO?25S_SIHK4D\A8pB�0�R;:;HKM9<?8;M¦\]8£:¤HKO.4 #�5 J	25YDM�B_8;Ybq�MNHK>AO?25SDOpwEr©> ~ \]HQ:;25Y_M?4	8WB�03R=:;25Ycy
\]8=Vg8=ST<*8=ij8;:t<N>A`K8 r©�§����
��� �gJDM9R;O98;ST<N8zYDSD8 @�25Mv<N8fM9FDR;2KrDYD>]BD>LZI:¤H�<N>]2KS'Jj2KYDM�\]8=O�`[HK\]8=YDM?O�R=\]8t`5R;8=O�BD8
\nH�:;25ST<?MNHK>AS7<?8 r�:=@ |�ZIhD| � |�� ~�� r�>]> ~ \nH�:=25YDM94DYDM?8�BD8;OaJ_M?2KZI\AOmS_8�O?8=Va4D\]8gJIHKOmBD>]VX>]S7YD8=MU\A25M?O9l7YD8�\]8
:;>AONHK>A\]\A8;VX8;ST<�HKJDJD\A>]l7YDRWHKY_h5Vg8=ST<N8K|z 1S*8=ij8=<¤�_\]8;O~JDM?2KZD\�BD8p`c>L<N8;O9O?8WO=03R=:;M?>L`58=S7<�BIH[SDO¦\]8£:¤HKO.4 #15 w

�����j� # ��� � � �,�� � � � �����
 � �!�� � � �� � � � � � � �� ����� � � � 5
� ��������� � � ������ � ��� y r � | � � ~

/�H¦:;25YDM94DYDM98�8=O9<�YDSD>]l7YD8=Vg8=ST<�J_M?25SD:=25SD:=R;8CJj25Y_M¨��� ���j8=<¨BD>]O9JIHKM?H�$]<�d�JD\AYDO�FIHKY_<?8C:=25ST<NM?HK>]ST<N8[|¢/)8
JDM92KZI\_<?8;SDBXHK\A25M?O¨`58;M9Ox:;8;\AYD>DB�0�YDSErIYD>ABD8�SD8G�¦<N25S_>]8;S�|T/�HP:=25YDM94DYDM?8¦B_8;O1JDM92KZI\]O�BD8�`c>A<N8=O?O98�VX8;O9YDM?R=O
SD8Q`[HKM9>]8mJIHKO^BD8a@©H��;25S O9>]h5S_>AZI:;H[<N>L`58QO9YDMW\nHXhTHKVXVg8UBD8E:=>]ONH[>]\]\A8;VX8;ST<£HKJDJD\A>]l7YDR r©:=@ |	ZIhD| � | � ~ �	25S
J	8;Y_<�BD25S_:UM?HK>]O925SDSIH[4D\]8=Vg8=S7<�Jj8=SDO?8=M£l7YD8 4��# 5 BDHKSDO�\]8W:;HKO�BD8P\e0�R;VaYD\AO?>A25S�R=<?YDBD>AR;8K|



�v�©�G��+£��� "��
�©	�' "}� +S����� �����
�/�	�
���G	»� �¤�T 
¢£25Y_O§H¤`525S_O§>]ST<NR=h5M?RC\nH�M?8=\nH[<?>]25S r � | � � ~ 8t<�:GFD8=M?:GFDR¦Y_S�698;YmBD8~JIH[MNHKVXo=<?M?8;O�����8=< 
 J	8;M9Vg8t<?<NHKST<

B�03H¢69YDOv<N8;MW\A8;O£JDM?2KZD\]OpB_8Q`c>A<N8=O?O98aVg8=O?YDM9R;O=|)/)8;Op`[HK\A8;YDM9OpBD8a� ��JDM?R=:;R=BD8;VXVg8=ST<WVg8=O?YDM9R;8=OW25ST<^R=<?R
@�25M9:;R;8=O^BIHKS_Op:;8t<?<?8QR;l7YIH�<N>]2KSfHK>]S_O?>�l7YD8a\nHE`[HK\]8=YDM 4 # wzy�| |j/�HgM?8=\nH[<?>]25S;r � | � � ~ J	8;M9Vg8t<pBD8m4D>]8=S
H¢69YDOv<N8=ME>]SDBD>L`c>]BDYD8=\]\A8;VX8;ST<Q\A8;OaJ_M?2KZI\AOaBD8�`c>A<?8;O9O?8*J	25YDM'�� � w�yj| O ��� |1}~8;J	8;S_BIHKST<¤�1YDS_8�@�25>]OmBD8
JD\AYDO;��>A\1H*R=<?RX>AVgJ	25O9O?>]4_\]8QB_8u<?M?25Yb`58;MUYDS�698;Y�BD8uJIHKM?HKVXo=<NM98;OP:;2KSDO9<NHKST<NOPJj2KYDMUH¢69YDO9<?8;MW<N2KY_<P\]8=O
JDM92KZI\]O¦B_8P`c>L<N8;O9O?8Xw 
 8=<����CBD25>A`K8;ST< 7=<?M?8W`[HKM?>AR;O�BD8W@©H �;2KS�O9>]h5S_>AZI:;H[<N>L`58WJ	25YDM¦:GFIHKl7YD8UVX8;O?Y_M?8K|

/)8XS_25Va4DM98X\A>]VX>A<?RQBD8uJDM92KZI\]OPBD8E`c>A<?8;O9O?8XSD8uJj8=M?VX8=<UJIHKOPMNH[>]O?2KSDSIHK4D\A8;VX8;ST<WBD8XMNH�6925Y_<N8=MPYDS
JIHKM?HKVXo=<NM98u\]>]4_M?8EBIHKS_Om\]H�M98;\nH�<N>]2KS_r � | � � ~ | ¢£2K<NHKVgVX8;ST<UO?>x25SzO?8g\nHK>AO?O98E\nH�\]>]4	8;Mv<NREBD8u`[HKM?>A8;M 4��
<N2KY_<N8=O£\A8;O¦`[HK\]8=YDM?O�:;2KVgJDM9>]O98;O�8;ST<NM98 � | � 8=< � |¾�aJ	8;Y_`K8;ST<
7t<NM?8U254_<?8;S7YD8=OpO?>�\ 0325S�:GFD2K>]O?>L<�:;25M9M?8;:t<N8�y
VX8;ST<�����8t< 
 |& 1S�8ti�8t<¤�I\nHE:=25YDM?4_YDM?8PBDY�JDM?2[ZI\)BD8W`c>A<N8=O?O98mBIH[SDO�\]8W:;2KVgJ	25M9<?8;VX8;ST<�M?F_R;25\A25h5>]l7YD8
B�0j�£8=M?O?:GF_8;\Ly ,~YD\ tc\A8=k�BDR;J	8;S_BzS_25SfO?8=YD\]8=Vg8=S7<^BD8a\nHu`[HK\]8=YDM 4���VgHK>]O£8;O9<WHKYDO?O9>�<NM9o;O^O98;SDO9>]4D\A8Ed�\]H
`[HK\]8=YDM�BD8Q���G|
mb2KYD\]>Ah5SD25SDO¦:=8;J	8;SDBDHKST<^l7YD8QO9>�2KS�\]>AVg>L<N8£\e03HKSIHK\LkbO98Ud wzy � %��� % ' O ��� � 2�q �f���!�e�
`[HKM?>A8£B_8£@©H �=25S�H 
XSD8�r©:t@ |cZIh_| � |ji ~ �c\A8;Ox`[HK\]8=YDM?O 4 # wzy�| 8=<~��� # ��w���5�w k�HQJ	8;M9Vg8t<?<N8=ST<�B�03H¢69YDO y
<N8=Mm:=25M?M98;:t<N8;VX8;ST<U<N25Y_OU\A8;OUJDM?2[ZI\]OPBD8u`c>A<N8=O?O98gVX8;O9YDM?R=O;|�¢£2K<?25SDOUBD8XJD\]YDOPl7YD8X:;8t<?<N8ghTHKVXVg8QBD8
:;>AONHK>A\]\A8;VX8;ST<§:=25M?M98;O?J	25SDBgHKYuBD25VgHK>ASD8�2�qu\nH^:=25YDM94j8�\]2c:¤H[\]8 r��x���j������ ���j� ~ O?8=Va4D\]8¦\]H^JD\]Y_O1:;25ST<N>AS7YD8
r©:t@ |DZIhD| � |�� ~ |

����� #G�=�
� ��� �"! � �*� ����� ���G�©� � ���}� ���
/)8;OaJDM9254D\Ao;VX8;OUM?8;S_:;25ST<NM9R;Oa\A25M?OUBD8g\e03HKSIHK\LkbO98gB_8;OQB_25SDSDR=8;Oa\A2b:;HK\]8=OUM98;VX8=<9<N8;ST<Q8;S,l7YD8;Ov<N>A25S

\e0�8tqb>AO9<N8=SD:;8�B�03Y_SD8 :;2KYDM?4	8�B�0�R;:=25YD\A8;VX8;ST<*h5\A254IHK\A8�BDHKSDO�\A8�:;HKO�BD8�\e0�R;VaYD\AO?>A25S�Rt<NYDB_>]R;8[|6 1S'8t@ny
@�8=<;�)>]\�O?8;VQ4D\]8ul7YD8X\]8;OPH[JDJDM?2c:GFD8=O r � |�i ~ 8=< r � | �¢  ~ SD8uJj8=M?VX8=<?<?8;ST<UJIHKOPBD8uVX2bBDR=\]>AO?8;Mp\nH*:;25Y_M?4	8
B�0�R;:=25YD\]8=Vg8=ST<�H¤`58;:PYDSm698=Y*BD8WJIHKM?HKVXo=<NM98;O�Y_SD>]l7YD8=OWw_:;8=O¦BD8;M9SD>]8=M?O�B_25>A`K8;ST< 7=<?M?8p`[HKM9>]R;O~BD8p@©H �=25S
O?>Ah5SD>LZI:¤H[<?>A`K8EJj25Y_MU:GFDHKl7YD8g:=>]O?HK>]\A\]8;VX8;ST<^H[ZIS B�0 H¢69Y_O9<N8=Mm\A8;OWJDM92KZI\AO;|¨}~8;OUM?R=O?YD\L<GH[<?OPO?YDh5hKo;M?8=ST<a\]8
:;2KVgJ	25M9<?8;VX8;ST<�h5R=SDR;M?HK\)O?YD>L`[HKST<Pw

�x���j� # ���t�©��� � 
 �����£�� ���j� �����
	 " r � | � i ~

2�q�\]8=O�JIHKM?HKVXo=<NM98;O.4�� 
 8=<����x`[HKM?>A8;ST<¦\]2c:¤H[\]8;VX8;ST<�H�`K8;:P\nHa:=25ST<NM?HK>]ST<N8W>AVgJ	25O9R;8K|D}~8;O¦`[HKM?>]H[<N>A25SDO
J	25YDM?M?HK>A<87=<?M?8E\A>]R;8=O^d�YDSf:GFDHKSDh58=Vg8=S7<PB_8a\nH�VX>]:=M?25Ov<NM9YD:=<?YDM?8aB_8a\e0�R;VaY_\]O?>A25S H¤`K8;:E\nHg:;25ST<NM?HK>]ST<?8
HKJDJ_\]>]l7YDR=8K|T�^SsJj8=Y_<XJIHKME8�q_8=VgJ_\]8�Jj8=SDO?8=MulcY_8�BD8=OghKMNHKBD>A8;ST<NOEB_8�:=25SD:=8;ST<NM?H[<N>A25S�B_8�\]H JDFIHKO98
BD>AO?J	8;M?O9R;8[�I>]SDBDY_>A<NO~JIHKM¦\e0�FDRt<NR;M925h5R=SDR;>L<NRWBD8P\nHa:=25ST<NM?HK>]ST<N8PH[Y�O98;>AS�B_8U\ 038=ST<NM?8t@�8;M=�DJj2KYDM?M?HK>]8=S7<P7=<NM98
d*\e0�25M?>Ah5>]S_8mBD8u:=8;OW`[HKM?>]H[<N>A25SDO;|j/)8EV�H[SDl7YD8EBD8uBD25SDS_R;8;OPSD8uSD2KYDOWJj8=M?VX8=<PJIH[OPd�:=8p6925YDMWB�03HK\]\A8;M
JD\AYDO¦\]25>AS*BIHKSDO�:=8=<?<?8QH[SIHK\AkcO98¡r©:=@ |IM9R=@�R=M?8;S_:;8g� ���[�[¡ J	25YDM¦JD\AYDO�BD8PBDR=<NHK>]\AO ~ |



�¤� � �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+
OQPSRTP�� � e=] F*W�]�] e ?sa�]XY*fC>HYcbz] >)Y Fpf�e DTYE]

¥^HKSDO�:=8=<?<?8WO?8=:=<N>A25S��bSD25YDO�H¤`52KSDO�Y_<N>A\]>]O9R£\A8^VX25ST<GHKh58pBD8^BD>Li�YDO9>]25S�B_kcSIHKVX>]l7YD8WBD8W\]HQ\]YDVX>]o=M?8
BDR=:;M?>L<§BIH[SDO1\]8�:GFIHKJD>L<NM?8 � �[J	25YDM�R=<NY_BD>]8=M�\]2c:¤H[\]8;VX8;ST<�\]8�:;25VXJj2KM9<N8=Vg8=ST<§M?F_R;25\A25h5>]l7YD8�B�0�YDSD8�R=VaYD\Ly
O?>A25S�:=25SD:=8;ST<NM9R;8K|c¢£25YDOpH¤`525SDO£Vg2KS7<?M?RU\e0�8tqb>]Ov<N8=SD:;8aB_8Qh5\A>]O?O98;VX8;ST<�O?>Ah5SD>AZD:¤H[<?>A@�BIHKSDO£:;8aOvkbOv<No=Vg8[|
� M��K:=8Ed�:;8=OWVg8=O?YDM98;O;��>]\¨8;O9<^Jj25O9O?>A4D\]8aB_8aO;0�>]ST<NR=M?8=O?O?8=MUHKY � `5R;M9>A<NHK4D\]8���:=25VgJ	25Mv<N8;VX8;ST<pM?FDR=25\]2[y
h5>AlcY_8UB_8m\ 03R=VaYD\]O9>]25S�|�¢£25Y_OpH¤`52KSDOpH[\]25M9O�VX25ST<NM9RPlcY_8m\A8PrDYD>]BD8UR=<NHK>A<�\A2b:;HK\]8=Vg8=ST<�M?FDR=2KrIYD>ABD>AZ H[S7<
8=<Ul7YD8X\nH�`[HK\A8;YDM
4 # wzyj| J	8;M9Vg8t<?<GH[>A<WBD8uM98;SDBDM98g:=25VXJ_<N8uBD8u\nH*:=25YDM?4_YDM?8uBD8=OmJDM92KZI\AO;|�}~8=Jj8=Sby
BIHKST<;�DJj2KYDM�\nHmhTHKVXVg8£BD8W:;>AONHK>A\]\]8=Vg8=ST<~Rt<NYDBD>AR;8[� � � � � �*��:;25Y_M?4	8WB�03R=:;25Y_\]8;VX8;ST<¦O9>]VXJD\]8pH¤`58;:PBD8=O
JIHKM?HKVXo=<NM98;O¦:=25SDO9<NHKST<NO�S�03HXJDY 7=<?M?8UHKJDJ_\]>]l7YDR=8PH[ZIS�B�03H¢69YDO9<?8;M�\]8=O�BD25SDSDR=8;O=|

¥^HKSDOX\]8*B_25V�H[>]SD8 wzy�| � �� % ' O����t�1\A8;OEJDM92KZI\]OuBD8*`c>A<?8;O9O?8�Jj8=Y_`58=S7< 7=<?M?8�H¢69YDO9<?R;OXJIHKMu\]8
:;2KVgJ	25M9<?8;VX8;ST<�M?F_R;25\A25h5>]l7YD8fB�0���8;M?O9:GFD8;\ y ,~Y_\ t7\]8tk r©:=@ |¦M98;\]H[<N>A25S r � | �¢  ~S~ H�`K8;:{��� u �}w k�H�8t<
4 u�wzy�| |!k¨25YDM¦BD8=O¦:;>]O?HK>]\A\]8=Vg8=S7<?O�>AS_@�R;M9>]8=YDM?O¦d w�yj| O ��� �D\e0�R;VQYD\]O9>]25SgSD8W:;25Y_\]8^JIH[O�8=<�O98W:;25VXJj2KM9<N8
:;2KVgVX8xYDSQO925\]>ABD8K|�� \TkUH£BD2KSD:~BD8=YbqmM?R=h5>]VX8;O�BIHKS_O�\e0�R;:=25YD\A8;VX8;ST<¨BD8~:=8~O9kcOv<No;VX8pw�r�> ~ YDSD8�4DMNHKS_:GFD8
J��[<?8;YDO98�8=<�r©>A> ~ YDSD8¦4DM?HKSD:GFD8¦rIYD>ABD8K| K \nH^JDM9R;:;>AO?>A25SEBD8;OxBD2KSDSDR;8=O;�T\A8;O1:;2KS7<?MNHK>AST<N8;O1:=25M?M98;O9Jj25S_BIHKST<
HKYbq�:;>AONHK>A\]\]8=Vg8=ST<NOCJj25Y_M¦\]8;O9l7YD8;\AO¦\e0�R;VaYD\AO?>A25S�SD8P:=25YD\]8pJIHKO¦O?2KS7<�\AR;h5o=M?8=Vg8=S7<�O9YDJ	R;M?>A8;YDM98;O�dE��� u
��w k�H r©� # 5�w}w 8=< ����� k�H_��:t@ |	ZIh_| � |j� ~ |�}~8;:=>�O9YDh5h5o=M?8al7YD8E\A8Q:;2KVgJ	25M9<?8;VX8;ST<£M?FDR=25\]25hK>]l7YD8UBD8
\e0�R;VQYD\]O9>]25S�O925>A<�B_R;:;M9>A<�J	25YDM�\]8=O¦:;>AONHK>A\]\]8=Vg8=ST<NO��� % ' O����t�DJIH[MUw

��� � 
�� ���j� # w J	25YDM�� %'� o "
�x���j� # ��� � 
 �� ���j� � Jj2KYDM�� � � o "

r � | � � ~

2�q�� o ' ���G�Mr©� oTu 5�N�w 8=<£��� u ��w k�H ~ |&��`58=:Q:;8P< kcJj8mBD8U\]25>�M9FDR;2K\]25h5>Al7YD8K�I\]Hu:=25YDM94j8UB�0�R;:;2KYD\]8�y
VX8;ST<�Jj8=Y_<�JDM?R=O?8=S7<?8;M�BD8;O�:;2KVgJ	25M9<?8;VX8;ST<NO¦FTkcO9<?R;M9R=<N>Al7YD8;O=|
�£Y�`K25>]O9>]SIHKhK8^BD8P\nHa:=25ST<NMNH[>]ST<N8PO?8=YD>]\
8=<�d{:=>]ONH[>]\]\A8;VX8;ST<u>]VXJ	25O?R[�C\A8�rDYD>]BD8�J	8;Y_<�HKYDO?O9>pO98�O?R=JIHKM98;M�8=S'JD\]Y_O?>]8=YDM?OX4IHKS_BD8;O�:=25M?M98;O9Jj25Scy
BIHKST<�d \nHz4DMNHKS_:GFD8�rIYD>ABD8�8t<*dz\nH{4_MNHKSD:GF_8 J��[<?8;YDO98,� � � � � �_� � � i ¡ |~¥£8;O�VX2bB_o;\]8=OX<?FDR;2KM?>]l7YD8=O
JDM9R;BD>AO?8;ST<aHKYDO?O9>�\]H�J_M?R;O98;SD:=8*BD8X:;25VXJj2KM9<N8=Vg8=ST<NOUB_kcSIHKVX>]l7YD8;OmBD8�:=8;Om4IHKSDBD8=O�� �	� �b� �¤� i ¡ |�¥p8=O
8tqbJ	R;M9>]8;S_:;8;O¦M9R;:=8;ST<N8=O¦8=ij8;:=<?YDR;8=O¦BIHKSDO~SD2K<NM98ph5M925YDJ	8p25ST<~Vg>AO�8=S�R=`c>]B_8;SD:=8WYDSD8£<?8;\A\]8�:;25VXJD\]8�qb>A<NR
O?JDH[<N>A2[y <?8;VXJj25M98;\A\]8m� � i ¡ |

,�-�� 021�3I5)7 8;:g< >�1 7EF)C»< J D»F)> 7 1�B D��!8?DGC»<?@N1 8�1 B D/3 1NC»CG1�7	�)@�5 >�J 1�7

}~8=<9<N8 O98;:t<N>]2KS :;25S_:;8;M9SD8 Y_SD8 Rt<NYDBD8{\]2c:¤HK\A8fBD8 \ 03R=:;25Y_\]8;VX8;ST<�B�0�YDSD8{O?25\AY_<N>A25S�O98;VX>Ly BD>]\AYDR;8
BD8 VX>]:=8;\A\]8;Ouh5R;HKST<N8=O;��M9R¤HK\A>]O?R=8 d \ 0 H[>]BD8�BDY VX25ST<GHKh58�BD8 BD>Li�Y_O?>]2KS�B_kcSIHKVX>]l7YD8�BD8 \]H \]YDVX>]o=M?8
JDM9R;O?8=ST<NR�BIH[SDOQ\A8g:GFIH[JD>A<?M?8 � |�}~8=OQM9R;O?Y_\A<GH�<NOQJ	8;M9Vg8t<?<?M?25ST<mB�03>AST<NM?2cBDYD>AM?8u\nH�SD2K<?>]25S{BD8 � O?F_8¤HKM y
4IHKS_BD>]SDhU��HK>ASDO?>)l7Y�0�YDSfVX2bBDo=\]8PJDFDR=SD25VXR;SD2K\]25h5>Al7YD8PJj25Y_M£\ 0 HKSDHK\AkcO?8PBD8=OpJDM92KZI\AO£BD8U`c>A<N8=O?O98K|j/�8=O



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ �¤� �

M?R=O?YD\L<GH[<?Og8�qbJjR=M?>]VX8;ST<NHKYbq�25ST<�Rt<NR�254_<N8=S7YDO�8=S':;25\A\nHK4	25M?H[<N>A25S,H¤`58=:��~| ��25\A>]SD2_�1:GFD8;M9:GFD8;YDM�HKY
� ¥£kC}�d ��25ST<NJ	8;\A\]>]8=M;|

OQP 96PUR VXWZYE[=\6W�YE]_^T`Ea�`cb!dT[=egf�`E]X] W�b [UYE]�H e F*YE[=[=YE]_^s`EdTa f�YE]
� � � � � �(� ����� �y��� 
 � ��� �

/)8;O)<N8=SDO?>A2THK:=<?>A@�O�O925ST<¨BD8;O�VX25\]R=:;YD\A8;O�:;HKMNHK:t<NR=M?>]O9R;8=O¨JDHKM)YDSD81<	7t<N81J	25\nH[>]M?8�8=<¨YDSD81\A25SDh5Y_81:GFIH�$nS_8
FTkcBDM?25J_FD254	8K|� x\A\]8=O�25ST<�\nHPJIHKMv<N>]:=YD\nH[M?>A<?R¦BD8�O;03HKY_<N2�y HKO9O?8;VQ4D\]8=M�\A25M?O9lcY�038=\]\]8=O�O925ST<�BD>AO?O925Y_<N8=O~8=S�O?2�y
\]Yb<N>]2KS�HKl7YD8=YDO?8_r�:=@ |CO?8=:=<N>A25S � | � �xJIHKh58 � � ~ |Ik�HKM?VX>£\A8;OgBD>A`K8;M?O98;O�VX25M9JDFD25\A25h5>]8=OuJj25O9O?>A4D\]8=O;�C25S
<NM925Y_`K8£\A8;O � Vg>A:;8;\A\]8=O§h5R¤H[S7<?8;O��j|c}~8;OCBD8=M?SD>Ao;M?8=O�O925ST<~B_8�\A25SDh5Y_8;OxO9<?M?YD:t<NYDM98;OCYDSD>]B_>]VX8;SDO9>]25SDS_8;\]\A8;O
r©B_>nHKVXo=<?M?8�� uG5 �   SDV ~ BD25ST<X\nH \A25SDh5YD8=YDMaJ	8;Y_<gH[<9<N8=>]SDBDM98*l7YD8;\AlcY_8;OXVg>A:;M?2KSDO?r©:t@ |�ZIhD| � | � | H_�
JIHKhK8 � � ~ |)/)8=OmVX>]:=8;\]\A8;O^hKR¤HKST<N8=OmO925ST<mHKYDO?O9>CHKJDJ	8;\]R=8;O � Jj25\LkcVgo=M?8;O^`c>L`KH[S7<?O���J	25YDMP\]8=OWMNHK>AO?25S_O
O?Y_>A`[HKST<N8=O^wcr�> ~ \]8;Y_M~BD>AO9<NM9>]4DYb<N>]2KSgBD8£<GHK>A\]\]8¦S�038=O9<�JIHKOCZ_qbR;8WJIH[M~YDSD8pM?R¤H[:=<N>A25S�:GFD>AVg>Al7YD8£VgHK>AO�JIH[M
\e0�R;l7YD>A\]>A4DM?8^<?FD8;M9Vg2cB_kcSIHKVX>]l7YD8 � r�>]> ~ 8;\]\A8;O�25ST<£\nHuJj25O9O?>A4D>]\A>A<NRpBD8QO98 � :;2KYDJj8=MC��8t<pO98 � M98;:;2KVa4D>Ly
SD8=Mx��O925YDO�\e03HK:=<?>]25S�BD8P\e03HKh5>A<NH[<N>A25Sg<?FD8;M9Vg>Al7YD8K|

/)8;OaJDM925JDM9>]R=<?R;OaM9FDR;2K\]25h5>Al7YD8;OmBD8;OaVX>]:=8;\A\]8;OUh5R;HKST<N8;OQBDR;J	8;SDB_8;ST<u@�25M9<?8;VX8;ST<aBD8�\nH�<?8;VXJjR=MNH�y
<NY_M?8	�U�bB_8W\nHm@�M?HK:=<?>]25S�VgHKO9O?>]l7YD8p8;S*<N8=SDO?>A2THK:=<?>A@ l 8t<¦BD8W\]HQ:;25S_:;8;ST<?MNH[<?>]25S*8=S*O?8;\�BIHKSDO¦\]HQJDFIHKO98
HKl7YD8=YDO?8[| K @©HK>A4D\]8¦@�M?HK:=<?>]25S l �&�����/�_BIHKSDO�\]8£M?R;hK>]VX8�B_>]\]Y_RK�7\]8=O~VX>]:;8=\]\A8;OxSD8pO925ST<¦JIHKO�8;SD:GF_8=`(7t<NM9R;8;O
8=<p\nHuO?25\AY_<N>A25S�JDM?R=O?8=S7<?8EYDSD8U`b>AO?:=25O?>L<NRUJDM?2c:GFD8QB_8Q:;8=\]\A8UB_Y O?25\L`[HKST<¤|	¥^HKSDO£\]8PM?R=h5>]VX8PO?8=Vg> y BD>A\]YDR
r l � 5�)¡~ ��\A8;OpVX>]:=8;\A\]8;O¦@�25M9Vg8=ST<^YDSfM9R;O?8;HKYf8;S_:GFD8=`�7=<NM9R�w	\nHgO?25\AY_<N>A25S�J_M?R;O98;ST<N8XHK\A25M?O�YDSD8m@�25M9<?8
`c>]O9:;2cR;\nH[O9<N>A:;>L<NRK|�/�H^JD\AYDJIHKMv<§BD8=O1O9kcO9<?o;VX8;O1BD8¦VX>]:=8;\]\A8;O�h5R;HKST<N8;O1J_M?R;O98;ST<N8=ST<�dpJ_\]YDO§FDHKY_<N8�@�MNHK:t<N>]2KS
r l�u&N}w�)�~ �IYDSD8PJDFDHKO?8 � SDR;VgH[<?>]l7YD8¦�*BD25ST<�\e0�8tqb>AO9<N8=SD:;8P8=O9<�\]>AR;8PHKYbq*>]ST<N8=MNHK:t<N>]2KSDO�O9<?R;M9>]l7YD8;O=|
 1S�:=25SD:;>A\]>]HKST<�\]8WVX2cBDo;\A8^:;\]HKO?O9>]l7YD8WBD8PM?8=J_<GH�<N>]2KS*BD8;O�J	25\AkcVXo;M?8=OP� � � ¡ 8=<�\A8WVgR=:¤HKS_>]O?VX8^O9JjR�y

:;>LZIl7YD8�H[Ybq{Vg>A:;8;\A\]8=OWBD8 � :;25Y_JDYDM?8p�*8=<aB_8 � M?8;:=25Va4D>ASIHK>AO?25Sg�j��\]8=OaHKJ_JDM?2c:GFD8;OU<NFDR=25M?>Al7YD8;OmBD8
}�H[<?8;O��G���}���[2KS7<�Jj8=M?VX>]O¨BD8~J_M?R;B_>]M?8�\nH�M?FDR=25\]2Kh5>]8x\]>ASDR¤H[>]M?8xBD8=O§O?2K\]Y_<?>]25SDO�BD8~Vg>A:;8;\A\]8=O¨hKR¤HKST<N8=O�BIH[SDO
\]8£M?R=h5>]VX8£O98;VX>Ly BD>]\AYDRP� �K�[¡ |b¥p8=JDYD>]O~JDM?8=O?l7YD8 �}� H[SDO;�bBD8pSD2KVa4DM?8=YDO?8=O¦R=<?YDBD8;O~8tqbJjR=M?>AVg8=S7<NHK\]8=O~O9YDM
BD>L`58;M9O~OvkbOv<No=Vg8=O¦BD8pVX>]:=8;\]\A8;Oxh5R;HKST<N8;O�25ST<�:=25S_@�25Mv<NRp:=8;O~HKJDJDM92b:GFD8=O~<NF_R;25M9>]l7YD8;O£r©:t@�M?R=@�R=M?8=SD:;8E� �K�K¡
J	25YDM¦YDSD8PM98=`cYD8 ~ |&� \�8;Ov<£:=\nHK>AM�l7YD8P\]8=O¦Vg2cBDo;\A8;O¦BDRt`58=\]25JDJ	R;O�J	8;M9Vg8t<?<N8=ST<£B_8UVX2cBDR;\A>]O?8=M�H¤`58=:mY_SD8
h5M?HKSDBD8uJDM9R;:;>AO?>A25S�\nH*M?FDR=25\]2Kh5>]8a\A>]SDR;HK>]M98QBD8X:;8=OmOvkcO9<No=Vg8=O;|�¢£2KYDOUHK\]\A25SDO^`52K>]MWl7Y�0�>]\1S�0�8;Sz8;Ov<QJIH[O
BD8PV 7;VX8WJj25Y_M¦\nHaM?F_R;25\A25h5>]8pSD25Sby \]>]S_R¤HK>AM?8K|


 ��� � ���<����� �����
� ������� 
 � ���0� 
 ��� ��� ���������"� ��� � ��� ���������

/)8W:;25VXJj2KM9<N8=Vg8=ST<�O?2KYDO¦R;:=25YD\]8=Vg8=ST<�BD8^:;>AONHK>A\]\A8;VX8;ST<~B_8;O¦O?2K\]Y_<?>]25SDO�BD8WVX>]:;8=\]\A8;OCh5R¤HKST<?8;O¦8;Ov<
JIHKMv<N>A:;YD\A>]o;M98;VX8;ST<£O?YDM9JDM?8=SIHKST<U8=<PHg@©H[>A<^\ 032K4c698=<WB_8aSD25Va4_M?8;Y_O?8;OWRt<NYDB_8;OP8tqbJ	R;M?>AVg8=ST<GHK\A8;O^BD8=JDYD>AO
JD\AYDO^B�0�YDSD8aB_>��¤H[>]SD8mB�0 H[SDSDR;8=Ou� �K  � ��� �b� ��� � ¡ |�/�H�JDF_R;SD25VXR;S_25\]25hK>]8UM?8;S_:;25ST<NM9R;8EBD8m@©H �;25Sfl7YIH[O?>Ly



�¤� i �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

YDSD>L`58=M?O?8=\]\A8�8;Ov<a\]H�O?Y_>A`[HKST<N8 r©\nH�:;2KYDM?4	8�B�0�R;:=25YD\A8;VX8;ST<ud�:=>]O?HK>]\A\]8;VX8;ST<P>AVgJ	25O?RX:;2KM?M?8=O?J	25SDBIH[S7<?8
8;Ov<�JDM?R=O?8;ST<?R;8QO9YDM�\nHaZIh5Y_M?8 � |j�_|3H ~ w
��\]HaO?25\AY_<N>A25S*8;Ov<£S_8»�¦<N2KSD>]8=SDSD8UJj25Y_M¦BD8W@©HK>]4D\A8;O¦:=>]ONH[>]\]\A8;VX8;ST<NO �
� dQJDHKM9<?>]MCB�03Y_S*:;>]O?HK>]\A\]8=Vg8=S7<����� �b\nHmO925\]Yb<N>]2KSg8=O9<¦@�25Mv<N8;VX8;ST<~M?FDR=2KrIYD>ABD>AZ H[S7<?8mwb\nHU:;25ST<NM?HK>]ST<?8
SD8W`[HKM9>]8Wl7YIHKO9>]VX8;ST<�JD\]Y_O;�E�����/�I� # ��� # :;Ov<N85|p�^S�JIHKM9\]8WBD8 � JD\]H[<N8;HKYX��BD8P:;25ST<?MNHK>AS7<?8 �

��J	25YDMW:=8;M9<NHK>]S_OUOvkcO9<No=Vg8=Om8t<UJj25Y_MW:;8;Mv<GHK>ASD8;OP:=25SDBD>L<N>]2KSDOWJDFTkcO?>]:=2[y :GF_>]VX>]l7YD8;O¡r�@�MNHK:t<N>A25SDO l �
<?8;VXJjR=MNH[<?YDM?8 �U|;|;| ~ ��25Sa2K4DO?8=M9`58~BD8~SD2KY_`58;HKYEJj2KYDM�B_8;O§:=>]ONH[>]\]\A8;VX8;ST<NOE�� ' ���� ��YDSD8�4DMNHKS_:GFD8
`c>]O9l7YD8;YDO98K�������/� :;HKMNH[:=<NR=M?>AO?R;8PJIH[M � �	� � �� ' w |�k�2KYDM�\]8;O�HKYb<NM?8=O�O9kcO9<?o;VX8;O;�	BD8=O�>ASDO9<NHK4D>A\]>A<?R;O
O98WJDM?2cBDYD>AO?8;ST<�8t<�\e0�R;:;2KYD\]8=Vg8=S7<�BD8=`c>]8=ST<�>]SDOv<GHK4D\A8��PwD\]HQ4DM?HKSD:GFD8W`c>]O9lcY_8;YDO98US�038=O9<£HK\]2KM?O�JIH[O
H[<9<N8=>]ST<N8W:;HKM�\nHaO?2K\]Y_<?>]25S*8=O9<�h5R;S_R;MNH[\]8;VX8;ST<�8tqbJDY_\]O?R=8mB_Y�M9FDR;2KVgot<NM?8[|

r©H ~ r©4 ~

����

����
����

�
	
�� 

��
�� �

���

�������� }~>AONHK>A\]\]8=Vg8=ST<

���

L

�

������� � |�� � Q�5TS �o�)%�	']H�y�3�"!�*��)%����$#6�$(4�\� �D,���84%��y�3� %�(��=���)��%��'���)( ���$#C�2K}�0����%�!��=���=#C��*��$�������-IT!g5�(4�����:9 0 �
���'���B5=*��)(4�'	�5���(����C�'%�	����-,��B5����g5�% A UV � �$�rUV � *��)	'	�����,H�)(����$(���5�%0x+*$����5��������$#6�$(�����5�%���!$]�%����$�  C�B5C
�(��0%
,��B5����g5�%<9/Q^]_S��c	���
��/���C�������������=5��'���$(��0% ,H�)%�	-%�( *$����5��������$#6�$(4�\��#C,.�G��!6�'%�	&���C,��B5����g5�% ���=*��)(4�'	�5���(4��� A
&	(*)�(�UV � � UV � UV � 9�; 5-
�IG%�	���,�	�!����$(4���7���7*g5)�d,>5�	'�'��*$%������$	P���7���$%0x=]>5�(������/���@*$����5��������$#6�$(��P%�(���84%��$#6�$(��g9

k�25Y_M*>]ST<N8=M?JDM9R=<N8=M�\]8�JD\nH[<?8¤HKY�BD8f:;25ST<?MNHK>AS7<?8K��25S O?YDJ_Jj25O98fh5R;S_R;MNH[\]8;VX8;ST<*l7YD8f\A8�rIY_>]BD8 O98
O?R=JIHKM98W8;S*JD\AYDO?>A8;YDM9O~4IHKS_BD8;O¦BD8p:;>]O?HK>]\A\]8=Vg8=S7<?Ox\]2c:¤HKYbqgBD>AO9<?>]SD:t<NO����� 8=<����� �cM?8;\A>]R=O�HKY*:=>]ONH[>]\]\A8;VX8;ST<
>]VXJ	25O?R$�� JIHKMWw

�� # � ���� � � 5 � � � ���� " r � | �}� ~
2�q � 8;Ov<W\nHu@�MNHK:t<N>A25S�`K25\]Y_Vg>AlcY_8Q2c:;:;Y_JjR=8QJIHKM£\]8=Op4IHKS_BD8;O^:=>]O?HK>]\A\]R;8=O�d����� |�/�HgZDh5YDM?8 � |j�_|34�JDM?R�y
O?8=ST<N8Q\A8P:¤HKO�JIHKMv<N>]:=YD\]>A8;M=�D2�q�BD8;Ybq�4IH[SDBD8;O£:;2c8tqb>]Ov<N8=S7<£BIHKS_O£\ 03R=:;25YD\A8;VX8;ST<¤|	}p0�8;Ov<^\A8UJ_FDR;SD2KVgo=SD8

� �&Æ ªG¬¿¶��»¶j¸$® ­�®�´=®�¯&¶�¸$¯�µ¿²7/$¶jº�¶�µ¿ÀS¯
¸�Æ ®S¯�µpÃ$²G¯
´=º¾²�¶�¬·®S¼6®U¸/µpÀ=µ³²7/�º�¶�®GÓ �pÆ ÀSº�²»¯ µ¿¶�´U¶�µ¿À�²�¶�¸$¯·¶�½/«�®Mºj®�¯p´=ª»¸/µ·¬³²�¶�¸»µ¿®S¯�¸$ªG¬¿¼6²Gºj®�¯
��� ª»«�®U¸/µ Ã�¬¿ª /$² /�º�®U¼6®U¸/µE«�¸£¬��»ºj®v¶�¼IÃ}ªG¬·µ¿²G¸/µSÓ



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ �¤� �

BD8 � O9FD8¤H[Mvy 4DHKSDBD>ASDhP�j|_¥^HKSDO�\]8=O�8tqbJ	R;M9>]8;S_:;8;O=�I:;8=O�4DHKSDBD8=O�HKJDJIHKM?HK>]O9O?8=S7<�daY_SD8W:;25ST<?MNHK>AS7<?8^BD25Scy
SDR=8p���[|�mb>	\nHP:;25ST<?MNHK>AS7<?8£8=O9<~>]VXJj25O9R;8[�c2KS�S�0�254DO98;M9`K8WJIHKOC\]8�JD\nH�<N8¤H[Y�VgHK>]OxYDSD8�`[HKM?>]H[<N>A25SEBD>]O9:;25Scy
<N>AS7YD8pBDY�:;>]O?HK>]\A\]8=Vg8=S7<xJDHKO?O?HKST<¦BD8 ���� ds���� \]25M9O?l7YD8£� 8;Ov<¦HKYDhKVg8=S7<?R^HKYcy BD8=\ndmB_8p� � |_}~8pM9R;O?Y_\A<GH�<
8tqbJ	R;M9>]VX8;ST<GHK\1O9YDh5h5o=M?8Xl7YD8g\A8;OW>AS7<?8;Mv@©HK:;8=OmO9R;JIHKM?HKST<Q\A8;OP4IHKS_BD8;OUBD8u:;>AONHK>A\]\]8=Vg8=ST<NO^BD>Li�R=M?8=S7<?OPSD8
J	8;Y_`K8;ST< 7t<NM98UOv<GHK4_\]8;O�l7Y�03dXY_SD8P:;25ST<NM?HK>]ST<?8UB_25SDSDR=8m���¢|

� � � 
 � � ���	���I� � � ��� � � �	� �I� �
� \D8tqb>AO9<N8¦J_M?>]S_:;>]JDHK\]8=Vg8=S7<�BD8;YcqXHKJDJDM92b:GF_8;O1VX>]:;M925O?:=25JD>AlcY_8;O1J	25YDM§>AS7<?8;M9JDM?Rt<N8;M1:=8¦JDFDR=SD25VXo;SD8[|

/�HQJDM98;VX>]o;M98K�cBDYD8pdE}�H[<N8=O)�G�s�}���]�c8;O9<�4IHKO?R=8^O?Y_M�YDSD8^>ASDO9<NHK4D>A\]>A<?R¦R;\]HKO9<?>]l7YD8pB_8^\nHU:;25YDM94j8pB�03R=:;25Ycy
\]8=Vg8=ST<x:;25SDOv<N>L<NY_<?>A`58U� � �_� �¤� � ¡ |7¥^HKSDOC:;8t<?<N8�HKJ_JDM?2c:GFD8K�7\]HPM98;\]H�q_H[<N>A25SEBD8�\nHW:;2KS7<?MNHK>AST<N8�8;Ov<�\A>]R=8�HKY
JDM92b:=8;O?O9YDO�BD8£M?8=J_<GH[<?>]25SX8=<�BD8 � :¤H[O?O?Y_M?8¦��BD8=O~VX>]:=8;\]\A8;O=|7/¨HUO?25\AY_<N>A25SuO?8£:;25VXJj2KM9<N8£HK\A25M?OxBIHKS_O~\]8
BD25VgHK>ASD8¦\]>ASDR¤HK>AM?8[�K:;2KVgVX8¦YDSgrDYD>]BD8¦`c>]O9:;2cR;\]HKO9<?>]l7YD8�:¤HKM?HK:=<?R;M9>]O?R�JIH[MCY_Sg<N8=VgJ_OCB_8£M98;\nH¢qDH�<N>]2KS����
8=<~YDS�VX2cBDYD\]8�R=\nHKOv<N>]l7YD8��©�G|� 1S*H[BIHKJ_<NHKST<�:;8£Vg2cBDo=\]8�BD8pM9FDR;2K\]25h5>A8¦\]>ASDR¤HK>AM?8�HKYbqXhKMNHKSDB_8;O~B_R=@�25M y
VgH[<N>A25SDO;��mbJ	8;SD\A8=k �G�v�}���j� �¤� � ¡ 2KS7<CVX25ST<NM9R�l7YD8�\]HP:=25YDM94j8�B�0�R;:=25YD\]8=Vg8=ST<�J_M?R;O98;ST<N8£YDSXV�H�qb>AVaYDV
dPYDSg:=>]O?HK>]\A\]8;VX8;ST<�BD25SDSDRz���� # � y�{ �����U:;25M9M?8=O?J	25SDBIHKST<~dU� � # w�y�{�% �©� r©:=@ |5ZDhD| � | ��� ~ |7/�HP:;25Y_M?4	8

}~>AONHK>A\]\]8=Vg8=ST<

���

�
	
�� 

��
�� �

�������� ����

������� � | ��� � Q�5TS �o�)%�	']H�C�3�"!�*��)%����$#6�$(��-,�	�!��0����� ,>5�	����\#6����F$���C���\�B5y	�!nlh!$	��$(�*���	#"$s���
}9.; 5 	g�)(��C���\�B5
*��)%�	'].�-�3�"!�*��)%����$#6�$(4���$(N�'	�5������LK �'��	�!��@�����P��(��'��5�]����-*g5�	 ,%0 � ,-UV � X 9

B�0�R;:=25YD\]8=Vg8=ST<PJDM?R=O?8;ST<?8�HK\A25M?OpYDSD8u4DMNH[SD:GFD8u2�q � � � � �� % w J	25YDM,�� ' ���� | 
£SD8E<N8=\]\A8aO?>L<NYIH[<?>]25S
8;Ov<�>]SDOv<GHK4D\A8WVgR=:¤HKS_>]l7YD8;VX8;ST<;|

}~8;J	8;SDBDHKST<¤��\nH�:=25ST<NMNH[>]ST<N8uSD8EBD>AVg>AS7YD8aJIHKOP:=8;J	8;SDBIH[S7<m>]S_BDR=ZIS_>]VX8;ST<PH¤`58=:g\A8E:;>]O?HK>]\A\]8=Vg8=S7<;|
¥Q03HKY_<?M?8;OUJDFDR=SD25VXo;SD8=Om<?8;\]OPl7YD8X\e0�R=<?>]M?8=Vg8=ST<PBD8;OUVg>A:;8=\]\]8=O^h5R;HKST<N8;OUBIHKS_Om\A8E:GFIHKVXJ BD8u:;>AONHK>A\]\A8ty
VX8;ST<¤�¢8;ST<?M?8;ST<�8;S�698=Yad�JD\]Y_O�FIH[Y_<�:=>]O?HK>]\A\]8;VX8;ST<x� � � ¡ |�¥p8C<N8;\AO�JDM?2c:;8=O?O?Y_O§Jj8=M?VX8=<9<N8;ST<�BD8CM?8;:=25Y_`cM?8=M
YDSD8P4DM?HKSD:GFD8UO9<NHK4D\A8W2�q � � � � �� ' w J	25YDMf�� ' ���� r©:t@ |DZIhD| � | ��� ~ |



�¢ }� �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

mbYDMU\nH�4DM?HKSD:GFD8X>]S_O9<GH[4D\]8[�Å�����/�¨J	25YDM,�� ' ���� �)\]8=OmH[Y_<N8=YDM?OUO?YDJ_Jj25O98;ST<mlcY_8g\ 03R=:;25YD\A8;VX8;ST<P8;Ov<
:;2KVgJ	25O?RuBD8uJD\AYDO?>A8;YDM9OP4IHKSDBD8=OmVgHK:=M?25O9:;25JD>Al7YD8;OPBD8X:;>AONHK>A\]\]8=Vg8=ST<NOpB_>AijR;M?8=ST<NO����� 8=<s���� �)\A8E\]25S_h
BDY,h5M?HKBD>A8;ST<aBD8g`b>L<N8=O?O?8 �1��r©:t@ |�ZIh_| � |j�_|�4 ~ |�/�H :;25ST<?>]S7YD>A<?R�BD8�\nH�`c>L<N8;O9O?8�>AVgJ	25O98�JIHKMQHK>]\A\]8=YDM?O
\e0�R;l7YIH�<N>]2KS?r � | �}� ~ |} 1SE8ti�8t<¤�5O9>_\]8�JDM?2[ZI\_BD8�`b>L<N8=O?O?8¦8=O9<x:=25ST<N>]S7Y��[\]8�:;>]O?HK>]\A\]8=Vg8=S7<¨8ti�8=:=<N>L@P�� >ASDBD>AlcY_R
JIHKM¦\A8WM?FDR=25VXo=<NM98P8;O9<�BD2KSDSDRPJIHKM)r©BDHKSDO�\]8W:;HKO�BD8PSD25Sby h5\]>AO?O?8=Vg8=ST< ~ w

�� �# �$� ��L # 5
L
���
�
�T� # 5

L
���
�
�� ���j� �5� " r � | � � ~

�� # � ���� ��� 5 � � �I�� � "
2�qz����8;Ov<Q\]H�`b>L<N8=O?O?8XBD8u\nH*JD\]HKl7YD8EVX254D>]\A8a8=< � \nH�@�M?HK:=<?>]25Sf`K25\]YDVX>]l7YD8EB_8X4DHKSDBD8=Om:=>]ONH[>]\]\AR;8=OWd
���� r�:=@ |§ZIhD| � |��_|�4 ~ |��pYDh5VX8;ST<?8;Mu\]8*:=>]ONH[>]\]\A8;VX8;ST<a>AVgJ	25O9R �� SD8*@©HK>A<ul7YD8�:;M92 $]<?M?8*\]H�J_M?25J	25M9<?>]25S
BD8 4DHKSDBD8=O�@�25M9<?8;VX8;ST<*:;>AONHK>A\]\AR;8;O�wC\nH :=25ST<NMNH[>]ST<N8 M98;Ov<N8f:;2KSDO9<NHKST<N8 <GH[S7<�l7YD8f\e0�R;:=25YD\]8=Vg8=ST<�8;Ov<
>]S_FD25VX25h5o;S_8K|�¥^HKS_Om:=8�VX2bBDo=\]8[�)HKYD:=YDS$:;M9>A<?o;M?8uBD8XO?R=\]8=:=<N>A25S B_8g\]H*`[HK\A8;YDMUBD8X\nH*:;2KS7<?MNHK>AST<N8gHKY
JD\]H[<N8;HKYfS�0�8;O9<UJDM925J	25O?R[|)/)8;OUHKY_<?8;YDM9OUO9YDh5h5o=M?8=S7<Ul7YD8uO?>�\nH�:;2KS7<?MNHK>AST<N8E8;Ov<UHKYDh5VX8;ST<?R;8uBD8a@©H �=25S
l7YIHKO9>]O9<NH[<N>Al7YD8K� HK\A25M?O~\e0�R;:;2KYD\]8=Vg8=S7<�M98;Ov<N8UO9<GH[4D\]8�69YDO9l7Y�0 du���[�D2}q�O=0 HKVX25M9:;8W\e0�>]S_O9<GH[4D>]\A>A<NR[|

/�H{O?8=:;25S_BD8fHKJDJ_M?2c:GFD8�<?FDR;25M9>]l7YD8�8;Ov<�BDYD8�d �^\AVgOv<N8;Bx�G�K�}���£� �	��� � �	�	�;¡ |�}~8;O�HKY_<N8=YDM?Og>]Sby
<N8=M?JDM9o=<?8;ST<X\]8�JDF_R;SD25VXo;S_8*BD8 � O9FD8¤HKM y 4IH[SDBD>]S_ha�*:;25VXVX8�YDSD8�<?MNHKSDO9>A<?>]25S$B_8*JDFIHKO98*>]O?2[<NM?2KJj8��
SDR=V�H[<?>]l7YD8W>ASDBDYD>L<N8WJIHKM¦\A8W:;>AONHK>A\]\]8=Vg8=ST<W� �	�	� � � ���¢¡ |I/)8;O£HKY_<?8;YDM9O�2KS7<�8=S�8ti�8t<£VX25ST<NM9RWl7YD8PJj25Y_M
\]8C:¤H[O�O?>AVgJ_\]8xB�0�YDSD8�O925\]Y_<?>]25SUBD8�4��[<N2KSDSD8=<?O§M?>Ah5>]B_8;O;��\A8�:=25YDJD\]HKh58�8;ST<NM98~\]8C:;>AONHK>A\]\A8;VX8;ST<�8=<�\]8;O¨rIYD:�y
<NYDH[<N>A25SDO�BDY�JIHKMNH[Vgot<NM?8PB�0�25M9BDM?8PJ	25Y_`[HK>A<�>ASDBDYD>AM?8PYDSD8 � :;2c8tqb>AO9<N8=SD:;8mBD8PJDFIHKO98���8=ST<NM?8UYDS�R=<GH�<
>]O92K<NM925J	8^8=<�YDS�R=<NH[<�SDR=V�H[<?>]l7YD8u� �	�	�t¡ | /�Ha:;2KYDM?4	8PB�03R=:;25Y_\]8;VX8;ST<�BD8P\]HQZIh5YDM98 � |��b| HEO;0�>]ST<?8;M?J_M?o=<?8
HK\A25M?OxBD8�\nHW@©H �;2KSgO9YD>A`[HKST<N8Uw
r©> ~ J	25YDM��� %%���� �c\A8;OCVg>A:;8=\]\]8=O§O?2KS7<~BIHKSDOC\e0�R=<NH[<C>]O92K<NM925Jj8 � r©>]> ~ dUY_SD8
:;2KS7<?MNHK>AST<N8pB_25SDSDR=8W� � �_>A\Ik�HQS7YD:=\]R;H[<N>A25S�B�0�YDSD8^4DHKSDBD8^S_R;VgH[<N>AlcY_8^HKY�O98;>AS*BD8^\e0�R;:=25YD\A8;VX8;ST<¤|c/�H
`c>]O9:;25O9>A<NRPBD8U\nHEJDFDHKO?8mSDR;VgH[<N>Al7YD8PR=<GH[S7<�>AS_@�R;M9>]8;Y_M?8UdX:=8;\A\]8WBD8U\e0�25M?h5HKSD>]O?H[<N>A25S*>]O92K<NM925J	8K�D\A8UJ_M?2KZI\
BD8W`c>A<?8;O?O98P8;O9<�:=8;\]Y_>)BD8P\nHQZIh5Y_M?8 � |j�_|34 � r©>]>A> ~ \]8W\]2KSDhEBDY�JD\nH�<N8¤H[Y��D\nHaOv<NM9YD:=<?YDM?8USDR;VgH[<?>]l7YD8W:;M92 $]<
69YDO9lcY�0 d.�� # ���� ��2�q{8;\]\A8XH�8;ST`[HKFD>�\nH*<N2K<NHK\]>L<NREBD8g\e0�R;:=25YD\]8=Vg8=ST<¤|�mb25Y_\]>]hKSD25SDOPJ	25YDMPZISD>]MUl7YD8�:=8
VX2bBDo=\]8X<NFDR=25M?>AlcY_8*8;O9<uJDHKM9<?>]:;Y_\]>]o=M?8=Vg8=S7<aH[<?<?8;SDB_YsBDHKSDOE\]8=OaO?2K\]Y_<?>]25SDOQBD8*Vg>A:;8=\]\]8=OmhKR¤HKST<N8=OXHKY
`52K>]O?>ASIHKh58WB_8U\]HQ<NM?HKSDO?>L<N>A25S*>]O92K<NM925Jj8��cSDR=V�H[<?>]l7YD8[�*�����/�IJj25Y_M¦BD8Ph5MNHKS_BD8;O�@�MNHK:t<N>A25SDO�VgHKO?O9>]l7YD8=O l |

� � � ����� � ���&� � � ��� � ��� 
 ��� �3���	�O����� 
 � ��� 
 �������
��


¥p8^SD2KVa4DM?8=YDO?8=O¦R;l7YD>AJj8=O~25ST<�HKJ_Jj25Mv<NR�BD8;O~JDM?8=Y_`58=O�8�qbJjR=M?>]VX8;ST<NHK\]8=O�BDY*O9FD8¤H[Mvy 4DHKSDBD>ASDhQBIH[SDO
\]8=OmO925\]Yb<N>]2KSDOWO?8=Vg> y BD>A\]YDR=8;OWBD8gVg>A:;8;\A\]8=OWh5R¤HKST<?8;O;|�}~8gO?25ST<mSD2K<GH[VgVX8;ST<U\]8=OU<?MNH¤`[HKYbq ¤�8;FIHKhK8g8t<
�£2[i�VgHKSDSWO9YDM)\]81OvkbOv<No=Vg8x:;2KVgJ	25O?R�BD8�}6k�}~\
�}¢pH�m_HK\KBDHKSDO�BD81\e0�8¤H[YWJDYDM?8�r l�u '()�~ |�/�H¦M?FDR=25\]2Kh5>]8
SD25Scy \]>ASDR¤H[>]M?8¦B_8p:;8t<?<?8^O?25\AY_<N>A25SXJDM?R=O?8;ST<?8^YDS�JD\]H[<N8;HKY�dUBD8;O�`KH[\]8;Y_M?OCBD8^:;2KS7<?MNHK>AST<N8�8=<�B_8p:;>AONHK>A\]\A8ty
VX8;ST<P8tq_HK:t<N8;VX8;ST<mM?8=JDM?2cBDYD>L<NOWJIHKMW\A8EVg2cBDo=\]8aBD8 mbJ	8;S_\]8=k �G�£�}���x� ��� �c� �¤� � ¡ |¨}~8XO925ST<mHKYDO?O9>1\]8=O



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ �¢  �
<NM?H¤`KH[YbqEBD8Qmc:GFDVg>L<?<Z�G�M�}���54IHKO9R;OxO?Y_M1\nH^BD>Li�YDO9>]25SQBD8¦SD8;Yb<NM?2KSDOxO?YDM1\A8�O9kcO9<?o;VX8£}6k�}~\ ��� �}¢pH5}~\ ���
r l # � w � ��� )�~ l7YD>�25ST<aJ	25YDMU\nH�J_M?8;VX>]o=M?8u@�25>]O=�¨HKJDJ	25M9<?Rg\]H�JDM98;Y_`K8�BD8�\ 038�q_>AO9<?8;SD:=8�BD8g\e03HKJDJIH�y
M?>L<N>A25S�B�03YDSf2KM?BDM98aSDR;VgH[<?>]l7YD8UO?YDM^\A8QJD\]H[<N8;HKY�B_8a:;25ST<?MNHK>AS7<?8*� ��� � ¡ |j/¨HgV 7=Vg8QHKSDSDR=8K� ,�8;M?M98=< �G�
�}����25ST<mVg>AOP8;S$Rt`b>ABD8;S_:;8�JDHKMQBD>Li�Y_O?>]2KS{BD8XSD8=Y_<NM925SDOQ\]H�O9>]h5SIH�<NYDM98XB�03YDS_8�<NM?HKSDO?>L<N>A25S�>]O?2[<NM?2KJj8��
SDR=V�H[<?>]l7YD8W>ASDBDYD>L<N8WJIHKM¦\A8W:;>AONHK>A\]\]8=Vg8=ST<�BIHKS_O�\A8WO9kcO9<?o;VX8P:;25SD:=8;ST<NM9RE}6kC}~\ ���£8tq_HKS_25\ �} xHKY�O?HK\]R=8
r l"# ��� � N � y '()�~ � � � ¡ |�/�H�V 7;VX8uHKSDS_R;8K��:=8;OmHKY_<N8=YDM?OP25ST<mHKJDJ	25Mv<NRuBD8;OmHKM9h5YDVX8;ST<NOP8;S�@©H¤`58=YDM
B�0�YDSD8^<?MNHKSDO9>A<?>]25S�B_8WJDFIHKO98W>]SDBDY_>A<N8£JIHKM�\A8^:;>AONHK>A\]\A8;VX8;ST<~J	25YDM~\]8^OvkbOv<No=Vg8U}6kC}~\ ��¢pH�m_H[\�BIHKSDO~BD8
\e0�8¤H[Y ONH[\]R;8gd�@�2KM9<N8=OQ:=25SD:;8=ST<NMNH�<N>]2KSDO r l # { � N�w�)�~ � �5 ¢¡ | K J_\]YDOP@©HK>]4_\]8a@�MNH[:=<N>A25S�r l�# 5 � {�)�~ �
\]8QJD\nH[<?8¤HKYfB_8X:=25ST<NM?HK>]ST<N8EB_>]O?JDHKMNH�$A<^8t<P\nHg<?MNHKSDO9>A<?>]25SfS�0�8;Ov<PJD\]Y_O � BD>AO?:=25ST<N>]S7YD8��*VgHK>]O � :=25ST<N>Ly
S7YD8~�^� �[�[¡ | � M��K:=8£dUYDS�VX25ST<GH[h58�Jj8=M?VX8=<?<NHKST<CBD8£O925SDBD8=M~\]HP4_>]M?Rt@�M?>ASDh58;S_:;8�BD8p\ 03R=:;25Y_\]8;VX8;ST<xBIH[SDO
\]8CJD\]HKS?r��C� �§� ~ B�0�YDSD8�:=8;\]\AYD\]8xBD8¦}~25YD8=<9<N8[�T}�HKJDJ	8;\]HK8;M98 �G���}���D� ���¢¡ 25ST<1VX>]O�8;SERt`c>]BD8=SD:;8�\]H£S7YD:=\]R¤H¢y
<N>A25S�8=<£\nHu:;M?2K>]O?O?HKSD:=8QB�0�YDSD8m4IHKSDBD8U@�25M9<?8;VX8;ST<£4D>]M9R=@�M?>ASDh58=S7<?8P\]8U\]25SDhXBDY�JD\nH[<?8¤HKY�BD8m:;25ST<NM?HK>]ST<?8
BIHKS_OX\A8*O9kcO9<?o;VX8 } *��/, �K¥ �=�a�1Jj2KYDMEYDSD8�:;2KSD:;8=S7<?MNH[<?>]25S l # 5 � ) �§JDM92b:GFD8�BD8�\]Hf<?MNHKS_O?>A<?>]25S
>]O92K<NM925J	8��cSDR=V�H�<N>]l7YD8u� ����¡ |&k�H[M£BD>Li�Y_O?>]2KS�B_8mSD8=Y_<NM925SDO=�j\A8;O�V 7=Vg8=O�HKY_<N8=YDM?O£25ST<�JDY�>ABD8;ST<N>LZI8;M�\]H
O9<?M?YD:t<NYDM98gS_R;VgH[<N>AlcY_8aBD8u\nH�JDFDHKO?8X>]SDB_YD>A<?8K| K \]H*O?YD>L<N8EBD8u:;8=OPR=<NY_BD8;O=�¨>A\�O98;Va4D\A8uM?8;\]H[<N>L`58=Vg8=S7<
:;\]HK>]M¦l7YD8U\e0�25S�Jj8=Y_<£:;\nH[O?O?8=M£\A8;O�BD>Li�R=M?8;ST<?O£OvkbOv<No=Vg8=O^BD8UVg>A:;8;\A\]8=O�h5R¤H[S7<?8;O£O?8;\A25S�\]8;Y_M�:=25SD:=8;ST<NM?H�y
<N>A25S�w7\]8;O1@©HK>A4D\]8=O l :;25M9M?8;O9Jj2KSDBD8;ST<~JDM?254DHK4D\]8=Vg8=ST<CdUYDS_8£>ASDO9<NHK4D>]\A>A<?R�R;\]HKO9<?>]l7YD8�M?8=JDM?2cBDYD>L<N8¦JIHKMC\]8
VX2bBDo=\]8^B_8 mbJj8=SD\]8tk;�G�I�}����� �¤� � ¡ 8=<�\A8;O�@�25Mv<N8;O¦:=25SD:=8;ST<NM?H[<N>A25SDO l :;25M9M?8=O?J	25SDBD8=S7<�:=8;M9<NHK>]S_8;VX8;ST<�d
YDSD8W<?MNHKSDO9>A<?>]25S�B_8WJDFIHKO98U>ASDBDYD>L<N8^JDHKM¦\]8^:=>]O?HK>]\A\]8;VX8;ST<�O?YDO9:;8=J_<N>A4D\]8PB�0 7=<?M?8WBDR=:;M?>L<N8WJIH[M¦\]8^VX2bB_o;\]8
B�0��^\]VXO9<N8=B �G�6�}����� � �	�=¡ |

}p038=O9<p\]8Uh5M?25Y_Jj8PBD8a}�HK\]\]HKh5FIHKS�l7YD>¨HgVX8;O9YDM?RUJ	25YDM�\nHuJDM?8=Vg>Ao;M?8W@�25>AO;�IBD8=OpJDM92KZI\AO�B_8m`c>A<?8;O?O98
BD8�Vg>A:;8=\]\]8=OEh5R¤H[S7<?8;OgO?YDMg\]8�JD\nH�<N8¤H[Y�BD8�:;2KS7<?MNHK>AST<N8K|C/�H{VXR=<?FD2cBD8�Yb<N>]\A>]O9R;8*8;Ov<�\ 03>AV�HKhK8;M?>A8�JIH[M
M?R=O?25SDHKSD:;8�VgHKh5SDRt<N>]l7YD8 r � ¢£Y_:;\]8;HKM ��HKh5S_8=<N>A:?¤�8=O?25SDHKSD:;8W�j�T¢£�%¤ ~ JDM?R;HK\nH[4D\]8=Vg8=S7<uB_R=<GH[>]\]\AR;8
BIHKS_O�\nHQO98;:t<N>]2KS � | � | � �cJIHKhK8 ��� i_|z��HK>AM �G� �}������� �[¡ 2KS7<�HK>]S_O?>�VX>]OC8;S�Rt`b>ABD8;S_:;8WO?Y_M�\]8£O9kcO9<?o;VX8WBD8
¤�8;FIHKhK8X8t<)�£2KijV�H[SDS re}6kC}~\ �}¢£H�m_HK\
�} xHKY�� l¦u '()�~ �)\]H*JDM?R=O?8;S_:;8�B_8X4DHKSDBD8=OmBD8u:=>]ONH[>]\]\A8;VX8;ST<
BIHKS_O�YDS�R;:;2KYD\]8=Vg8=S7<gBD8 }~25YD8=<9<N8[|�}~8=Og<NM?H¤`KH[YbqsM?Rt`5o;\A8;ST<*\ 038�q_>AO9<?8;SD:=8�BD8�4IHKSDB_8;O�B�03R=JIHK>]O9O?8=YDM
u&N�w 2 V r�SD25SaM9R;O925\]YD8�JIHKM�\]8;Y_M�VX25ST<GHKh58 ~ �¢O?Y_JDJj2KM9<GH[S7<�BD8;O�:;>]O?HK>]\A\]8=Vg8=S7<?O�BD8�\e0�25M9BDM?8CBD8  }�}� O����t|
� \]OP25ST<UBD8XJD\]Y_OWVg25ST<?M?Rul7YD8g\]H*Jj25O9>A<?>]25SfBD8X:;8=Om4DHKSDBD8=OmBDR=Jj8=SDBIHK>L<P@�25M9<?8;VX8;ST<UBD8;OU:;25S_BD>A<?>]25SDO
HKYbq$4j2KM?BDO=|x}~8;OX4IHKSDB_8;OEO;03HKJDJDHKM?8=S7<?8;ST<gBD25SD:*\A8*JD\]YDOQO?25Y_`K8;ST<�d�B_8;OE@�MNHK:t<NYDM98;OE\A2b:;HK\]>AO?R;8=OQO9YDM
l7YD8;\Al7YD8;O�BD>��;HK>]SD8=O�BD8{VX>]:=M?25S_O;|�/�H�JDF_R;SD25VXR;S_25\]25hK>]8 BD8{\nH,S7YD:;\AR¤H[<?>]25S 8=<�:;M925>]O9ONHKS_:;8zB�03Y_SD8
4IHKS_BD8p@�25Mv<N8;VX8;ST<�:;>AONHK>A\]\]R=8�S�038=O9<¦JDHKO~M?HKJDJ	25M9<?R;8pBDHKSDO~:=8p<NM?H¤`KH[>]\e|c}~8=O¦HKY_<?8;YDM9O~25ST<�HKYDO?O9>�VX25ST<NM9R
l7YD8u\nH�O925\]Y_<?>]25SfB_8EVg>A:;8;\A\]8=O^h5\]>AO?O?HK>A<pHKYbq�JDHKM?25>AO^BD8u\]8=YDMW:;8=\]\AYD\]8mBD8g}~25YD8=<9<N8[|I
£SD8XHKSDS_R;8uJD\]Y_O
<GH[M?B��@,~M?>L<?<N2KS �G� �}���I2KS7<¦HKJDJD\A>]l7YDRp:=8=<9<N8^<N8=:GFDSD>AlcY_8mda\ 03R=:;25Y_\]8;VX8;ST<~: 
5SD8�y JD\]HKS�|_/�8=O�HKY_<?8;YDM9O¦25ST<
HK\A25M?OUVg2KS7<?M?RXJj2KYDMQ\]H�JDM98;VX>]o;M98X@�2K>]O;��\]H�S7YD:;\AR¤H[<?>]25S{8=<Q\nH�:;M?2K>]O?O?HKSD:=8�B�0�YDSD8�4IH[SDBD8g@�2KM9<N8=Vg8=ST<
:;>AONHK>A\]\AR;8~BDHKSDO1\]8¦V 7;VX8�OvkbOv<No=Vg8[�������/�b}6kC}~\ ��¢pH�m_H[\ r l�u-'()�~ � ��� � � �;¡ |�k�HKMxHK>A\]\A8;YDM9O�:;8=OC<?MNH¤`[HKYbq
VX25ST<NM?8=ST<�\]H�J_M?R;O98;SD:=8�BD8�rIYD:t<NYIH�<N>]2KSDOX<?8;VXJj2KM?8;\A\]8=OEBD8�\]H `b>L<N8=O?O?8[|�}~8=OgBbkbSDHKVg>Al7YD8;OXMNHKJ_>]BD8=O



�¢ �� �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

r � VXO=� ��� O ~ O?YDh5hKo;M?8=ST<�\]8pVX25Y_`K8;VX8;ST<¦BD8=O¦4IHKSDB_8;O�HKY*O98;>]S*B_8^\e0�R;:=25YD\]8=Vg8=ST<�8=<�B_R;J	8;SDBD8=ST<¦<NM?o=O
@�25Mv<N8;VX8;ST<�BD8=O£>AVgJ_YDM?8t<NR;O¦J_M?R;O98;ST<N8=OpBIH[SDO�\nHEO?25\AY_<N>A25Sf� � �;¡ |
k1\]YDOgM?R;:=8;VXVg8=ST<¤� ��>]O9:GFD8;M �G���}����25ST<�Rt<NYDB_>]R�\A8�OvkcO9<No=Vg8f} *M� , �K¥ �U� r l-# � w()¡~ �xJj25Y_M

\]8=l7YD8;\C\e0�8tqb>]Ov<N8=SD:;8�B_8�4IHKS_BD8;OaB_8�4D>AM?R=@�M9>]SDhK8;SD:=8�HK>ASDO?>Cl7YD8�\]H�JDM9R;O98;SD:=8*B�03Y_S,25M?BDM98gS_R;VgH[<N>AlcY_8
>]S_BDYD>A<;�¦H¤`[HK>]8=S7<�Rt<NRzVg25ST<?M?R;8=O�J_M?R;:=R;BD8=VgVX8;ST<�JIHKM�}�HKJDJ	8;\]HK8;M98 �G� �}���m� ����¡ |�/)8;O�<NMNH¤`[HKYbq BD8
��>AO?:GFD8=M��G�M�}���D�   � ¡ 25ST<1O925YD\]8t`5R¦BD8~SD25Va4DM98;YDO98;O1>AS7<?8;M9M?25hTH�<N>]2KSDO�8t<1M?8=Vg>AO�8;SEl7YD8=O9<?>]25SE\A8;O�<?FDR;25M9>]8=O
8tqb>AO9<GH[S7<?8;O=|� 1S�8=ij8=<;�_YDS*BD8p\]8;Y_M?O~M9R;O9YD\A<NH[<NO�V�H¢698=YDM?O�8;Ov<¦l7YD8W\]8=O~4IHKS_BD8;O�S_R;VgH[<N>AlcY_8;O~2K4DO?8=M9`5R=8;O
SD8g:;25M9M?8;O9Jj2KSDBD8;ST<uJIH[OaHKYbq{4IH[SDBD8;Om@�25M9<?8;VX8;ST<Q:=>]O?HK>]\A\]R;8=O;| k¨25YDMa>AS7<?8;M9JDM?Rt<N8;Mm\]8XJDFDR=SD25VXo;SD8gBD8
O?F_8¤HKM y 4IHKS_BD>]SDhPBIH[SDO�:=8�O9kcO9<?o;VX8K�7\]8=O�H[Y_<N8=YDM?OxO?Y_JDJj2KO?8;ST<�HK\]25M9O1l7YD8�\nHWJDFIHKO98£S_R;VgH[<N>AlcY_8¦>]SDBDY_>A<N8
8;Ov<xYDSuh58;\b@�25M9<?8;VX8;ST<§`c>]O9lcY_8;Ybqj�T\nH^M9FDR;2[rIYD>]B_>AZI:;H[<N>A25SaHKJ_JIHKM?8=ST<N8�S�0�R=<GH[S7<xM98;\A>]R;8~lcY�0 dW\nH£JDM?R=O?8;S_:;8
BD8^hK\]>]O9O?8=Vg8=S7<¦HK>]SDO9>jl7YD8WB�03YDS_8 � @�MNHK:t<NYDM98¦��8;ST<?M?8W\]8ph58;\jSDR;VgH[<N>Al7YD8p8t<¦\nHQJ_FIHKO?8W>AO?2K<?M?25J	8K| K \]H
O?Y_>A<N8~BD8�:;8=O�<NM?H¤`KH[Ybqj�K>]\cO?8=Va4D\A8~:;\]HK>]M¨l7YD8¦\nH�l7YD8;Ov<N>]2KSEBD8�\e0�R;:=25YD\A8;VX8;ST<§BD8=O§O?2K\]Y_<?>]25SDO�BD8�VX>]:=8;\]\A8;O
h5R;HKST<N8;OU8;Ov<P<N25Y�692KYDM?OWO?HKSDOUM?R;J	25SDO98K| k�HKMUHK>]\A\]8;Y_M?O;� ��>]O9:GFD8;M �G�Z�}���)>]SDO9>]O9<?8;ST<PO?Y_Mm\]H�JDM?R=O?8;S_:;8XBD8
rIYD:t<NYIH�<N>]2KSDOQ<N8=VgJ	25M98;\]\A8;OmSD25S�M?R=O?25\AYD8;OEJIH[Ma\]8=YDMaVX25ST<GHKh58�BIHKSDOE\A8;OaJDM92KZI\AOEVg8=O?YDM9R;O��   � ¡ |§/�H
JDM9R;O?8=SD:;8CBD8x:;8=O)rIYD:=<?YIH[<?>]25SDO)<?8;VXJj25M98;\A\]8;Oj:;25VXJD\A>]l7YD8§Rt`b>ABD8;VXVX8;ST<�\e0�>]ST<N8=M?JDM9R=<NH[<N>A25S^BD8=O�BD2KSDSDR;8=O
BD8�¢£�%¤ O9YDM9<?25Y_<�O9> 25S�>AV�HKhK>]SD8�l7YD8£\nHPJj2KO?>A<?>]25SuBD8�\nHP4IHKS_BD8�r�25Y�B_8£\]HP@�M?HK:=<?YDM?8 ~ J	8;Y_<CrIYD:t<NYD8=M
BIHKS_O�\A8^<N8=VgJDO=|

¥^HKSDOP\]H�O?YD>L<N8EBD8u:;8u:GFIH[JD>A<?M?8K��SD25YDOPJDM9R;O?8=ST<N25SDOUBD8=OU8�qbJjR=M?>]8=SD:;8=OmB_8a`5R;\A2b:=>]VXR=<?M?>]8ad�\e03HK>]BD8
BDY VX25ST<GHKhK8�BDR=:;M?>L<�BIH[SDO�\]8�:GFIHKJD>L<NM98 � O?Y_M�YDS'OvkbOv<No=Vg8f4D>A8;S':=25SDS7Y�BD8 VX>]:=8;\]\A8;Ouh5R;HKST<N8;Ofw
}6kC}~\ �}¢£H�m_HK\�BIHKSDO�BD8P\e0�8¤H[Y�O?HK\]R=8X� �[� � �5 ¢¡ |&¢£2[<NM?8W2K4c698;:t<N>A@�8;Ov<pB_25YD4D\A8EwDSD25YDO¦`K25YD\]2KSDO�R=`c>]BD8=Vuy
VX8;ST<PONH¤`52K>]M^O9>1\e0�>]VgHKh58UO?>]VXJD\A8QBDY�O?F_8¤HKM y 4IHKS_BD>]SDh_��2�q�BD8=OW4IHKSDBD8=OPBD8E:;>AONHK>A\]\]8=Vg8=ST<p:=2b8�q_>AO9<?8;ST<
O?Y_MQ\]8uJD\]H[<N8;HKY���8;Ov<Q`[HK\A>]BD8uJ	25YDMP:;8gO9kcO9<?o;VX8�BD>]\AYDR¥r l #_{�)�~ |vmb>1<N8;\C8;Ov<a\A8X:;HKO;�¨SD25Y_Om`52KYD\]25S_O
ONH¤`K25>]MPO?>x\A8XVX25ST<GH[h58uBDR=`K8;\]2KJDJjRXJ	8;M?VX8=<UBD8XM?R=O?25Y_BDM?8XYDSD8XBD>]O9:;25ST<?>]S7YD>A<?RuBDY{<NHKYbq�BD8X:;>AONHK>A\]\A8ty
VX8;ST<U8=<UJj8=M?VX8=<9<NM?8E\A8EJIHKO9ONHKh58uBDYz\]2c:¤H[\�r©�x���j�t���� ���j� ~ HKYzh5\A254IHK\6r©�§���� ~ :;25VXVg8EBDHKSDOP\]8E:;HKOPBD8
\e0�R;VQYD\]O9>]25S�J_M?R;:=R;BD8=VgVX8;ST<£R=<?YDBD>]R=8K|

OQP 96P:9 ���P>H`cbzeUYEa8F*YE]X] W�b [=Y�]��N]�f��IH Y����	�2[�

� d��NdT[�

� dTW ] ds[=`EY

� ����� � � � ��� � ��� �"�

/)8�OvkbOv<No=Vg8 :GF_25>]O9>�8=O9<g\]8�VgR=\nHKS_h58*BD8�:=R=< kc\]JTkcM?>ABD>]S_>]YDV :GF_\]25M9>]BD8 re}6k � ��}~\ �&~ 8t<�O92bB_>]YDV
ONH[\]>]:tkc\nH[<?8?r·¢£H � ��m_HK\ � ~ BIHKSDOPYDS_8gO925\]Y_<?>]25SzHKl7YD8=YDO?8XONH[\]R;8Xd � |   � r·¢£HT}~\ ~ |¨}p038=O9<m\]8uO9kcO9<?o;VX8
R=<?YDBD>ARmBD8UVgHKSD>]o=M?8W8�q_FDHKYDO9<?>A`K8QJIHKM8,~8=M?M?8t<¡�G�6�}����� �[� � �5 �¡ |	/�HX:=25SD:=8;ST<NM?H[<N>A25S�VgHKO?O9>]l7YD8P:GFD25>AO?>A8
8;Ov< l # {() �������/�~H[Yby BD8=\nd�BDY�M9R;h5>AVg8�BD>A\]YDR r � |   �  �� ~ VgHK>AOE\]25>AS�BD8�\nHf<NM?HKSDO?>L<N>A25S�>]O?2[<NM?2KJj8��
SDR=V�H[<?>]l7YD8 r l u � w�)�~ |�/�Hg<N8=VgJ	R;M?H[<NYDM98QB�0�R=<?YDBD8E8=O9<WZ_qbR;8ad � # � 5}y '�� }p|�/�H�M?FDR=25\]2Kh5>]8PSD25Scy
\]>ASDR¤H[>]M?8mBD8E:;8uOvkbOv<No=Vg8u8;Ov<UJIHKM9<?>]:=YD\]>Ao;M?8=Vg8=ST<^4D>A8;S�:;25S_ScY_8%r�:=@ |�M9R=@�R=M?8;S_:;8�� �[�[¡ ~ |)/�H�@�MNHK:t<N>]2KS l



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ �¢ [�
HK>ASDO?>cl7YD8¦\nH£<?8;VXJjR=MNH[<?YDM?8 ��2KS7<xRt<NR�:GF_25>]O9>]8;O�BD8�O?2KM9<N8¦l7YD8¦\A8;O�>]SDOv<GHK4D>A\]>L<NR;O¨R;\]HKO9<?>]l7YD8=O;�K8�qbJDYD\]O?HKST<
\e0�R;:GFDHKST<N>]\A\]25SEB_Y�M?F_R;25VXo=<?M?8K�cHK>A8;ST<C\]>A8;YXdUO9Y 
XONHKVXVX8;ST<~FDHKY_<�:;>]O?HK>]\A\]8=Vg8=S7<�� ��� � �5 ¢¡ |��p>]S_O?>e�KJj25Y_M
\]8=OPJIHKMNH[Vgot<NM?8=OP:GFD25>]O9>]O=�)JD\]YDO9>]8=YDM?OPVX8;O?Y_M?8;OUJ	8;Y_`K8;ST< 7t<NM?8u254b<N8;S7YD8=OQO9YDMm\]H*4DMNHKS_:GFD8X`c>AO?l7YD8;Y_O?8
dgFDHKY_<^:=>]O?HK>]\A\]8;VX8;ST<;| }~8;J	8;SDBDHKST<¤��>A\�S�0 HgJIHKOpRt<NRm:;\nH[>]M?8=Vg8=ST<£Rt<GHK4_\]>¨d�SD2K<?M?8U:;25S_SIHK>]O9ONHKS_:;8K�jl7YD8
\nH*Ov<NM?Y_:=<NY_M?8X>]SDBDY_>A<N8EJDHKMP\]8E:;>AONHK>A\]\A8;VX8;ST<^O925>A<P:;HKMNHK:t<NR=M?>]O9R;8XJIHKMPYDSz25M?B_M?8uSDR;VgH[<?>]l7YD8EJ	25YDMP\]8=O
JIHKM?HKVXo=<NM98;O � 8t< l R=<NY_BD>]R=O�>A:;>1� �[� � �5 �¡ |

/)8;O¦JDM92KZI\]O�BD8p`c>A<?8;O9O?8^25ST<¦Rt<NR^VX8;O9YDM?R=O�O?>AVaYD\L<GHKSDR=Vg8=ST<�HKYcq�:=25YDM?4	8;O~B�03R=:;25Y_\]8;VX8;ST<�dm\e03HK>]BD8
BDYmVg25ST<NHKh58CBDR;:=M?>A<¨BIH[SDO�\A8C:GFDHKJD>A<?M?8 � |�/10 HKS_h5\]8xBD8�BD>AijYDO?>A25S r ux{�w � ~ H�R=<?R~:GFD25>AO?>7BD8CO?25Mv<N8�lcY_8~\]8
`52K\]YDVX8¦BD>AijYDO?HKST<CHK>A<1Y_SD8¦<GHK>A\]\]8CBD8 '}w 2 V�|5/)8;OxJDM92KZI\AO1BD8�`c>A<N8=O?O98£25ST<xRt<NR�254_<?8;S7YDOx8;SXBDR;J_\nHK:;HKST<
\nHX<GHK4D\A8QO9YDJDJ	25M9<NHKST<W\]8mM?FDR=25Vgot<NM98aJIHKM£JIHKOWBD8 �}� 2 V�|�}~FIH[lcY_8a@�25SD:=<?>]25S�BD8a:;2KM?M?R=\nH[<?>]25S�H�R=<?R
VX2¢kK8;SDS_R;8fO?Y_M � O wC\]8�<N8=VgJDOgM?8=lcY_>]O�J	25YDMX254_<?8;SD>AM�YDS'J_M?2KZI\£BD8�`c>L<N8;O9O?8f:=25VgJ_\]8=<g8;Ov<*BD25S_:
8;ST`c>]M925S � VX>]S�|
k�25Y_M�HKYDh5VX8;ST<N8=M¦\nHQl7YIH[S7<?>A<?RWBD8W\]YDVX>]o=M?8�BD>AijYDO9R;8WJIHKM¦:=8;O¦R=:GFIHKST<N>A\]\]2KSDO;�bSD25YDO�H¤`52KSDO�H¢6925Y_<?R

YDSD8X@©HK>]4_\]8ul7YIHKST<N>L<NR r u 5�) �¦<¤| ~ BD8�JDHKM9<?>]:;Y_\]8;OP:=25\]\A2}� BIH[\]8;OWB_8�BD>]HKVgot<NM98 ��� SDV r /)YDBD2¤qj���p\Ly
BDM9>]:GF ~ |
¢�25YDOpH�`K25SDOpHK\]25M9O¦`5R;M9>AZIRml7YD8Q\A8;O�JDM?25J_M?>]Rt<NR=O£M9FDR;25\A25h5>AlcY_8;O�BD8m:=8=<9<N8QJ_FIHKO?8mSD8QO925ST<^JIH[O
O?8=SDO?>A4D\]8=Vg8=ST<�H[i�8=:=<?R;8;O�JIH[M�\e03HKBDBD>L<N>A25S�BD8W:=8;O�BD>Li�YDO98;YDM9O;| /�Ha:;2KYDM?4	8WB�0�R;:;2KYD\]8=Vg8=S7<�8=O9<�8=S�8ti�8t<
l7YIHK\A>A<GH�<N>A`K8;VX8;ST<C>]BD8=ST<N>]l7YD8[�b\]HP`[HK\A8;YDM�BD8p\]HU:=25ST<NM?HK>]ST<N8pHKY�JD\]H[<N8;HKYX8;O9<�Vg2cBD>AZDR;8�8=<~JIHKO?O98^BD8   �
d��   k�H_� H[>]SDO9>�l7YD8m\A8;O�`[HK\A8;YDM9O�B�038=S7<?M?R=8m8t<£B_8UO925M9<?>]8WBDY�JD\]H[<N8;HKY�|

� � � ��� ��� ���3�I� �I� ��� ����� � � � 
��(� � ���B� ��� ���(������� �"� � �

/�H£ZIh5YDM98 � | �	� JDM9R;O98;ST<N8¦\]Hp:;25Y_M?4	8~B�0�R;:=25YD\]8=Vg8=ST<1O9<NH[<N>A25SDSIHK>AM?8C254_<?8;S7YD8¦O?Y_M�:;8¦OvkcO9<No=Vg8~Jj25Y_M
YDSD8P<N8=VgJ	R;M?H[<NY_M?8 � # � 5�y '�� }�8t<£dg:;>AONHK>A\]\A8;VX8;ST<�>AVgJ	25O?R[|�¤�HKJDJ	8;\]2KSDO�lcY_8Q\]8WM9FDR;2KVgot<NM?8UY_<?>]\]>AO?R
J	8;M?VX8=<�B�03>AVgJ	25O98;M��� h5M��K:;8PdaYDS_8W4j25Y_:;\]8pBD8^M?Rt<NM92THK:=<?>]25S�>]S_@�25M9V�H�<N>]l7YD8£O?YDM~\]8^:=25YDJD\A8^>]SDB_YD>A< � |}~8=<9<N8m:;25YDM94j8UB�0�R;:=25YD\]8=Vg8=ST<^JDM9R;O?8=ST<N8aYDS�JD\nH�<N8¤H[Y�BD8U:;25ST<?MNHK>AS7<?8QdX� u {(' k�Hb�	l7YD>¨O;0�R=<?8;SDB�BD8
���� # � y ' d ���� # � { O ��� |�/�H*:GF7Y_<N8uBD8E`c>]O9:;25O9>A<NREVX8;O9YDM?R=8u:;25M9M?8;O9Jj2KSDB BD2KSD:ud*YDSz@©H[:=<N8=YDM ��� |
k�2KYDMg�� � �� � �¢\nH¦M?R=Jj25S_O?8~�1���9�)S�038=O9<�JD\]YDO¨M?R=8;\A\]8;VX8;ST<¨O9<NH[<N>A25SDSIH[>]M?8�w¢��8t<X�� rDYD:=<?YD8;ST<1H[YQ:;2KYDM?O�BDY
<N8=VgJ_O�H¤`K8;:�BD8;OCHKVXJD\]>L<NYDB_8;O§BD8�\ 0325M9BDM?8¦B_8 ��� |7/10�25M?>Ah5>]S_8�BD8�:;8=OCrIY_:=<NYDH[<N>A25SDO18;Ov<~J_M?254IH[4D\]8=Vg8=S7<
\]>AR;8uHKYz:;2KYDJD\nH[h58u8;ST<NM98g\A8XVX2cBD8EBD8u@�25SD:=<?>]25S_SD8;VX8;ST<UBDY M9FDR;2KVgot<NM?8uY_<?>]\A>]O?RQ8=<mYDSD8X>]SDOv<GHK4D>A\]>L<NR
R;\]HKO9<?>]l7YD8�BDYsV�H�<NR;M9>nHKY�|Åk�2KYDMuBD8;OX:;>AONHK>A\]\]8=Vg8=ST<NOaBD8�\ 0325M9BDM?8*B_8 �� u N(% O����t�1\e0�R;:GFIH[S7<?>]\A\]25S$O98
@�MNH[:=<NY_M?8P8=<£HKYD:=YDSD8PVX8;O?Y_M?8PS�03HXJDYO7t<NM?8U8=ij8;:t<NYDR=8QdEJD\AYDO¦FIHKYb<�<NHKYbq�B_8U:=>]O?HK>]\A\]8;VX8;ST<;|

/�HmZIh5YDM98 � | ��� JDM?R=O?8;ST<?8W\]8;O�JDM?2[ZI\]OCBD8£`c>L<N8;O9O?8^VX8;O9YDM?R=O�O?>AVaYD\L<GHKSDR=Vg8=ST<~dm\nHP:;25YDM94j8pB�03R=:;25Ycy
\]8=Vg8=ST<^J	25YDM^BD8=OW:;>AONHK>A\]\]8=Vg8=ST<NO£HK\]\]HKST<pBD8 � d � i�O����t|�/)8;O^M9R;O?Y_\A<GH�<NO^J	8;Y_`K8;ST< 7=<?M?8EM?R=O?YDVXR;OpBD8
\nHaVgHKSD>Ao;M98WO?YD>L`KH[S7<?8uw
��J	25YDM �� � ���� u � y ' O����t�~\]8=O*JDM?2[ZI\]O�B_8�`c>L<N8;O9O?8fO925ST<�\A>]SDR;HK>]M98;OgBIHKSDO*\ 038=S7<?M?8t@�8;M*BD8f\]H
:=8;\]\AYD\]81B_8¦}~25YD8t<?<?8K| K \nH�M?R=O?25\AY_<N>A25SUJDM?o=O�BDYmVg25ST<NHKh58K��� � � � �ph5\]>AO?O?8=Vg8=ST<�O9>]h5S_>AZI:;H[<N>L@_S�0�8;Ov<



�¢ [� �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

1 2 5 10 20 35

40

50

60

70

Cisaillement  (s−1)

C
on

tr
ai

nt
e 

 (
Pa

)

������� � | �	� � �o�)%�	']H�+�3�"!�*��)%����$#6�$(4�N�)]����$(4%�� �'%�	6���J� �D�'��F$#6� �o� �p�����75��05������p5�%��05���!��  � 9�� � �$�
� W
	�� 9p; 5 ���$#C,.!$	�5��'%�	�� �����y#=5���(����$(4%��  
� W `0[)Z j � �79p;<���w����IG(����w�T�$	'�'��*g5������ *��)	'	����',.�)(���5�(4�� 
UV � WY`DZ j6�$� UV � W `�	 � ��� ��(��0��8�%��$(4������,��B5����g5�%+���-*��)(��'	�5���(4���G9

VX8;O9YDM?REwD\]HQ`c>A<N8=O?O98mH[Y�M92K<N2KM�:;2}�eSD:;>ABD8^<N2KY�6925YDM9O�H�`K8;:U:;8=\]\]8p>]SDBD>Al7YDR;8WJIH[M�\]8WM9FDR;25VXo=<?M?8W8t<
\A8WJDM?2KZD\�BD8W`c>A<N8=O?O98mO=0 HKS_ScY_\]8W<N25Y¢6925YDM?O�HKY�Ov<GH[<?25M �

��J	25YDMf���� � �� � ���� u � { O������ \]8;O�JDM92KZI\AO�B_8U`c>A<?8;O9O?8QJ_M?R;O98;ST<N8=ST<^:;\]HK>]M98;VX8;ST<�BD8=Ybq�4IHKSDBD8=O
BD8m:;>AONHK>A\]\]8=Vg8=ST<NO�BD>]Ov<N>ASD:=<?O{���� 8=<{�� � �	lcY_>�M?8=O9<?8;ST<UHKJDJDM92¤q_>AV�H�<N>A`K8;VX8;ST<�:;25S_O9<GH[S7<?OW\]8U\]25S_h
BDY�JD\nH�<N8¤H[Y�|x/�H{4IHKS_BD8�S7YD:=\]R=R;8�:=M?2 $A<X\]25M9O?l7YD8�\]8�:;>AONHK>A\]\]8=Vg8=ST<uHKJDJD\A>]l7YDR�8;Ov<*HKY_h5Vg8=ST<NRK�
69YDO9l7Y�0 du8;ST`[HKFD>AM�\nHQ<N2[<GHK\A>A<NR£BD8P\e0�8;ST<NM98=@�8=M£d �� # �� � �

��J	25YDM¨BD8;O�:;>AONHK>A\]\]8=Vg8=ST<NOa���� ���� ��\A8�J_M?2KZI\7M98;BD8t`b>A8;ST<1FD2KVg25hKo;SD8[|�¢�2K<N2KSDO�:=8;J	8;SDBDHKST<1l7Y�03Y_SD8
:=25YDM?4_YDM?8UO?>Ah5SD>AZD:¤H[<?>A`58p8;O9<£BDR=:;8;\AR;8XwDV 7;VX8UBDHKSDO�YDS�8;ST<NM98=@�8;M�B�0�R;JIH[>]O?O98;YDM8L #15 VXV��b\]8=O
JDM92KZI\AO£BD8U`c>A<N8=O?O98QBD>Li�o=M?8;ST<pB�03Y_S JDM?2[ZI\�S_8»�¦<N2KSD>]8=S�| 
�SD8m@�2K>]O�BD8QJ_\]YDO=��HKY_:;YDS hK\]>]O9O?8=Vg8=S7<
O9>]h5SD>LZI:¤H�<N>A@�S�038=O9<£Vg8=O?YDM9RK|

/)8;O~J_M?2KZI\AOxVg8=O?YDM9R;OCJj8=M?VX8=<?<?8;ST<�B�0 H[:;:;R=BD8;M�dU\ 03R=JIHK>]O9O?8=YDM��^B_8£\]HU4IH[SDBD8�@�25M9<?8;VX8;ST<C:;>]O?HK>]\A\]R=8K|
/�HE:;25YDM94j8�� !�#/�^�� 8=O9<�JDM?R=O?8=S7<?R;8mO?YDM�\nHaZIhKYDM?8 � | ��� |3H_|I}~2KVgVX8W\]8WO9YDh5h5o=M?8P\e03H¢69YDOv<N8;VX8;ST<�BD8P:;8=O
BD25S_SDR;8=O;� \e0�R;JIH[>]O?O98;YDM��Q:=M?2 $A<�\]>ASDR¤HK>AM?8=Vg8=S7<�H¤`58;:U\]8W:=>]O?HK>]\A\]8;VX8;ST<~>]VXJj25O9R������/�)w

� # L
�� � ����
���� � ���� " r � | ��� ~

:;8t<?<?8fM?8;\]H[<N>A25S�8=O9<*Y_SD8f:;25S_O?R;l7YD8=SD:;8zBD>AM?8;:t<N8 B_8 \nH :=25ST<N>AScY_>A<NR�BD8f\nH�`c>A<N8=O?O98f8;ST<NM98f\]8;O�BD8;Ybq
4IHKS_BD8;O�:;>AONHK>A\]\]R=8;O£r©:=@ |IM98;\]H[<N>A25S2r � | � � ~ �_JIH[h58 �¢ }� ~�� |
��Ç&¸�¬·À�²�º�¶�µ¿ÀGÁ�º¾² �GÀSªG¼6À=µ¿¬·¶�®N­�®��
ªG«�®Uµ�µ¿®N¶j¸$­�«�¶�µI­�®S¯Åµ¿®U¬¿¼6®S¯T´UªG¬¿¬·®�´gµ·¶j°�¯v¹G®S¸$²�¸/µs­�®Nº¾² ­�À���¸�¶�µ¿¶jª»¸�¼IÂS¼6®Q­�Æ «�¸

´=¶¾¯¿²�¶�ºjº�®U¼6®U¸/µT¼6ª � ®S¸H­$²�¸$¯Åº Æ ®S¸/µ·¬¿®=°±®U¬�Ó��
®�¯vµ·®U¬¿¼6®S¯T´UªG¬¿¬·®�´gµ¿¶�°�¯�¯·ªG¸/µ�¸�À �»ºj¶��G®�²7/�º�®S¯�­�®U¹�²�¸/µ�º�²£Ã$¬·À�´=¶¾¯�¶�ªG¸�­�®Nº Æ ®UÄ�Ã}À �¬¿¶j®S¸$´=®»Ó



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ �¢ K 

0 0.25 0.5 0.75 1
0

3

6

9

12

v 
 (

m
m

.s
−

1 )

x  (mm)

(a)

0 0.25 0.5 0.75 1
0

5

10

15

20

25

x  (mm)

(b)

������� � | ��� � �c	���
����7�������������������)]����$(4%��7�'��#{%�����5�(�!$#6�$(��  �B5 *��)%�	'].�-�3�"!�*��)%����$#6�$(��7�����B5 
�IG%�	���s�9#" "G9
Q�5TS UV W [ �	� ����j �	� ��� �$� "�� � ��� ��� �n9
Q^]_S UV�W [ j �	� ��� `G` �	� ��� �$� � � � ��� ��� �n93;<���{,H�G�����'���)(�� � W X �$�
� W [ *��)	'	����',.�)(����$(4��5�%=	��)���)	/�$�o5�%w�'��5����)	d	�����,H��*$�'���T�$#6�$(��g9D;k5�����IG(���,H�)��(��'������!������'�p? ��� � W UV � ��� � � �
5��T��*�UV � W `DZ j6� ��� 9�; 5 ����IG(��-�$(J�'	�5������'K �'��	�!��@*��)	'	����',.�)(��� \%�(+*$����5��������$#6�$(��rUV � W `�	 � ���

0 10 20 30

0

0.25

0.5

0.75

1

Cisaillement  (s−1)

δ 
 (

m
m

)

(a)

64 66 68 70 72

0

0.25

0.5

0.75

1
(b)

σ
1
  (Pa)

������� � | ��� � Q�5TS �c,>5��������$%�	��&���7�B5&]>5�(����7lh�)	'���$#6�$(��@*$����5�������!����$( lh�)(�*$�'���)(N�0%J*$����5��������$#6�$(�����#C,.�G��! UV 9
� �T��*&�B5w�G5����$%�	 UV � W `DZ jN� ��� �'��	�!��C������,�	���
�������� �D�����������&#6���'%�	�!�� A %�( �'	�F���].�)(r5feL%��'���$#6�$(��-����(�!g5���	��
�����d���)(�(�!����o���'�d�)]����$(�%y,.�)%�	d�B5��)5����$%�	NUV � W `�	 � ��� Q^����IG(���*��)(4�'��(�%��:Sn9.Q^]_S�� 	�� ( 0 � 9�; 5�����IG(���*��)(4�'��(�%��
*��)	'	����',.�)(��� \� �"!�8�%>5��'���)( Q^s�9�� �TSP5g�T��* 0 � W 	�i�Z j6�b509

*�8=O9<?25SDO�BDR;O925M?VgHK>]O¦\ 03FTkcJ	2K<NFDo=O?8UO?8=\]25S�\nH[lcY_8;\]\A8^\e0�>]ST<?8;M9@©H[:;8W8;Ov<�O9<GH[4D\]8UdEYDSD8P:;2KS7<?MNHK>AST<N8WZ_qb8
����|j}~25VXVX8W\nHE:;25ST<?MNHK>AS7<?8PS�038=O9<pJIHKO�O9<?M?>]:t<N8=Vg8=S7<£YDSD>L@�25M?VX8^8t<£`[HKM9>]8WBIHKS_O£\ 038=S7<?M?8t@�8;M�BD8m\]HEh5R;2[y



�¢  � �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

VXR=<NM9>]8^B_8Q}~2KYD8=<9<N8UO?8;\A25S�w
�1���j� # �!� � � �� � �s� � � " r � | �K� ~

2�q � � # � | VXV 8;Ov<�\]8WMNH¤kK25S�B_Y�M92K<N2KM¦8=<��!�§\]Ha:;25ST<?MNHK>AS7<?8PHKY�M?2K<?25M;|_/x0�FTkcJj2K<?FDo;O98ml7YD8 �QS�0�8;Ov<
O9<NHK4D\A8WlcY�0 du\nHE:;2KS7<?MNHK>AST<N8W���^>]VXJD\]>Al7YD8pl7YD8Xw

�b�©�!�e� # � � ��� �!�
� � � 5 � y r � | �[� ~

¥^HKS_O�\]HEh5R;25VXR=<?M?>A8^Y_<N>A\]>AO?R;8[� L n � �§8=<�\nHaM98;\]H[<N>A25S�JDM9R;:;R=BD8;ST<?8QBD8t`b>A8;ST<mw
�b�©�!�e� u � �� �!�!�,���� � y r � | �5  ~

/�HQZIh5YDM98 � | ��� |�4�JDM9R;O?8=ST<N8P\e0�R;JIH[>]O?O98;YDM~BD8W\nHU4IHKSDBD8 �U8;S�@�25S_:=<N>A25S�BD8p�!�v|D/10 H�69YDO9<?8;VX8;ST<�\]>ASDR¤HK>AM?8
M?R;HK\]>AO?RX>]SDB_>]l7YD8XlcY_8 �*`KH[M?>]8X\]>ASDR¤H[>]M?8=Vg8=ST<UH�`K8;:��!��� �����¨2�q$� � u {�| k�Hb|§/103FTkcJ	2K<NFDo=O?8�O98;\A25S
\nH[lcY_8;\]\A8�\e0�>]ST<N8=M9@©HK:=8�8=O9<~YDSD>]l7YD8=Vg8=ST<~Ov<GHK4D\A8pdUYDSD8£:;25ST<NM?HK>]ST<?8�Z_qb8£����8;Ov<�4D>A8;SX`5R;M9>AZIR=8pBIH[SDO~SD2KO
8tqbJ	R;M9>]8;S_:;8;O=|
k�HKMPH[>]\]\A8;YDM9O;� \nHXJDM?>AO?8a8=S�:;25VXJ_<N8mBD8E\nHgSD25Sby YDSD>A@�2KM?VX>A<NRPBD8Q\nH�:=25ST<NMNH[>]ST<N8aJ	8;M9Vg8t<PHKYDO9O?>�BD8

M?8=SDBDM98�:;25VXJ_<?8�BD8�\]H�\AR;h5o=M?8 � Jj8=ST<N8p��BDY JD\nH[<?8¤HKY 254DO?8=M9`KR2r©:=@ |�ZIhD| � | �	� ~ |v 1S,8=ij8=<;��\A25M?O9lcY_8
� # w �_\nHU:;25ST<?MNHK>AS7<?8WHKY�M92K<N2KM~8;Ov<¦�!� # �����DH[\]25M9O�l7Y�03da\nHQO925M9<?>]8£BDY*JD\nH�<N8¤H[Y��
�����/�_\A25M?O9l7YD8 � # L5�
\nH :=25ST<NM?HK>]ST<N8�H[Y,M?2K<?25Ma8;Ov<X�!� u � � � 5 � � L�� � � ��|1/10 H[YDh5VX8;ST<GH[<?>]25S BD8*\nH :=25ST<NMNH[>]ST<N8*\A8�\]25S_h
BDY�JD\]H[<N8;HKY 8;Ov<PBD25SD:EB_8E\e0�25M?BDM98QBD8 � L�� � � � � |E¢£2KYDO^k�M98=`c>]8=SDBDM925SDOWJD\AYDOW\]25S_h5YD8;VX8;ST<pBIHKSDOW\]H
O?8=:=<?>]25S � | � | � |

� �����B� ����� � � ����� �����
� �I���3����� ��� � � �B����� ���� ����
¢£2K<?M?8^VX25ST<GH[h58£J	8;M9Vg8t<¦HKY_O?O?>�B�0 H[SIHK\AkcO98;M~J_\]YDO�8;S*BDRt<GHK>A\j\A8;O~J_M?2KZI\AO~BD8£`b>L<N8=O?O?8^dQ\e03HKJDJDM92b:GF_8

BDY�O?FD8;HKMvy 4IHKSDBD>ASDhD| /�Hu:;25YDM94j8 � | �¤� JDM?R=O?8;ST<?8QBD8=OpJDM92KZI\]O�BD8P`c>A<?8;O?O98QVX8;O9YDM?R=O£BIH[SDO£Y_S�8;ST<?M?8=@�8=M
B�0�R;JIH[>]O?O98;YDM L # N VgV d�\ 0 H[JDJDM?2c:GFD8EBD8 ���� ��J	25YDM �� # 5 8=< � O ��� |Ek¨25YDM,�� # 5 O ��� ��\]8EJ_M?2KZI\
BD8�`b>L<N8=O?O?8�8;O9<g<NM9o;O�JDM92b:GF_8�BD8�:;8;\AYD>�B�03Y_S�rIYD>ABD8�SD8G�¦<N25S_>]8;S�|~/)8�J_M?2KZI\�VX8;O?Y_M?R�8=O9<�BD25SD:�8;S
4	25S�HK:;:=25M?BzH¤`58=:u\]8;OpBD25SDSDR=8;OW8�q_>AO9<NHKST<N8;OPVX25ST<NM?HKST<Wl7YD8E\nH�4_MNHKSD:GF_8u`c>AO?l7YD8;Y_O?8Xd�4IHKO^<NHKYbq�BD8
:;>AONHK>A\]\A8;VX8;ST<E8;Ov<�l7YIHKO9>]VX8;ST<�S_8»�¦<N2KSD>]8=SDSD8$� �5 �¡ |  1S�M?R;HK\]>L<NR[�1\e0�>]SDO98;M9<XBD8�\nHfZIh5YDM98 � | �¤� M?Rt`5o;\A8
l7YD8U:;8PJDM?2[ZI\)S�0�8;O9<£JIHKO�JIH[M9@©HK>L<N8;VX8;ST<�\A>]SDR;HK>]M98p8=<�JDM9R;O98;ST<N8mYDSD8P\]R=h5o;M98U:=25YDM94DYDM?8[|j}~25VgVX8^BIH[SDO
\]8�:;HKOuBD8;OXR;VaY_\]O?>A25SDO=�125S�J	8;Yb<�M98;SDBDM98�:=25VXJ_<N8�BD8�:;8t<?<?8�:=25YDM?4_YDM?8�h5M��[:;8�HKY�:=25VXJj25Mv<N8=Vg8=S7<
M?F_R;2KrIY_>]BD>LZ HKST<�� � �� � r�:=@ |IR=lcYDH[<N>A25S r � |j� ~ �_JIHKh58 �¤� � ~ w

�����j�
��� # � � � � ���5� � � � � 5

��� � � � �e� � � � � 5 "
r � | � � ~



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ �¢  �

0 0.5 1 1.5 2 2.5 3
0

0.25

0.5

0.75

1

v 
/ v

0

x  (mm)

1.1 1.3

0.45

0.6

������� � | �¤� �J�c	���
����P���@�������������@#6���'%�	�!��o��5�(��o� �"�$(4�'	��nl��$	P�3�"!$,>5��������$%�	 � W � #C#J90;<���p,�	���
����o�����D�����������
�)(4�P!$��!7(��)	'#=5�������!��P,>5�	/�B5{���������������0%y	��)���)	P? � 90�k�)%�	 UVJW [ � ��� Q	�GS A �����/���)(�(�!������)(��/!$��!�5feL%��'��!����o,>5�	
� �"!�8�%>5��'���)( Q^s�9�� �TSo*��)	'	����',H�)(���5�(��  &%�( *��)#C,.�)	'���$#6�$(4��l�5���]����$#6�$(���	'E�!���M�%����0�2
_5�(4� A 0�� UV � � ��� � � � Q^����IG(��
,.�)��(4�'������!��:Sn9H�k�)%�	7���-*g5)�rUV�W ` � ��� Q	�GS A ���-#6�$�������$%�	�5feL%��'���$#6�$(4�7���'�@���)(�(�!&,>5�	$� 0�� UV � � ��� � � � ��� Q^����IG(��
�$(=�'	�5������'K �'��	�!��qSn9�;k5-����IG(��7*��)(4�'��(�%��7�����d����,�	���
��.�����D�������������3� %�(=M�%�������(��$OP���)(����$(<9D;
� ��(����$	'� A *��$(4�'	�!��'%�	
����#C�������$%��0%NI45�, A ,H�$	'#6�$�@����#C���$%0xJ�0���'�'��(�IG%��$	��������0�213!$	��$(4����,�	���
����:9

2�q � # � � ���{8=O9<p\nHgJ	25O9>A<N>A25S�MNHKBD>]HK\]8UBIHKS_Op\nHX:;8=\]\]Y_\]8UBD8E}~25Y_8=<?<?8K| 
�SD8m<?8;\A\]8U\]25>�M?F_R;25\A25h5>]l7YD8
:;2KSDBDYD>L<pd34 # wzy % � wzy 5 Jj2KYDM��� #G5 O�����|
	WYDHKSDB �� # � O����t�E�����/�569YDOv<N8mdE\e0�8;ST<NM9R;8UBDY�JD\]H[<N8;HKY��
\]8QJDM?2KZD\1BD8a`c>A<N8=O?O98XJ_M?R;O98;ST<N8XYDSD8u:=25YDM?4_YDM?8uSD8t<?<N8=Vg8=ST<mO9YDJDM9R;M?>A8;YDM98¥r©:=@ |jZIhD| � | �¤� ~ |�/)8u\]>AlcY_>]BD8
8;Ov<XHK\]2KM?OQ@�25Mv<N8=Vg8=S7<aM?FDR=2KrIYD>ABD>AZ H[S7<�w�\]8�:;25VXJj2KM9<N8=Vg8=ST<E� � �� � � ��� � � � ��� J	8;M?VX8=<uB�0 H¢69Y_O9<N8=ME\]8=O
BD25S_SDR;8=OmH¤`K8;:EYDSD8a<?M?o=OWh5MNHKS_BD8aJDM9R;:;>AO?>A25S�|�}~8;OPM?R=O?YD\L<GH[<?O^Vg2KS7<?M?8=S7<^lcY_8E\nH�4DM?HKSD:GFD8a@�2KM9<N8=Vg8=ST<
`c>]O9lcY_8;YDO98WJDM?R=O?8;ST<?8U8=S*M?R;HK\]>L<NR�YDSD8p<?M?o=O�\]R=h5o;M98^M?FDR=2KrIYD>ABD>AZD:¤H[<?>]25SXl7YD>�HKY_h5Vg8=ST<N8p4_M?Y_<NHK\]8=Vg8=S7<�d
\e03HKJDJ_M?2c:GFD8WBDY�JD\nH[<?8¤HKY�BD8P:=25ST<NMNH[>]ST<N8[|

}~25VXVg8¦\A8¦Vg25ST<?M?8;ST<x\A8;OxJDM?2[ZI\]O1BD8¦`c>A<?8;O9O?8�Vg8=O?YDM9R;OxJj2KYDM*�� ' ���� �5\]8�rIY_>]BD8�S7YD:;\AR;R�S�0�8;Ov<~JIH[O
:¤H[MNHK:t<NR;M9>]O9RK�)\]Y_>1SD25SzJD\]YDO=�)JIHKMWYDS{:;25VXJ	25M9<?8;VX8;ST<PM?FDR=25\]2Kh5>]l7YD8EO9>]VXJD\]8[|�/)8;OUJDM?2[ZI\]OWBD8u`c>A<?8;O?O98
JDM9R;O?8=ST<N8;ST<X8;S,8ti�8t<EYDSD8*:=25YDM94DYDM?8�JDM?25S_25SD:;R=8*V 7=Vg8XBIHKS_OE\e0�8;ST<NM98=@�8;MmB�0�R;JIHK>AO?O98;YDM3L # 5 VgV
r©:t@ |DZIhD| � | ��� ~ |�¢�25YDO¦k*M?8t`58=SD25SDO£JD\]YDO¦\A25SDh5Y_8;VX8;ST<�BIHKSDO�\]HaO?8;:t<N>A25S�O9YD>A`[HKST<?8K|

OQP 96P}| � a H ?.< �E[=Y > ?TW�b_[=Y=>Zds] ] ds^TY
��^T[ ?��ZdT[��6[ ?.F*dT[��

/10 HKJ_JDM?2c:GFD8ul7YD8gS_25YDOUHK\]\A25SDOWH[BD25J_<?8;MWS�0�8;Ov<mJDHKOPB�03R=:;M9>]M?8uYDSzVX2bBDo=\]8aBbkbSDHKVg>Al7YD8EJj2KYDMWM?8�y
JDM92bBDY_>]M?8E\]H�O9<?M?YD:t<NYDM?H[<N>A25S�O?JIH[<?>nHK\A8al7YD8uSD25YDOUH¤`52KSDOP254DO?8=M9`KR;8K�¨VgHK>]O^O9>]VXJD\]8=Vg8=ST<^BD8uONH¤`K25>]MWO9>
\e0�>]Sb@�25M?VgH[<N>A25S hK\]254IH[\]8��1�7�� �aJj8=M?VX8=<uBD8�M?8=Vg25ST<?8;MuHKYsJDM?2[ZI\¦\]2c:¤HK\��j���j�t|T 1Ss8=ij8=<;�ChKM��K:=8�df\]H



�¢  i �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

VX8;O?Y_M?8PO?>AVaYD\A<NHKSDR=8WBDY�:;25YDJ_\]8 � 8t<£B_8U\]HQ`c>A<N8=O?O98m\A2b:;HK\]8^�j���j�t�D\A8;O�M?8=\nH[<?>]25SDO~O?YD>L`KH[S7<?8;OPw
���� �� 
�x���j� # �� ��� � � �����j� � "
�� ���j� # �Q� � �����j���� � � �j���j�� � �,� � "

r � | � � ~

J	8;M?VX8=<9<N8=S7<�BD8^<?8;Ov<N8;M�\nHa:=25FDR=M?8;S_:;8UBD8;O�VX8;O?Y_M?8;O�8=S�JIH[O?ONH[S7<£BD8=O�J_M?2KZI\AO¦BD8W`c>A<N8=O?O98U�j���j��duY_SD8
:;2KYDM?4	8PB�03R=:;25Y_\]8;VX8;ST<�\]2c:¤H[\]8p�1�7�� �t|
�pYz`bY{BD8;Om>]SD:=8;Mv<N>A<?YDBD8=OU8�qbJjR=M?>]VX8;ST<NHK\]8=OmO9YDMm\A8;OPJDM92KZI\]OPBD8u`c>A<?8;O?O98 r�:=@ |)ZIhD| � | ��� ~ �)>]\1S�0�8;Ov<

JIHKOuM?HK>]O925SDSIHK4_\]8K��:;25VXVX8*BIHKSDOu\]8*:;HKOuBD8�\e0�R;VaYD\AO?>A25S$R=<?YDBD>AR;8�JDM?R=:;R=BD8;VXVg8=ST<¤�xBD8�BDR;M9>A`K8;Mu\]8=O
JDM92KZI\]O�J	25YDM�254_<N8=SD>]M�YDS�:;>]O?HK>]\A\]8=Vg8=S7<�\]2c:¤HK\a�� ���j��|*¢�25YDO£HK\]\A25SDO�BD25S_:mSD2KYDOp4IH[O?8;M£O?YDM£\nHu:;25Y_M?4	8
B�0�R;:=25YD\]8=Vg8=ST<£hK\]254IH[\]8pJ	25YDM�H¢69Y_O9<N8=M�\]8;O¦B_25SDSDR=8;O�\]2c:¤HK\A8;O;|D/¨HEJDM92b:=R;BDY_M?8P8;Ov<£\]HEO?YD>L`KH[S7<?8uw
� d�JDHKM9<?>]MQB_8�\nH�:=25YDM94j8�B�03R=:;25YD\A8;VX8;ST<uh5\A254IHK\A8X8t<uJj2KYDMQ\A8;OaVX8;O9YDM?8=OEFD25M?OQBD8�\nH �;25SD8�BD8
:=2b8�q_>AO9<?8;SD:=8K��SD25YDO�H[\]\]2KSDO�BDRtZISD>]M*\A8;O*\A25>]O�M9FDR;2K\]25h5>Al7YD8;O*�x�T�� ��Jj25Y_M*\]8;O*B_8;Ybq�4_MNHKSD:GF_8;O
�� % ���� 8=<z�� '����� |	}~8=O£:=25VXJj25Mv<N8=Vg8=S7<?O�M?FDR=25\]25hK>]l7YD8;O¦O98;M925ST<p8�qb<?MNHKJ	25\AR;O�69YDO?l7YD8mBIHKSDO�\]H
�=25SD8�BD8£:=2b8�qb>]O9<?8;SD:=8^H[ZDS�B�0�254_<?8;SD>AM�YDS_8£\A25>IM?FDR=25\]2Kh5>]l7YD8¦\A2b:;HK\]8 r�:=@ |TZIhD| � | �¢  ~ | ¤£HKJ_Jj8=\]25SDO
l7YD8X\]8=O^`KH[\]8;Y_M?OPBD8����� 8=<s���� �������/�¨\]8=OW\]>AVg>L<N8;O£BDY J_\nH[<?8¤HKY���O?25ST<U8tqc<NM?HK>A<?8;OPBD8=OmJDM92KZI\AOWBD8
`c>A<?8;O9O?8PVg8=O?YDM9R;O �

��\]H Vg8=O?YDM98f8tqbJ	R;M?>AVg8=ST<GHK\A8 BD8f\nH$:=25ST<NM?HK>]ST<N8�� � Jj8=M?VX8=<*BD8�J	25O?>L<N>A25SDSD8=M�\]8�JD\nH[<?8¤HKY�BD8
:=25ST<NMNH[>]ST<N8WO9YDM�:;8=<9<N8U:;25Y_M?4	8UB�03R=:;25YD\A8;VX8;ST< � \]2c:¤HK\A8�� r©:t@ |DZIhD| � | �¢  ~	�

��h5M��K:;8�HKYbq M?8;\]H[<N>A25SDO r � | � � ~ ��SD2KYDOa:¤H[\]:;Y_\]8;M925SDOa\A8;OaJ_M?2KZI\AOQBD8�`c>L<N8;O9O?8*�j���j�U8=<E\]H�:;25Y_M?4	8
B�0�R;:=25YD\A8;VX8;ST< � h5\]254DHK\]8~��BDHKSDO�\nHah5R=25VXR=<NM9>]8^B_8Q}~2KYD8=<9<N8K|

� ��� �������=�
� �
��� # �������$� ���}�	����� #�� � #�� � � � ���S� � ����� #
K JIHKMv<N>]M�BD8W\nHa:=25YDM94j8WB�0�R;:=25YD\A8;VX8;ST<�Vg8=O?YDM9R;8WJDM9R;O98;ST<NR=8mO9YDM¦\nHQZIhKYDM?8 � | �	� �b25S*:GFD8=M?:GFD8U\]8=O

VX8;>]\A\]8=YDM?OmH¢69YDOv<N8;VX8;ST<?OEBD8;OEBD2KSDSDR;8=OuJj25Y_M��� % ���� 8t< �� ' �� � d \e03HK>]BD8gBD8�\A25>]OmM?FDR=25\]25hK>]l7YD8;O
O?>AVgJ_\]8;O=|�¢£25YDOQ:GFD25>]O9>]O9O?25SDOmJj2KYDMQ\]H�4DM?HKSD:GFD8�`c>AO?l7YD8;Y_O?8*\]8X:;2KVgJ	25M9<?8;VX8;ST<a� # 
 �� � 8=<QJj25Y_M
\nH 4_MNHKSD:GF_8�J	8;Y�`c>]O9lcY_8;YDO98{w§� # ����� ���� r�rIY_>]BD8*BD8 ,~>ASDh5FIH[V ~ |�/)8;OXH¢69Y_O9<N8=Vg8=ST<NOX254_<N8=S7YDO
O?2KS7<�>]S_BD>]l7YDR=O�O9YDM�\]HW:;25YDM94j8 � | � �_|7/)8�:GFD25>LqEBD8£:=8;O�:;25VXJj2KM9<N8=Vg8=ST<NOx8;Ov<¦HKM94D>A<?MNHK>AM?8^w7SD25Y_O~H¤`52KSDO
JIHKMp8tqb8;VXJD\]8a<?8;Ov<NRE\nH�\A25>¨� # 
 �� � J	25YDMWVX2bBDR=\]>AO?8;M�\nH�4_MNHKSD:GF_8XJ	8;Yf`c>]O9l7YD8;YDO98K|I
�S�<?8;\§:GF_25>Lq
:;2KSDBDYD>L<�duB_8;O�R;:¤H[M9<NO�SDR=h5\]>Ah58¤H[4D\]8=O�JIHKM�MNH[JDJj2KM9<�HKY�rIYD>ABD8WBD8 ,~>ASDh5FIHKV r©:t@ |IM?R=@�R=M?8=SD:;8g� �¤�T ¢¡ ~ |

}~25VXVg8£SD25YDO�\e03H�`K25SDO�J_M?R;:=R;BD8=VgVX8;ST<¦O925YD\A>]h5SDR�BIHKS_O�\]8£:GFIHKJD>L<NM?8 � r©JDHKh58 �K  ~ �c\]8=O�`[HK\]8=YDM?O��
8=<��� >]SDB_>]l7YDR;8=O¦JIHKM¦\A8^M?FDR=25VXo=<NM98W:;25M9M?8=O?J	25SDBD8=S7<£dEBD8=O�`[HK\A8;YDM9O�VX2¢kK8;SDS_R;8;O�BD8=O�`[HK\A8;YDM9O�\]2c:¤H[\]8;O
�x���j�C8=<��� ���j�t|zk1\]YDO�JDM?R=:;>]O9R;VX8;ST<¤�c\]8£M?FDR=25VXo=<NM98pVX8;O9YDM?8£\]8�:;25YDJ_\]8 � 8t<�\nHP`c>A<N8=O?O98^BD8pM92K<GH�<N>]2KS��



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ �¢  �

� �

}~>]O?HK>]\A\]8;VX8;ST<

�
	
�� 

��
�� �

��������

������� � | �¢  � �o�)%�	'].���3�"!�*��)%����$#6�$(�� �/���D*g5���� 	 A &�(�)�( 0 �$�JUV ���)(4�o��*$�H�����o84%>5�(��'����!��/����*g5������:9�;<���/*��)%�	'].���
,.�)��(4�'������!����/��(��0��8�%��$(4�P� �"�nx0�'	�5�,H�)�B5��'���)(J�����o���)���o	'E�!��)���)IG��84%�����5feL%��'��!����  {,>5�	'�'��	/���7�B5{	'E�!��)���)IG����IG���)]>5����G9
; 5 �G5����$%�	 0 � ���'�P�'��	�!��-�����@#6���'%�	���������,�	���
����@�����������������G9

0 10 20 30 40

40

60

Cisaillement  (s−1)

C
on

tr
ai

nt
e 

 (
Pa

)

30 33 36

67

69

71

������� � | � �Q� �o�)%�	'].���3�"!�*��)%����$#6�$(4�o���/�B5�
�IG%�	��/s�9#" "G9T;<���b����IG(����c,.�)��(4�'������!����p*��)	'	����',H�)(���5�(��� UV � W `DZ j
�$� UV � W `�	 � ��� ��(��0��84%��$(��7�����7����#C���������0% ,��B5����g5�%<9H; ��������IG(�����*��)(��'��(4%����-���)(��7������5feL%��'���$#6�$(4�������&�B5
]�	�5�(�*�E��7�D����8�%��$%����@,>5�	 0 W�� UV

� 5g�T��* Q � W ����ZuX�� �b509"� � A v WYX0Z j��TS A �$�/���@�B5{]�	�5�(�*�E���,.�$%=�D����8�%��$%����
,>5�	 0 W 0 � ���@UV 5��T��* Q 0 � W j �DZ 	 � �b5 A � W X0Z"i	� �b509"�qSn9
;d� ��(����$	'�=���'�C*��$(4�'	�!+�'%�	C�B5 ]�	�5�(�*�E��N,.�$%
�D����84%��$%������$�P,H�$	'#6�$�@���-�T�)��	�� �u5)*�*��)	��J�$(4�'	��{���������)(�(�!����@�nx0,.!$	'��#6�$(4��5������7�$�P� �u5fe %��'���$#6�$(��g9>;<����]>5�	'	����
�3�"�$	'	��$%�	�*��)	'	�����,H�)(����$(��75�%0xwM�%�*$�'%>5��'���)(��@���$#C,.�)	��$�������@�����B5C*��)(��'	�5���(4���\�$���0%+*$����5��������$#6�$(��g9

8=<�>ASDBD>]l7YD8PH[\]25M9O^w
���� �� 
%X� ' #

� � � � � ��
| ��� �!� � �!�� � "

% �� ' #
� � � � � ��� �� ��� � � � y

r � | � i ~



� � � �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

}~8;OE`[HK\A8;YDM9Oa:;25M9M?8=O?J	25SDBD8=S7<�d BD8=OgH[JDJDM?2¤qb>]VgH[<?>]25SDO r©B�0325M9BDM?8 � 8=S L�� � � ~ BD8=Ou`[HK\A8;YDM9Oa��8=< ��
VX2¢kK8;SDS_R;8;O�O?Y_M£\ 038=S7<?M?8t@�8;M¦BD8P\nHE:=8;\]\AYD\]8[|z� \)S�0�8;Ov<�JIHKO�R=`c>]B_8;ST<£HXJDM9>]25M9>�l7YD8Xw

%g� ' # � � %��� '£����� � # � �7�� � " r � | � � ~
2�qg��8t<��� O925ST<~\A8;OClcYDHKST<N>A<?R;OC\]2c:¤HK\A8;O=|��p>]S_O?>e�K\]8;O�H¢69YDOv<N8=Vg8=S7<?O~BD8=O~BD2KSDSDR;8=O %X� ' !�#/�	% �� ' JDM?R�y
O?8=ST<NR;OCO?Y_MC\]HW:;25YDM94j8 � | � �WJ	8;M9Vg8t<?<N8=ST<9y >A\]O§B_8�<?M?25Yb`58;Mx\A8¦:;25VXJj2KM9<N8=Vg8=ST<x\]2c:¤HK\b��!�#/�¦���� ¥p8�4DM?8t@�O
:¤H[\]:;Y_\]O~J_M?R;O98;ST<NR=O�BIHKSDO�\ 0 H[SDSD8tqb8U} r©JDHKh58 ��� � ~ �cJ	8;M?VX8=<9<N8=S7<�BD8�69YDO9<?>AZI8=M~\ 03R=lcY_>A`[HK\]8=SD:;8�r � | � � ~ d
YDSD8^<?M?o=O�4	25SDS_8PHKJDJDM92�qb>AV�H[<?>]25SgBIHKSDO¦\]Hah5R;2KVgRt<NM?>A8pY_<?>]\A>]O?R=8K|_}p038=O9<�J	25YDM�:=8=<?<?8PMNHK>AO?25S*l7YD8WSD2KYDO
SD25Y_OmJ	8;M9Vg8t<?<NM925SDOUJIHKMP\nH�O?Y_>A<N8XBD8X:;25Sb@�25SDBDM98g\A8;OU\]25>AOWM?FDR=25\]25hK>]l7YD8;OPBDR=BDYD>L<N8;OUBD8X\nH�M?FDR=25\]2Kh5>]8
h5\A254IHK\A8^8=<�\A8;O�\]25>AO�M?F_R;25\A25h5>]l7YD8=O¦\]2c:¤HK\A8;O=|


������T� #�� � !�� �=� # #�� �����������	����� #
/)8U:=25VXJj25Mv<N8=Vg8=S7<�M9FDR;2K\]25h5>Al7YD8^\]2c:¤H[\�8;Ov<£B_25SD:P\]8WO9YD>A`[HKST<Pw
��J	25YDM¦� %�� � �_\]8^rIYD>ABD8P8;Ov<£B_R;:;M9>A<�JIH[M�� # 
 �� � H¤`K8;: 
=# N�%�yjw�% k�H_|�O � 8t<84 # wzy ' � �
��J	25YDM1� ''� � �5\]8�rIY_>]BD8¦8=O9<xBDR=:;M?>L<xJIHKM1� # ��� ������ �TH¤`58=:�� # wzy�| % k�H_|�Ox8=<x��� #='�Nzyj{(N k�H �
� dE� # ���^O?8P<NM925Y_`58PYDS_8U>AST<N8;Mv@©HK:;8PO9R;JIHKM?HKST<�\e0�R=<GH�<¦`b>AO?l7YD8=Ybq�BD8P\e0�R=<NH[<�Jj8=Y�`c>AO?l7YD8;Ycq�|

 1S�hKR;25VXR=<?M?>]8pBD8m}~25YD8=<9<N8[�	:=8P:;25VXJj2KM9<N8=Vg8=ST<�\]2c:¤HK\jBD8=`c>]8=ST<mw
��O9>e��J	25YDM^<?25Y_<PJ	25>]ST<W�$B_8X\ 038=ST<NM?8t@�8;MW�x���j� %�� ����HK\]2KM?O^\ 03R=:;25YD\A8;VX8;ST<P8;Ov<UFD25VX25h5o;S_8E8=<U>]\
O9Y 
u<�B�0�>]ST<NR=h5M?8=M~� # 
 �� � 8;S�:=2b25M9BD25SDS_R;8;O~:=kc\]>ASDBDM?>Al7YD8;O�Jj25Y_M�254b<N8;S_>]MC\]8�JDM?2KZD\jO9YD>A`[HKST<^w

�����j� # � 4 � � ���� � �!�� 
	� � � � � � � �� � � � � � 5
�
" r � | ��� ~

2�q � # � � �,� �
��O9>)Jj25Y_M�<?25Y_<�J	25>]ST<¦�fB_8U\ 038=ST<NM?8t@�8;M��x���j� ''� � � HK\]2KM?O¦\e0�R;:=25YD\A8;VX8;ST<�8;Ov<p8=SD:;25M98PFD25VX25h5o;S_8
8t<1:;25M9M?8=O?J	25SDBXHKYarIYD>ABD8¦BDR=:;M?>L<1JIHKM�� # ��� � ���� |5/�H^V 7;VX8~>]ST<?R;h5M?H[<N>A25SEH¤`58=:¦\nHp:=25SDBD>L<N>]2KS
BD8PSD2KSby h5\A>]O9O?8;VX8;ST<¦VXo;S_8md*w

�j���j� # � �| � � � �� �
� � � �� � � � 5

� � � ���� ��� � �� � ��
 r � | � � ~
��\A8a:¤HKOW8=O9<PJD\AYDOW:;2KVgJD\A8tqb8a\A25M?O9lcY�03>A\�8tqb>AO9<N8EY_SD8E:;25ST<?MNHK>AS7<?8aBIHKS_OU\ 038=ST<NM?8t@�8;M^2}qz\ 03>AST<N8;Mv@©HK:;8
J	8;Y_<�8�qb>]O9<?8;M=|�¥^HKSDO�:=81:¤HKO=��\nH�J	25O?>L<N>]2KSpBD8x:;8t<?<?81BD8;M9SD>]o=M?818;Ov<¨BD25SDSDR=8xJIHKM�\]H�M?8;\]H[<N>A25S�r � | ��� ~ �
JIH[h58 �   �_�_lcY_8m\ 0325S*J	8;Yb<£R=:;M9>]M?8PO925YDO�\nHa@�25M9Vg8aw

�_� � � # � �
� ������ �!� � � � � 5�� y r � | ��� ~



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ � � �
k¨25YDMP� ' �7�¨�1���j� %����X8t<Q\A8ErIYD>]B_8g8=O9<mBDR;:=M?>A<mJIHKMP� # 
 �� � �¨HK\A25M?OPl7YD8gJj25Y_MP� % �c�
�x���j� '����£8t<¦\]8£:;25VXJj2KM9<N8=Vg8=ST<�\]2c:¤H[\	8=O9<¦B_25SDSDR^JDHKM~� # ��� � ���� |b/103>AS7<?R;h5M?H[<N>A25S�BDHKSDO�\]H
h5R=25VXR=<NM9>]8U:=kc\]>ASDBDM9>]l7YD8UBD8Q\ 03R=:;25YD\A8;VX8;ST<£BD8u}~25YD8t<?<?8aH¤`58=:E\e0�F7kcJ	2K<NF_o;O?8QBD8Q:=25ST<N>]S7YD>L<NRmBDY
JDM92KZI\)BD8W`c>A<?8;O9O?8K�IVXo;S_8md*w

�j���j� # � 4 � � ���� � � �� 
 � � � � � � � �� � � � � � 5
�
" Jj2KYDM � ��� � %	� % � �x8=<£d�w r � | �5� ~

�j���j� # � �| � � ��� � � �K� � �
� � � � � �� � � � 5

� � � ���� � � � �� � � �0�
� � 4 � � �� � � �!�� 
 � � � � � � � �� � � � � � � � � 5

�
" Jj25Y_M � � % � % � ��� �7|

� M��K:=8^dQ:=8;O�JDM92KZI\AO;�c25S*Jj8=Y_<�M98;VX25ST<N8=M�HKY�:=>]O?HK>]\A\]8;VX8;ST<��� >]SDB_>]l7YDRpJDHKM~\A8pM?F_R;25VXo=<?M?8phKM��K:=8^dQ\]H
M?8=\nH[<?>]25S2r � | � i ~ �bJIHKh58 �   ��w

�� �# � � � �"� ���!�� ���!� � �j� � � �� � y r � | �K� ~
 1Sz@©H[>]ONH[S7<W`[HKM9>]8=MW\nH�:;2KS7<?MNHK>AST<N8XHKJDJD\A>]l7YDR=8E�s8t<UBD25SD:u\]8E:=25YDJD\A8u>]SDBDY_>A< � ��25SzJ	8;Y_<mHK\A25M?O^:;HK\Ly:;Y_\]8;MQ\]8;OmJDM?2[ZI\]OaB_8�`c>A<N8=O?O98*:;25M9M?8;O9Jj2KSDBIHKST<NOu8t<E\]8=OQ:;>AONHK>A\]\A8;VX8;ST<NOU>]SDB_>]l7YDR;OQJIHKMa\A8�M?F_R;25VXo=<?M?8K|
�^S�254_<N>A8;ST<PHK\A25M?O£\nH�:=25YDM?4	8E8;Sf<?MNHK>L<NOp:=25ST<N>AScY_OU>ASDBD>AlcY_R;8aO9YDMW\nHgZDh5YDM?8 � | � �c|�/)8;OPBD25S_SDR;8=OU8�q7y
J	R;M?>AVg8=ST<GHK\A8;OCO?25ST<¦8=S�<NM?o=O�4	25S*HK:=:;25M9B�H�`K8;:W:=8=<?<?8^:;2KYDM?4	8^JDFDR=SD25VXR;SD2K\]25h5>Al7YD8K|�mb25Y_\]>]hKSD25SDOCl7YD8
\]8*O98;YD\¦JDHKMNHKVXo=<?M?8*\A>]4DM98�BD8�:;8�VX2bB_o;\]8�8;O9<X\]H :;25ST<NM?HK>]ST<?8*� � |� 1S�8ti�8t<¤�§\A8;OE`[HK\]8=YDM?OEB_8 
 �B4��
���^8t<���O?25ST<Q8tqc<NM?HK>A<?8;OUBD8�\]H�:=25YDM?4	8�hK\]254IH[\]8 r©:t@ |¨ZDhD| � | � � ~ |¨/�H�\AR;h5o=M?8XJj8=S7<?8�BDY JD\nH[<?8¤HKYz8;Ov<
JIHKMv<N>A:;YD\A>]o;M98;VX8;ST<¦4D>A8;S�M?8=JDM?2cBDYD>L<N8PJIHKM�:;8=OpR=lcYDH[<N>A25SDO;|	}~8UM?R=O?YD\L<GH[<�O9YDh5h5o=M?8UBD25SD:Ul7YD8m\]HEJj8=S7<?8
254DO98;Mv`5R;8m8;Ov<£\A>]R=8^YDSD>AlcY_8;VX8;ST<£dX\]Hah5R;25VXR=<?M?>A8^BD8m}~25YD8t<?<N8UY_<?>]\]>AO?R=8 � |

/�HWZDh5YDM?8 � | � i^J_M?R;O98;ST<N8�\A8;O1JDM92KZI\]O�BD8¦`b>L<N8=O?O?8¦2K4_<N8=ScY_O�dWJIH[M9<N>AM�BD8=OxR;l7YIH[<?>]25SDOQr � | ��� ~ �!r � | � � ~
8=<Kr � | �5� ~ �j2}q \]8=O£:=25ST<NMNH[>]ST<N8=O^>]SDB_>]l7YDR;8=OpJIH[Mp\]8mM?FDR=25VXo=<NM98QJ	8;M9Vg8t<?<N8=ST<^BD8mBDR;BDY_>]M?8Q\]8;O£:;25Y_JD\]8=O
:;2KM?M?8=O?J	25SDBIH[S7<?O � |K/)8;O�JDM?2KZD\]O�<NFDR=25M?>AlcY_8;O§8t<1\]8=O�BD25S_SDR;8=O§8tqbJ	R;M?>AVg8=ST<GHK\A8;O�O925ST<1YDSD8�@�25>]O¨BD8�JD\AYDO;�8;S$<?M?o=Oa4j2KS,HK:;:=25M?B�|§}~8�M9R;O9YD\A<NH[<aS�0�8;Ov<E8;S,M9R¤HK\A>A<?RgJIH[OaO?YDM9JDM?8=SIHKST<*w¨>]\CJj8=M?VX8=<QO?8;Y_\]8;VX8;ST<QBD8
`5R=M?>LZI8;M�l7YD8U\e0�>]S_@�25M9V�H�<N>]2KSgh5\A254IHK\A8^�x�T�� �~8=O9<�R;l7YD>L`[HK\]8=S7<?8Udu\]HaBD25SDS_R;8U\]2c:¤HK\A8^�j���j�t|

}~8;J	8;SDBDHKST<¤��BD8x\]R;hKo;M?8=O�BD>AijR;M98;SD:=8;O¨O?25ST<�JDM?R=O?8;ST<?8;O�8=ST<NM?8C\]8=O�BD25SDSDR=8;O¨8=<¨\]8=O¨H¢69YDO9<?8;VX8;ST<NO=|�/�8=O
JDM92KZI\]O1B_8�`b>L<N8=O?O?8�JDM9R;O98;ST<N8=S7<~8;Su8=ij8=<CBD8�@©H[>]4D\A8;O�`[HKM9>nH[<?>]25SDO=|���ZISXB�038�qbJD\]>AlcY_8;M1YDSE<N8=\IBDR;O?HK:;:=25M?B��
>]\c@©HKY_<xO98¦MNHKJDJ	8;\A8;M1l7YD8�\]8=O§M?R=Jj2KSDO?8=O�M9FDR;25\A25h5>AlcY_8;O§SD8¦O925ST<CJIHKO1O9<?M?>A:=<N8=Vg8=ST<xO9<GH�<N>]2KSDSIHK>AM?8;O=|�mb>_25S
>]S_:;\]Yb<~YDS_8p@©HK>]4_\]8�rIYD:=<?YIH[<?>]25SgBD8^:;2KS7<?MNHK>AST<N8p�fBDHKSDO~\ 03R=l7YIH[<N>A25S r � | �K� ~ �7J	8;M?VX8=<9<GHKST<~BD8^:¤H[\]:;Y_\]8;M
\]8=OaJDM92KZI\]OmBD8�`c>A<?8;O?O98*BIHKSDOQ\]8�:;HKOaFDRt<NR;M925h5o=SD8K�§2KS,O;03H[<?<?8;SDBsd YDS,BDR=JD\nH[:;8;VX8;ST<EB_8�\nH�4DHKSDBD8[|

���M²G¸$¯�´U®U¬·µ¿²G¶j¸$¯M´U²»¯UÁ}­�®S¯�¼Iª�­�«$º�²�µ·¶�ªG¸$¯M­�® ´UªG¸$´U®U¸/µ·¬³²�µ¿¶jª»¸Z®S¸/µ·¬¿®Tºj®�¯�¯�µ·¬¿«$´gµ¿«�¬¿®S¯ ¶�¸$­�«$¶�µ¿®S¯MÃ$²�¬Mºj®I´=¶¾¯·²G¶jº�ºj®S¼6®U¸/µ
���	��

� Ã�®S«�¹G®S¸»µ�²G«$¯¿¯�¶�ÂUµ·¬¿® -Iº Æ ª»¬·¶��G¶�¸�®Å­�®�Ã�º¾²�µ¿®S²�«�Ä�� ¶�¸$´Uºj¶�¸�ÀS¯�� �����
� Ó



� � � �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

0 10 20 30 40

55

65

75

Cisaillement  (s−1)

C
on

tr
ai

nt
e 

 (
Pa

)

������� � | � � � �o�)%�	']H�o�3�"!�*��)%����$#6�$(4�cIG���)]>5�����Q��0Sn9:;<���R�'	�5������b*��)(4�'��(�%��b��(��0��84%��$(��R�B5@*��)%�	']H�o�3�"!�*��)%����$#6�$(4�
��!��0%������������o,�	���
����P���7�������������@�'E�!��)	'��8�%����P�$�/�B5-����IG(���!$,>5�������� A �B5 	g�)(����3�"!�*��)%����$#6�$(4����(�E��)#6�)ITF$(��G9>;<���
�'	�5������/�T�$	'�'��*g5�%0x���)o���)(4����� � �����/]>5�	'	����P�3�"�$	'	��$%�	 A �����/��(��0��8�%��$(4�P� � E�!$��!$	��)IT!$(�!$����!����7�B5\*��)(4�'	�5���(����-��5�(��
�B5&IT!��)#6!$�'	'����%��'��������!��CQ�� W [ �$� � � W `�i #C#ySn9�; 5&�)5����$%�	 0 � W 	�i�Z j �b5 *��)	'	����',.�)(���5�(4�  &�B5&�)5����$%�	P���
�B5 *��)(4�'	�5���(����y5�%r	��)���)	-,.�)%�	�� �"�$(4�'	�!��=�0%r,��B5����g5�% ���'����(��0��84%�!��6,>5�	��B5w����IG(�� ,H�)��(��'������!��C��(0lh!$	'���$%�	��G9 ; 5
����*��)(����\����IG(��\,H�)��(��'������!��  0 � � [ � � � � � � � *��)	'	�����,H�)(��  y�B5=*��)(��'	�5���(4���=5�% 	��)���)	  =,>5�	'�'��	-���{�B5)8�%��$�����
� �"!�*��)%����$#6�$(4�����'������(��)%��T�g5�%�E��)#6�)ITF$(��yQh*nl'9�!�84%>5��'���)( Q^s�9���s�S'Sn9

0 0.25 0.5 0.75 1
0

3

6

9

12

v 
 (

m
m

.s
−

1 )

x  (mm)

(a)

0 0.25 0.5 0.75 1
0

5

10

15

20

25

x  (mm)

(b)

������� � | � i?� �
	���
����C���6�D�����������y,H�)%�	 Q�5TS�UV W [ �	� ����j �	� ���c�$� "��+� ��� �����n9/Q^]_S UV W [ j �	� ��� `G` �	� ���
�$� � �C� ��� �����n9>;<��������IG(�����*��)(4�'��(4%��������)(��@�����@,�	���
������'��	�!��@������!�84%>5��'���)(�� Q^s�9�� � S A Q^s�9���":S��$�&Q^s�9����TS�5g�T��*
*��)#C#6��%�(���8�%���,>5�	�5�#6F$�'	��{�3�u5feL%��'���$#6�$(�� 0 � W 	�i�Z j=�R509

/�H�ZIh5YDM98 � | � ��JDM9R;O?8=ST<N8XBD8;Ybq JDM?2[ZI\]O^B_8a`b>L<N8=O?O?8uVX8;O9YDM?R=OPd �� # � � 8=<,�� # ��� O����t��HK>ASDO?>�l7YD8
\]8=OgJ_M?2KZI\AOuBD8�`c>L<N8;O9O?8�<NFDR=25M?>AlcY_8;OX:;25M9M?8;O9Jj2KSDBIHKST<NO=| ��ZIS�B_8�M98;SDBDM98�:=25VgJb<N8�BD8;OXrIYD:t<NYIH[<?>]25S_O



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ � � �
<N8=VgJ	25M98;\]\A8;O=�c\]Hm:=25ST<NMNH[>]ST<N8^� HQR=<?Rp`[HKM?>AR;8pB_8 �;wzy '() 8=<�\A8;O�J_M?2KZI\AO�<?FDR;25M9>]l7YD8=O�25ST<�Rt<NR^:;HK\]:=YD\]R=O
r�<?MNHK>L<NO§J	25>AS7<?>]\A\]R;O ~ |[/�H^4IHKSDBD8�O=038=O9<�BDR;JD\]HK:;R=8¦BD8¦@©H �;2KSXO9>]h5S_>AZI:;H[<N>L`58^w5Y_SD8¦<NM?o=O1@©HK>]4D\A8�rIY_:=<NYDH[<N>A25S
BD8P�z8;ST<NM?H�$nSD8WB_8P@�2KM9<N8=O¦rIYD:=<?YIH[<?>]25SDO¦\A2b:;HK\]8=O¦BDY�:GFIHKVXJ�B_8P`c>L<N8;O9O?8[|

0 0.25 0.5 0.75 1
0

5

10

15

20

v 
 (

m
m

.s
−

1 )

x  (mm)

(a)

0 0.25 0.5 0.75 1
0

5

10

15

20

25

x  (mm)

(b)

������� � | � � � Q�5TS
�c	���
��<�����D������������,H�)%�	�UVNW `G` � ��� 90; 5&����IG(���*��)(4�'��(�%������'�/���@,�	���
��.�'E�!��)	'��8�%���*g5���*$%���!
,>5�	7� �"!�84%>5��'���)( Q^s�9����TS A ,H�)%�	7%�(��&*��)(��'	�5���(4��� 0 �nxD�'	�5������ ���{�B56	'E�!��)���)IG���\IG���)]>5����G9.;<���7�'	�5������7,H�)��(��'������!��
��(��0��8�%��$(4�������@,�	���
����7�'E�!��)	'��8�%����7,H�)%�	����$%0x+*��)(4�'	�5���(���������!$ITF$	��$#6�$(4�-�0�213!$	��$(4����� 0�� X0Z j � 9bQ^]_S�� ���$#
,.�)%�	 UVJW ` �6� ��� 9

�^SfJj8=Y_<UHK\]2KM?Op>AST<N8;M9JDM?Rt<N8=M^\]8=Op`[HKM?>]H[<N>A25SDO�BD8;OWJDM92KZI\AO^8tqbJ	R;M?>AVg8=ST<GHKYbq h5M��[:;8Ed�:=8;O^rIYD:t<NYIH¢y
<N>A25SDO=|� xSU8=ij8=<;�¢\nH¦Vg8=O?YDM98�B_YmJDM92KZI\TBD8x`c>A<?8;O?O98�S�038=O9<�JIHKO¨>]SDOv<GHKST<GH[SDR;8�w�:GFIHKl7YD8�Jj2K>]ST<�:;25M9M?8=O?J	25SDB
dEYDS�<N8;VXJDO�B�03HK:;:=YDVaYD\]H[<N>A25S*BD8P\e0�25M9BDM?8WBD8 � � � O=|	/¨HEBDY_M?R;8USDR=:;8;O9ONHK>AM?8PJ	25YDM�254_<?8;SD>AM¦YDS�J_M?2KZI\
:;2KVgJD\A8=<u8=O9<g8;ST`c>]M?2KS � Vg>AS�|§/)8;OurIYD:t<NYIH�<N>]2KSDOX<?8;VXJj2KM?8;\A\]8=Oah5\]2K4IHK\]8=OEBD8�\nHf:;25ST<?MNHK>AS7<?8�8=<gBDY
:;>AONHK>A\]\A8;VX8;ST<�O?25ST<£4D>]8=S�JD\AYDOpM?HKJD>ABD8;O=�	2KS�VX8;O?Y_M?8Q8=S 8=ij8=<£YDSD8mJjR=M?>A2bBD8UVX2¢kK8;SDS_8QBD8m\e0�25M?BDM98PBD8
\nH£BD>��;HK>]SD8CBD8�O98;:=25SDBD8=O;|� �qbJjR=M?>]VX8;ST<NHK\]8=Vg8=S7<�25SE254_<?>]8=S7<§HK\]2KM?O�B_8;O1JDM92KZI\]O�BD8~`c>A<?8;O9O?8¦JDM9R;O?8=ST<GHKST<
BD8=OP`[HKM9>nH[<?>]25S_Op\]>AR;8=OPHKYbq rDYD:=<?YIH[<N>A25SDO=|I
£S�8tq_HKVX8;S{H[<?<?8;ST<N>L@CBD8;OPJDM92KZI\]OWB_8u`c>L<N8;O9O?8uM?Rt`5o=\]8ul7YD8
:;8=O¦`KH[M?>nH�<N>]2KSDO~25ST<¦\A>]8=Y*O?YDM � �   Jj25>AST<NO�BD8P\ 038=S7<?M?8t@�8;M;�*�����/�I\A8;O¦JDM92KZI\AO�O?8=Va4D\]8=ST< � FD25VX25h5o;S_8¦�*d
BD8=OaR;:GFD8=\]\A8;Oa>AS_@�R;M9>]8;Y_M?8;O r©:t@ |¨ZIh_| � | � � ~ |�/)8�<?8;VXJDOQ:;HKMNH[:=<NR=M?>AO9<N>Al7YD8 r u 5�w O ~ BD8=OQrIYD:t<NYIH[<?>]25S_O
8;Ov<¦4D>A8;S*8;S�H[:;:;2KM?B�H¤`58=:W:;8=<9<N8^R=:GFD8;\A\]8^B_8p`[HKM?>]H[<N>A25Sg:;HKM�:GFIH[lcY_8WJj25>AST<�BD8^VX8;O9YDM?8p:;25M9M?8;O9Jj2KSDB�d
YDS�<?8;VXJDO�BD8Q\ 0325M9BDM?8UBD8 � d � O;|
¢£25Y_OpM?8t`c>]8;S_BDM?25S_OpO?Y_Mp:;8mJj2K>]ST<pJDHKM9<?>]:;Y_\]>]8=M¦BIHKSDO£\]8U:GFIHKJD>L<NM98
O?Y_>A`[HKST<¤|

OQP 96P O � e=] F*W�]�] e ?sa�]XY*fC>HYcbz] >)Y Fpf�e DTYE]
/)8;O�M9R;O?Y_\A<GH�<NOXBD8�:=8=<?<?8 O?8=:=<?>]25S�O?25ST<*Rt`b>ABD8;VXVX8;ST<�J_M?R;\A>]VX>]SIH[>]M?8=O;|v¢£25YDO�H¤`525SDO�R=<NY_BD>]R�YDS� ���	���&�xOvkcO9<No=Vg8^dmYDSD8 � ���	�����1<?8;VXJjR=MNH[<?YDM?8[|_}~8t<?<?8pR=<?YDBD8WHUVg2KS7<?M?R�l7YD8pJ	25YDMC\]8�O9kcO9<?o;VX8pBD>A\]YDR



� � � �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+

BD8�}6kC}~\ �}¢£H�m_HK\1BIH[SDOPBD8g\ 038;HKY�ONHK\AR;8¥r l #X{()¡~ �)\e0�>]VgHKh58mBD8g\]H*ScY_:;\]R;H[<N>A25S�B�0�YDSD8X4IHKSDBD8X8=<U\]H
:;M925>]O9ONHKS_:;8PBD8P:;8t<?<N8UBD8=M?SD>Ao;M?8P\A8W\]25SDhEB_Y�JD\]H[<N8;HKY�BD8P:;25ST<?MNHK>AS7<?8W8;Ov<£`[HK\A>]BD8[|D/)8;O�R=<?YDBD8=O�@�Y_<?YDM?8=O
O?8E@�2c:¤HK\A>]O98;M?2KS7<^O?YDMP\e0�R=<?YDBD8uB�03HKY_<?M?8;OPOvkbOv<No=Vg8=O;��<N8;\AOWl7YD8g} *M� , �K¥ �U�a�)Jj2KYDMW\]8=O?l7YD8;\AOP>]\�8�qb>]O9<?8
YDSD8gJj2K\]R;VX>]l7YD8��   � ¡ |v¢�25YDOm8;O?J	R;M925SDOEH[\]25M9OmJ	25Y_`K25>]MU:;25SbZIM?VX8;M r©25Y >]S_ZIM9Vg8=M ~ \]8=OQM9R;O?Y_\A<GH�<NOUBD8
}�HK\A\nHKh5FDHKS;�G�6�}���Il7YIHKST<£dE\nHE:;M925>]O9ONHKSD:=8PB�03Y_S�h58=\)SDR;VgH[<?>]l7YD8K|


£S,H[Y_<NM98�J	25>]ST<UJIHKMv<N>]:=YD\]>Ao;M98;VX8;ST<UJj8=M9<N>ASD8;ST<QO?8;M?HK>A<mB�0�R=<?YDBD>]8=MQ\A8;OPrIYD:=<?YIH[<?>]25SDOmBD8g`c>L<N8;O9O?8[|
¢£2[<NM?8¦VX25ST<GH[h58�J	8;M?VX8=<§8;Su8=ij8=<xB�03HK:=lcY_R;M?>AM;�58=SgY_SXJ	25>AS7<�BD8�\e0�8;ST<NM98=@�8=M;�5YDS_8¦O?R;M9>]8�<?8;VXJj25M98;\A\]8CBD8
\nHU`b>L<N8=O?O?8P\A2b:;HK\]8[|@
�SD8Wl7YD8;Ov<N>]2KS�>AST<NR;M98;O9ONHKST<N8PO98;MNH[>A<�BD8WO?H�`K25>]M~O?>)\e0�25S�J	8;Yb<�Vg8t<?<NM98W8;S�R=`c>ABD8;SD:=8
YDS�Vg25Yb`58;VX8;ST<�BD8U\nHE4IHKS_BD8QH[Y�O?8=>]S�BD8U\nHE:;8=\]\]Y_\]8K| 
£SD8mHKY_<?M?8Pl7YD8;Ov<N>]2KS�M?8=O9<?8mO?HKSDO�M?R;J	25SDO98K�	>]\
O;03HKh5>L<~B_8^\e0�>]SDOv<GHK4_>]\]>L<NR¦H¤k5HKST<¦\]>A8;YgdQFIHKY_<~:;>AONHK>A\]\]8=Vg8=ST<¤| 	^YD8=\]\]8�8;Ov<¦O?2KS�25M?>Ah5>]S_8 � 	^Y�038=S�8;Ov<9y >]\	BDY
:;2KYDJD\nH[h58PH¤`58;:U\nHaOv<NM9YD:=<?YDM?8U>]SDB_YD>A<?8u�j� � � �  K�¢¡ �
�pYby BD8;\]d�BD8=OWO9kcO9<?o;VX8;OPBD8EVX>]:;8=\]\A8;O�h5R¤HKST<?8;O;��YDSfh5MNH[SDBfSD25Va4_M?8aBD8mrIYD>]B_8;OW:;2KVgJD\A8tqb8;OpJDM?R�y

O?8=ST<N8;ST<uBD8=Oa:;2KVgJ	25M9<?8;VX8;ST<NOmO?>AVg>A\nHK>AM?8;O=�Å�����/��\ 038�q_>AO9<?8;SD:=8�B�0�YDS,JD\nH�<N8¤H[Y O?Y_Ma\nH�:;25YDM94j8�B�03R=:;25Ycy
\]8=Vg8=ST<P8=<U\nH�J	25O?O9>]4D>A\]>L<NRQl7YD8u\A8arIYD>]B_8XO98uO?R;JDHKM?8X8;SzJD\]Y_O?>]8=YDM?OW4DHKSDBD8=OmVgHK:;M925O?:=25JD>AlcY_8;O;|¨}p0�8;Ov<
SD2K<NHKVXVg8=S7<~\]8£:¤HKO¦J	25YDM�\A8;O�OvkcO9<No=Vg8=O¦\AkK2K<NM925Jj8=O^wb<?MNHKS_O?>A<?>]25S�\nHKVX8;\A\]8;Og�c25h5S_25SDOxBIHKSDO¦\A8;O�J_FIHKO?8=O
\nH[Vg8=\]\nH[>]M?8=Ox� � �5��¡ �K<NM?HKSDO9>A<N>A25SQB_8~<N8�qb<?YDM?8¦BDHKSDO1\]8=O�JDFDHKO?8=OCF_8tq_HKh525SDHK\]8=O¦� � � � ¡ �K25YE8=SD:;2KM?8¦BIHKS_O§\]8=O
JDFIH[O?8;O�:;Y_4D>]l7YD8=Oa�   � ¡ |	}~8=<9<N8UJDFDR;S_25VgR=SD25\A25h5>]8PHuHKY_O?O?>�Rt<NRU254DO?8=M9`KR;8QBDHKSDO�\]8;O�VgH[<NR=M?>]HKYbq�Vg25Y_O
`c>A<?M?8;Ycq�:=25VgVX8pJ_M?R;:=R;BD8=VgVX8;ST<�O925YD\]>Ah5SDR�BIHKSDO¦:=8^:GFIHKJ_>A<NM98E� � � � � �b� � i_� � � i ¡ |!k�H[M¦HK>]\A\]8=YDM?O=�c:=8;M y
<GH[>]SDOCO9kcO9<?o;VX8;O�J_M?R;O98;ST<N8=ST<�HKYDO?O9>jY_S�JD\nH�<N8¤H[YgO9YDM~\]Hm:;2KYDM?4	8£B�03R=:;25YD\A8;VX8;ST<¤�cSD25S�JIHKO~F_25M?> �;25ST<GH[\e�
VgHK>]OW`58=M9<?>]:¤H[\£� ��� � �T� �Mi ��¡ |¨¥^H[SDOQ:=8;Oa:;HKOQH[YDO?O9>e�¨BD8;OmJDFDR;S_25Vgo=SD8;OmBD8�Ov<NM9YD:=<?YDMNH[<?>]25S{O?JIH�<N>nH[\]8;O
25ST<�R=<?RU2K4DO?8=M9`5R=O;|
k�HKM9Vg>x:=8;Oa8�q_8=VgJ_\]8;O=��8t<QhKM��K:=8�d�B_8;Om<?8;:GFDS_>]l7YD8;OaHKYDO?O9>~BD>L`58=M?O?8=OQl7YD8�\ 03>AV�H[h58;M9>]8aJIH[MmM9R;O?2�y

SIHKS_:;8UV�HKhKSDR=<?>]l7YD8P25Y�8=SD:;2KM?8U\nHuBD>AijYDO?>A25S�BD8USD8;Y_<?M?25S_O;�	BD8;O�4IHKSDB_8;OpB_8mOv<NM?Y_:=<NY_M?8;O£BD>AijR;M98;ST<N8=O
25ST<�R=<?RmJD\AYDO?>A8;YDM9O¦@�25>]O�>]B_8;ST<N>LZIR;8=O;|	}~8;O£BD8;M9SD>]o=M?8=O£J	8;Y_`K8;ST<^:=2b8�qb>]O9<?8;M�BIHKSDO�\]HuB_>]M?8=:=<?>]25S�BDY�h5MNH�y
BD>A8;ST<uBD8*`c>A<N8=O?O98 �§� r©25S�JIHKM9\]8�HK\A25M?OQBD8 � h5M?HKBD>A8;ST<9y 4IHKSDBD>ASDhQ� ~ �§2KYsBDHKSDOu\nH BD>AM?8=:=<N>A25S,BD8*\]H
`52KM9<N>A:;>L<NR�r�25S JIH[M?\]8QHK\]2KM?OpB_8 � `525Mv<N>]:=>A< kTy 4DHKSDBD>ASDhU� ~ |�¥^HKSDO£<N25YDOp:;8;OW:;HKO;�j>]\¨O?8=Va4D\]8QBDR;O925M?VgHK>]O
:;\]HK>]MWl7Y�0�YDSD8�HKJDJDM92b:GF_8gJDF_R;SD25VXR;S_25\]25hK>]l7YD8EYDSD>L`58=M?O?8=\]\A8XB_8=`cMNHK>L<UJj8=M?VX8=<?<?M?8XBD8XM?8;S_BDM?8X:;25VXJ_<?8
BD8�\e0�8tqb>]Ov<N8=SD:;8�BD8�:;8=Og4IH[SDBD8;O=|�}p0�8;Ov<�S_2K<GHKVXVX8;ST<u\]8=OgH[JDJDM?2c:GFD8=O�BD8¥�^\]VXO9<?8;B��G���}���xl7YD>�25ST<
HKJDJ	25Mv<NR�\]8;O � M9o;h5\A8;OXBD8�O9R;\A8;:=<?>]25S�� d{JDHKM9<?>]MuBD8;O9l7YD8;\A\]8;Og25S�J	8;Yb<�BDR=BDYD>AM?8�\ 032KM?>]8=ST<GH[<?>]25S,BD8=O
4IHKS_BD8;Ogdf\nHfO?8=YD\]8�\]8=:=<?YDM?8�BD8�\nH :=25YDM94j8�B�0�R;:=25YD\]8=Vg8=ST<������_� � � � ¡ | � M��K:;8�df:;8=M9<NHK>]SD8=Ou:;\nH[O?O?8=O
BD8UVg2cBDo=\]8;O¦J_FDR;SD2KVgR=SD25\]2Kh5>]l7YD8=O r��/� ���	\A8WVg2cBDo=\]8WBD8��K25FDSDO925Sby=mb8;hTH[\]VgHKS ~ �b:;8=O£V 7;VX8;O�HKY_<?8;YDM9O
25ST<PJDYzM?8=JDM?2cBDYD>AM?8aYDS_8XhKMNHKSDB_8EBD>A`K8;M?O9>A<?REBD8uVg8=O?YDM98;OP8tqbJ	R;M?>AVg8=ST<GHK\A8;O;��SD2K<GH[VgVX8;ST<W8=S{:=8ElcY_>
:;2KSD:;8=M?SD8^\A8;O�B_kcSIHKVX>]l7YD8;OC<NM?HKSDO?>L<N25>AM?8=O£�����b� � ���K¡ 8=<�\ 038ti�8t<�BD8£\nHPh5R;2KVgRt<NM?>A8�B�03R=:;25Y_\]8;VX8;ST<^� � �[�[¡ |
¥^HKS_O£:=8;O�Vg2cBDo;\A8;O=�I\]8W:;M9>A<?o;M?8PBD8UO?R=\]8=:=<N>A25S�BD8P\nHE:;25ST<?MNHK>AS7<?8m� �WJ	25YDM�\nH[lcY_8;\]\A8W\e0�>]ST<N8=M9@©HK:=8W8;ST<NM98
\]8=O^BD8=YbqfJDFDHKO?8=OU8=O9<POv<GHK4D\A8Q8=O9<PM?8=\]>ARad�\nHgJDM?R=O?8;S_:;8uBD8a<N8=M?VX8;Op@©H[>]ONH[S7<p>]ST<N8=M9`K8;SD>AM^BD8;OPBDR=M?>L`5R;8=O
O?JDH[<N>]HK\]8=OW�j� � � � � � � �   � ¡ |	}~8=O�<?8;M9Vg8=O�J	8;M9Vg8t<?<?8;ST<�JIHKM¦8tqb8=VgJD\A8WBD8PBDR;:=M?>AM?8W\e0�>]ST<?8;M9@©H[:;8W8;ST<?M?8P\]8=O



�v�©�G��+£��� "��
��+ ���³"!��������+���'¡���=��� �³"�	/�£�!��'¡���»��� � ��+s
z	G� �p�g��+ � �  
BD8=Ybq$Ov<NM9YD:=<?YDM?8=O;�§25Y 8;SD:=25M?8�B_8�Vg2cBDR=\]>]O98;MP\nH�BD>AijYDO9>]25S{BD8�\nH�:;25ST<?MNHK>AS7<?8 � �   � ¡ |v¢£2K<?25SDOaH[YDO?O9>
l7Y�0�>]\�8�q_>AO9<?8UB�0 HKYb<NM?8=O�HKJDJDM92b:GFD8=O£J_FDR;SD2KVgR=SD25\]2Kh5>]l7YD8=O¦Jj8=M?VX8=<?<NHKST<�8;Ybq�HKYDO?O9>e�DB_8UVX2cBDR;\A>]O?8=M�:;8=O
:;2KVgJ	25M9<?8;VX8;ST<NO18=SgR=:;M9>A`[HKST<CBD>]M98;:=<?8;VX8;ST<CYDSD8�R;l7YIH�<N>]2KSXB_R;:;M9>A`[HKST<C\nH^B_kcSIH[Vg>AlcY_8�B_8�\ 03>AST<N8;Mv@©HK:;8
8;ST<?M?8UBD8;Ybq*O9<NM9YD:=<?YDM?8=O£B_>AijR;M?8=ST<N8;O�BIHKS_O�Y_S�R=:;25YD\A8;VX8;ST<�BD8P:;>AONHK>A\]\]8=Vg8=ST<^� �K¡ |

/)8�<?MNH¤`[HK>]\DM9R¤HK\A>]O9R¦BIHKSDOC:;8t<?<N8�O?8=:=<?>]25SXVg2KS7<?M?8�l7YD8�\nH^`5R=\]2c:;>]VXR=<?M?>A8�JIHKMxBD>Li�YDO9>]25SuB_kcSIH[Vg>AlcY_8
BD8a\]HX\AYDVX>]o;M98m8=O9<WY_S 25Y_<?>]\�O?Y 
XO?HKVgVX8;ST<WM9R;O925\]Y�Jj25Y_MpVX8;O?Y_M?8;Mp\]8U:GFIHKVXJ BD8Q`c>A<?8;O9O?8aBIH[SDO^:;8=O
O9kcOv<No;VX8;O=|T¢£25Y_OaJj8=SDO?2KSDOEl7YD8�:;8*VX25ST<GH[h58gJ	8;M9Vg8t<EBD8�M9R;J	25SDBDM98*d�BD>L`58=M?O?8=OulcY_8;O9<?>]25S_Oal7YIHKST<
dg\]HXOv<NM9YD:=<?YDMNH[<?>]25S�O?JIH[<?>nHK\A8PBD8Q\ 03R=:;25YD\A8;VX8;ST<�BD8Q:=8;OprDYD>]BD8=O;|j¥^HKSDO£\]8UJDM?2c:GFIHK>AS�:GFIH[JD>A<?M?8K� SD2KYDO
R=<?YDBD>A25SDO�\]H�<?MNHKSDO9>A<?>]25SmBD8~@�8;Y_>]\]\A8=<NHKh58xBDR;:=M?>L<N8~J_M?R;:=R;BD8=VgVX8;ST<18t<1SD25Y_O§Vg2KS7<?M?25S_O�l7YD8�:=8�O9kcO9<?o;VX8
JDM9R;O?8=ST<N8Q\AYD>�H[YDO?O9>e�IBD8=O�R=:;25Y_\]8;VX8;ST<?O£>ASDFD25VX25h5o=SD8;O=|



� ��� �������
	 ������
�������������������������������+ �!��"$#%��#&��')(*����+



� �������	��
�� 


� ������� ����������� ��� ��� ��
��������	������� ���
� �!���������"����#�� $&%'�(
�� ����� �)����
��*�+��� ���*�,����� ���

���-(���+���)���

.0/213/5476389/:4<;>=@?BA38DCE47/F;5GH6I;5/54763/2JLKNM:CPO313/Q13/QJ9?RCE4P?B63SP8DCE8TGH6U13/FVW/:O389JTJ9/:CE?BXH/ZY[JLK\?B891I/]13O_^`GH6aC>?BXH/
13/b138DcdO3S789GH6+1fef63?B^g8ThiO3/b=3M:CPM54PGj1Iej63/b13M:;54P8DCk1@?B63S2J9/l;>=3?BA38TCP4P/bmIn�op?�CE4P?B63S78TCE8TGH6q13/lVW/:O389JTJ9/:CE?BXH/
A347M5SP/:6aCE/U138DcdM:4P/:6iCPSr47M5XH8T^g/:Sk1fef63?B^g8ThiO3/5SR13Os;:89SE?t89J9JT/5^`/56aC2J9GB4PSPhiO3/`Ju?_;5GB6iCP4E?B8T6aCE/`/5S7Cr89^`AvGBSPM5/
1@?B6ISUO36wM5;:GHO3JT/5^`/56aCU13/+.0GHO3/:C7CE/tnx.0/5SU1fef63?B^g8ThiO3/5SyCP4Pz:SUJ9/:6iCP/5SUS7GH6aC�;{?t4E?B;|CEM54789S7M5/5S�A3?B4y13/:S
CE/:^gAISQ13/lJLKNGH4P1I4P/l13/b}H~B~USk/|C263/l;5GB4P4P/:SPA	GH6313/:6aCRA3?BS2SP89^`A3JT/5^`/56aCQY�O363/l8T63S7CE?B�38TJ98TCPMRM:Ju?BS�CE8ThjOI/
;5J9?BSPS789hiO3/tn���6+/:cv/:C5��Ju?yS�CE47O3;:CPO34P/l13Oq�3O38913/rGHSP;:89J9JT/R/:6+A3=@?BS7/b?{�H/5;lJT/r;:89SE?t89J9JT/5^`/56aC�^g/:SPO347MBn��ZO
;>=@?BAI8TCE47/l�f�	;5/:SF;5GB^gA	GH47CP/5^`/56aCES�CE/:^gA	GH4P/:J9SxGH6aCQM|CEM[?t6@?BJTejS7M5SQY`JLK\?B8913/k13/:SFGHOICP89J9Sx13/rJu?lCE=3M:GH4P8T/
13/:S�S�ejS7CEz:^g/:S�1fef63?B^g8ThiO3/5S:na��J@4P/5S7SPGH4�C�13/x;5/:C7CE/xM:CPO313/xhiO3/xJ9/:S�13/5XH47M5S�13/xJ98T�v/:47CEM�SPA@?�CE8u?tOf�]�7GHO3/:6aC
A347GH�@?B�3JT/5^`/56aCFOI6q4P�HJT/r8T^gA	GH47CE?B6aC�1@?B63SFJ9?g138T4P/:;:CE8TGH6q13O�XH4E?B1I89/56aC]13/r�j8TCP/5SPS7/b����n�o�/[^`GH6aC>?BXH/
13/r�BM5JTGf;:89^`M:CE4789/k13M:�B/5JTGHA3A	Mb?BO+;>=@?BA38DCE47/[mUA	/54P^`/:C]13/lSPGB6313/54]J9Gj;{?BJT/5^`/56aC]J9?y4P=IM5GHJTGHXH89/kJ9/RJ9GH6IX
13/lJ9?y138947/5;|CE89GB6�����n�o�?U47M5SPGBJ9OICP89GH6q1I/l;5/l13/:4P638T/54Q63GHOIS2?UAv/:4P^`89SF1�KN891I/56aCE8D�@/54FJT/[XHJT89SPS7/5^`/56aCQ/|C
J9/:SR1I89SP;:GH6aCE8T6jOI8TCEM:Sr13/g;58TSE?B8TJ9J9/:^g/:6aC21@?B63SR;5/54�C>?B8T63S2C�efA	/5Sr1�K\M:;5GHOIJ9/5^`/56aCPS[13/g�3O38913/:Sr;:GH^gAIJ9/|�f/:S
� ;|V�nv;>=3?BA38TCP4P/R�i�|nv�ZGHOISF^gGB6iCP4PGH6ISZ^g?B896aCP/56@?B6aC]hjOI/[;5/R^gGH6aCE?BXH/rA	/547^g/|C]1I/rCE/:S7CE/:4FJLKN=aejAvGBCP=3z5S7/
1�KNO363/2S7CP4PO3;|CEO34P?tCE8TGH6�SPA@?tCP8u?BJT/FJ9GB4PS�13/2Ju?rCP4E?B6ISP8TCP89GH6�1I/2VW/:O389JTJ9/|C>?BXH/tn

� ?B63S0J9/5S�SP/:;:CE8TGH63S�hjOI8vS7O38T�B/56aC{�f63GHO3S�?tJ9J9GB63S 4PM58DCEM:4P/54�J9/:S0/ �IA	M54789/:63;5/:S�13OU;>=@?BAI8TCE47/F�j�jCPGHOIC�/56
SPGB631@?B6aC�JTGf;5?BJ9/:^g/:6aC¡JT/�AI4PGB�@Ji13/��j8TCE/:SPS7/BnH��GHO3Sp�H/5474PGH6IS�?BJ9GB4PSphjOI/0JLKN=aejAvGBCP=3z5S7/<1�KNO363/�;5GH^`A3J9/ �f8TCEM
SPA3?tCE8TGt¢£CP/5^`AvGH47/5JTJ9/�M:C>?t8TCxA3JT/5896I/5^`/56aC¤�7O3S7CP8T�@M:/Bn

¥§¦H¨



¥§¦�� ��� "����
	���
���	������
	�� ��� ������� � ���������
����"���	 	�� � �"!#�

$�%

&'�(

) (
$�*+-,.

/ 01
2 .
/ 3
4 � ?a� � ���

+-,.
/ 01
2 .
/ 3
4

5FSP;:89J9J9?tCE8TGH63S

.089SP?B89JTJ9/:^g/:6iC &' 6 /5^`AvM:4E?tCPO34P/�7 798;:�<=8�>7 (

) (

?A@�BDC�E n ¥GFIH�J�KMLONQPSRUT�VXWZY\[^]^NQPS_`VbacVbd�ef]b_gJQhihUj`k�P�VXJlPnm�NQj`hUj-d�Jlo�VpWSVf_gJ�eURqJld�hUj-eUj`NQdrWSVts�VbPSj-_-_`VbeqJlo�V=u�vwJ�x;NQd�V
o=RUj`hi[^Vt]^NQRURiV^hUy�NQd�WcJlP�z{]^NQa|y�NQRUeiVbacVbd"eihOW�}�d�Jla|j`k"P�V^h~W�Pc]bj`hqJlj-_-_`VbacVbd�eMNQT�hiVbRUm�[^h~y�NQPSR~WSV^h~eiVba|y�[bRqJleUPSRiV^h
����� (n�����Q� L���]^NQd�eURqJlj-d"eiV�j-a|y#N=hi[^V=ufH�T�K{�pjgJlo=RqJla|acV�WZY\NQRUj`Vbd�eqJleUj`NQd����^�;� � u��9NQPSR ����� (^� _`V
]bj`hqJlj-_-_`VbacVbd�e|ySRi[^hiVbd"eiV�WSV^h�N=hi]bj-_-_gJleUj`NQd�h|JlP�m�NQj`hUj-d�Jlo�VrWSV�_gJ�eURqJld�hUj-eUj`NQd�u�vwJ�eURqJld�hUj-eUj`NQd�Vbd"eURiV�_gJ�yS��JQhiV
_gJlacVb_-_gJlj-RiV Vbet_gJ|yS��JQhiVD[by#NQdSo�V
J�_-j`VbP��c¡=¢ � L£W�Jld�hf_`VDhi}�hUei¤bacVD[beUP�W�j`[=u

¥�¦l§ ¨ª©M«­¬¯®±°�²�³G´c°µ® ¬¯®�¶¸·G©M´c©M¶¹¶�©M´|©»ºµ²�¼­¼­´nº;½O®�¶
�p�t?B6aCk1�KNM:CPO31389/:4FJu?U;:GH^`A3J9/ �I8DCEMrCP/5^`AvGB4P/5JTJ9/k13O ;58TSE?B8TJ9J9/:^g/:6aC]13M:;5478TCE/l13?B63SQJ9/l;>=3?BA38TCP4P/b�j��89J

;5GB6i�j8T/56aCy1I/�;5?B4E?B;|CEM:4P89S7/54`hiO@?B6aCE8DC>?tCP8T�H/:^g/:6aCgJ9?+4P=3M:GHJ9GHXB89/�¾�¿�À�¿ÂÁ�Ã"ÄZÄwÀ�Á�ÅbÆ[13/�;:/�S�ejS7CEz:^g/tn<.]KN/5S�C
A	GHO34PhiO3GB8¤;5/|CPCP/lSP/5;|CE8TGH6+A34PM:SP/:6iCP/l138TcvM547/56aCESQ47M5S7O3JTCE?tCESFGB�ICE/:6jOISQSPO34F1I/5SQM:CE?tCESn¾�¿ÇÀ�¿�Á�Ã"ÄZÄwÀ�Á�ÅbÆ^¾Z?BO
�HGB89SP8T6@?BXH/�13/<J9?�CP4E?B63S78TCP89GH6R13/�VW/:O389JTJ9/:CE?BXH/tnB.0GB^g^`/�/ �fA3J98ThjOIM<?BO[;>=3?BA38TCP4P/x�j�tJT/5S¤47M5A	GH63S7/5S¤CP/5^`AvGt¢
4P/:J9JT/5S�XHJ9GB�@?BJ9/:S�13M5A	/56I13/56aC�VWGH4�CE/:^g/:6iCp13/�Ju?<CE/:^gA	M54P?tCEOI4P/�/:C¡13/�J9?x�t?B478u?B�IJ9/�4P=IM5GHJTGHXH89hiO3/ 8T^gA	GHSPM:/Bn
.0/5S�4PM:SPO3JDC>?tCPS�SPGH6aCZ4PM:SPO3^`M5Sx1@?B6IS�JT/FC>?B�IJ9/{?tO E n ¥ /:C�47/5A	GH47CPM5SxSPO34xJ9?r�@XHO347/ E n ¥ n

) 89^`AvGBSPM &' 89^`AvGHS7M
7�È�7 ( S7CE?tCE8TGH636@?B8T4P/ S�C>?tCP89GH6I6@?B8947/
7�Éª7 ( ÊwËQÌSÍ�ÎÂÎ�Ï#Ð�Í�ÊwÑÒË S�C>?tCP89GH6I6@?B8947/

ÓAÔÒÕOCtE n ¥�F×ÖA[by#NQd�hiV^h eiVba|y#NQRiVb_-_`V^h|JlP�m�NQj`hUj-d�Jlo�V�WSVn_gJ�eURqJld�hij-eUj`NQd�WSVcsØVbPSj-_-_`VbeqJlo�V�VbdIs�NQd�]beUj`NQd�WSV�_gJ
eiVba|y�[bRqJleUPSRiV � VbefWSVD_gJ{m=JlRUjgJlTS_`VDRU��[^NQ_`NQo=j`k�P�V�j-a|y�N=hi[^V � � ( �Ù��� � Lpu

��J�/|�f89S�CE/k13GH63;2CE47GH89S�ÚF;>=3/5^`896ISfÛ_S�C>?tCP89GH6I6@?B8947/5S�A	GHO34�M:CPO31389/:4xJu?lCE4E?t63SP8DCE89GB6�1I/kVW/:O389JTJ9/:CE?BXH/rÜ
� 8u�FY�;:89SP?B89JTJ9/5^`/56aCQ8T^gA	GHS7Ml/:CRY­7ÝÈÞ7 (�ß � 898u�]Y�;:89SP?B89JTJ9/5^`/56aC]89^`AvGHS7Ml/:CrY­7ÝÉà7 (áß � 89898u��/:6I�@6Y�;:GH6aCE4P?B896aCE/g89^`AvGBSPM5/`/:C[YI7âÈ�7 ( npo�/5Sr4PM5S7O3JTCE?tCESRA34PM:SP/:6iCPM5Sl1@?t63SrJT/5SrA3?B4E?BXB4E?BA3=I/5SrS7O38T�t?B6aCPS



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥§¦��
;5GB63;5/:4P63/:6iC�13/:S�/ �fAvM:4P89/:63;5/:S�1I/+4P=3M:GHJ9GHXB89/�S�C>?tCP89GH6I6@?B8947/q/:cv/5;|CEO3M:/5S�Y���Á�¾lÀ�Á	�	��Æ�
 Æ�ÄZ¿�Á	

�ZÃ=¾��yY
7����B} � .]��A3OI89SkY­7����H~ � .]n � ?B63Sk;5/5Sk/|�fA	M54789/56I;5/5S:�¡J9?U�f8DCE/:SPSP/g13/b4PGBCE?tCE8TGH6���13/bJu?_;5/:J9JTO3J9/
13/g.0GHO3/|CPCP/g/|CR1IGH63;`Ju?U�j8TCE/:SPS7/g13O�4PGtCEGH4Q���>��/5S�Cr8T^gA	GHSPM:/lXH4��t;5/`Y�O363/`�vGHOI;5J9/b13/b47M:CE47Ga?B;|CE89GB6
896fVWGH4P^g?tCE8ThiO3/Q;5GH6aCP4P�HJ9?B6aCZJT/2;5GHO3AIJ9/�� ?BA3A3JT89hiO3Mtnvo�/2CE/:^gA3Sx;5?B4E?B;|CEM:4P89S�CE8ThjOI/R13/k;5/|CPCP/r�	GHO3;5JT/213/
4PM|CE47Ga?B;:CP89GH6 /5S�CUCE47z5SUA	/:CP8TCg13/:�t?B6aC�JT/5SbCE/5^`A3SU;5?B4E?t;:CEM:4P8TS7CE8ThiO3/5Sg13/5Sy�3O3;:CPO@?tCE8TGH63Sg13OwS7ejS7CPz5^`/
M:CPO3138TMBn

���! "�# $&%
')("*+(","-#./.1032"')*+(546-!78'10:9;-#.�<>=@?BADCFEHG@.103<I46-+JLK"-+*+*#.M78.)NO0P-#7RQS("J:'
� ÊDTVUtÊXW�ÐZYLT[Y�ÑwÐ\WH]M^�ÊwÎ�ÊX_wÍa`1bcYdYSÐ Ì�ÊDbMUOÎ�Ïe_XY�ËµÐZWHbMÌ�ÐfbMWfYhg�^�Ì�ÊDbÒÎiY:TVY�ÑáÐ

o�/kAI4PGBCPGf;:GHJ9/F47=3M5GBJ9GHXH8ThiO3/QOICE8TJ98TSPMF/:S7C�J9/QS7O38T�t?B6aCcÜ
F J K\/:6iCP4P/|VW/54xOICE8TJ98TSPMF?bO363/2M:A@?B89S7SP/:O34kjl�nm2^`^ /:C�J9?rCE/5^`A	M54E?�CEO347/Q/5S7C��I�fM5/RY`� ¦ � . ß
F O36 A347/5^`89/54�A3?BJ98T/54�Y�;5GH6aCP4E?B8T6iCP/ 89^`AvGHS7M5/ ) � m§~;oqpIr¡?,/:S7C�?BA3AIJ989hiO3M A	/56313?B6aC/s�t��
m��B~H~H~[S ß

F GH6�?BAIA3J98ThjOI/Q/563S7O38TCP/k1I8TcvM54P/:6aCESxA@?BJT89/547S�13/2;58TSE?B8TJ9J9/:^g/:6aC ß
F J K\8T63;547M5^`/56aC�/56aCP4P/k13/5Of��A3?BJ98T/54PS013/2;589SP?B89JTJ9/:^g/:6iC0/5S�C
s &'du p[S�vxw ß
F J9?[13O34PM:/R1I/k;>=3?BhiO3/RA3?BJ98T/54</:S7Cysft u �H}H~H~lS:n

o�/�AI4P/5^`89/:4�A@?BJT89/54�Yx;5GB6iCP4E?B8T6aCE/�89^`AvGHS7M5/ � ) �nm{~;ozp5r¡?I��sft{�nm��H~H~B~xSE��A	/547^g/|Cp1�K\GB�ICE/:63894�O36RM:C>?�C
896I8TCE89?BJ3A@?t47V ?B8DCE/5^`/56aC�S7CE?tCE8TGH636@?t894P/�;:GH^`AvGHS7M]O36I89hiO3/5^`/56aC�1�KNGHXH63GH6IS013/�C>?B8TJ9J9/<�f�IM:/]1@?t63S0O36yM:C>?�C
13M:SPGH4713GH6363Mtnh|I?t63S¤;:/<A34P/:^g8T/54pA@?BJT89/54:�§J9/:S¡/ �IA	M54789/:63;5/:S�SPGH6aC�6IGH6f¢�47/5A347Gf1IO3;:CP89�3JT/5S5n�o�KN8963;:4PM5^`/56aC}s &'/:C�Ju?213O347M5/
sft S7GH6aC0/:63SPO38DCE/Z;>=3GH89S789S�13/�SPGH4�CE/]hiO3/ZJ9/:S�/ �IA	M54789/:63;5/:S<4PM5?BJ98TSPM5/:S SPGH8T/56aC<S7O;~`SE?B^`^g/:6aC
4P/:A34PGj13O3;|CE8T�3J9/:S5n o�?q�@XHO347/ E n �+A34PM:SP/:6iCP/�JT/5Sb4PM:AvGH6ISP/5SbCE/:^gA	GH47/5J9JT/5S ){� t!�l?B896ISP8�hiO3/_J9/:S`A3?BJ98T/54PS13/R;589SP?B89JTJ9/:^g/:6iC�?tA3A3J98ThiO3M5S:ndo�?g�	GHO3;:J9/R13/r47M:CE47Ga?B;|CE89GB6�896fVWGH4P^g?tCE8ThiO3/Q13Oq47=3M5GH^`z:CP4P/RAv/:4P^`/:CZ13/
^g?B896aCE/:63894�OI6r;58TSE?B8TJ9JT/5^`/56aC�;5GB63S7CE?B6aC�SE?t63S�?BOI;5O363/��@O3;|CEO@?tCP89GH62CE/:^gA	GH47/5J9JT/�SP8TXH638T�3;{?tCP8T�H/ � s &'1� &'du~;o�mf�b�|nv�]A347z5SQO36+CE4P?B63S78TCEGB894P/R13/[hiO3/:J9hiO3/5S2138��{?B8T63/5S]13/[^`896iOICE/:S5��J9?y;5GB6iCP4E?B8T6aCE/[47/5Ju? �I/R�H/547S2O36
M:CE?tCbS7CE?tCE8TGH636@?t894P/t�AÁ���Æ���;5?B4E?B;|CEM:4P89S7M�A@?B4[1I/UCE4Pz:SlV ?B89�3JT/5Sk�@O3;:CPO@?tCP89GH63S[CP/5^`AvGB4P/5JTJ9/:S�s ) � ) u m F
E�� n3o�?r^`G§eH/:6363/FCE/:^gA	GH47/5J9JT/Z1I/F;5/|C�M:CE?tC�hiO@?BS789^`/56aC�S7CE?tCE8TGH636@?t894P/ � ;|V�nIJT89XH63/:S0A	GH896aCP89J9JTM5/:S�S7O34<J9?
�@XHOI4P/ E n �fn ?H�063GHO3SxA	/54P^`/:C�?tJ9GH47S�13/2;5GH63S�CE47O38947/QJu?l;5GHOI4P�	/k1dK\M:;5GHO3JT/5^`/56aC�13/2Ju?r�@XBO34P/ E n\mIn

o�/5Sl�@XHO347/5Sb13/_138Dcd4P?B;:CP89GH6 GB�ICE/:6jOI/5S`SP89^rO3JTCE?B63M5^`/56aCbY+J9?q;5GHO347�v/�1dK\M:;5GHO3JT/5^`/56aC`13/�Ju?��f¢
XHO347/ E n\mrSPGB6iCxAI4PM5S7/56aCEM:/5SxA	GHO34<138DcdM:4P/:6iCPS<;58TSE?B8TJ9JT/5^`/56aCES�SPO340J9/5S��@XHO347/5S E n\mIn\? F V�nL�Z?BAIAv/:J9GH63S�hiO3/
;5/:S�89^g?BXH/:S0SPGB6iC<GH�ICE/:6iO3/5SxA@?B4�1389XB8TC>?tJ989SP?tCE8TGH6l13/:S<�@XHO347/5S�13/F1I8Tcv4E?B;|CE89GB6yGH�ICP/56iO3/:S�13?B63S<JT/FA3Ju?t6
����� � ��� �]/:Ck;:GH4P47/5SPA	GH631I/56aCr1IGH63;`Y�O363/b^g/:SPO347/g1I/`J9?US7CP4PO3;|CEO347/g13O �@O38T13/B�OÁ�ÄZ¿+����Å��^Æ]J9/lJ9GB63X_13O
XH4P?B1389/:6aC�13/]�j8TCP/5S7SP/R��� � ;:V�nf�3X3n@�fn\mI�fA@?BXH/ E �a�|nL�Z?BAIAv/:J9GH63S<?BO3SPS78�hiO3/QJ9/:S<89^g?BXH/:S0GH�fCE/56iO3/:SxA34PM ¢
SP/:6aCE/56aC
��Æ��H�0�@XHO347/5S�13/<1I8Tcv4E?B;|CE89GB6�� ;{?B4�JT/�V ?B8TSP;:/{?BO[J9?BSP/:4¤CE4P?{�H/547SP/�13/:Of�[VWGB89S¤J K\M:;>=@?B6aCE8TJ9JTGH6�nfr¡GBO34
13/:SF;58TSE?B8TJ9J9/:^g/:6aCES &' È &'X��u m§~gS�vxw|�	Ju?l�@XHO347/[13/r1I8Tcv4E?B;|CE89GB6�/:S7CFOI6+?B6363/5?BO+89S7GBCE47GHA	/R8T631389hiO@?t6iC



¥ ¨�� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 1000 2000 3000

13

14

15

16

17
(a)

C
on

tr
ai

nt
e 

(P
a)

Temps (s)
0 1000 2000 3000

10

20

30

40

(b)

C
is

ai
lle

m
en

t (
s−

1 )

Temps (s)

?A@�BDCXE n � F � �¸���=� LpufH�J�K
ÖA[by#NQd�hiV^h�eiVba|y�NQRiVb_-_`V^hc�����	� u~v�V^h|_-j-o=d�V^h�y�NQj-d"eUj-_-_`[^V^hneiVbRUa|j-d�[^V^h|y�JlRcWSV^h
y�NQj-d"eihAj-d�W�j`k"P�Vbd�eA_`V^hAacN;}�VbdSd�V^hGWSV �����	�A�|y�JlRUeUj-RAWSV^hqk"P�Vb_-_`V^hA_gJc]^NQPSRUT�V WZY\[^]^NQPS_`VbacVbd�e�WSV�_gJ�
�o=PSRiV
��u��
V^hUef]^NQd�hUeURUPSj-eiV=u9H�T�KO�9Jl_-j`VbRihpWSVD]bj`hqJlj-_-_`VbacVbd�eihpJlySyS_-j`k�P�[^h;u

0 10 20 30 40

11

13

15

17

Cisaillement (s−1)

C
on

tr
ai

nt
e 

(P
a)

(a) (b) (c)

(d) (e) (f)

?A@�BDCáE n m F­LONQPSRUT�V�WZY\[^]^NQPS_`VbacVbd�eGhieqJleUj`NQdSd�Jlj-RiV NQTSeiVbd"P�V�� � � ��� � LÙVbeA�c]bj`hqJlj-_-_`VbacVbd"epj-a|y#N=hq[=uwH�J�K��
H s K��9j-o=PSRiV^h»WSVfW�j���RqJQ]beUj`NQdnNQTSeiVbd"P�V^hOhUj-a
PS_-eqJld�[bacVbd"et�G_gJG]^NQPSRUT#VXWZY\[^]^NQPS_`VbacVbd"e;u�v�V^h»]bj`hqJlj-_-_`VbacVbd�eihÒhiNQd�e
_`V^hfhUPSj-m=Jld"eih���H�J�K��� ����� H�T�K���� � HØ]�K ��� � HØW�K"!�� � HØV�K#!��|Vbe H s K#����h vxw u

hiO3/lJu?`S7CP4PO3;|CEO347/l1�K\GBXH63GH6+/:S7CQ13M:SPGH4713GH636IM5/Bn%$ &'�u &'X�{u m§~US vxw �v13/:SQA389;:SF13/rV ?t89�3JT/R8T6iCP/563S78TCPM
?BA3A3?B4E?B8TSPS7/56aCyS7O34`JLK\?B6363/5?BO�Ü ;tK\/:S7CUJT/_SP/5OI89J�13/�Ju?+CE4P?B63SP8DCE8TGH6�13/�VW/:O389JTJ9/|C>?BXH/t�¤JT/5S`GHXH63GH6IS`S7GH6aC
?BJTGH4PS[;:GH6I�@6IM5SbSPO34b13/:SbA3Ju?B6ISlGH4P8T/56aCEM:Sl/:CbGH4�CE=3GHXBGH6@?BOf�"?BO�XH4E?t1389/:6iC[13/��f8DCE/:SPSP/�����n�o�GH4PS7hiO3/
J9/k;58TSE?B8TJ9JT/5^`/56aCx/5S�C2?BO3XH^`/56aCPMB�	J9/5S�A38T;5S]1I/:�j89/:6363/56aCQ1I/rA3JTO3S]/:6qA3J9OIS];5GB6iCP4E?BS�CEM:S5n�o�?gCP4E?B6ISP8TCP89GH6
13/FVW/:O389JTJ9/:CE?BXH/ZSP/5^r�3J9/Q13GB63;�Ú];5GH6aCP896iO3/�ÛU;{?t4�J9/F;:GH6aCE4E?tS7CE/213/:SxA389;:S�;54PG'&9C�;:GH6aCE896)(3^`/56aCxJTGH4PS7hjOI/
J9/g;58TSE?B8TJ9J9/:^g/:6aCr/:S7C`?BO3XB^g/:6iCPMBn*$ &' u &',+ u �B~�S vxw|�¤J9/y;5GH6aCE4P?BS7CP/�13/5SlAI89;5Sr/5S7Cb^g?��f89^g?BJ�S7O34



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥ ¨j¥
JLK\?B636I/{?BO�n

r¤?B4R?B8TJ9J9/:O34PS:�dJ9?_;:GHO347�v/b1�KNM5;:GHO3J9/:^g/:6aCr13/`Ju?U�@XBO34P/ E n\m�6I/`AI4PM5S7/56aCE/U?BO3;5OI63/g1I89SP;:GH6aCE8T6jOI8TCEM
M:�j8T13/56aCE/ Ü§89JB/5S7Cp138�~`;589JT/�13/ 13M:CP/547^g8T63/54�JT/5S�138TcvM547/56aCE/:S¡47M5XH8TGH63S�13/�S7CP4PO3;|CEO347/5Sp1�KNGHXH63GH6IS¡YxJu?�S7/5O3JT/
J9/:;:CPO34P/�13/�;:/:C7CE/ ;5GHOI4P�	/Bn§��GBCEGH6IS�hjOI/�J9?�CE4P?B63S78TCE8TGH6Q13/�VW/:O389JTJ9/:CE?BXH/p/5S�CpVWGB47CE/:^g/:6aC�4P=3M:GB�@O38T138T�@?B6aCE/B�
Ju?r�j8TSP;5GBSP8TCPM2;>=jOfCE/k13/��\�nm�o �bY�� � ~;o��3r¡?InNS5��J9GH47SPhiO3/ &' /:S7CZ?BO3XB^g/:6iCPM213/\m§~bY��H~bS vxw|n

� ^�Î�Ê�ÌSÍaTV^SÐ�W"ÍiY¯Î�Ê~Ì�ÏZÎiY
o�/5S A34PGt�@J9S�1I/0�j8TCE/:SPS7/�S7GH6aC GH�ICP/56iO3S XH4��t;5/�?BOb^`GH6aC>?BXB/<13/<138DcdOISP89GB6l1Iej6@?B^`89hiO3/<13M:;5478TC�1@?t63S

J9/�;>=3?BA38TCP4P/�mIn o�KN8963138T;5/�GHAfCE89hiO3/ 13/ J9?xAI=@?BSP/�Ju?t^g/:J9Ju?t894P/�/:S7C��/� m�o �hpfn �ZGBO3Sp?§�BGH63SpA34PM5?BJu?t�3J9/:^g/:6iC
4PM5?BJ98TSPMkO363/R;{?BJT89�34P?tCE8TGH6�YgJLK\?B8T13/21�K\OI6��@O38T13/r63/	��CEGH6I89/56�13/r^�
5^`/R8T63138T;5/kGHAICE8ThiO3/ � SPO3S7Av/:63SP8TGH6
138TJ9O3M:/�1I/�o�?tCP/|�,1@?B6ISgO36 ^gM:Ju?B6IXH/�/{?BO F XHJTej;:M54PGBJ �|�¤1@?B63SgJ9/_^�
:^g/�/:6aCE4P/|VW/54g1�K\M:A@?B8TSPSP/:O343jV�
mr^`^�n	.0/:CPCP/r;5?BJ98T�34E?tCP89GH6�A	/547^g/|C]1dK\GH�fCE/56I894�J9/5S�A@?B4P?B^`z:CE47/5S�
��a��
��{�����F/:C�����63M5;:/5S7SE?B8T4P/5S]AvGHOI4
A@?BS7SP/:4F13/rJ9?g^`/5S7O34P/R13/5S]VWGB63;:CP89GH63SZ13/r;:GH4P47M5J9?tCE8TGH6�?tOf��A34PGB�3J9S]1I/R�j8TCP/5SPS7/ � ;|V�nv;>=3?BA38TCP4P/rma�|n	o�?
C>?t�3J9/g^gM:;{?B638ThiO3/�SPO34rJu?BhiO3/:J9J9/g/5S�CbAvGHS7M�J9/g4P=3M:GH^gz|CE47/U/5S�Cb13M5A3J9?B;5M:/�A@?B4[A3?BSl13/_m ��� ^ 1@?t63S
Ju?`138947/5;|CE89GB6q13O+XH4P?B1389/:6aCF13/r�j8DCE/5S7SP/tn��]O3;:O36+138DcdO3S7/5O34]6�K ?UM|CEMl?§�7GHOICEM[?BOf��A3=@?BS7/5SQJu?t^g/:J9Ju?t894P/:S
M:CPO3138TM5/5S:nd��6�/:cv/:C{�	;5/:S]13/:4P638Tz547/5S�138TcvO3SP/:6aCFSPOL~gSP?B^`^g/:6iCZJu?bJ9OI^g8Tz54P/QA	GHO34�?BS7SPO347/54ZO363/r�	GH636I/
;5GB6i�B/547XH/563;:/FS7CE?tCE8TS7CP89hiO3/x13/5S�VWGH63;|CE89GB63S 13/Z;:GH4P47M5J9?tCE8TGH6b/56yhiO3/:J9hiO3/:S0SP/:;5GH6I13/5S:n@.0=@?BhiO3/�VWGH63;|CE89GB6
13/F;:GH4P47M5J9?tCE8TGH6y/:S7Cx13GH6I;Q?B;5;:O3^[O3JTM5/FS7O34<O36UCP/5^`A3S<13/FmlY E S5n3o�/]A34PGB�3Jd13/]�j8DCE/5S7SP/Q;:GH^gAIJ9/:C�/5S�C
GH�ICP/56iO�/56�m`^`896�/:6i�j8T4PGH6�n

r¡GHOI4R13/:SR;:89SP?B89JTJ9/5^`/56aCPS &'�� &'x� /|C &'�� &' + ��J9/l^`GH6aC>?BXH/bA	/547^g/|C21�K\GB�ICE/:63894213/:SRA347GB�@JTSQ13/�j8TCP/5SPS7/bS7C>?�CE89GB636@?B8T4P/5S]A@?B47CP89;:O3J98Tz54P/:^g/:6aCQ�389/:6 13M:�@6I89S5n � /lV ?��5GH6 S7O34PA347/56@?t6iCP/B�p?BO+�HGB89SP8T6@?BXH/r13/
Ju?[CP4E?B63S78TCP89GH6_13/2VW/5O38TJ9JT/:C>?tXH/rÁ���Æ��	A	GHO34 &'! &'x� ���389/:6�hiO3/RJu?l4P=3M:GHJ9GBXH89/FXBJ9GH�@?tJ9/QSPGB8TC�S7CE?tCE8TGH636@?B8T4P/�#"%$ ) u ~�/|C "%$ &' � ~a�|�§J9?��j8DCE/5S7SP/�J9Gj;{?BJT/�A34PM:SP/56aCP/<13/5S��@O3;|CEO@?�CE89GB63SpCP/5^`AvGB4P/5JTJ9/:S�13GH6aC¤J K ?t^gA3JT8TCPO313/
A	/5OIC�?tC7CE/58T631347/k�B~h�Unj.0GH^`^g/�63GBO3S J9/<�H/:4P47GH63S013?B63S Ju?FS7/5;:CP89GH6 E n �f�aJ9/:S�AvM:4P8TGf13/:S 13/x;5/5S �@O3;|CEO@? ¢
CE8TGH63SFS7GH6aCQ13/lJ K\GH47134P/R13/ ¥�� �=F	¥�� � � S5n�.0/|CPCP/l;5GH^`A3J9/ �f8TCEMkCE/:^gA	GH4P/:J9JT/R63GBO3SQ/5^`A�
:;>=3/l1�KNGH�ICP/5638T4
O363/�Á	
�À���Æ 8T63S7CE?B6aC>?B6IM5/k13/RJ K\M:;5GHOIJ9/5^`/56aC�;{?t4�JT/5SxA	M54P8TGf1I/5S�13/2;5/5S��@O3;|CEO@?tCP89GH6IS�;:GH4P47/5S7AvGH6I13/56aC
?BA3AI4PG{�f89^g?tCE8D�H/5^`/56aCx?tO�CP/5^`A3Sx63M5;:/5SPSP?B8947/2AvGHOI4�^`/5S7O34P/:4xO36_A34PGB�3J�13/Q�f8DCE/:SPSP/tn

�ZGHOIS0?{�HGB63S�1IGH63;x13M5;:8913Mx13/x63GBO3S�8T6aCEM547/5S7SP/54�1@?B6IS�OI6gA347/5^`89/:4�CE/5^`A3S�Y2Ju?F^`G eB/5636I/�CP/5^`AvGt¢
4P/:J9JT/R13/:S]�j8TCP/5SPS7/5SFJTGf;5?BJ9/:S5n	o�/5S��@O3;:CPO@?tCP89GH63SZ13O+;>=@?B^`Aq13/k�j8TCE/:SPS7/rVW/547GH6aCFJLKNGH�j�7/|CF13/RJu?`SP/5;|CE8TGH6
SPOI8T�t?B6aCE/tn��Z�@6,1�KNGH�ICE/:63894b13/:Sb896IVWGH47^y?�CE89GB63SrS7O34bJ9/5Sb^`G§eH/56I63/5SbCE/:^gA	GH4P/:J9JT/5S[13/�JLKNM5;:GHO3JT/5^`/56aC{�
138DcdM:4P/56aCPSkAI4PGB�@JTSQ13/[�j8TCP/5SPS7/gS7GH6aC2^g/:SPO347M5SR?BO ^�
:^g/r;589SP?B89JTJ9/:^g/:6iC5�vAIO389SQ^`G§eH/56I63M5S:np�ZO+�HGH8TSP8D¢
6@?BXB/F13/FJ9?RCE4P?B63SP8DCE8TGH6y13/ZVW/5O38TJ9J9/|C>?BXB/B�a89J�V ?BOIC</56a�j894PGB6�O363/FhiO38T6e�{?B8T63/F13/]A34PGB�3J9S01I/]�j8TCE/:SPS7/QAvGHOI4
GH�ICP/5638T40O36I/Q�vGH6I63/F;5GB6i�B/547XH/563;:/2S7C>?�CE89S�CE8ThjOI/F13O�A347GB�@JLnfo�?r13M|�f89?tCE8TGH6US�C>?B6313?B4P1�13/];5/5S�^`/5S7O34P/:S
A	/54P^`/:C�?tJ9GH47S�1�K\/:S7CP89^`/54�J9/:Sx?B^`A3J98DCEO313/:S<J9Gj;{?tJ9/5S013/5Sx�@O3;|CEO@?tCP89GH6IS�13/2Ju?[�j8TCE/:SPS7/Bn

o�?k�@XHOI4P/ E n\�kA347M5SP/:6aCE/FJT/5S�A34PGB�3J9S 13/x�f8DCE/:SPSP/ZGH�ICP/56iO3S0S789^[OIJTC>?t63M5^`/56aC�YkJ9?k;:GHO347�v/�1�KNM5;5GBO3J9/ ¢



¥ ¨ � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
^`/56aC 13/�Ju?]�3XHO34P/ E n m2YQ;58TSE?B8TJ9J9/:^g/:6aC¤8T^gA	GHSPM0/:C�Y{7 � �B} � .]nj.0=@?thjOI/�^`/5S7O34P/x/:S7C O363/x^`G§eH/56I63/
SPOI4kAIJ9O3S789/5OI4PSFA347GB�@JTSQ13/[�j8TCE/:SPS7/g;:GH63SPM:;5OICP8TVWS � �7O3SPhiO�K\Y�� � �F?BO ^�
:^g/r;589SP?B89JTJ9/:^g/:6iCZ89^`A	GHSPMtn~5F6

0 0.5 1
0

3

6

9

x  (mm)

v 
(m

m
.s

−
1 )

(a)

0 0.5 1
0

5

10

15

20

x  (mm)

(b)

?A@�BDC
E n\� F��~RiN 
�_`h�WSV�m�j-eiV^hihiV acN�}�Vbd�h�NQTSeiVbd"P�h hUj-a PS_-eqJld�[bacVbd�e ��_gJ�]^NQPSRUT#V¯WZY\[^]^NQPS_`VbacVbd�e WSV�_gJ

�o=PSRiV���u��n� � �����=� L VbeG�c]bj`hqJlj-_-_`VbacVbd�epj-a|y�N=hi[=u�v�V^hXT�JlRURiV^hpWZY\VbRURiVbPSRihGhiNQd"eA_`V^hAWS[bm�jgJleUj`NQd�hphUeqJld�W�JlRiW
WSV^hpW�j���[bRiVbd�eiV^hGacV^hUPSRiV^hAVbeAeURqJQW�PSj`hiVbd"eG_`V^h���P�]beUP�JleUj`NQd�hG_`N�];Jl_`V^hpWSV
_gJ|m�j-eiV^hihiV=uáH�J�K �� � ¡�H��=K � � H��ZKtVbe
��� h vxw H	��K u�vwJr_-j-o=d�V�y�NQj-d"eUj-_-_`[^VcV^hUeGPSd¯o=PSj`WSV|y�NQPSRGm�j`hiP�Jl_-j`hiVbRD_gJ�T�Jld�WSV|]bj`hqJlj-_-_`[^VcVbe�]^NQRURiV^hUy�NQd�W­��PSd
]bj`hqJlj-_-_`VbacVbd�eÒ_`N�];Jl_�WSV ����u��Dh vxw u�H�T�K �� � � ¢nH��=K �"� � H��ZK9Vbe � ¢�h vxw H	��K u�vwJ�]^NQPSRUT#VXy#NQj-d�eUj-_-_`[^VX]^NQRURiV^hUy�NQd�W
JlP�ySRiN 
�_9WSV�m�j-eiV^hihiV�WZY PSd
��PSj`WSV d�V��teiNQdSj`Vbd ]bj`h�Jlj-_-_`[
� ���
������ � h vxw VbeXk�PSj�o=_-j`hihiV
JlP hUeqJleiNQRX]^NQa|acV
_gJ
yS��JQhiVD_gJlacVb_-_gJlj-RiV
� �� � ��� h vxw u

A	/5OIC�4PM:SPO3^`/54xJT/5S�4PM:SPO3JDC>?tCPSx13/2Ju?rV ?��:GH6�S7O38T�t?B6aCP/�Ü
F A	GHO34 &'�� &'X�)u }lS�vxw|�3JT/5S�A347GB�@JTS�13/F�j8TCE/:SPS7/kS7GH6aC�hjO3?BSP8T^g/:6iCxJT8963M5?B8947/5S:n�5F6_GH�3S7/547�B/r?tO3SPS78
O36lXBJ989S7SP/:^g/:6iC¤SP8TXH638T�3;{?tCP8TV�ÜtJu?x�f8DCE/:SPSP/x?tO[4PGBCPGH4¤6I/<;5G��L63;58T13/<A@?tS�?{�H/5;�;:/5JTJ9/08T63138ThjOIM5/0A3?B4�J9/
47=3M5GH^`z:CP4P/Z/:C<JT/5S�A34PGB�3J9S01I/]�j8TCE/:SPS7/F63/]S:K ?t636iO3J9/:6iC<A@?BS�?BOyS7C>?�CEGH4:n;r¡?B4<?B8TJ9JT/5O347S5�aJ9/:S0A347GB�@JTS
13/Q�j8TCP/5S7SP/kSPGH6aC�hiO@?BSP8T^g/:6aCxS7C>?�CE89GB636@?B8T4P/5S|ÜIJu?[�j8TCE/:SPS7/kJTGf;5?BJ9/]63/Q�@O3;:CPO3/2A@?BS ß

F A	GHO34 &'x��� &'�� &',+Ou �B~`S vxw �	J9/5S�A347GB�@J9SZ13/R�j8DCE/5S7SP/[AI4PM5S7/56aCE/:6aC213/5Of���@?B6I13/5SF1I/r;58TSE?B8TJ9JT/|¢
^`/56aCESpJ9Gj;{?tOf�2138TS7CE8T63;:CPS &' 
 u �eo\}�S vxw</|C &'�� nB.0GB^g^`/ AvGHOI4pJ9?�SPGHJTOICE8TGH6213/�^`89;:/5JTJ9/5S�XBM{?B6aCE/:SA347M5;:M513/:^g^`/56aCkM:CPO31389M:/B��J9?y�@?B6I13/b;589SP?B89JTJ9M:/rY &'�� ;547G�&9C]J9GH47SPhiO3/lJT/l;589SP?B89JTJ9/:^g/:6iC]?BA3AIJ989hiO3M/:S7Cg?BO3XH^`/56aCPMB�	�7O3S7hiO�K Y /56a�t?B=38T4lJu?�CPGBC>?BJT8TCPMy13/_JLKN/56aCP4P/:VW/:4bY &' u &',+ n#$ &' � m{~ S vxw ��J9/
;:89SE?t89J9JT/5^`/56aCF13?B63SkJu?��@?B631I/`VWGH4�CE/:^g/:6iCk;:89SE?t89J9JTM5/R/5S7C &'�� u m§~;o ��S�vxw|np.0/:C7CE/b�t?BJ9/:O34Q�B?t4P89/
JTM5XHz:4P/5^`/56aC�JT/0JTGH63XF13/�J9?
�5GB63/<13/�;:Gf/ �I8TS7CP/563;:/�/56aCE47/�J9/5S¤13/5Of�[�@?B631I/5S5n � ?B63S�;5/|CPCP/�Xa?B^`^g/
13/R;58TSE?B8TJ9J9/:^g/:6aCES5�IJu?l�f8DCE/:SPSP/rJ9Gj;{?BJT/F�@O3;:CPO3/r1I/RV ?��:GH6qSP8TXH638D�@;{?tCP8T�B/Bn���6q/:cv/:C5�vJ K ?t^gA3JT8TCPO313/
13/Q;:/5S��@O3;|CEO@?�CE89GB63S�Av/:OIC�?tC7CE/58T631347/QA3J9O3S�1I/k� � � nxr¤?t4x?B89JTJ9/5OI4PS5�j;5/:S��@O3;:CPO@?tCP89GH63S�S7GH6aC�J9Gt¢
;5?BJ98TSPM5/:SDÜaJ9/:O34 ?B^`A3J98DCEO313/0/5S7C�XH4P?B6313/�Y2JLKN896aCE/:47V ?B;:/�SPM:A@?B4E?t6iC�JT/5S 13/5Oj�b�@?B631I/5S5nL|fGBO3J98TXH63GH63S



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥ ¨ m
A	GHO34<�@6I894�hiO3/kJ9/]�@OI8913/2XHJT89SPS7/FCEGHO �7GHO34PSx?tOf�_A@?B47GH89S�1I/kJ9?[;5/:J9J9OIJ9/F13/R.0GHOI/:CPCP/ ß

F A	GHO34�13/5S�;58TSE?B8TJ9J9/:^g/:6aCES &' É &',+ �jJ9/:S�A347GB�@JTS�S7GH6aC�YR6IGHOI�H/5?BO�=3GH^`GHXHz:63/5S�/:C0S7CE?tCE8TGH636@?B8T4P/:S Ü
J9?R�j8TCE/:SPS7/kJTGf;5?BJ9/Z63/F�@O3;|CEO3/2hiO@?BS789^`/56aCxA3JTO3S5nxr¡?B4x?B8TJ9J9/:O34PS:�fOI6�XBJ989S7SP/:^g/:6iC<SP89XB638T�@;5?tCE8DV�/5S�C
O36I/2VWGB89S�13/2A3JTO3S�13M5;:/5JTMBn

���! "��� $&%
')("*+(","-#./.1032"')*+(546-!78'10:9;-#.�<>=@?���� E G@.103<I46-+JLK"-+*+*#.M78.)NO0P-#7RQS("J:'

� ÊDTVUtÊXW�ÐZYLT[Y�ÑwÐ\WH]M^�ÊwÎ�ÊX_wÍa`1bcYdYSÐ Ì�ÊDbMUOÎ�Ïe_XY�ËµÐZWHbMÌ�ÐfbMWfYhg�^�Ì�ÊDbÒÎiY:TVY�ÑáÐ
�ZGHOIS�?{�HGH63S�47M58DCEM547MFJ9/:S0/ �IA	M54789/:63;5/:S�A34PM:;5M51I/56aCE/:S]YrOI63/]CE/:^gA	M54P?tCEOI4P/]S7O3A	M54P8T/5O347/�7 ���B~ � .

/:C¤1@?B63S¡J9/�^�
:^g/ /:6iCP4P/|VW/54�1�KNM5A3?B89S7SP/5OI4{j
� m0^`^�n o�/0AI4PGBCPGf;:GHJ9/ 4P=IM5GHJTGHXH89hiO3/�/5S�C�JTM5XHz:4P/5^`/56aC¡138TVu¢
VWM547/56aC�ÜHO36bA347/5^`89/:4�A@?BJT89/54¤YF;58TSE?B8TJ9J9/:^g/:6aC¤8T^gA	GHSPM &' ��pFS vxw /:S7C�?BAIA3J98ThjOIM<Av/:631@?B6aCOs�t"�����B~H~]S:n
.0/<A@?tJ989/:4¡A	/547^g/|C�13/013M5�3OfCE/54�J K\/ �fAvM:4P89/:63;5/<Y]A@?B4�CE894p1�KNO36lM:CE?tC�8T638TCP8u?BJHA3?B47V ?B8DCE/:^g/:6iC¤S7CE?tCE8TGH636@?B8T4P/
1�KNGHXH63GB63SF13M:SPGH4713GH6363M:S2?{ea?B6aC2O363/RC>?B8TJ9J9/213GB6363M5/tn�o�KN8963;:4PM5^`/56aCQ1I/[;58TSE?B8TJ9J9/:^g/:6aC
s &' /5S�CQ/563S7O38TCP/
?B1@?tAICEM2/56aCP4P/r�fn E /:C E S�vxw0J9/2J9GH6IX`1I/RJ9?b;:GHO347�v/21�KNM5;:GHO3J9/:^g/:6aC{�	?t�@6�13/kAvGHOf�HGH8T4�4PM5S7GHO31347/r?{�B/5;
O363/�A3JTO3SlXH4E?t6313/_A34PM:;58TSP89GB6 J9? �5GH63/�13/_;5Gj/|�f8TS7CE/:63;5/�/56aCE47/_J9/5Sb13/:Of�,�@?B6I13/5S`13/�;589SP?B89JTJ9/:^g/:6iC5n
o�/gCP/5^`A3Sr1�K\?BS�ef^`AICPGBCE8TSE?tCP89GH6�/5S�C\sft u p �a~B~�SrA	GHO34R;5/:S[A@?BJT89/547S213/U;58TSE?B8TJ9JT/5^`/56aCES:n�.0/UA347GBCEGt¢
;5GBJ9/�Av/:4P^`/:C�/563;:GH4P/ZO363/�VWGH89S:�aJu?213M:�@6I8TCE8TGH6`1�K\OI6UM:CE?tC047=3M5GBJ9GHXH8ThiO3/xhjO3?BSP8T^g/:6iC�S7CE?tCE8TGH636@?t894P/t�ZÁ���Æ��
"%$ ) u ~fna��6`/|cd/|C{�aJ9?]�@XHO347/ E n E ^`GH6aCE47/<;5J9?B8947/5^`/56aC�hiO3/xJ9/:S�4PM5A	GH63S7/5S )"� t!�|�H�38T/56bhiO3/�V ?B89�IJ9/5^`/56aC�347O38TCPM5/B��6IGHO3SkAv/:4P^`/:CPCP/56aCk13/b13M:�3638942O36 M:C>?�C2S7C>?�CE89GB636@?B8T4P/ � ;|V�n�J98TXH63/5SQA	GH8T6iCP89JTJ9M5/:S5�	�@X3n E n E n\?a�|n
� 6I/�VWGH8TSl13/_A3J9OIS5��J9/:Sl�@O3;:CPO@?tCP89GH63SlCP/5^`AvGH47/5JTJ9/5Sr13O(;:89SE?t89J9JT/5^`/56aCl?tA3A3J98ThiO3M�SPGH6aCg63M5XBJ989XB/{?B�3JT/5S
� s &'1� &' � ~;o�m��`� n

o�?U;5GHO347�v/r1�K\M:;5GHOIJ9/5^`/56aCQ;:GH4P47/5S7AvGH6I1@?B6aCE/b/5S�CQA347M5SP/:6aCEM5/bS7O34QJu?g�3XHO34P/ E n ¦ n�.0GH^`^`/rA347M5;5M ¢
13/:^g^`/56aC{�a;:/:C7CE/�13/5476389z:4P/x63/�A34PM:SP/56aCP/]A@?BS�13/x138TSP;5GB6iCP896iO38DCEMxA34PGB63GH63;:M5/�J9GH47S�13/ZJ9?FCE4E?t63SP8DCE89GB6l13/
VW/5OI89J9JT/:CE?BXH/Bnfo�/5S��@XHOI4P/5S�13/2138Dcd4P?B;:CP89GH6UGB�ICE/:6jOI/5S�SP89^rO3JTCE?B63M5^`/56aCxYl;:/:CPCP/R;:GHO347�v/21�KNM5;:GHO3J9/:^g/:6aC
SPGB6iCFA34PM:SP/56aCPM5/5SQA	GHO34Z138TcvM547/56aCES];589SP?B89JTJ9/:^g/:6iCPSxSPO34ZJ9/5S��@XHO347/5S E n ¦ n\? F V�nDrpGHO34 &' � &'x�{u m�p`S�vxw|�
J9/:SF�@XHO347/5S213/l138Dcd4P?B;:CP89GH6+S7GH6aC213/5Sk?B6I63/{?BOj� 89S7GBCE47GHAv/:S�Ü�89J¡6�K e ?_?BO3;5OI63/b;5GH474PM5J9?tCE8TGH6qS7A@?tCE89?BJ9/
/56aCP4P/kJ9/5S�GBXH63GH63S:n $ &'du &'x� �313/QV ?B8T�3J9/:S�A389;:Sx?BA3A@?B4P?B89S7SP/:6iC�S7O34xJLK\?B6363/5?BO�n�.0GH^`^`/2Y�7 ���B} � .]�
Ju?rCP4E?B6ISP8TCP89GH6�1I/FVW/5O38TJ9J9/|C>?BXB/]SP/:^[�3JT/ Ú];:GH6aCE8T6jOI/�Û ;5?B4�J9/Q;:GH6aCE4E?tS7CE/213/:SxA389;:S�SPO34xJLK\?B636I/{?BO_;547G�&9C
A347GHXH4P/:SPS78T�H/:^g/:6aC]JTGH4PS7hjOI/QJ9/Q;58TSE?B8TJ9JT/5^`/56aC<8T^gA	GHSPM]/5S7C]?BO3XB^g/:6iCPM2?BOf¢£13/5J9Yb1I/ &'x� n

� ^�Î�Ê�ÌSÍaTV^SÐ�W"ÍiY¯Î�Ê~Ì�ÏZÎiY
o�/5S�A347GB�@JTS¤13/0�j8DCE/5S7SP/<^`/5S7O34PM:S�SP8T^[O3JDC>?B63M:^g/:6aC�Y];:/:C7CE/<;:GHO34P�	/<1�KNM5;:GHO3JT/5^`/56aC�SPGB6iC�A34PM:SP/56aCPM5S

SPOI4�J9?r�@XHO347/ E n ¨ n	.0GH^g^`/FA	GHO34G7 � �B} � .]�@J9?lA3=3M56IGH^gM:63GHJTGHXH89/]4P/56I;5GH6aCE47M5/k/5S�CZJ9?[SPO38D�t?B6aCE/�Ü



¥ ¨ � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 2000 4000
15

16

17

18

19 (a)

C
on

tr
ai

nt
e 

(P
a)

Temps (s)
0 2000 4000

0

20

40

60
(b)

C
is

ai
lle

m
en

t (
s−

1 )

Temps (s)

?A@�BDCXE n E F � � ¡ � � LpufH�J�K
ÖA[by#NQd�hiV^h�eiVba|y�NQRiVb_-_`V^hc�����	� u~v�V^h|_-j-o=d�V^h�y�NQj-d"eUj-_-_`[^V^hneiVbRUa|j-d�[^V^h|y�JlRcWSV^h
y�NQj-d"eihAj-d�W�j`k"P�Vbd�eA_`V^hAacN;}�VbdSd�V^hGWSV �����	�A�|y�JlRUeUj-RAWSV^hqk"P�Vb_-_`V^hA_gJc]^NQPSRUT�V WZY\[^]^NQPS_`VbacVbd�e�WSV�_gJ�
�o=PSRiV
��u��
V^hUef]^NQd�hUeURUPSj-eiV=u9H�T�KO�9Jl_-j`VbRihpWSVD]bj`hqJlj-_-_`VbacVbd�eihpJlySyS_-j`k�P�[^h;u

0 20 40 60

12

13

14

15

16

17

18

Cisaillement (s−1)

C
on

tr
ai

nt
e 

(P
a)

(a) (b) (c)

(d) (e) (f)

?A@�BDCáE n ¦�F­LONQPSRUT�V�WZY\[^]^NQPS_`VbacVbd�eGhieqJleUj`NQdSd�Jlj-RiV NQTSeiVbd"P�V�� � � ¡ � � LÙVbeA�c]bj`hqJlj-_-_`VbacVbd"epj-a|y#N=hq[=uwH�J�K��
H s K �áj-o=PSRiV^h WSVGW�j���RqJQ]beUj`NQd�NQTSeiVbd"P�V^hthUj-a
PS_-eqJld�[bacVbd"ep� _gJ{]^NQPSRUT#VGWZY\[^]^NQPS_`VbacVbd�efy#NQPSRO_`V^h ]bj`hqJlj-_-_`VbacVbd"eih
hUPSj-m=Jld"eih �ÒH�J�K �� � ��� � H�T�K ��� � HØ]�K�!�!�u�� � HØW�K�!�� � HØV�K�����Vbe�H s K�� ��h vxw uá�9NQPSR{]^VbeUeiV�WSVbRUdSj`¤bRiV�j-anJlo�V �
_`Vr]i��Jla|y×WSVr_gJ ];Jlac[bRqJ¯J�[bei[�acN�W�j�
�[=u~vwJ eqJlj-_-_`V�WSVr_�Y JldSd�V;JlP hUPSR�_gJ 
�o=PSRiV­H s K d�V�y�VbPSe|WSNQd�]��beURiV
]^NQa|y�JlRi[^V
JlP�z�JlPSeURiV^hX]bj`h�Jlj-_-_`VbacVbd"eih�H�J�K��#HØV�K u

F A	GHO34 &' � &'x�Mu mfp[S�vxw|�@JT/5SxA34PGt�@J9Sx13/2�j8TCE/:SPS7/RS7GH6aCZJT8963M5?B8947/5S�1@?t63SZJ K\/:6aCE4P/|VW/54x13/kJu?l;5/:J9JTO3J9/
13/F.0GHO3/|CPCE/]/:C<S7GH6aC<hiO@?BS789^`/56aC<S�C>?tCP89GH6I6@?B8947/5S ÜfJ9?2�j8DCE/5S7SP/FJTGf;5?BJ9/x63/��@O3;|CEO3/FA3?BS5n � /FA3JTO3S5�
JT/F�@O3891I/QXHJ98TSPSP/Q1I/2V ? �5GH6_SP8TXH638D�@;{?tCP8T�B/2?BOf�_A@?t4PGH8TS ß

F A	GHO34 &'x��� &'�� &',+Ou � �bS�vxw|�	J9/5S�A347GB�@J9SZ13/R�j8DCE/5S7SP/[AI4PM5S7/56aCE/:6aC213/5Of���@?B6I13/5SF1I/r;58TSE?B8TJ9JT/|¢



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥ ¨ E

0 0.5 1
0

5

10

15

x  (mm)

v 
(m

m
.s

−
1 )

(a)

0 0.5 1
0

15

30

45

x  (mm)

(b)

?A@�BDC
E n ¨×F��~RiN 
�_`h�WSV�m�j-eiV^hihiV acN�}�Vbd�h�NQTSeiVbd"P�h hUj-a PS_-eqJld�[bacVbd�e ��_gJ�]^NQPSRUT#V¯WZY\[^]^NQPS_`VbacVbd�e WSV�_gJ

�o=PSRiV���u��n� � � ¡ � � L VbeG�c]bj`hqJlj-_-_`VbacVbd�epj-a|y�N=hi[=u�v�V^hXT�JlRURiV^hpWZY\VbRURiVbPSRihGhiNQd"eA_`V^hAWS[bm�jgJleUj`NQd�hphUeqJld�W�JlRiW
WSV^hDW�j��Z[bRiVbd"eiV^hGacV^hUPSRiV^hDVbeD]^NQRURiV^hUy�NQd�WSVbd"e JlP�z ��P�]beUP�JleUj`NQd�hD_`N�];Jl_`V^hDWSV
_gJ�m�j-eiV^hqhiV=u9H�J�K �� � ¢�H��=K � ���
H��ZK � � ¢×H	��K�Vbe � � h vxw H�� K u»vwJ�_-j-o=d�V�y#NQj-d�eUj-_-_`[^V�V^hUenPSd o=PSj`WSV�y�NQPSRcm�j`hiP�Jl_-j`hiVbRc_gJ�T�Jld�WSV�]bj`h�Jlj-_-_`[^V�Vbe
]^NQRURiV^hUy�NQd�WI�rPSdI]bj`h�Jlj-_-_`VbacVbd"e _`N�];Jl_MWSV !���h vxw uÒH�T�K �� ���=� � ¢IH��=K �á��� H��ZK � ¡ � H	��KGVbe
¢=¡�h vxw H�� K uwvwJ
]^NQPSRUT�V
y�NQj-d"eUj-_-_`[^V|]^NQRURiV^hiy#NQd�W­JlP�ySRiN 
�_~WSV{m�j-eiV^hihqV{WZY PSd ��PSj`WSV{d�V��teiNQdSj`VbdI]bj`hqJlj-_-_`[|�����
 � � � � h vxw Vbe
k�PSjZo=_-j`hihiV�JlP�hUeqJleiNQRA]^NQa|acVD_gJ{yS��JQhiVD_gJlacVb_-_gJlj-RiV{� �� � � ¢|h vxw u

^`/56aCES¤1389S�CE896I;:CES &' 
 u �Lo�m<S vxw /:C &'�� ntop?Z�@?B6313/0;589SP?B89JTJ9M:/�Y &' � ;547G�&9C¡J9GH47SPhiO3/<JT/0;:89SE?t89J9JT/5^`/56aC?BAIA3J98ThjOIMl/5S7CR?BOIXH^g/:6aCEMb/:Ck/56a�t?B=38DCkJLKN/56aCE47/:VW/54kY &' u &' + n%$ &' � �t~_S vxw|��J9/l;:89SE?t89J9JT/5^`/56aC
1@?t63SZJ9?`�3?B6313/2VWGH47CP/5^`/56aC�;58TSE?B8TJ9J9M:/F/5S�C &'��3u ���bS�vxw|n	.0/|CPCP/R�t?BJ9/:O34x4P/:S7CE/r?BA3A347G{�I8T^y?�CE8T�B/|¢
^`/56aC�;5GH63S�C>?B6aCP/F1@?B63S�Ju? �5GH63/Z13/];:Gf/ �f89S7CP/563;:/BnIop?k�f8DCE/:SPSP/ZJ9Gj;{?BJT/��@O3;:CPO3/FO36I/ZVWGH8TS�13/ZA3J9OIS
13/xV ?��:GH6yS7Av/:;:C>?t;5O3J9?B8947/Bnio�/5S��@O3;:CPO@?tCP89GH63S�SPGB6iC�J9Gj;{?tJ989S7M5/:S�/|C<?�CPCE/:89XH6I/56aC�� � � YRJ K\8T6aCE/54�V ?B;5/
/:6iCP4P/<JT/5Sp13/5Oj�[�@?t6313/5S:nao�?��j8TCP/5S7SP/<JTGf;5?BJ9/��@O3;|CEO3/0Av/:O[1@?B63S¤Ju?x�@?B6313/�V ?B89�3JT/5^`/56aCp;58TSE?B8TJ9J9M:/ ß

F A	GHO34 &' É &',+ �iJ9/:S�AI4PGB�@JTS 13/��j8DCE/5S7SP/ZSPGH6aC0YR63GHOf�H/{?tOy=3GH^`GHXHz:63/5S�/:C�S7CE?tCE8TGH636@?t894P/:S5ni��GBCEGH6IS;:/5A	/5631@?t6iCZhiO3/2J9/F�@OI8913/2XHJT89SPS7/FCEGHO �7GHO34PSx?tOf�_A@?B47GH89S�1I/kJ9?[;5/:J9J9OIJ9/F13/R.0GHOI/:CPCP/Bn

���! "��� � N JL46')N
K{9e-+( �
. ��J:%
.)K{9��
	lK"N��y-+N
,
� *+({9eJ��
. *+K 0:9eK"NyJL- 0L-+(ON �
.
� .��
-+*+*#.10LK",".

o�/5S[47M5SPOIJTC>?�CESrAI4PM5;:M513/:6aCESb89631I89hiO3/56aCrSE?B63S[?BO3;5OI63/�?B^[�I89XHO � CEM`Ju?�A34PM:SP/56I;5/�13O AI=3M563GB^gz:63/
13/ÙÚRSP=3/5?B4�¢£�@?B631I8963XrÛ_1@?t63SyJ9? CP4E?B63S78TCP89GH6,13/�VW/:O389JTJ9/|C>?BXH/_Y ;589SP?B89JTJ9/:^g/:6iCb8T^gA	GHS7M�/|CUA	GHO34`J9/:S
CE/:^gA	M54P?tCEOI4P/5SbM|CEO3138TM5/:S � 7 � �B} � . /:C�7 � �B~ � .��|nX5F6�A	/5OIC`13GH6I63/54bA	GHO34l;5/|CPCP/_CP4E?B6ISP8TCP89GH6
JLKN89^g?BXH/xS789^`A3J9/�13/FJ9?R6iO3;5JTM{?tCP89GH6y1�K\OI63/F�@?B6I13/]VWGH4�CE/5^`/56aC�;:89SP?B89JTJ9M5/xhiO38v;54PG'&9C�J9GH47SPhiO3/ &' /5S�Cx?BO3Xt¢



¥ ¨B¦ ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
^`/56aCEMtn;r¡?B4<?B8TJ9JT/5O347S5�aXH4��B;5/Z?BOf�g�@XHO347/5S�13/]138Dcd4P?B;:CP89GH6`^`/5SPOI4PM5/:S<SP8T^[O3JDC>?B63M:^g/:6aC0?tOf�gA34PGB�3J9S�13/
�j8TCP/5SPS7/B�jGH6yA	/5OfC0A	/563S7/54�hiO3/]J9?k�@?t6313/xVWGH47CP/5^`/56aC0;:89SP?B89JTJ9M5/0;5GH474P/5S7AvGB631UYkJu?QS7CP4PO3;|CEO347/]GH4713GH6363M:/
1�KNGHXH63GB63S5n�o�/2SP;:M56@?B4789GbGH�3S7/54��HMk/5S7C]?BJTGH4PS<;:/5JTO38�A34PM:SP/:6iCPMRS7;>=3M5^g?tCP89hiO3/5^`/56aCZSPO34xJ9?r�@XHO347/ E n � Ü

�� �

�
�
��

� �

��� � �

� �� �@�� ?a�

���

���� ;{�

?A@�BDC�E n � FrÖX[^hUPSac[ hi]q��[banJleUj`k"P�VAWSV^h»V z�y�[bRUj`Vbd�]^V^h»V �ZV^]beUP�[^V^hM� � � ���=� L�Vbe � � ¡ � � L �G]bj`hqJlj-_-_`VbacVbd�e
j-a|y�N=hi[ �wH�J�KÒy�NQPSR ���� �� �q� H�T�KOy�NQPSR �� � � ���� �� + Vbe
HØ]�KÒy�NQPSR ���� �� + u

F A	GHO34 &' È &'x� �0J9/5SyGHXH63GH6ISUSPGH6aC�CPGHO3S�1@?B6IS�JLKNM:C>?�C�89S7GBCE47GHAv/�/:C�JT/qA34PGt�@JF13/q�j8TCP/5S7SP/+/5S�C=3GB^gGHXBz563/Q/|CZS�C>?tCP89GH6I6@?B8947/ ß
F A	GHO34 &' u &'X� 13/5SRA389;:Sr13/bV ?B8T�3J9/b896aCP/563S78TCEMg?BA3A3?B4E?B8TSPS7/56aCrS7O34rJ K ?t6363/{?tO�n�o�K ?BAIA@?B4P8DCE8TGH6 13/;:/5S2A389;:SQ/5S�C2;5GH474PM5JTM5/bY�Ju?g6jOI;5J9M5?tCE8TGH6 ?BO 4PGtCEGH4F1dK\O36I/`�3?B6313/[VWGH4�CE/:^g/:6iC2;:89SP?B89JTJ9M5/�Ü�;:/:CPCP/
�@?t6313/2;5GH474P/:SPA	GH631�13GH63;QCE47z5Sx;5/:47CE?B8963/:^g/:6aC]YlJ9?bS�CE47O3;:CPO34P/QVW/5OI89J9JT/:CPM5/ ß

F JTGH4PS7hjOI/lJ9/l;58TSE?B8TJ9JT/5^`/56aC]8T^gA	GHS7M[/5S�Cr?tO3XH^`/56aCEMb?BOj¢�13/:JuYU13/ &'x� ��JT/[;5GH6aCP4E?BS�CE/b13/5S2A38T;5SQS7O34J K ?B6I63/{?BO_;:4PG�&TC�?B8963S78�hiO3/2JLKNM5A@?t89SPS7/5O34x13/2J9?[�@?B6313/QVWGH4�CE/:^g/:6iCx;:89SP?B89JTJ9M5/ ß
F A	GHO34 &'	� &',+ �{J9/�;:GH6aCE4E?tS7CE/�13/:SpAI89;5S�S7O34�JLK\?B6363/5?BO2/5S7Cp^g?��f89^g?BJL�|Ju?<S�CE47O3;:CPO34P/�13/5SpGHXH6IGH63S�/5S�C/:6iCP89z:4P/5^`/56aC�VW/:O389JTJ9/:CPM5/�13?B63S�JLKN/56aCE47/:VW/:4�/:C�J9/:S�A34PGt�@J9S�13/��j8DCE/5S7SP/ SPGB6iC¡Y�63GHOf�H/{?tOR=3GB^gGHXBz563/:S
/|CZS�C>?tCP89GH6I6@?B8947/5S:n

�ZGBS]/|�fA	M54789/56I;5/5S:�d;:GH^[�38T6@?B6aC]S789^[OIJTC>?t63M5^`/56aC�O363/R^g/:SPO347/r4P=IM5GHJTGHXH89hiO3/t�@O363/R^g/:SPO347/r13OqAI4PGB�@J
13/x�j8TCE/:SPS7/]/:C�O363/�^`/5SPOI4P/]1I/ZJ9?2S�CE47O3;:CPO34P/Z13Og�@OI8913/t�jA	/547^g/|CPCP/56aC01I/];5GB63;5JTO34P/xhiO3/]J9?2CP4E?B6ISP8TCP89GH6
13/�VW/5OI89J9JT/:CE?BXH/0/:S7C�hiO@?BJ98DC>?tCP8T�B/5^`/56aC�SP/:^[�3J9?B�3J9/xYQ;:/5J9JT/�hiO3/xJLKNGH6`?tCPCP/5631`1@?B63S J9?2AI=3M563GB^gM:63GHJ9GBXH89/
13O,SP=3/5?B4�¢£�@?B631I8963X3n�op?qCP4E?B63S78TCP89GH6"13/�VW/:O389JTJ9/:CE?BXH/g/5S7C`13GB63;_O363/�CE4P?B63SP8DCE8TGH6"1389S7;5GH6aCP896iO3/_/56aCE47/
13/:Of� M:C>?�CESk13/gS�CE47O3;:CPO34P/:Sr138DcdM:4P/56aCP/5S5npo�GH47SR13/`Ju?UCP4E?B63S78TCP89GH6��d89J�e�?_6jOI;5J9M5?tCE8TGH6�/:Ck;547GH89S7SE?B63;:/
1�KNO363/��@?B631I/Z13/xVWGH4�C�;:89SP?B89JTJ9/5^`/56aC�;:GH4P47/5S7AvGH6I1@?B6aC<YkJu?QS7CP4PO3;|CEO347/ZVW/:O389JTJ9/:CPM5/t�H1@?B63S�O363/�S7CP4PO3;|CEO347/
13M:SPGH4713GH6363M:/gAIJ9O3SQ�j89S7hjOI/5O3S7/Bnpo�/`AI4PGB�@J�/:S7Ck13GH6I;`8T63=3GH^`GHXHz:63/l?BO �HGB89SP8T6@?BXH/r13/bJu?UCE4P?B63SP8DCE8TGH6�n



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥ ¨B¨
��?BA3A	/5J9GB63S];:/5A	/5631@?t6iC2hiO3/lJT/5SF8T^y?tXH/5S�13/[138Dcd4P?B;:CP89GH6�^g/:SPO347M5/:SQ;5GH474P/5S7AvGB6313/56aCRYyO36I/[^g/:SPO347/
13/<J9?ZS�CE4POI;:CEOI4P/<13O[�3O38913/
Á�ÄZ¿+����Å��^ÆpJT/0J9GB63X]13OrXH4E?B1I89/56aC¤13/0�j8TCP/5SPS7/x����n�r¡GBO34�?H~`47^g/:4¤SE?t63S�?BO3;:O36
13GHOfCE/`AvGHS7SP8T�3J9/`J9/bSP;:M56@?t4P89G�13/yJ9?_�3XHO34P/ E n � ��89J�V ?BOI134E?B8DCk/56 CPGHOICP/g4789XHO3/:O34kAvGHOf�HGH8T4kS7GH6313/:4rJ9?
S7CP4PO3;|CEO347/R1I/5SxGHXH63GB63S ��Ã�� À���Æ�
 Æ�ÄZ¿dJ9/QJTGH63Xl13/R����n

$ ;5/2S7CE?B13/B�@1I/k6IGH^[�347/5O3S7/5S�hjOI/5S7CP89GH6ISZ47/5S7CP/56aCZSE?B63Sx47M5A	GH63SP/:S�Ü
F hiO3/:J9J9/Q/:S7C�Ju?l6@?�CEO347/Q4P=3M:GHJ9GHXB89hiO3/Q13/:S�1I/5Of��GH47Xa?B638TSE?tCP89GH6IS<1�KNGHXH63GH6IS��
F ;:GH6aCE4E?t894P/:^g/:6aCl?BO";5?BS[13/:Sl^g8T;5/5JTJ9/:SkXBM{?B6aCE/:S � ;|V�n¤;>=@?BAI8TCE47/U�i� �¤?BOI;5O36"A3J9?tCE/5?BO GHO�?tOICE47/
138TSP;:GH6aCE896iO38DCEMQA347GH63GH6I;5M5/26�KN/5S�C]AI4PM5S7/56aCZSPO34xJ9/:S�;5GHOI4P�	/5S�1�K\M:;5GHOIJ9/5^`/56aC ß

F O36lXBJ989S7SP/:^g/:6iC¤SP8TXH638T�3;{?tCP8TV3/:S7C ^`/5S7O34PM<S�ejS7CEM:^y?�CE89hiO3/:^g/:6aC�1@?B63S�6IGHS�/|�fA	M54789/56I;5/5S:nhr¡/:OIC7¢£GH6
Ú0;:GH4P4789XH/:4»Û_JT/5S�;:GHO347�v/:S�1dK\M:;5GHO3JT/5^`/56aC XHJTGH�@?BJT/5S�13/�;:/:C7CE/x;5GH6aCP4P89�IOICE8TGH6[J98TM5/�?tO`XBJ989S7SP/:^g/:6iC
/|C�V ?B8T4P/�?BA3A3?B4E?'&TCE47/�OI6yA3J9?tCE/5?BOy13/�;5GB6iCP4E?B8T6aCE/����FO3/5JTJ9/x/5S�C0J9?2�t?B478u?tCP89GH6b13OgXHJ98TSPS7/5^`/56aC�/56
VWGH6I;:CE8TGH6�13/2Ju?l;:GH6aCE4E?t896aCE/QJTGf;5?BJ9/��

F A	/5OIC�¢�GH6,YqA@?t47CE8T4[13/_Ju?q;:GHO347�v/�1�KNM5;:GHO3JT/5^`/56aC`XHJ9GH�3?BJ9/ )�� ¾�� &' ��47/5^`GH6aCE/54b?tO,AI4PGB�@J013/�j8TCP/5S7SP/2� � �6�<;5GH^`^`/Q1@?B63SxJ9/Q;5?BSx13/5Sx^`89;:/5J9JT/5S<XBM{?B6aCE/:SxA34PM5?BJu?B�IJ9/5^`/56aCxM|CEO3138TM��
F hiO3/:J9J9/Q/:S7C�JLKNGH4789XH8T63/]13/:S��3O3;:CPO@?tCE8TGH63S<CP/5^`AvGH47/5JTJ9/5S013/2Ju?r�j8TCP/5SPS7/RJTGf;5?BJ9/��
o�/5SFS7/5;:CP89GH6ISFSPO38D�t?B6aCE/5SQAI4PM5S7/56aCE/:6aC213/5SQM:J9M5^`/56aCPS]13/[47M5A	GH63S7/5S2Yy;:/5SQ138DcdM:4P/56aCP/5SFhiO3/:S7CE8TGH63S:n

�ZGBO3S��H/:4P4PGB63S�13?B63S�O36bA347/5^`89/54¡CE/5^`A3S hiO3/�JLKNGH6lA	/5OIC��BCP/54�13/�J9?F4P=3M:GHJ9GBXH89/�XHJ9GH�3?BJ9/�J9/5S�;:GH6aCE4789�3Of¢
CE8TGH63S�J98TM5/5S�?BOgXHJ98TSPS7/5^`/56aC0/|C<?t8963S78	A3?BSPS7/5401I/5S01IGH6363M:/5S<8T631389hiO3M:/5S�A@?B4�J9/�4P=3M:GH^`z:CE47/ � ) � &' � YROI63/;5GBO34P�	/b1�K\M:;5GHOIJ9/5^`/56aC2/|cd/:;:CE8D�H/ )�� ¾�� &'
	�� ��;5GH^`^g/r1@?B63S2J9/r;{?BS213/bJLKNM5^rO3J9S789GH6qM|CEO31I89M5/`?BO ;>=@? ¢A38DCE4P/Z� � ;:V�nIA3?BXH/ ¥ � � �|n � /];5/5S013GH6363M:/5S�;:GH4P4789XHM:/5S5�jGH6UA	/5OfC�?BO3S7SP8v;{?BJT;5O3JT/540JT/5S�A34PGB�3J9S�13/]�j8TCP/5SPS7/
� � �6��/:6_SPO3A3A	GHSP?B6aC{�@;5GB^g^`/]A	GHO34<JT/];5?BS�13/5S�^`89;:/5JTJ9/5S�XHM{?t6iCP/5S � ;:V�n3;>=@?tA38TCP4P/F�3�fA@?BXH/ ¥ E ¦ �|�fhiO3/
JLKN896aCP/547V ?t;5/�/56aCE47/0J9/:S¡1I/5Of�r�@?B631I/5S�;:89SE?t89J9JTM5/:S�/5S7C¤S7CE?B�3J9/0YZO36I/0;5GB6iCP4E?B8T6aCE/ �I�f/ )�
 nB.0/0^`Gf1Iz5J9/ A	/54�¢^`/:CPCE?B6aC�JT/0A@?BS7SE?BXB/<13/5S�1IGH6363M:/5S Ú�XHJTGH�@?BJT/5S9Û�?tOf�[1IGH6363M:/5S Ú�JTGf;5?BJ9/:S�Û_?BOICPGH4P8TSP/�CP=3M5GB4P89hiO3/:^g/:6aC
JLKN/|�f8TS7CE/:63;5/g1�KNM5;5GBO3J9/:^g/:6iCPS[896I=3GH^`GHXHz56I/5SRY�;5GB6iCP4E?B8T6aCE/y8T^gA	GHS7M5/Bnp��GHO3Sr^`/:C7CE47GH63Sr/:6 M:�j8T13/563;:/
13/2CE/:J9S�M5;5GBO3J9/:^g/:6iCPSZ8T63=3GH^`GHXHz:63/5S�Y`;5GH6aCE4P?B896aCP/R8T^gA	GHSPM:/21@?B63S�J9/2;{?tS]G���J9/:SZ47M5A	GH63SP/:SZCP/5^`AvGt¢
4P/:J9JT/5SxSPGH6aCZS7CE?tCE8TGH636@?B8T4P/:S5��Á���Æ��Z7�È 7 ( n�o�?bSP/5;|CE8TGH6 E n �l;5GH63;:/54763/54P?gJLKNM:CPO313/k13/5Sx�@O3;|CEO@?�CE89GB63Sx13/
�j8TCP/5SPS7/bGH�3SP/:47�BM5/5S:n���GHO3SQ^`GH6aCE4P/:4PGH6ISR?tJ9GH47SFhiO3/g;:/5SQ�@O3;|CEO@?�CE89GB63S2SPGH6aCkA34PGB�@?B�3JT/5^`/56aCQJ98TM5/:S2?BO
^`GHOI�H/:^g/:6aC[13/`Ju?_�@?B631I/gVWGH4�CE/5^`/56aCR;58TSE?B8TJ9J9M:/b?BOsS7/58T6s13/gJLKN/56aCE47/:VW/54:n¤��6I�36 63GHO3SkCE/:4P^`8963/:4PGH63S
;5/Q;>=3?BA38TCP4P/F/:6_A34PM:SP/56aCE?B6aCZ1I/5S�^`/5SPOI4P/5S�A	GH63;|CEO3/:J9JT/5S<13/]Ju?R�j8TCP/5S7SP/Q/56�VWGH6I;:CE8TGH6U13O�CP/5^`A3S</:C</56
138DcdM:4P/56aCPSrA	GH896aCESk13/UJ K\/:6aCE4P/|VW/54k/:Cr1@?B63SRJu? �:GH63/g13/gCP/5^`AvM:4E?tCPO34P/gG��sJT/g;:89SE?t89J9JT/5^`/56aC2A347M5SP/:6aCE/
13/:SZGHS7;58TJ9Ju?�CE89GB63S5��Á���Æ���Y�7 � �H~ � . /:CZYl;5GB6iCP4E?B8T6aCE/289^`AvGBSPM5/tn

���! "��� ��.)J>(",ONy("N
J>,"*+-#J:J:.)N 0
.0GH^`^g/gAvGHOI4[JLKNM5^[OIJ9SP8TGH6sAI4PM{?tJu?B�3JT/5^`/56aCRM:CEOI1389M:/ � ;:V�n¡;>=@?BA38DCE47/U�i�|�¡J9/gXHJ98TSPSP/:^g/:6aC[GH�3S7/54��HM

/5S�C2A34PGB�@?B�3JT/5^`/56aCQJ98TMlYUJLKN/|�f8TS7CE/:63;5/b?tOf�+A@?t4PGH8TS5�d1I/b�3J9^`SZVWGH4�CE/5^`/56aC2;:89SE?t89J9JTM5S�;5GH^`A	GHSPM:SQ1�K\OI63/



¥ ¨�� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
SPGBO3S�¢£A3=@?BS7/lAv/:O �j8TSPhiO3/5OISP/Bnp.0/:SF�@J9^`S]1I8TCES]13/IÚFJ9O3�3478T�@;5?tCE8TGH6�Û A	GHO34P4P?B89/:6aC 
:CP4P/lA@?t4F/|�f/5^`A3JT/
;5GB63S7CP8TCEOIM5S�1�KN/{?BObGHOl;:GH4P47/5S7AvGH6I134P/�YFA3JTO3SP8T/5O347S�^g/:^[�34P?B63/5S�1I/0CE/:63SP8TGa?B;:CP8TVWS�A3?B47V ?B8DCE/:^g/:6iC¤GH4P8T/56f¢
CEM:/5S�J9/QJTGH63Xl13/2JLKNM5;:GHO3JT/5^`/56aC{n@o�KNM5A@?t89SPS7/5O34x13/2;:/5Sx�@J9^`S<6�KN/5S�C]A@?tS�47M5S7GHJ9O3/QA3?B4x63GBCE47/Q^gGB6iCE?BXH/tn

$ ;:/ZS�C>?B1I/B�i89J@/:S7C�89^`AvGH4�C>?B6aC 13/�SPGBO3J98TXH63/54�hiO3/�¿iÃ���¿UÆ^¾ J9/:S�;:GHO347�v/:S�1�KNM5;:GHO3JT/5^`/56aC0AI4PM5S7/56aCEM:/5S
SPOI4�J9/0�@OI8913/�M|CEO3138TMB�H6IGBC>?B^`^`/56aC�1@?B6IS�J9/<;>=@?tA38TCP4P/��f�H6I/�Av/:OI�H/:6iC�4P/:A34PM:SP/:6iCP/54�J9/<;:GH^`AvGH4�CE/:^g/:6iC
4P=IM5GHJTGHXH89hiO3/ ��Ã�� À��@13O��3O38913/tnd��6+/|cd/|C{�d;:/5SF1I/54P6I89z547/5SF8T63;5JTO3/56aC];5/:CF/:cv/:CF1I/­ÚFXHJ98TSPSP/:^g/:6aCXÛq?BOf�
A@?B47GH89S:n r¡?B4b?B8TJ9J9/:O34PS:��89J�/5S7C[A34PGH�3?B�3J9/yhjOI/�1@?B63S[JT/y;5?BSlG��"J9/`�@O38T13/UA347M5SP/:6aCE/_13/5SlGBSP;58TJ9J9?tCE8TGH63S
� 7 É 7 ( � � � � . /:C ) 8T^gA	GHSPM{�|�¡J9/U�@O38T13/�XHJT89SPS7/�?BO3S7SP8�?BOf� A@?B47GH89S:n .0/:Cb/|cd/|Cg1I/�XBJ989S7SP/:^g/:6iC
A	GHO34P4P?B8TCZ13GH6I;[;5GH^`A3JT89hiO3/54ZJ9/:SF;5GH^`A	GH47CP/5^`/56aCESZ1Iej6@?B^`89hiO3/5S]GH�3SP/:47�BM5S5n � ?B63SQJ9/:SFA@?B4P?BXH4P?BA3=3/:S
SPOI8T�t?B6aCES�63GHO3SZ?B6@?tJTejSPGH6IS�AIJ9O3Sx/56�13M:CE?B89J�JT/2XHJ98TSPSP/:^g/:6aCx^g/:SPO347MrYbA@?B4�CE894x13/:SZAI4PGB�@JTSx13/k�j8DCE/5S7SP/tn
�ZGBO3SZAI4PM5S7/56aCE/:4PGH6IS2?BJ9GH47Sx1@?B63S�Ju?bSP/:;:CE8TGH6�S7O38T�t?B6aCP/ � A@?BXH/ ¥=� E �<O36I/R^`M:CP=3Gf1I/RA	GHO34�;5GH474P8TXH/54xJ9/
;58TSE?B8TJ9JT/5^`/56aC<8T631389hiO3MQA3?B4�J9/Q47=3M5GH^`z:CP4P/Q13/:Sx;5GH6aCE4789�3OfCE89GB63S�J98TM5/5Sx?tO�XBJ989S7SP/:^g/:6iCx/|C�?B896ISP8�? �7OIS7CE/:4
J9/:S�A34PGt�@J9Sx13/Q�j8TCP/5SPS7/2^g/:SPO347M5S5n

� Í�Ð�Y�ËQË�Y�Ë��cY _áÎ�Í�ËQË�Y:TVY�ÑáÐ
5F6,A	/5OfCb/5S7CP89^`/54lJT/5Sr�j8TCP/5S7SP/5S`13O"�@O38T13/_?BO�4PGtCEGH4[� � /:Cg?BO"S�C>?tCPGH4l� + /56�/ �fCP4E?BA	GHJ9?B6aClJ9/:SA347GB�@J9S�^g/:SPO347M5S:n � /F;:/5S�13/:Of�UhiO@?t6iCP8TCPM5S5�IGH6U13M:13O38TC0J9/:S0�j8TCE/:SPS7/5S�13/FXBJ989S7SP/:^g/:6iC0��� � � �H���+� � /|C� � + � � + �IG������ /5S7C<Ju?R�j8TCP/5S7SP/Q13O_4PGtCEGH4�8963138ThiO3M5/FA3?B40JT/F4P=3M:GH^`z:CE47/Bn3.0/5S<�j8TCP/5SPS7/5S�13/QXBJ989S7SP/:^g/:6iC;5GB4P4P/:SPA	GH6313/:6aCFYlJu?l138DcdM:4P/:63;5/213/Q�j8TCP/5SPS7/r?tO�S7/58T6�13O��@JT^ 13/kJ9OI�34P8D�@;{?tCP89GH6dn
�]6@?tJTejSPGH6ISFCEGHOIC21dK ?B�	GH471+J9/5S]/|�fAvM:4P8T/563;:/5S24PM5?BJ98TSPM5/:S2Y 7n�8�H~ � .]n�op?y�3XHO34P/ E n � n\?UA347M5SP/:6aCE/

;5/:S��j8DCE/5S7SP/:S]13/kXHJ98TSPS7/5^`/56aC������¡/:6�VWGH6I;:CE8TGH6_13/5S�;5GB6iCP4E?B8T6aCE/5S ) 8963138ThiO3M5/:SZA@?t4�JT/24P=3M:GH^gz|CE47/Bn�o�?
�@XHOI4P/ E n � nN�(AI4PM5S7/56aCE/�hjO3?B6aC�Y /:J9JT/B��;5/:Sy^�
5^`/5Sb�j8TCE/:SPS7/5SU13/�XHJ98TSPS7/5^`/56aC`�����]/:6(VWGH63;|CE89GB6 13/:S
;5GB6iCP4E?B8T6aCE/5S�J9Gj;{?BJT/5S ) �£nfo�K\8T63138T;5/��¤13M:63GBCP/]J9/:S�;5?BS047/5S7Av/:;:CE8DVWS013Oy4PGBCPGH4��c� mH�i/:C<1IOUS7CE?tCEGH4	� ���fn
|fO34RJu?_�@XHO347/ E n � n ?�SPGH6aCb?tO3SPS780896I1389hiO3M:/5SrJT/5SR;5GH6aCE4P?B896aCP/5S ) 
 /|C ) � ;:GH4P47/5SPA	GH6313?B6aCbY�J9? �5GB63/13/2;5Gj/|�f8TS7CE/:63;5/R/56aCE47/RJT/5Sx13/:Of���@?B631I/5S�;589SP?B89JTJ9M:/5S5nIo�/5Sx�B?tJ9/5OI4PSx/|�I?B;|CE/5S�13/k;5/:SZ;:GH6aCE4E?t896aCE/:S�S7GH6aC
/|�jCP4E?B8DCE/5Sl1I/5S`? �7O3S�CE/5^`/56aCPSg47M{?BJT89SPM:S[A3JTO3SlJ9GH8T6"1@?B63Sl;:/_;>=@?BA38DCE4P/ � 4P/:Ju?tCP89GH6 � E n ¥§¦ �|�¤A@?BXH/ ¥�� �H�|n
r¡GBO34gJT/_;{?BS�7 � �H~ � .]��GB6 GH�ISP/54��H/�CE4PGB89Sb4PM:XH89^`/5Sl138TS7CP8963;|CESbhiO38Z;:GH6I�@47^g/:6aCgJT/_SP;5M:6@?B4789G�13/
SP=I/{?B4�¢��@?B6I138963XbGH�ISP/54��HMtn

� 8u�OrpGHO3401I/5S<;:GH6aCE4E?t896aCE/:S0J9Gj;{?tJ9/5S�896fVWM54P8T/5O347/5S�Y ) 
 u m�pLo�
�r¤?I�fJ9/:S��j8TCP/5S7SP/5S�1I/]XHJT89SPS7/5^`/56aC0?BO
4PGtCEGH4�/|C�?BOlS7CE?tCEGB4 ?BO3XH^`/56aCE/:6aC J9M5XBz54P/:^g/:6aC ?{�H/5;xJ9?F;5GH6aCE4P?B896aCP/�?BA3A3JT89hiO3M:/Bnh��?BA3A	/5JTGH63S�hiO3/�1@?t63S
;5/|CPCP/lXa?B^`^g/k13/l;5GB6iCP4E?B8T6aCE/B�vJLKNM5;:GHO3J9/:^g/:6aCF/5S�C2=3GH^`GHXHz:63/[/:CF;5GH^`AvGBSPM[1�KNGHXH6IGH63SF13M:SPGH4713GH636IM5S
O3638ThiO3/5^`/56aC{n�o�GH47SPhiO3/�;5/5S��j8TCP/5SPS7/5Sp13/�XHJ98TSPSP/:^g/:6aC�SPGH6aCp4P/:A34PM:SP/56aCPM5/5S¤/56RVWGB63;:CP89GH6213/:Sp;:GH6aCE4P?B896aCE/:S
J9Gj;{?tJ9/5S ) � /:C ) + � ;|V�nd�@X3n E n � n\�@�|�d8TJ¡6dKNeq?UA@?BSF13/l1I89SPS�ej^gM|CE4P8T/r/:6iCP4P/lJT/5S]�j8TCP/5S7SP/5S213/lXBJ989S7SP/:^g/:6iC
?BOU47GBCEGB40/:C<?BOUS�C>?tCPGH45nI� 6y1�K ?tOICE47/5S<CE/:4P^`/5S:�fJ9?k�j8TCP/5SPS7/Q13/]XBJ989S7SP/:^g/:6iC0��� /5S�C�O363/ZVWGH63;:CP89GH6g13/FJ9?
;5GB6iCP4E?B8T6aCE/0JTGf;5?BJ9/ O36I89hiO3/5^`/56aC5��Á���Æ��t� �"� 
 ��) �|n���6[/|cd/|C{�B;:GH^`^g/�63GHO3S¡JLK\?{�HGH63Sp�jOl1@?B63S¡J9/�;{?BS¡13/



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥ ¨H�

14 16 18

0

2

4

(a)

σ  (Pa)

v si
  (

m
m

.s
−

1 )

14 16 18

0

2

4

σ
i
  (Pa)

(b)

?A@�BDC�E n ��F � � ¡ � � LpuáH�J�K��pj-eiV^hihiV^hAWSVDo=_-j`hihiVbacVbd�e�� ��� JlP RiNQeiNQR
H�� ��� KfVbepJlP�hieqJleiNQR{H�� � ��KtVbd�s�NQd�]beUj`NQd
WSV
_gJ�]^NQd�eURqJlj-d"eiV|��j-d�W�j`k�P�[^V
y�JlRp_`V
RU��[^NQac¤beURiV=uZvwJ�_-j-o=d�V
y�NQj-d"eUj-_-_`[^V�j-d�W�j`k�P�V{� 
 � � ¢ �	� ��J � _gJcm=Jl_`VbPSR
j-d�W�j`k�P�[^V�y�JlRf_`V RU��[^NQac¤beURiV ]^NQRURiV^hUy�NQd�W�Jld"eD��_gJ�d�P�]b_`[;JleUj`NQd�WSV�_gJ�T�Jld�WSVDs�NQRUeiVbacVbd"eG]bj`hqJlj-_-_`[^V=u�váJ�_-j-o=d�V
Vbd|eURqJlj-eih~Vbe~y�NQj-d"eUj-_-_`[^h~j-d�W�j`k�P�Vt� �r� � � � � ��J � _gJp]^NQd"eURqJlj-d�eiVXWSNQdSd�[^Vty�JlR�_`V RU��[^NQac¤beURiVt_`NQRihik�P�VO_gJpT�Jld�WSV
s�NQRUeiVbacVbd"e�]bj`hqJlj-_-_`[^V�J�Vbd"m=Jl�SjM_�Y\Vbd�eURiV sØVbR;utH�T�K
�pj-eiV^hihiV^h
WSVco=_-j`hihqVbacVbd"e�� � � JlPIRiNQeiNQR�H�� ��� K�Vbe{JlP�hUeqJleiNQR
H�� � ��K Vbd�s�NQd�]beUj`NQd�WSV^h�]^NQd"eURqJlj-d�eiV^h|_`N�];Jl_`V^h�JlP�RiNQeiNQR�� � Vbe�JlP hUeqJleiNQR�� + uávwV^h
_-j-o=d�V^h{y�NQj-d"eUj-_-_`[^V^h|hiNQd�e
WSV^h o=PSj`WSV^h;uS�DJld�ht]i��JQ]bPSd�VDWSVD]^V^h 
�o=PSRiV^h � _`V^hthi}�a
T#NQ_`V^ht];JlRURi[^h�H ��� ��KÒj-d�W�j`k�P�Vbd"et_`V^h ySRiN 
�_`hf��NQacNQo�¤bd�V^h
W�Jld�ht_�Y\Vbd�eURiV sØVbRpVbef_`V^hfhU}�a T�NQ_`V^htRiNQd�WSh
H�� � �=K _`V^htySRiN 
�_`hfj-dS��NQacNQo�¤bd�V^h;u

JLKNM5^rO3J9S789GH62A347M5;5M:13/5^`^`/56aC�M|CEO3138TM5/ � ;|V�n�S7/5;|CE89GB6r�3n ¥ n\mI� A@?BXH/ ¥ m E � �§JLKN8963/:47CP89/�/:C¡J9/:S¡AI=3M563GB^gz:63/5S¡13/
;5/:6aCE4P8DVWO3Xa?tCP89GH6y63/��7GHO3/:6iC�?tO3;5O36_47�HJ9/Z1@?B63S�O36_S�efS�CEz:^g/Q;:GH63;5/:6aCE4PM2/|Cx=3GH^`GHXHz56I/rÜIJ9?r138TcvM547/563;:/
/56aCP4P/�JT/5S`�f8DCE/:SPSP/:SU13/�XHJ98TSPSP/:^g/:6aCU?BO S7CE?tCEGH4`/:CU?BO(47GBCEGB4g63/�Av/:OICU1IM5A	/5631347/qhiO3/�1I/�Ju? 63GH6j¢
O3638DVWGH4P^`8TCPM213/[Ju?g;5GH6aCE4P?B896aCP/[1@?B63S]JLKNM5;5GBO3J9/:^g/:6iC]13/b.0GHOI/:CPCP/B�vGH6 ?y13GH6I;[���e� 
 ��) �
� ¥§¦�� n�.]KN/5S�C�38T/56bJ9/�;5?BS AvGHOI4 ) È ) 
 �BG��gJT/0�@O38T13/x6�KN/5S7C�;:GH^gA	GHS7M�hjOI/Z13/xJ9?]CE/|�jCPO34P/x1�KNGHXH63GB63S 13M5S7GH4P13GB6363M5S:n

� 8T8 � r¡GBO34 ) 
 � ) � ) � �xJT/5S_�f8DCE/:SPSP/:S�13/ XHJ98TSPS7/5^`/56aC�1389^`896iO3/:6iC�VWGB47CE/:^g/:6aC�JTGH4PS7hjOI/ J9?;5GB6iCP4E?B8T6aCE/�?BO3XH^`/56aCP/ � ;:V�n E n � n\?a�|n � ?t63S�;:/:C7CE/]XH?B^g^`/<13/�;5GB6iCP4E?B8T6aCE/B�iJ K\M:;5GHO3JT/5^`/56aC /5S�C08T63=3GH^`Gt¢
XHz:63/r/|CF;5GB^gA	GHSPMk13/R13/5Of���@?B6I13/5SF1I/r;58TSE?B8TJ9JT/5^`/56aCES�138TS7CP8963;|CES5n	�]O�4PGBCPGH4�SP/rCP4PGHOI�B/rO36I/r�@?B6I13/
VWGH4�CE/5^`/56aCb;:89SE?t89J9JTM5/g;5GH474P/5S7AvGB631@?B6aCyY J K\M|C>?tClVW/:O389JTJ9/|CEMU1�KNGHXH6IGH63S`?BJ9GB4PS[hiO�K\?BO,S7C>?�CEGH4bSP/�CP4PGHOI�B/
O363/��@?B6313/�V ?B89�3JT/5^`/56aC`;58TSE?B8TJ9J9M:/_;5GH^`AvGBSPM5/�1�KNGHXH63GH6ISy13M:SPGH4713GH6363M:S5n�o�GH47SPhiO3/+;:/5Sy�j8TCP/5S7SP/5Sy13/
XHJT89SPS7/5^`/56aClS7GH6aCb4P/5AI4PM5S7/56aCEM:/5S`/56"VWGH63;|CE8TGH6 13/:S`;:GH6aCE4P?B896aCE/:SlJ9Gj;{?BJT/5S ) �£��GH6"GB�3SP/:47�H/_O36I/UVWGH47CP/138TSPS7ej^`M:CP4P89/tni��6y/:cv/:C5�fJT/5S 13GH6I63M5/:S0� � � � ¾�� ) �v63/ZS7/]S7O3Av/:4PA	GHSP/:6aC<A3JTO3S
ÜaJ9?2�j8DCE/5S7SP/Z13/ZXBJ989S7SP/:^g/:6iC
?BO 47GBCEGB4R/:S7Cl�38T/56 AIJ9O3Sk89^`AvGB47C>?t6iCP/ghiO3/y;5/5JTJ9/g?BO S�C>?tCPGH4 � ;:V�n E n � n\�@�|n¤.0/U4PM:SPO3JDC>?tCr;5GH6I�34P^`/yJ9/
SP;:M56@?t4P89G�13/yS7=3/{?t4�¢��3?B63138T63X�A	GHO34RJu?�CE4E?t63SP8DCE89GB6 13/`VW/5O38TJ9JT/:C>?tXH/Bn���6 /|cd/|C[A	GHO34 ) 
 � ) � ) � �89J�e�? ��Æ����r�3O38913/:SF13/[63?tCEO347/r138DcdM:4P/:6iCP/l?BO+S7/5896�13/[JLKN/56aCP4P/:VW/:4rÜd;:/5SF1I/5Of��CE/|�jCPO34P/:SQ6�K\GB6iCFA34PGt¢



¥=� � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
�@?B�IJ9/5^`/56aCrA@?BS[J9?�^�
:^g/y?H~`638TCPMU?{�H/:;�J9/:S[A@?B47GH89SR13/UJu?�;5/:J9J9OIJ9/`13/�.0GHO3/|CPCE/y/:ClGH6aCl1IGH63;U13/:S
;5GB^gA	GH47CP/5^`/56aCES�1I8TcvM54P/:6aCES��j89S�¢�Y�¢£�j8TS�13O�XBJ989S7SP/:^g/:6iC�?BOf�_A@?t4PGH8TS5n

� 8T898 �"r¡GBO34 ) É ) � �3J9/:S<�j8TCE/:SPS7/5Sx13/2XHJ98TSPS7/5^`/56aC�� � ��?BOIXH^g/:6aCE/56aC�Yl63GHOf�H/{?tO�JTM5XHz:4P/5^`/56aCx?{�B/5;Ju?�;:GH6aCE4E?t896aCE/ ) n |fO34kJu?U�@XHOI4P/ E n � n\����GH6�4P/:^y?t4PhiO3/`hjOI/gJ9?�138TSPS�ef^`M:CP4P8T/`/:6aCE4P/g4PGBCPGH4Q/:CRS7CE?tCEGB4
138TSPA@?B4P?'&9C�Ü�J9/:Sk�j8DCE/5S7SP/:S[13/`XHJ98TSPSP/:^g/:6aCr;:GH4P47/5SPA	GH631I/56aClY�O363/gVWGB63;:CP89GH6�13/yJ9?�S7/5O3JT/g�t?B478u?B�3JT/ )� ;|V�n¡S�ej^[�vGBJ9/5SR;{?B474PM:Sr/:CrJ98TXH63/5SkA	GH896aCE8TJ9JTM5/5SQS7O34rJ9?��@XBO34P/ E n � n\��� np� 6s/:cv/:C{�¡1@?B63SR;5/|CPCE/yXa?B^`^g/
13/2;5GB6iCP4E?B8T6aCE/QJu?RS7CE47O3;:CPO34P/k/5S�C�Yl63GHOI�B/{?BO�=3GH^`GHXHz:63/Q1@?B63S�J K\/:6aCE4P/|VW/54x13/QJ9?[;5/5JTJ9O3JT/F13/k.0GHOI/:CPCP/
/:Cr;5GH474P/:SPA	GH631�Y�J K\GH47Xa?B638TSE?tCP89GH6+VW/:O389JTJ9/:CPM5/tnp��J�6�K e ?�13GH63;yA3J9O3SR13/U138TSPS�ef^`M:CP4P8T/g/:6iCP4P/UJT/y47GBCEGH4
/:C[J9/yS�C>?tCPGH4 ÜpJu?��f8DCE/:SPSP/y13/UXHJT89SPS7/5^`/56aC[/:S7CbY�63GHOI�B/{?BO�O363/gVWGH63;:CP89GH6 13/UJ9?�;5GB6iCP4E?B8T6aCE/UJTGf;5?BJ9/
O3638ThiO3/5^`/56aC{n
� UMÏZÍ�ËQË�Y:bcW"Ë��MY�Ë��OÎaTÙË�Î�b��cW"Í��ÒÏZÑáÐ=Ë

.0GH^`^g/ZAvGHOI40J9/Z;{?BS013/FJLKNM5^rO3J9S789GH6gM:CEOI1389M:/F?BO�;>=@?tA38TCP4P/]�I�I89J�/:S7CxJ9M:XH8TCP89^`/�13/FA	/563S7/54�hiO3/F;:/
XHJT89SPS7/5^`/56aCx?BAIA@?B4P/:6aCx/5S7C�JT89MFY[J9?[A34PM:SP/:63;5/R?BOf�UA@?B4PGB89S<13/F�3J9^`S<J9O3�I4P8T�@?B6aCES0VWGH4�CE/:^g/:6iC<;589SP?B89JTJ9M:S5n
� ?B6ISl;5/�SP;:M56@?t4P89GI�¤Ju?�;5GH6aCE4P?B896aCP/�/5S7Cb;:GH6aCE8T6jOI/U1@?B63SlJ K\/:6aCE4P/|VW/54l13/�J9?�;5/:J9JTO3J9/`13/�.0GHO3/|CPCP/Bn���6
/:cv/:C5�<JLKNM5;:GHO3JT/5^`/56aC�?BOwS7/58T6w13/5SU�@JT^gSg13/+J9OI�34P8D�@;{?tCP89GH6,/5S�C_;5/:47C>?t8963/:^g/:6iCUJu?B^`896@?t894P/_;5?B4U;5/:S
13/:4P638T/54PS�GB6iC_OI63/+CE4Pz:SUV ?B89�IJ9/�M:A@?B8TSPSP/:O345n 5F6 A	/5OIC_13GB63; Y"A@?B47CP894g13/5S_^`/5SPOI4P/5S_13/:SU�j8TCE/:SPS7/5S
13/�XHJ98TSPS7/5^`/56aCy� � ��/:S7CE8T^g/:4gJ K\M:A@?B8TSPSP/:O34�� �Z13/:Sg�@JT^gSbJ9OI�34P8D��?B6aCES:n � 6 /:cv/:C5��J K\=aejAvGtCE=3z:SP/�1I/�J9?
;5GB6iCP896iO38DCEMQ13/2Ju?l;:GH6aCE4E?t896aCE/Q^`z563/kY¯Ü

� �1� �	�p� � �
) � 


� E n ¥ �
G�� �	�2/:S7C�J9?k�j89S7;5GHS78TCPMF13/5S<�3J9^`S�JTO3�34P8D��?B6aCES:nIo�?r�@XBO34P/ E n ¥�� A34PM:SP/56aCP/QJ9/5S0M5A@?B8TSPS7/5O347S�;{?BJT;5O3JTM5/5S0Y
A@?B4�CE8T4013/FJ9?r4P/:Ju?tCP89GH6 � E n ¥ � AvGHOI4A7 � �H~ � .]�3/:6UVWGH63;|CE89GB6U13/FJ9?r;5GH6aCP4E?B8T6iCP/ ) /:C<13/5S<;:GH6aCE4P?B896aCE/:S
J9Gj;{?tJ9/5S ) ��nfr¡GHOI4¡13M|CE/:4P^`8963/:4�� �L�§63GHO3S¡?{�HGH6IS¡S7O3A3A	GHSPM�hiO3/�J9?<�f8TSP;:GHSP8DCEM 13O2�@J9^ J9O3�3478T��?t6iC�/:S7C¡;5/:J9J9/
13/lJ K\/5?BO�� Á���Æ�� ��� u m§~:v
� r¡?In\S:n�o�K\GH47134P/l1I/lXH4E?B6I13/5O34Q1I/lJLKNM5A@?B8TSPS7/5O34Q13/l;:/5SQ�@JT^gSF/:S7C ¥���� 63^�n
� 6I/qVWGH89Sg13/qA3JTO3S5��Ju? �@XBO34P/ E n ¥�� ;:GH6I�@47^g/�J9/qS7;5M563?B4P8TG"13/qSP=I/{?B4�¢��@?B6I138963X"/:6wSPGHOIJ989XB6@?B6aCUJ9?
138TSPS7ej^`M:CP4P89/x47GBCEGH4 F S7CE?tCEGB4�JT89M:/ZYkJu?QS7CP4PO3;|CEO34P?tCE8TGH6y1IOg�@O38T13/�J9GH47S�1I/]Ju?QCE4P?B63S78TCE8TGH6b13/xVW/5O38TJ9J9/|C>?BXB/Bn

� bMY�Îa`FbMY�Ë3]��)UtÊZÐf]���Ë�Y�Ë `Fb»ÏZÑáÐ��£Î��`ÊDW"Íi_wÍÂÑMY �cY�Ë�� Î�TÙË�Î�b��cW"Í��ÒÏZÑáÐ�Ë
o�?x�@XBO34P/ E n ¥�� ^gGB6iCP4P/�;:Ju?B8T4P/5^`/56aC�hiO3/ J K\GH47134P/�1I/�XB4E?B631I/5O34�13/:Sp�@JT^gSdJ9O3�3478T��?t6iCPS�/5S�C ¥���� 63^�n

��?BA3A	/5J9GB63SFhiO3/lJ9/rA@?BSFS7^g/:;:CE8ThiO3/l13/lJu?gA3=@?BS7/lJu?B^`/5JTJu?B8T4P/QM:CPO3138TM5/l/5S�C��P� mfpy63^ � ¨�� � /|C2hiO3/
Ju?�C>?B8TJ9J9/b13/:S[GHXH6IGH63SlYq;:/5Sl;58TSE?B8TJ9JT/5^`/56aCES2/5S�Cb13/UJ K\GH47134P/g13/ m � ^�np��J0/5S�Cb13GH63;yA34PGH�3?B�3J9/ghiO3/
;5/:S[�@J9^`SrJTO3�3478T��?B6aCPSrSPGB89/56aCr;5GH63S�CE8DCEO3M:SlO36389hiO3/:^g/:6aCl1�KN/{?BO"GHO"�I89/56s13/�hiO3/5JThjOI/5Sl^`/5^[�34P?B63/:S
A@?B4�V ?B8TCP/5^`/56aC�GH4789/:6iCPM5/:S5n



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥=�f¥

14 16 18
0

100

200

300 (a)

σ  (Pa)

h i  (
nm

)

14 16 18
0

100

200

300

σ
i
  (Pa)

(b)

?A@�BDCME n ¥���F � � ¡ � � Lpu~H�J�K��~y�Jlj`hihqVbPSRihDWSV^h�
�_-ach�� � JlP RiNQeiNQRnH�� ��� KpVbe�JlP­hUeqJleiNQRcH�� � ��KpVbd s�NQd�]beUj`NQd
WSVr_gJ ]^NQd"eURqJlj-d�eiV��£j-d�W�j`k"P�[^Vry�JlR|_`VrRU��[^NQac¤beURiV=uMv�V^h�_-j-o=d�V^h|y�NQj-d"eUj-_-_`[^V^h|j-d�W�j`k�P�Vbd"en� 
 � � ¢ �	� ��J¯Vbe
_`V^hp_-j-o=d�V^hGVbd eURqJlj-eihGVbepy#NQj-d�eUj-_-_`[^hD� ��� � � � � �9J�u»H�T�K�� � JlP RiNQeiNQRcH�� ��� KAVbeGJlP�hUeqJleiNQRcH�� � ��K��^�;��� � u#v�V^h
_-j-o=d�V^hAy#NQj-d�eUj-_-_`[^V^hphqNQd"eGWSV^hfo=PSj`WSV^h;u#v�V^hphU}�a
T#NQ_`V^hA];JlRURi[^h{H ��� ��Ktj-d�W�j`k�P�Vbd"ep_`V^hfySRiN 
�_`hp��NQacNQo�¤bd�V^hGW�Jld�h
_�Y\Vbd"eURiV s�VbRAVbet_`V^hXhU}�a
T#NQ_`V^hXRiNQd�WSh H�� � �=K _`V^hfySRiN 
�_`htj-dS��NQacNQo�¤bd�V^h;u

� 63/�A34P/:^g8Tz547/�=aejAvGtCE=3z:SP/�hiO@?B6aC�Y�JLKNGH4P8TXH896I/�13/0;:/5S¤�@JT^gS:�§SP/:4E?B8DC¤hiO3/<JT/5SpA@?B47GH89Sp89631IO389S7/56aC¤OI63/
Ú2CP4E?B6ISP8TCP89GH6�Ûs/:6aCE4P/yJ9/5SRGHXH63GB63Sr/|ClO363/UAI=@?BSP/yJu?B^`/5JTJu?B8T4P/[A@?t47V ?B8DCE/5^`/56aCRGH4P8T/56aCEM:/Bn �Z?BAIAv/:J9GH63S
hiO3/+;5/:S_^g/:^[�34E?t63/5S�GH4789/:6iCPM5/:S�J9/qJTGH63X 13/+J K\M:;5GHOIJ9/5^`/56aC�S7GH6aC�?BO3S7SP8FGH�ISP/54��HM:/5S�YsCE4Pz:S�=@?BOICPS
;58TSE?B8TJ9JT/5^`/56aCES[13?B63S`Ju?+A3J9OIA@?B47C`13/:SgS�ejS7CEz:^g/:Sy13/�A3=@?tSP/5S`Ju?t^g/:J9Ju?t894P/:SrJDeHGBCP4PGHA	/5S � E �f� ¥ mHm � � ;:V�n
�@X3n ¥ n ¥ mI��A@?tXH/ym ¨ �|n�o�?��j8TSP;5GBSP8TCPMg1I/y;5/|CrM|C>?tCRGH4789/56aCPMg/:S7C[1I/gJ K\GH47134P/`13/���� u m§~ v
� r¤?InNS5nO5F6
A	GHO34P4P?B8TC¤?BO3S7SP83A	/56ISP/54�hiO3/�J9?Z;:GH6aCE4E?t896aCE/<JTGf;5?BJ9/�A3O38TSPS7/<^gGj138D�@/54pJ9/<6IGH^[�347/013/�^`/5^[�I4E?B63/:S�?B8T63SP8
GH4789/56aCPM5/5SxJT/QJ9GH63Xl1I/5S�A@?B4PGB89S�/:Cx1IGH63;2/|�fA3JT89hiO3/54xJT/5S<�t?B4P89?tCE8TGH63S<1I/ ��?§�B/5; ) n
� 63/ZSP/:;5GH631I/F=aefA	GBCP=3z5S7/F/5S�C<13/�Av/:63SP/:45�f;5GH^`^g/xA	GHO34�J9/x;{?tS013/:S0M5^rO3J9S789GH63S /|C<13/:S0^`GHO3SPS7/5S:�

hiO3/<J9?Z;5GB6iCP4E?B8T6aCE/<?tXH8TCp;5GB^g^`/�OI63/0VWGH47;5/01I/|Ú�134P?B8963?BXH/OÛR4P/|CE894P?B6aC�J K\/5?BOrA38TM5XHM:/0/:6iCP4P/<JT/5S¡GHXH63GH6IS
1@?B6IS�JT/x�BGHJ9OI^g/t�i?t�@6y1I/ZJTO3�34P8D�@/54�J K\M:;5GHOIJ9/5^`/56aC�?BOf�`A3?B4PGH8TS5nio�?21389S7S7ej^gM|CE4789/xGH�3S7/547�BM5/ZJ9GH47S�1I/ZJ9?
�5GB63/l13/b;5Gj/|�f89S�CE/:63;5/bA	GHO34P4P?B8TCF?BJ9GB4PSFS:K\/ �IAIJ989hiO3/:42A@?B4FO36I/`1I8TcvM54P/:63;5/l1I/`A	/547^gM5?tCE8TGH6+YUCE4P?{�H/547S
J9/:S�13/5Oj��GH4PXa?t6389SP?tCE8TGH63S<^`89;:4PGHS7;5GHA38ThiO3/5S�1�KNGHXH6IGH63ScÜ3JLKNM:CE?tC�VW/5OI89J9JT/:CPMF/:C�JLKNM:CE?tC�13M:SPGH4713GH636IMBn

��6I�@6���8TJ�V ?BOIC`?tO3SPS78�SP/_4E?BAIAv/:J9/54rhjOI/�JT/5SlGHXB63GH63SlA	GHSPS7z513/:6aCyO36I/�;5GH^`A3J9/ �f8TCEMySPO3A3AIJ9M5^`/56j¢
C>?t894P/2A@?t4Z4P?BA3A	GH47CZ?BOf��^`GHO3S7SP/5SZ/:C]?BOf��M5^rO3J9S789GH63S:n�o�/5S]GBXH63GH63S�SPGB6iCZ/56�/:cv/:CZ13/5SZSPO3S7Av/:63SP8TGH63S
;5GBJ9J9G �£1@?BJT/5Sx;5GB63;5/:6iCP4PM:/5SQA	GHOI�t?B6aCFS7/­ÚF;5GH^`A34P8T^g/:4tÛ�S7GHO3SFJ K ?B;|CE8TGH6�1dK\O36I/[A34P/:SPS789GH6+/ �fCP/54763/B�v/56
4P/:Ju?B47XHO@?B6aCb13/_J K\/5?BO�n{r¡?B4b?B89JTJ9/:O34PS:� � 89?tC�Æ�¿�À���� GH6aCb^`/5S7O34PM_J9/�A3?BSbSP^`/5;:CP89hiO3/ � 1I/�J9?qA3=@?BS7/
Ju?t^g/:J9Ju?t894P/0JTeHGtCE4PGBAv/FM|CEO31I89M5/]1@?B63S<;:/:C7CE/FCE=Iz5SP/t�3A@?B4�138TcvO3S789GH6U1I/F63/5OfCE4PGB63S�1@?B63S0O36�M5;:GHO3J9/:^g/:6aC
13/2;58TSE?B8TJ9JT/5^`/56aC{nj��J9SxGH6aCZ?BJ9GB4PS�^`GH6aCE4PMQhiO3/ �y138T^g8T6iO@?B8TC�SP8TXH638D�@;{?tCP8T�B/5^`/56aC�?{�H/5;kJ9/2;:89SE?t89J9JT/5^`/56aC



¥=� � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
?BA3AIJ989hiO3M � E � � nj.0/:C7CE/�;5GH6IS7C>?�C>?tCP89GH6b/|�fA	M54789^`/56aC>?BJT/x?k/:63SPOI8TCE/xM|CEMx�HM5478T�@M:/ZAIJ9O3S789/5OI4PS�VWGH89S�13?B63S 138D¢
�H/:4PS7/5S0CP/|�jCEO347/5S�GHXH63GH6IS�1I/ZA3=3?BSP/:S0Ju?t^g/:J9Ju?t894P/:S
� ��� � ¥ �a�j� ¥ E � � njo�/5S�?BOICP/5O347S�S7O3XHXHz:4P/56aC0hjOI/Z;:/:CPCP/
138T^g8T6jOfCE89GB6"13/ � /5S7CgJ98TM5/_Y Ju? ;5GH^`A347/5SPS789GH6,13/:SgGHXB63GH63S`A@?B4bJu?+A347/5S7SP89GB6 �j89S7hjOI/5O3S7/qXHM56IM54PM:/
A@?B4�JLKNM5;:GHO3JT/5^`/56aC � E � � nfo�K\/5?BOy47/5Ju?t4PXHO3M:/ZS7/54�C�?BJTGH4PS�YRJTO3�34P8D�@/54 J K\M:;5GHO3JT/5^`/56aC�/56aCE47/]J9/:S�GBXH63GH63S:nf��J
/5S�C�J9M:XH8TCP89^`/�13/FS7O3A3A	GHSP/:4<hiO3/FJLKN/{?tOU4P/:Ju?B47XHO3M5/ZA3O38TSPSP/F?BO3SPS78dJTO3�34P8D�@/54�JLKNM5;:GHO3JT/5^`/56aC�?BOj�yA3?B4PGH8TS�� n
r¡GBO34Z�BM54P8D�@/54Z;5/k13/5476389/:4]S7;5M563?B4P8TG3��89J�/5S�CFOICP89JT/k1I/rA347M5SP/:6aCE/54]Ju?bSPGH^`^g/ � ��� � + /56�VWGH6I;:CE8TGH6�13/

14 16 18
0

200

400

σ  (Pa)

h 1 +
 h

2  (
nm

)

?A@�BDC�E n ¥H¥ F �~y�Jlj`hihiVbPSR eiNQeqJl_`VDWSV^h*
�_-ach _-PSTSRUj�
�Jld"eih ��� ���;� � �	� � + �^�;��]^NQd"eURqJlj-d�eiV��~u�vwJ
_-j-o=d�Vpy#NQj-d�eUj-_-_`[^V
j-d�W�j`k�P�V{� 
 � � ¢ �	� �9J�VbeG_gJ�_-j-o=d�V|Vbd eURqJlj-eihDVbeGy�NQj-d"eUj-_-_`[^hD� � � � � � � �9J �
� ���;�#_gJ�x;NQd�V|WSV�]^N�V z�j`hUeiVbd�]^V
WSV^hfWSVbP�zrT�Jld�WSV^hX]bj`hqJlj-_-_`[^V^h�uSv�V^hfySRiN 
�_`ht��NQacNQo�¤bd�V^hphiNQd�etj-d�W�j`k"P�[^hXy�JlRfWSV^hfhU}�a T�NQ_`V^hf];JlRURi[^h
H � KOVbet_`V^h
ySRiN 
�_`hfj-dS��NQacNQo�¤bd�V^hAy�JlRfWSV^htRiNQd�WSh{H��=K u

Ju?g;5GH6aCE4P?B896aCP/ ) 8963138ThiO3M5/[A3?B4FJ9/r4P=3M:GH^gz|CE47/ � ;|V�nd�@X3n E n ¥B¥ �|nd� 6 /|cd/|C{��1@?t63SFJLKN=aejAvGBCP=3z5S7/bG��+J9/:S
�@JT^gS�JTO3�3478T��?B6aCPS�SPGH6aC�;5GB^gA	GHSPM:S�1�KN/{?BO`O3638ThjOI/5^`/56aC{�HJ9?FhiO@?B6aCE8DCEM � ��� � + 4P/5AI4PM5S7/56aCE/�Ju?FhiO@?t6iCP8TCPMCEGtC>?BJT/]1�KN/{?BO�AI4PM5S7/56aCE/k?BOj�UA@?t4PGH8TS5�jAv/:4P^`/:CPCE?B6aCx?B8T63SP8vJu?RJTO3�3478T�@;5?tCE8TGH6�n�5F6�4P/:CP4PGHOf�H/QhiO@?B6aCE8DC>?tCP8D¢
�H/:^g/:6aCQJ9/:SZCE47GH89S�4PM:XH89GB63S]138TS7CP8963;|CE/5SZ13OqS7=3/{?B4�¢��@?t6313896IX3n1rpGHO34 ) È ) 
 �v;:/5SF13GB6363M5/:SQSPO3XBXHz547/56aChiO3/[J9?ghiO@?B6aCE8DCEM[1dK\/5?BOq;547G�&9C]J9GH47SPhiO3/RJu?g;:GH6aCE4P?B896aCE/R/5S�C2?BO3XH^`/56aCPM5/Bndo�K\M:;5GHO3JT/5^`/56aC]V ?{�BGH4P8TSP/54P?B8TC
Ju?k;5GH^`A347/5SPS789GH6y13/5S�GHXB63GH63S�/:C�13GB63;FJLK\?BO3XB^g/:6iCE?tCE8TGH6`13/FJu?khiO@?B6aCE8DCEMF1�KN/{?tO_?BOf�yA@?B4PGB89S5nf.0/:Av/:6f¢
1@?B6aC5�¤Ju?��@XHO347/ E n ¥B¥ ^gGB6iCP4P/U;:Ju?B8T4P/:^g/:6iCRhiO3/�Ju?�hjO3?B6aCE8TCPMU1�KN/{?BO,?BOj� A@?t4PGH8TSr138T^g8T6jOI/yJ9/gJ9GH6IX
13/�J9? �5GH63/�1I/�;5Gj/|�f89S�CE/56I;5/B�DÁ���Æ���A	GHO34 ) 
 È ) È ) � n�o�GH4PS7hiO3/_Ju?q�@?B6I13/UVWGH47CP/5^`/56aCl;:89SE?t89J9JTM5/;5GB4P4P/:SPA	GH631@?t6iC`Y+J K\M|C>?tCRVW/5O38TJ9J9/|CEMg;54PG'&9C{�¡Ju?�hiO@?t6iCP8TCPMUCEGBCE?BJ9/g1�K\/5?BO,?BOf� A@?B4PGB89S[138T^g8T6iO3/Bnp��J</5S�C
A347GH�@?B�3JT/FhiO3/QJLKN/{?tO�A34PM:SP/56aCP/R1@?t63S�J9/:S0�@J9^`S0/:S7CZ?BJTGH4PS�ÚZ4P/:1389S�CE4P8T�3O3M:/DÛU1@?B63S�J9?S�5GB63/FVW/5O38TJ9JT/:CEM:/Bn
o�K\/5?BOq47/5138TS7CE4789�3OIM5/rS7/54��f8T4E?B8DCFYgJ9O3�3478T�@/:4ZJ K\M:;5GHOIJ9/5^`/56aCZ/56aCE47/[J9/:S]A3J9?B63SZGH4P8T/56aCEM:S]1�KNGHXH63GB63S]1@?t63S

��
������������������ ���"!��$#%#&�'�(���)�(�%#*���+�,�,-/.0��1 ��2&-435-4���'67�"�8�0#,��2&9�-867-:#&;"67�"���<��=+���,�>�8��?@�����8��-�2,����9��,��2&A�;(���,���+�
;(!���������?@�(�5#CB



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥=� m
Ju?`�@?B631I/[VWGH47CP/5^`/56aCF;:89SE?t89J9JTM5/tn@�]Of¢£13/5J9Yy13/ ) � �dJu?`;5GH6aCP4E?B8T6iCP/rCE/:631 Yy63GBOI�H/5?BO�Y�?BO3XH^`/56aCE/:4]J9?hiO@?B6aCE8DCEMb1�KN/{?BO Ü�Ju?�A347/5SPS789GH6�XHM:63M547M5/yA3?B42JLKNM5;5GBO3J9/:^g/:6iC2A	/547^g/|CkA34PGH�3?B�3J9/:^g/:6aCkY�63GBOI�H/5?BOsJ9?
;5GB^gA347/5S7SP89GB6�1I/5S�GHXH63GH6IS5n

6 GBO3Sy;:/5SUS7;5M563?B4P8T8�S7GH6aCUM|�f8T13/5^`^`/56aCy=3?BOICE/:^g/:6aCU=aejAvGBCP=3M:CP89hiO3/:S5�0S7/5O3JT/5Sg13/5Sg/|�fAvM:4P8T/563;:/5S^`/5SPOI4E?B6aC�JTGf;5?BJ9/:^g/:6iC�J9/ZA@?BS<S7^g/:;:CP89hiO3/ �bJ9/ZJ9GH63XR13O�XH4P?B1389/:6aC�13/]�j8TCP/5S7SP/Q1@?B6IS<JLKN/56aCE47/:VW/:4<13/FJ9?
;5/:J9JTO3J9/F1I/r.0GBO3/:C7CE/2AvGBO34P4P?B89/:6iC��BM5478T�@/:4�;:/5S�=aefA	GBCP=3z5S7/5S���n
� ÏZË � 7 � �B} � ��� Í�Ñ�� bMY�ÑMÌ�Y �cb U W�ÊZÐ=Ê~Ì�ÊwÎiY��

o�?Q�3XHO34P/ E n ¥ �FA347M5S7/56aCE/�J9/:S��f8DCE/:SPSP/:S 13/xXHJ98TSPSP/:^g/:6aC�GH�ICP/56iO3/5S�Y{7 � �B} � .]�aXH4��B;5/x?tOf�lA347GB�@JTS
13/[�j8TCP/5S7SP/l13/[J9?g�@XHOI4P/ E nN�3n�.0/5SQ13GH6I63M5/:Sk/ �fAvM:4P89^`/56aCE?BJ9/:SF63/[;:GH6I�@47^g/:6iC2A3?BSFJ9/:SQ?B6@?tJTejSP/:SQ13O

10 13 16 19

0

2

4
(a)

σ  (Pa)

v si
  (

m
m

.s
−

1 )

10 13 16 19

0

2

4
(b)

σ  (Pa)

?A@�BDC�E n ¥ � F � � ��� � LpuZH�J�K �Aj-eiV^hihqV^hOWSVAo=_-j`hihiVbacVbd�e � ��� JlPrRiNQeiNQR�H�� ��� KOVbe JlP�hUeqJleiNQR�H�� � ��KMVbd�s�NQd�]beUj`NQd
WSV
_gJ�]^NQd�eURqJlj-d"eiV|��j-d�W�j`k�P�[^V
y�JlRp_`V
RU��[^NQac¤beURiV=uZvwJ�_-j-o=d�V
y�NQj-d"eUj-_-_`[^V�j-d�W�j`k�P�V{� 
 � � � �	� ��J � _gJcm=Jl_`VbPSR
j-d�W�j`k�P�[^V�y�JlRf_`V RU��[^NQac¤beURiV ]^NQRURiV^hUy�NQd�W�Jld"eD��_gJ�d�P�]b_`[;JleUj`NQd�WSV�_gJ�T�Jld�WSVDs�NQRUeiVbacVbd"eG]bj`hqJlj-_-_`[^V=u�váJ�_-j-o=d�V
VbdceURqJlj-eihOVbe»y�NQj-d"eUj-_-_`[^hÒj-d�W�j`k"P�VA� �r� � ��� � ��JD_gJD]^NQd�eURqJlj-d"eiVGWSNQdSd�[^Vfy�JlRÒ_`VtRU��[^NQac¤beURiVA_`NQRihik"P�Vf_gJGT�Jld�WSV
s�NQRUeiVbacVbd"e�]bj`hqJlj-_-_`[^V�J�Vbd"m=Jl�SjM_�Y\Vbd�eURiV sØVbR;utH�T�K
�pj-eiV^hihiV^h
WSVco=_-j`hihqVbacVbd"e�� � � JlPIRiNQeiNQR�H�� ��� K�Vbe{JlP�hUeqJleiNQR
H�� � ��K Vbd�s�NQd�]beUj`NQd�WSV^hf]^NQd"eURqJlj-d�eiV^hp_`N�];Jl_`V^hpJlP�RiNQeiNQRA� � VbeAJlP hUeqJleiNQRX� + u��DJld�hf]q��JQ]bPSd�V WSV�]^V^h"
�o=PSRiV^h �
_`V^h~hU}�a T�NQ_`V^h~];JlRURi[^hXH ��� ��Kwj-d�W�j`k�P�Vbd"e»_`V^h�ySRiN 
�_`h~��NQacNQo�¤bd�V^hMW�Jld�h~_�Y\Vbd"eURiV s�VbR»Vbe~_`V^h~hU}�a T�NQ_`V^h�RiNQd�WShXH�� � �=K
_`V^htySRiN 
�_`hXj-dS��NQacNQo�¤bd�V^h;u

XHJT89SPS7/5^`/56aC_YÙ7 � �H~ � .]��AI4PM5S7/56aCEM:/5S�?BO A@?B4E?tXH4E?BAI=3/qA347M5;5M:13/56aC5n]��6 /:cv/:C5��;5/5S_13GB6363M5/:S_63/
SPGB6iCyA@?BSg;{?B4P?B;:CPM54P8TSPM:/5SUA@?t4yJ9/:S`CP4PGH8TSg47M5XH8TGH63S`13/q;:GH6aCE4E?t896aCE/:SyA347M{?BJ9?B�3J9/:^g/:6aCg8T13/56aCP8T�@M:/5S5�
Á���Æ��
) È ) 
 � ) 
 È ) È ) � /:C ) � ) � nv��6�A@?B47CP89;:O3J98T/545�fAvGBO34ZJT/5Sx;5GB6iCP4E?B8T6aCE/5S�SPOIAvM:4P89/:O34P/:SFY ) � ��;5/:S
	�
 �(� �
�7��;�2&-4�(��!$�C��67�(A 2 ��-���� #��+��2 ��-4��������2 ���$#&2,� ����2,#,-8!$���4-���2&��?@��� #�2&;(�,�������C��B����*�
� �$#��5�8� A ��2,-8� #&-4�5�@6���� � #%#&�����

67��� 6������/!��$#%#&� 35��? ?@� 67� !$-8�&��-��4����?@��� #/�(�%# -���� ;�2&-4�(��2&� .���� �!�#"#$ B



¥=� � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
4PM:SPO3JDC>?tCPSrY­7�� �B} � .)8963138ThiO3/56aCRO363/gVWGB47CE/`138TSPS7ej^`M:CP4P89/`/56aCP4P/yJT/5S2�j8TCE/:SPS7/5S[13/gXHJ98TSPS7/5^`/56aCR?BO
4PGtCEGH4�/:C<?BOyS�C>?tCPGH4<?BJTGH4PS�^�
5^`/�hiO3/]J9/x�@O3891I/]/5S�C<O36I89hiO3/5^`/56aC0;5GH^`AvGBSPM]1dK\GHXB63GH63S�VW/5O38TJ9J9/|CEM:S5nio�?
�@XHOI4P/ E n ¥ mbA347M5SP/:6aCE/[JT/5S�M5A@?B8TSPS7/5O347SF13/5S��@J9^`Sx13/rJTO3�3478T�@;5?tCE8TGH6�Y�7��n�t} � .]��;{?BJT;5O3JTM5/:S]Y`JLK\?B8913/
13/QJ9?r4P/:Ju?tCP89GH6 � E n ¥ ��/:C�?§�B/5;����
�nm§~ v
� r¡?InNS5n�o�K\GB4P1347/F13/QXH4P?B6313/:O34�13/QJLKNM5A3?B89S7SP/5OI4<;5/:Sx�3J9^`S0/5S�C

12 14 16 18

0

100

200

σ  (Pa)

(a)

h i  (
nm

)

12 14 16 18

0

100

200

σ
i
  (Pa)

(b)

?A@�BDCME n ¥ m F � � ��� � Lpu~H�J�K��~y�Jlj`hihqVbPSRihDWSV^h�
�_-ach�� � JlP RiNQeiNQRnH�� ��� KpVbe�JlP­hUeqJleiNQRcH�� � ��KpVbd s�NQd�]beUj`NQd
WSVr_gJ ]^NQd"eURqJlj-d�eiV��£j-d�W�j`k"P�[^Vry�JlR|_`VrRU��[^NQac¤beURiV=uMv�V^h�_-j-o=d�V^h|y�NQj-d"eUj-_-_`[^V^h|j-d�W�j`k�P�Vbd"en� 
 � � � �	� ��J¯Vbe
_`V^h�_-j-o=d�V^h{Vbd­eURqJlj-eih{Vbe�y�NQj-d"eUj-_-_`[^h{� � � � � ��J�uOH�T�K�� � JlPIRiNQeiNQRrH�� ��� K�Vbe
JlPIhUeqJleiNQRrH�� � ��K|�^�^�á� � uáv�V^h
_-j-o=d�V^hAy#NQj-d�eUj-_-_`[^V^hphqNQd"eGWSV^hfo=PSj`WSV^h;u#v�V^hphU}�a
T#NQ_`V^hA];JlRURi[^h{H ��� ��Ktj-d�W�j`k�P�Vbd"ep_`V^hfySRiN 
�_`hp��NQacNQo�¤bd�V^hGW�Jld�h
_�Y\Vbd"eURiV s�VbRAVbet_`V^hXhU}�a
T#NQ_`V^hXRiNQd�WSh H�� � �=K _`V^hfySRiN 
�_`htj-dS��NQacNQo�¤bd�V^h;u

¥�� � 63^��3;:GH^g^`/FA	GHO34D7 � �H~ � .]n
��6U4PM5?BJ98DCEMB�iJT/5S�13GH6363M:/5S�Yc7 ���t} � .(GH6aC<M|CEMZGH�ICE/:6iO3/5S�YkJLK\?B891I/Z1�KNO36UAI4PGBCPGf;:GHJ9/x4P=IM5GHJTGHXH89hiO3/

138DcdM:4P/56aC`13/_;5/:J9O380OICE8TJ989S7M�Y 7 � �H~ � .]n ��6,/:cv/:C{��J K\8T63;547M5^`/56aCb13/_;58TSE?B8TJ9JT/5^`/56aCr;>=IGH89S78 � s &' u
pqS�vxw7�r/:S7ClCP4PGHA�XH4P?B631�AvGBO34[4PM:SPGHOI134P/_SPOL~gSP?B^`^g/:6iCbJ9? �5GH6I/�13/�;5Gj/|�f89S�CE/:63;5/_/56aCP4P/_J9/:Sl13/5Of�
S7CP4PO3;|CEO347/5SrÜ	SP/:O3J9/:^g/:6aCF13/:Of�qAI4PGB�@JTSZ1I/r�j8TCE/:SPS7/r896I=3GH^`GHXHz56I/5S�GH6aCFA3O 
|CE47/l?B896ISP8�^g/:SPO347M5S:nFr¤?t4
?B8TJ9J9/:O34PS:��JLKN896aCE/:47�t?BJ9JT/Q13/rCP/5^`A3SFOICP89J98TSPM � s�t u �H}B~H~gSE�Z6�KN/5S7C2;:/54�C>?B8T63/5^`/56aCFA3?BSQ?BS7SP/��lJTGH63XgAvGHOI4
?BS7SPO347/54�O363/+A3?B47V ?B8DCE/�?BS7ej^`AICEGBCP89SP?tCE8TGH6(13/+J9?s;5GB6iCP4E?B8T6aCE/Bn � KNO36 AvGH8T6aC�13/��jO3/+A3JTO3SUXHM:63M54P?BJL�
;5GB^g^`/U63GHOISlJLK\?§�BGH63SlS7GHO3J98TXH63Mg1@?B63SlJT/U;>=@?BA38DCE47/��f�¤JT/5Sl4PM:AvGB63SP/:Sl4P=3M:GHJ9GHXB89hiO3/5Sr13/�Ju?�CP/|�jCEO347/
GHXH6IGH6 � /|C2A3J9O3SQXBM563M:4E?BJT/5^`/56aCQ13/:SkS�ejS7CEz:^g/:S213/lA3=@?BS7/5S213/l^`/5^[�I4E?B63/:S>�]S7GH6aCQVWGH47CP/5^`/56aCQ63GH6j¢
4P/:A34PGj13O3;|CE8T�3J9/:S5nO|f/:O3J9/:Sg13/:SgAI4PGBCPGf;:GHJ9/:Sl�389/:6 13M|�@638TSgA	/547^g/|CPCE/:6aCy1�KN/|�jCP4E?B8T4P/_13/5S`/|�fA	M54789/56I;5/5S:�
13/:SZ;5?B4E?B;|CEM:4P89S�CE8ThjOI/5Sx896a�t?B4P89?B6aCE/:S5n�.0/|CPCE/k63GH6j¢�4P/:A34PGj13O3;|CE8T�389JT8TCEMZAvGBO34P4P?B8TC 
|CE47/kJT89M:/2YbJ9?lA34PM:SP/56I;5/
13/�1Iej6@?t^g8ThjOI/5S�^`89;547GHSP;:GHA38ThjOI/5S�/|�jCP4 
5^`/5^`/56aC JT/56aCE/:S�hiO38I/5^`A�
:;>=3/54P?B89/:6iC 1dK ?tC7CE/:89631347/�13/5S M|C>?tCPS
?BS�ef^`AICPGBCE8ThjOI/5S5nv��6+A@?B4�CE89;:O3J98T/54:�3SP8¡GH6qA	/563S7/[hiO3/[J9/k4P/:Ju?B47Xa?BXH/21�KN/{?tO+J989MkYyJ9?`;:GH^`A34P/:SPSP8TGH6q13/:S
GHXH6IGH63S2SP/bV ?B8TCFA@?B42O36�A34PGj;5/:SPSPOISr13/`Av/:4P^`M{?tCP89GH6 Y�CE4P?{�H/547SRJT/5S2^`/5^[�34P?B63/:S5��89J¤/5S7C��7O3S�CE8T�3Ml13/



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥=� E
A	/563S7/54�hiO3/QJ9/:S0CE/:^gAIS<^g8TS0/:6R�7/5O�A3O38TSPS7/56aC 
:CP4P/Q/|�jCP4 
5^`/56aCxJTGH63XHS:�f63GtC>?B^`^g/:6aC<A	GHO340JT/5S<�3?BSPS7/5S
CE/:^gA	M54P?tCEOI4P/5S��§n�rpGHO34¡;5GH6I�34P^`/54¤;:/5S�=aejA	GBCE=3z:SP/:S5�a89JaV ?BOI134E?B8DC¤47M58DCEM547/54¡J9/5Sp/|�fA	M54789/56I;5/5S�AI4PM5S7/56aCEM:/5S
1@?B6IS[;5/U;>=3?BA38TCP4P/g/56�?BO3XB^g/:6iCE?B6aC[S789XH638D�@;{?�CE8T�B/5^`/56aCRJ9/bCE/5^`A3S[1dK ?tC7CE/:6iCP/Ps�t2/:Cl/:6"1389^`896iO@?B6aC
JLKN896I;54PM:^g/:6aCPs &' n���JZV ?BOfC�;5/:Av/:631@?B6aC�SPGHOIJ989XB63/54`hiO3/+J9/:SU/|�fA	M54P8T/563;:/5S_A347M5SP/:6aCEM5/:S�8T;58�SPGH6aC_13M��PY^g?BJ9=3/:O34P/:O3SP/:^g/:6aC�CP4Pz:SZJTGH63XHO3/:S5nv.0/5JTJ9/2Y�7 � �H~ � . A@?B4x/|�f/5^`A3JT/R;:GH^gA	GH4�CE/QA3JTO3SZ1I/ ¥�� A	GH896aCPS
13O34P?B6aC�;>=@?B;:O36l/56a�j8947GH6 � � ^g8T6�n�r¡GHO34¤?BJ9JT/54�SP8TXH638D�@;{?tCP8T�B/5^`/56aC¤AIJ9O3S¡J9GH8T6�� O363/<?{�t?B63;:M5/<CP/5;>=3638ThiO3/
A	/54P^`/:C7C>?B6aCx1�K\?BOICPGH^g?tCE8TSP/54�;:GH^`A3J9z|CE/5^`/56aC�JT/5Sx^`/5SPOI4P/5Sx13/Q�j8TCP/5S7SP/5S�J9Gj;{?tJ9/5S0SP/54P?B8TC�63M:;5/:SPSE?t894P/tn

���! "��� G�("9L9e.)4X0;-+("N
J *+-+').)J K � ,"*+-#J:J:.M78.)N 0I.10 QlK"J:JLK",". � ,O*+( 	lK"*���*+(541K"* �
� ?B63S JT/5S�A@?t4E?BXH4P?BA3=3/:S�hiO383S7O38T�B/56aC{�a63GBO3S ?BJ9JTGH63S¡^gGH6aCP4P/54¡hiO�K YQA@?t47CE8T4¤13/�J9?];5GBO34P�	/�1�KNM5;5GBO3J9/ ¢

^`/56aC<XHJTGH�@?BJT/ ) � ¾�� &' �j63GHOIS<AvGBOI�HGH6IS�? �7O3S�CE/540J9/5S0A34PGB�3J9S�13/]�j8TCP/5SPS7/Q^g/:SPO347M5S:n3o�?rA347Gf;:M513O347/F/5S�CSP/:63SP8T�3J9/:^g/:6aCZJ9?l^�
:^g/QhiO3/2;5/:J9JT/QOICE8TJ989S7M5/Q1@?t63SxJ9/Q;>=@?BAI8TCE47/2A34PM:;5M51I/56aCFS7O34xJ9/5Sx^`89;:/5J9JT/5S<XBM{?B6aCE/:S
� ;|V�n�SP/:;:CE8TGH6 �3n �fn mf��A@?BXH/ ¥ E ¨ �|n � 63/b63GHOI�B/5JTJ9/l;5GB^gA3JT89;5?tCE8TGH6q/5S�Ck;5/5A	/56I1@?B6aCrAI4PM5S7/56aCE/�Ü�89J¤S5K\?BXH8TC
13/2Ju?[;:GH6aCE4789�3OICP89GH6_13/:S��@J9^`S�13/2XHJ98TSPS7/5^`/56aC�YlJu?[4P=IM5GHJTGHXH89/]XHJ9GH�3?BJ9/tn
� ÊDbcW �{Y � � ^�Ì�ÊDbMÎ�Y:TVY�ÑáÐ\Y��"Y�Ì�Ð�Í��DY

.0GH^`^g/�AvGBO34yJT/�;5?BSy13/�JLKNM5^[OIJ9SP8TGH6,M:CEOI1389M:/�A347M5;5M:13/5^`^`/56aC � ;|V�n�A3?BXH/ ¥ m � � ��JT/5Sg;5GHO347�v/:S
1�KNM5;:GHO3J9/:^g/:6aC E n\mk/|C E n ¦ 6I/]4P/:63SP/:89XH6I/56aC<A@?tS0SPOI4�JT/��BM54P8DC>?B�IJ9/�;5GH^`AvGB47CE/:^g/:6aC�47=3M5GBJ9GHXH8ThiO3/x13/]J9?
CE/ �jCEO347/[GHXH63GB6�nv��Jp;5GB6i�j8T/56aCQ13GH6I;[1�KN�BCE/:4]J9/:S];:GH6aCE4P8T�3OICP89GH63SZJ98TM5/5SZ?BOqXBJ989S7SP/:^g/:6iC5n1rpGHO34Z;5/5J9?I�	GH6
13M|�@638TCxJT/Q;58TSE?B8TJ9J9/:^g/:6aC</:cv/5;|CE8DV &'
	�� A@?B4|Ü

&'
	 � �	��
 � � ��
+
� � � � +

� � � � +
� � j 


� E n �H�
G��+� � /:CQ� + SPGB6iC2JT/5S��f8DCE/:SPSP/:SQ4P/:SPA	/5;:CP8T�B/5S213Oq�@O38T13/l?BO�4PGBCPGH4]/|C2?BO+S7CE?tCEGB4��§ndo�/kV ?B;:CP/5O34 � ��
 � �
��
+ � � � � � � � + �pAI4PG§�j89/56aC 13/0Ju?]13M|�@638DCE89GB6r13Ob;58TSE?B8TJ9JT/5^`/56aCp13GH6363M0A@?B4�JT/04P=IM5GH^`z:CP4P/</|C�Av/:4P^`/:C¤13/;5GB^gA@?t4P/54 � ) � &'
	 � �0Y � ) � &' � � ;:V�n347/5Ju?�CE89GB63S � ¥ n � � �|�jA@?BXH/k� E �|n3o�?[�@XHOI4P/ E n ¥ �lA347M5SP/:6aCE/kJ9/5S0;5GHO347�v/:S

1�KNM5;:GHO3J9/:^g/:6aCZ/|cd/:;:CP8T�H/:SZ13?B63SxJ9/:S�;{?BS�7 � �B} � . /:C�7 � �B~ � . Yl;:89SE?t89J9JT/5^`/56aC<8T^gA	GHS7MBn
� ?B63S0J9/5S�13/5Oj�U;5?BS5�f89J�/5S�C<896I1389S7Av/:63SE?B�IJ9/]1dK\/|cd/:;:CEOI/54<;:/:CPCP/�Ú�;:GH4P47/5;|CE89GB6�ÛUAvGBO340;:GH636@?'&TCE47/]J9/

;5GB^gA	GH47CP/5^`/56aC�4P=3M:GHJ9GBXH89hiO3/�13O`�@O38T13/Bn � ?B6IS�JT/�;5?BSf7 ���H~ � .]�i89J@/5S�C0;:Ju?B8T4�hiO3/Z;:/:C7CE/�;5GH474P/5;|CE8TGH6
V ?B8DCr?tA3A@?B4P?'&9CP4P/lSPOI4rJu?_;5GBO34P�	/g1dK\M:;5GHO3JT/5^`/56aC[/|cd/:;:CP8T�H/t�¡OI6sA3J9?tCE/5?BO JTM5XHz:4P/:^g/:6iCR896I;5J98T63M`Y�OI63/
;5GB6iCP4E?B8T6aCE/U13GB6363M5/�1I/UJLKNGH4P1I4P/y1I/ ¥§¦ r¤?fn{r¡GHOI4�7 � �B} � .]�¤J9/yAI4PGBCPGf;:GHJ9/g4P=3M:GHJ9GHXB89hiO3/yOfCE89JT89S7MB�
Á���Æ��}s &' u p�S vxw /|C\s�t u �B}H~H~�S:�¤63/�A	/547^g/|C[SE?t63Sl13GHOICP/UA@?BSr13/�4PM|�HM5JT/54l?tO3SPS78<;5J9?B8947/5^`/56aCr;:/


�� � #&��?@��� 67�@����2&? ;C� #&-4�5�067;(�+�(��6 �(�0� ����# 67� � ���$�5�0672 ���%#,-8� ���@67� �8����2&� ��-�?@-:#&; 67�@�8� #&2&�����,-:#&-4�5� A��(2&� �8�
��=��5�%� ;(�+�5��3�� .����������������! �"�
 ������2/� 1 ;(! =���� #,-��4������;$#&��67-�;�� #!$���% "'&�$�B

( 
 �C�
A�-:#&�(�&�%�C�/�%�5�5#/?@�(�,��2&;��C�
����2/� � #&2&���+�5����#,-����>�4-���;(��-42&� 67�(�/��2,��)����
67� A�-4#,�C�,�,� ? �C�%��2,;C��B



¥=�H¦ ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 20 40

11

13

15

17

Cisaillement (s−1)

C
on

tr
ai

nt
e 

(P
a)

(a)

0 20 40 60

14

16

18

Cisaillement (s−1)

(b)

?A@�BDCáE n ¥ � F¯LONQPSRUT#V^hAWZY\[^]^NQPS_`VbacVbd"eGV ��V^]beUj-m�V^hX���^�^� �� 	 � H��=K VbeX]^NQPSRUT�V^hfWZY\[^]^NQPS_`VbacVbd�eAo=_`NQT�Jl_`V^hp� �^�^�
�� H��=KGu�H�J�K � � ���=� L � _`V^hf_-j-o=d�V^hty�NQj-d"eUj-_-_`[^V^hphiNQd�eXWSV^hAJ��ÇP�hUeiVbacVbd"eihAWSV^hfTSRqJld�]q��V^hX��NQacNQo�¤bd�V^hXy�JlRfPSd�V
_`NQj�WSVXySPSj`hihqJld�]^VA� � � � � � ������ ��� y#NQPSR ��	� � h vxw VbeMy�JlRÒPSd�VAJlPSeURiVA_`NQj�WSVfySPSj`hih�Jld�]^VX� � � � ¡=¢ ��
��� 
 � y�NQPSR
�� � � � h vxw uOH�T�K � � ¡ � � L � _`V^h
_-j-o=d�V^h{y#NQj-d�eUj-_-_`[^V^h{hqNQd"e�WSV^h�J��ÇP�hUeiVbacVbd�eih{WSV^h{TSRqJld�]q��V^h���NQacNQo�¤bd�V^h
y�JlRcPSd�Vr_`NQjXWSVrySPSj`hqhqJld�]^V�� � � � � � � �� ��� w�� y#NQPSR|_`V�];JQh ���� � ¢¯h vxw Vbe|y�JlRnPSd ��PSj`WSV�WSV�
Oj-dSo=��Jla
� � � ¢ � � � � � � � � �� y#NQPSR �� � ¡ � h vxw u

A3J9?tCE/5?BO+;{?B4QJT/5SQ^`/5S7O34P/:Sk6I/`S7GH6aC2A@?BS2SPOL~gSP?B^`^g/:6iC247M5S7GHJ9O3/:S5n�o�KN896aCE/:47�t?BJ9JT/�s &' /:S7CQCE47GHA XH4E?t631
A	GHO34�^`/:CPCP4P/2/56�M:�j8T13/563;:/2;5Ju?t894P/:^g/:6aC�Ju? �5GB63/213/2;5Gj/|�f89S�CE/56I;5/k/:C�13GH63;2JT/QA3Ju?tCP/{?BOdn

� ÊDTVUtÊXW�ÐZYLT[Y�ÑwÐ�Ë�W�]c^�ÊwÎ�ÊX_wÍ�`FbcY�Ë �MY�Ë �MY:b�� � W�ÏZÑMÌH]MY�Ë
r¡GHOI4r;5GB636@?'&TCE4P/`J9/`;5GB^gA	GH47CP/5^`/56aCR4P=3M:GHJ9GHXB89hiO3/b13/5Sr�34E?B6I;>=3/5S[=IGH^gGBXHz563/:S5��89J�V ?BOfC[? �7OIS7CE/:4

J9/:Sx;5GHO347�v/:SZ/|cd/:;:CP8T�H/:S � ) � &' 	�� �<1@?B63SxJ9/:S �5GH63/:SZ1I/k;:89SP?B89JTJ9/5^`/56aCPS<G���J9/5SxA347GB�@JTS�SPGH6aCZ=3GH^`GHXHz56I/5S5n
��?BA3A	/5J9GB63SxhjOdK\8TJ�/5S7C �7O3S7CP8T�@M213/k;5GB63SP8T13M547/54]hiO3/kJ9/:S]?§�7O3S7CP/5^`/56aCESZ13/RJ9?l4P=3M:GHJ9GHXB89/Q/:cv/5;|CE8D�H/k;5GH4�¢
4P/:SPA	GH6313/:6aCbY�Ju?�4P=3M:GHJ9GBXH89/bJ9Gj;{?tJ9/bAvGBO34ROI6 M5;:GHO3J9/:^g/:6aC[=3GH^`GHXHz:63/ � AvGBO34RAIJ9O3SR13/y13M|C>?B8TJ9S:�pS7/
4P/:AvGB47CE/:4¤Y�JLK\?B6363/ �f/<.]� A@?BXB/<�t� ¥ �|n�o�/5Sp;5GH^`A	GH47CP/5^`/56aCESp4P=3M:GHJ9GBXH89hiO3/:S¡?§�7O3S7CPM5S¤S7GH6aC�JT/5SpSPO38D�B?t6iCPSAÜ

F 7 � �B} � .]� &' � }kS vxw �aGHXH63GB63S 13M5S7GH4P13GB6363M5S�/:C ) ��� � &'�� � �i?{�H/5;�� � ���;o�m��Q/:C � � � ~Loq� � ß
F 7 � �B} � .]� &' É �B~lS vxw �3GHXB63GH63SxGH4713GH6363M:Sx/:C ) ��� + &' � + ��?{�H/5;�� + ���;o �hp[/:C�� + � ~Loz�B~ ß
F 7 � �H~ � .]� &' � mfp S vxw �0GHXH63GH6IS�13M5S7GH4P13GB6363M5S�/:C ) � � � &' � � �<?§�B/5;�� � � m�m�o � 
"/|C
� � � ~Lo�m � ß

F 7 � �H~ � .]� &' É � �qS�vxw|��GBXH63GH63S`GH4713GH6363M:Sb/:C ) � ) � � � &' � ?{�H/5; ) �3� m�pLo�m 
�r¡? /|C
�\� ~;o ~B} r¡?InNS5n

.0/5S�? �7OIS7CE/:^g/:6aCESx13/5S��I4E?B63;>=I/5Sx=3GH^`GHXHz:63/5S�S7GH6aCxA34PM:SP/56aCPM5S�SPO34�J9?r�@XHO347/ E n ¥ �3nx|fGBO3J98TXH63GH63S�hiO3/
J9/k;>=3GH8 ��13Oq;:GH^gA	GH4�CE/5^`/56aC�4P=IM5GHJTGHXH89hiO3/2A	GHO34ZJu?b�34E?B6I;>=3/r1�KNGHXH6IGH63SZVW/:O389JTJ9/|CEM5S � 4P=3M:GB�@O38T138T��?t6iC



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥=�H¨
) ��� &'�� GHOy�@OI8913/Z13/��08T63XH=@?t^ ) � ) � � � &' � /5S7C<?B4P�I8TCE4P?B8947/Bni��GHO3S<?{�BGH63S<13M:;58T13MF13/ZA34PM:SP/56aCP/54JLK\?B6@?tJTejSP/ ?{�H/:;0;:/5Sp;5GH^`AvGB47CE/:^g/:6aCES�4P=3M:GHJ9GBXH89hiO3/:S5�{;5?B4¡8TJ9S�;:GH6313OI89SP/:6aC�?BOj�k^g/:89J9JT/5O347S�? �7O3S�CE/:^g/:6iCPS
13/:S�A347GB�@JTS�1I/x�j8DCE/5S7SP/tn3.0/:Av/:631@?B6aC{�jJ9/:S ^g/:SPO347/5S�4PM{?tJ989S7M5/:S�6I/�A	/547^g/|CPCP/56aC0A3?BS 13/�CP4E?B6I;>=3/54�/56aCE47/
;5/:S[;5GB^gA	GH47CP/5^`/56aCESk4P=IM5GHJTGHXH89hiO3/:S5np��J�V ?tO3134E?t8TCk63GBCE?B^g^`/56aCR�v/5?BO3;:GHO3A A3JTO3Sr1I/yA	GH896aCESRSPO34RJ9/:S
;5GBO34P�	/5Sx1�KNM5;:GHO3J9/:^g/:6aCZA	GHO34xA	GHOI�BGH894�?§�7O3S7CP/54�;5GH474P/5;|CE/:^g/:6iC�JT/5Sx�34E?t63;>=3/5S�=3GH^`GHXHz:63/5S:n
� ÊDbcW �{Y � � ^�Ì�ÊDbMÎ�Y:TVY�ÑáÐ�Î�Ê~Ì�ÏZÎiY

o�/5S_? �7O3S�CE/:^g/:6iCPSU13/:S��34E?B6I;>=3/5S�=3GB^gGHXBz563/:SUAv/:4P^`/:C7CE/56aC�1I/q;5GH6I6@?'&9CP4P/�J9/�;:GH^`AvGH4�CE/:^g/:6iC
4P=IM5GHJTGHXH89hiO3/QJTGf;5?BJd1I/RJ9?rCE/|�jCPO34P/kGHXH63GB6�?BO��BGH89S7896@?BXB/Q13/RJ9?rCE4P?B63SP8DCE8TGH6_13/QVW/5O38TJ9J9/|C>?BXB/Bn@.0/2;:GH^b¢
A	GH47CP/5^`/56aCyJTGf;5?BJx/5S�CU4P/:A34PM:SP/:6iCPMqSP;>=IM5^g?tCE8ThjOI/5^`/56aC�SPOI4yJu?+�@XHOI4P/ E n ¥ E n0.0GB^g^`/_AvGHOI4yJ9/_;5?BS

) 


.08TSE?B8TJ9JT/5^`/56aC

+-,.
/ 01
2 .
/ 3

&' �&' 

?A@�BDC E n ¥ E F�LONQPSRUT#V�WZY\[^]^NQPS_`VbacVbd"e|_`N�];Jl_`VnWSVn_gJreURqJld�hUj-eUj`NQd WSV|s�VbPSj-_-_`VbeqJlo�V=uá� 
 V^hie _gJ�]^NQd�eURqJlj-d"eiV�N��
y�VbPSm�Vbd"eX]^N�V z�j`hieiVbRf_`V^htT�Jld�WSV^hXWSVDhieURUP�]beUPSRiV^hXW�j��Z[bRiVbd"eiV^h;u

13/:S]^`89;5/:J9JT/5S�XHM5?B6aCE/5S:�v6IGHO3SF?tJ9J9GB63SxSPO3A3A	GHS7/54]hiO3/RJ9/:SZ8T6iCP/54�V ?B;5/:SZ/:6iCP4P/[JT/5S��@?B631I/5S]1I/R138DcdM:4P/:6iCPS
;58TSE?B8TJ9JT/5^`/56aCESb63/qA	/5Of�H/56aC 
|CE4P/�S7CE?B�3J9/:SUhiO�K\Y O363/�;:GH6aCE4P?B896aCE/�13GH6363M:/ )�
 n $&;:/:CPCP/��t?BJ9/:O34`13/
;5GB6iCP4E?B8T6aCE/B�dJ9/[S�efS�CEz:^g/bSP/lS7M5A@?t4P/b/56 A3JTO3SP8T/5O347SQ�@?B6313/:SQ13/l;58TSE?B8TJ9JT/5^`/56aCES &' 
 /|C &' � n�o�?�;5GHOI4P�	/1�KNM5;:GHO3J9/:^g/:6aC]A347M5S7/56aCE/l?tJ9GH47S�OI6qA3Ju?�CE/{?tO�13/k;5GB6iCP4E?B8T6aCE/RY ) 
 Üd?BOIXH^g/:6aCE/54xJT/R;:89SE?t89J9JT/5^`/56aC�8T^b¢
A	GHSPMU6I/yV ?B8TCRhiO3/U;:4PG�&TCE4P/gJu?�A34PGHA	GH4�CE89GB6s13/U�3?B6313/:Sl;589SP?B89JTJ9M:/5SkY &'�� n¡o�/5S[�t?BJ9/:O34PSR13/ &' 
 /:C &' �SPGB6iC21IM:�@638T/5S2A@?B4]JLKN896aCE/:4PSP/:;:CP89GH6+13O A3J9?tCE/5?BO+13/l;:GH6aCE4E?t896aCE/b?{�H/:;bJ9/5S]�34E?B6I;>=3/5S2=3GH^`GHXHz:63/5S:n�o�?
;5GB6iCP4E?B8T6aCE/ ) 
 /5S7C�J K\O36I89hiO3/QA@?B4P?B^`z:CE47/QJ98T�34P/F1I/5SZ? �7O3S7CP/5^`/56aCESxhiO3/k63GHO3S�?BJTJ9GH6IS<4PM5?BJ98TSP/54:n

� ?B63SZO363/kXHM5GB^gM|CE4P8T/21�K\M:;5GHOIJ9/5^`/56aC�G���Ju?b;5GH6aCE4P?B896aCP/k/:S7CZO3638DVWGH4P^`/ � Æ�� �h�	OI6�;5�B63/|¢£A3Ju?B6@�|�@J9/
SP;:M56@?t4P89GbGH�ISP/54��HMR/5S7C�S789^`A3J9/:^g/:6iC<J9/QSPOI8T�t?B6aCcÜ

F A	GHO34 &' È &' 
 � ) È ) 
 �|��J9/:SRGHXB63GH63SRSPGH6aCrCPGHO3SR13M5S7GH4P13GB6363M5Sr/:C[JT/bA34PGB�3J�13/`�j8TCE/:SPS7/y/5S�C=3GB^gGHXBz563/Q/|CZ;:89SP?B89JTJ9MFY &'�ß



¥=��� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
F A	GHO34 &' 
 È &' È &' � � ) � ) 
 �|��J K\M:;5GHO3JT/5^`/56aCQ/:S7CR8963=3GB^gGHXBz563/[/|Ck;5GH^`AvGBSPMl1�KNO363/b�@?B6I13/1�KNGHXH6IGH63S�VW/5O38TJ9JT/:CEM:S<13GH6aC�JLKNM5A3?B89S7SP/5OI4 s[/5S7C�13GB6363M5/2A@?t4�J9?[4P/:Ju?tCP89GH6�S7O38T�t?B6aCE/�Ü

s
j �

&' � &' 
&'�� � &' 
 o � E n ma�
.0/|CPCE/�4P/:Ju?tCP89GH6�/5S�CUO36I/�;5GB63SPM:hjOI/563;:/+138947/5;:CP/�1I/�Ju? ;5GB6iCP896iO38DCEM�13/�J9? �j8TCP/5S7SP/�/:6aCE4P/�J9/:S
�@?t6313/5S � ;:V�n347/5J9?tCE8TGH6 � �3n � ¥ �|�fA@?BXH/ ¥ E � �|nIo�?[�@?B6313/Q1dK\GHXB63GH63S<VW/:O389JTJ9/:CPM5S�/5S7Cx;:89SP?B89JTJ9M5/ZY &'�� �?BJTGH4PS0hjOI/R;:/5J9JT/Q;5GH^`A	GHSPM:/Q1�K\GBXH63GH63Sx13M:SPGH4713GH636IM5S]/:S7C�;58TSE?B8TJ9JTM5/FY &' 
 ß

F A	GHO34 &' � &'�� � ) � ) 
 �|�IJT/5S�GHXB63GH63S<S7GH6aC�CEGHOIS�1@?B63S�J K\M|C>?tC<VW/:O389JTJ9/|CEM]/|C�J9/]A34PGB�3J�13/F�j8TCP/5SPS7/=3GB^gGHXBz563/Q/:S7C�;58TSE?B8TJ9J9M]Y &' n
� W"Ê �OÎÂË�Ð�]c^�ÊXW"Ía`FbMY�Ë��MÏZÑMË Î�� ^�Ì�Ê6bMÎiYLT[Y�ÑwÐ��cY � ÊDbMYSÐQÐ�Y

� ?B63SRJLKNM5;:GHO3J9/:^g/:6aCR1I/U.0GHOI/:CPCP/B�pJu?_;5GH6aCP4E?B8T6iCP/g6dK\/:S7CRA@?BSrOI638TVWGH47^g/tn���J�V ?BOICR13GH63;`A347/5631347/
/56 ;:GH^gAfCE/lJ9/:SF/:cv/:CPS2J989M:SFYU;:/:CPCP/bXHM5GH^`M:CP4P8T/rA	GHO34Q;{?tJ9;5OIJ9/54ZJ9/:SQA34PGB�3J9SF13/[�j8DCE/5S7SP/tn�� 6 /|cd/|C{��J9?
;5GB6iCP4E?B8T6aCE/2J9Gj;{?BJT/]13M:;547G�&9Cx1@?t63SxJLKN/56aCE47/:VW/54x13/2J9?b;:/5JTJ9O3JT/F13/R.0GHO3/|CPCE/2S7/5J9GB6×Ü

)"� �6�O� ) � � � �
� � � ��� 
 
 � E n\�i�

G�� ) � ��� � � ����� ��
 � �0/:S7CxJu?R;5GH6aCE4P?B896aCP/2?BO�4PGBCPGH45n;r¤?B4x?t89J9JT/5O347S5�iJLKN896aCP/547V ?t;5/FS7M5A@?B4P?B6aCxJ9/:S��@?B6313/:S13/l;:89SE?t89J9JT/5^`/56aCES�138DcdM:4P/56aCPSF6�KN/5S7CkS�C>?B�3JT/[hiO�K\YUJu?y;:GH6aCE4E?t896aCE/ )�
 �OÁ���Æ�� )"� sH�k� )�
 n�o�KNM5A@?t89SPS7/5O34 s13/2Ju?[�3?B6313/2VWGH47CP/5^`/56aCx;58TSE?B8TJ9JTM5/]JT/QJ9GH6IXl13O�AIJu?tCP/{?BO_/5S�CZ?BJ9GH47S�13GH636IM5/2A@?B4cÜ
s ��) � �"� � �

�	� ) �
) 
 � m � o � E n E �

.0/:C7CE/qAI4PGHA34789M|CEM�S7/�CE4P?B13O38DCUS7O34yJ9?s;5GHOI4P�	/�1�KNM5;:GHO3J9/:^g/:6aC�XHJ9GB�@?BJ9/_A@?t4yO363/ ÚRAv/:6aCE/cÛ(S7O34UJ9/
A3J9?tCE/5?BOg1I/];5GB6iCP4E?B8T6aCE/Bnf��6y/|cd/|C{�fYRJLKN/56aCP4PM5/Z13/]J9? �:GH63/Z13/Z;:Gf/ �f89S7CP/563;:/rÁ���Æ��;s�� ~I�iJu?2;5GH6aCE4P?B896aCP/
?BO 4PGBCPGH4b/5S7C ) � � )�
 n $ J9?�S7GH47CP89/�13O(AIJu?tCP/{?BO&s>� j�/|CUJ9?�;:GH6aCE4E?t896aCE/�?BO(47GBCEGB4`/:S7C ) � �
) 
 � m � j � � � � 
 nio�?Q;5GH6aCP4E?B8T6iCP/�?k13GB63;�?BO3XH^`/56aCEMxJT/�JTGH63X213/xJu?��:GH63/�13/x;5Gj/|�f89S�CE/56I;5/nÜaJ9/xA3Ju?�CE/{?tO
/5S�C�8963;:J9896IMBn

r¡GHOI4�;{?BJT;5O3JT/540JT/5S<AI4PGB�@JTS�CP=3M5GH4789hiO3/:S5�3GH6�S7/F13GH6I63/QO36�;5GBO3A3J9/l� n,$ A@?B4�CE8T4013/F;:/:C7CE/Q13GH6I63M5/t�
89J@/:S7C�/563S7O38TCP/ZS789^`A3J9/�1I/Z;5?BJ9;:O3J9/:4�JLKNM5A@?B8TSPS7/5O34 sj�aS78�/5J9JT/�/|�f89S�CE/t�fXH4��B;5/�Y2Ju?24P/:Ju?tCP89GH6 � E n E �|n � ?B6IS0J9/
;{?tS�G��`J9/xA347GB�@J@/:S7C�=3GH^`GHXHz56I/B�aJ9/�AI4PGB�@J�13/��j8TCP/5S7SP/]/:S7C0?BJ9GB4PS�13GH6I63MZA3?B4 JLKN896aCEM:XH4E?tCP89GH6rSPO38D�B?t6iCP/�Ü

� ��
 �
 � � +
� +

�
� �

� + &' ��� �� � � 
 � E n ¦ �
G�� 
 /5S7CxJ9?rA	GHSP8DCE89GB6y4E?t138u?BJT/B�i� + � � � � + ��/:C &' ��
 ��/5S7Cx1IGH6363MFA3?B4<J9/];5GH^`AvGB47CE/:^g/:6aC<4P=IM5GHJTGHXH89hiO3/J9Gj;{?tJOÜ

)"��
 �{� 
 � � &' ��
 ��� 
 � E n ¨ �



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥=���
G�� 
 �¡;5GH474P/5S7AvGB631q?BOj�q?§�7O3S7CP/5^`/56aCESZ13/5SZ�34E?B6I;>=3/5SZ=3GH^`GHXHz56I/5S�A34PM:;5M51I/56aCE/:S � �{�8mk;5GH474P/:SPA	GH631
?BOf�+GHXH63GH6ISk1IM5SPGB4P13GH6I63M5Sk/:C �k� ��?BOj� GHXH63GB63SQGH4P1IGH6363M:S>�|n � ?t63S2J9/b;{?BS2G�� J K\M:;5GHO3JT/5^`/56aC2/5S�C
896I=3GH^`GHXHz56I/B�I8TJdV ?BOIC�ÚFS7M5A@?B47/54XÛUJLKN896aCPM5XH4P?BJ9/FAI4PM5;:M513/:6aCE/rS7/5JTGH6 Ü

����� ����
� ��
 �
 � � +

� +
� � �

� + &' ��� �� � � A	GHO34 
 � � � � s[/:CcÜ
� ��
 �
 � � � � � � sH�

� � � s �
� �

� ����� &' ��� �� � � AvGHOI4 
 È � � � s



� E n � �

G�� s]/:S7C�13GH636IM�A3?B4�JLKNM5hiO@?tCP89GH6 � E n E �¤/:C JT/5S &' ��
 �¤A@?B4�JT/5S�;5GB^gA	GH47CP/5^`/56aCES�47=3M5GBJ9GHXH8ThiO3/5S�13/:S 13/5Of��34P?B63;>=3/:S�Ü ��� �� )"��
 �{� 
 � � &' ��
 ����AvGHOI4 
 � � � � sr/|C�Ü
)"��
 �{� 
 + � &' ��
 ����AvGHOI4 
 È � � � s o

� E n � �

.0/5A	/56313?B6aC{��JT/5Sr/ �fAvM:4P89/:63;5/:Sl4PM5?BJ98TSPM5/:SrA347M5;:M513/:^g^`/56aClGH6aC[CPGHOICP/5SrM|CEMU47M{?BJT89S7M5/5SrY�;58TSE?B8TJ9JT/|¢
^`/56aC�8T^gA	GHSPMtn�op?ZSP/5OIJ9/<hiO@?B6aCP8TCEM�89^`AvGBSPM5/�/5S�C�Ju?x�j8TCE/:SPS7/��H��13Or4PGBCPGH45n���JfS7/54P?B8TC¤13GH63;�A3J9O3S¤6@?tCEOI4P/5J
13/l;5?BJ9;:O3J9/:4FJ9/:SFA34PGt�@J9SQ13/[�j8DCE/5S7SP/bY�A@?B4�CE8T4]13/l;:/:CPCP/bO36389hiO3/l1IGH6363M:/Bn���J�/:S7C2;5/:Av/:631@?B6aCk89^`A	GHS�¢
SP8T�3J9/k13/[;5?BJ9;:O3J9/:4ZJT/5SZA34PGB�3J9SZCP=3M5GB4P89hiO3/:SF� � �6��YyA@?B4�CE894�13/[;:/:C7CE/[13GB6363M5/r13/[���|ÜvGH6�63/[A	/5OIC]/56
/:cv/:C0896aCEM:XH4P/:4�JT/5S�4P/:Ju?tCP89GH63S � E n ¦ ��/|C � E n � �|nf.0/5A	/56313?B6aC{�IS78�GH6USP/Z13GH636I/]O36g/563S7/5^[�3JT/];:GH6aCE896iOg13/
;5GBO3A3J9/S�,/|CQ13GH6I;[O36+/56ISP/5^r�3J9/[;:GH6aCE8T6jO�13/[;5GB6iCP4E?B8T6aCE/ ) �v89J�/5S�C2/563S7O38TCP/[SP8T^gAIJ9/k13/rCE47GHOI�B/54FJ9?�t?BJ9/:O3401I/F;5GH6aCP4E?B8T6iCP/ ) hiO38�?BAIA34PG{�f89^`/]JT/]^`89/5Oj�yJT/];:89SE?t89J9JT/5^`/56aC�?BA3A3JT89hiO3M &' n3.0/5;:8�/5S�CxM:�j8913/:^b¢^`/56aC[A	GHSPS789�3JT/gOI6389hiO3/:^g/:6iCr1@?B63SRJ9/`;{?BSRG�� J9?�;:GHO34P�	/U1�KNM5;:GHO3JT/5^`/56aC[XHJTGH�@?BJT/[CE=3M:GH4P8ThiO3/ )"� &' �/5S�Cb896a�H/:4PS789�3JT/B�GÁ���Æ���Y+O363/�;:GH6aCE4P?B896aCE/y13GH6363M:/B��8TJ�6�KN/|�f8TS7CE/_hiO�KNO36�;58TSE?B8TJ9J9/:^g/:6aC &' AvGHS7SP8T�3J9/tn¤��6
XHM:GH^gM|CE4789/F13/k.0GBO3/:C7CE/B�@;:/:C7CE/2A34PGBA34P8TM:CEMQ/:S7CZ?BS7SPO347M5/Bn	��6_/:cv/:C5�@Ju?[;5GBO34P�3OI4P/213/Q;5/|CPCP/kXBM5GH^`M:CP4P89/
896I13O38TC¤O363/�Ú0A	/56aCE/AÛ"SPO34�JT/�A3Ju?tCP/{?BOl1I/�;5GH6aCE4P?B896aCP/Bn�5F6bAv/:OIC 13GH6I;x?BSPS7Gf;:89/54 Y]CPGHOIC ;:89SE?t89J9JT/5^`/56aC
&' ?BAIA3J98ThjOIMFSPO34xJT/QA3Ju?tCP/{?BOd�3O363/2;5GB6iCP4E?B8T6aCE/213GH636IM5/ ) n
r¤?B4�Ju?bSPOI8TCE/t��63GHO3SZ?BJ9JTGH63S�13GB63;R6IGHO3S]1IGH6363/:4ZO36�/563S7/5^[�IJ9/k;5GH6aCE8T6iO�13/k;5GH6aCP4E?B8T6iCP/5S ) ?B8T63SP8

hiO3/+J9/�A@?B4P?B^gz|CE47/�1�K\? �7O3S�CE/5^`/56aC ) 
 n<�ZGBO3SU;{?tJ9;5OIJ9/547GH63Sy?BJ9GH47SyJ K\/:63SP/:^[�3J9/�;5GH6aCP896iOw13/qA347GB�@JTS
;5GB4P4P/:SPA	GH631@?t6iCPS5n���GHO3S�A	GHO34P47GH63S�?tJ9GH47S<?BS7SPGj;589/:4xY[;5/:S�A34PGB�3J9S5�f13/5S�;:89SP?B89JTJ9/5^`/56aCPS &' n@��GHO3S�A	GHO34�¢4PGB63S</56ISPO38DCE/Q;5GB^gA@?t4P/540J9/5S0A34PGB�3J9S0/ �fAvM:4P89^`/56aCE?BOf��GB�ICE/:6jOISZYR;589SP?B89JTJ9/:^g/:6iC�89^`A	GHSPMt�I?BOj�UA347GB�@JTS
CE=IM5GH4789hiO3/5Sx� � �6�<;:GH4P47/5SPA	GH6313?B6aCES5n

r¡GHOI4F;{?BJT;5O3JT/54ZJ9/5S]A34PGB�3J9S]1I/r�j8TCE/:SPS7/l1@?B63SFJ9?yXHM:GH^gM|CE4789/k13/b.0GHO3/|CPCP/bYyA@?B4�CE894Z13/[J9?y;5GHOI4P�	/
1�KNM5;:GHO3J9/:^g/:6aC<J9Gj;{?tJ9/ E n ¥ E �iGH6gSP/F13GB6363/]OI6y;5GBO3A3J9/
�+?B4P�I8TCE4P?B8947/Bn � /Z;5/|CPCE/��t?BJ9/:O34�1I/];5GBO3A3J9/t�iGH6
13M:13O38TCxOI63/R;:GH6aCE4P?B896aCE/Q8T63138ThjOIM5/2A@?B4�JT/Q4P=3M:GH^gz|CE47/QXH4��B;:/kY­Ü

) � ��
 � � ��
+� ��� � 
 � � 
+
�3o � E n ¥�� �



¥�� � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
G�� � /:S7CFJ9?`=3?BOICE/:O34�13/rJ9?b;:/5JTJ9O3JT/k1I/[.0GHOI/:CPCP/Bn $�A3?B47CP894x13/ ) ��GH6�A	/5OICZ13M:13O38947/rJ9?l�j8DCE/5S7SP/R13/XHJT89SPS7/5^`/56aCQ?tO+S7C>?�CEGH4Z��� + n�.0/|CPCE/[�t?BJT/5O34Z/5S�CQ;{?BJT;5O3JTM5/[A3?B4]8T6iCP/547AvGHJ9?tCE8TGH6�13/5SQ;:GHO34P�	/5S]����� � ¾�� ) �A347M5SP/:6aCEM5/:SRS7O34QJ9/:S]�@XHOI4P/5S E n � /|C E n ¥ �fn��24��B;5/lY ) /|C2YU��� + �dGB6�A	/5OfC2?BJ9GB4PS];5?BJ9;:O3J9/:4]JT/5SFA347GB�@JTS13/Q�j8TCP/5SPS7/kCP=3M5GB4P89hiO3/:Sx� � �6�|n�o�?lA34PGj;5M:13O347/k/:S7C�Ju?lS7O38T�t?B6aCE/�Ü

F S78]A	GHO34bCEGHOICyAvGB896aC � 13/�JLKN/56aCE47/:VW/54 )"� �6� È ) 
 �0?BJ9GH47SgJ K\M:;5GHOIJ9/5^`/56aCg/5S�C�=3GH^`GHXHz:63/�/|C;:GH^gA	GHS7MQO36389hiO3/:^g/:6aCZ1dK\GHXB63GH63Sx13M:SPGH4713GH6363M:S5�	J9/FAI4PGB�@J�1I/2�j8DCE/5S7SP/k/5S�C]?tJ9GH47S�13GH6363M2A@?t4|Ü

� � �6�"� � � + 

� +

� 
 � �� � �
� � � � 
+ � ���

w�� � ��� � � +
 � 
 � � � � m
	 o � E n ¥H¥ �

o�/QCE/:4P^`/Q��� + 
 � � + CE4P?B13O38DC�Ju?l47GBC>?tCP89GH6ySPGHJT8913/QJT89M5/F?BO�XBJ989S7SP/:^g/:6iC�?tO�S�C>?tCPGH4 ß
F S78�AvGHOI4xCPGHOICxA	GH896aC �+1I/kJ K\/:6aCE4P/|VW/54 )"� �6� � ) 
 ��?BJ9GB4PS�JLKNM5;:GHO3JT/5^`/56aCx/5S�C]/:63;5GH47/2=3GH^`GHXHz56I//|CU;5GB4P4P/:SPA	GH631 YsJ K\M|C>?tC`VW/5OI89J9JT/:CPM�1dK\GHXB63GH63S:n � ?B6ISUJ9/�;{?BSyG��!Ju? 4P=IM5GHJTGHXH89/�J9Gj;{?tJ9/_13/�;:/
13/:4P638T/54�/:S7CZO36��@O3891I/k1I/ ��8963XH=3?B^��fJ9/QA347GB�@J�13/Q�j8TCP/5S7SP/2/5S�CZJT/QSPO38D�t?B6aC�Ü

� � �6�"� ��� + 

� +

� 
 �
� � � � 
+ �

� � � +
 � 
 � m�	 � 
 ) �
�
��� � 


� + � 

� E n ¥ �H�

?BJTGH4PS0hjOI/RS78�JLKNM:C>?�C�VW/5O38TJ9J9/|CEMZ/5S7CZ13M:;54P8DCxA@?B4�O36_�@O38T13/24P=3M:GB�@O38T138T�@?B6aC{�3JT/FA34PGt�@J�/5S�C�Ü

� � �6�"� � � + 

� +

� 
 � +� � �
� � � � 
+ � + �

w�� � +�� � � +
 � 
 � � + � m 	�� � E n ¥ ma�

F JTGH4PS7hjOdK\8TJI/|�f8TS7CE/xO36I/�A	GHS78TCE8TGH6 �`CE/5JTJ9/<hiO3/ )"� �6�O� ) 
 �HJ9?F4P/5J9?tCE8TGH6 � E n E �¤Av/:4P^`/:C 13/x;{?tJ9;5OIJ9/54J K\M:A@?B89S7SP/:O34g1I/�Ju? �@?B6I13/�VWGB47CE/:^g/:6aCy;:89SE?t89J9JTM5/tn{r¡GHOI4�� � s � )"� �6��È )�
 � ��JT/_�3O38913/�/5S�C;:GH^gA	GHS7M�1�K\GBXH63GH63S�1IM5SPGB4P13GH6I63M5S¡?BJ9GB4PS�hiO3/ A	GHO34 � È&s � ){� �6� � ) 
 � �{J9/¡�@O3891I/�/5S7Cp;:GH^gA	GHS7M1�KNGHXH6IGH63S¤VW/:O389JTJ9/:CPM5S:n � ?B63S�J9/�;{?BS¤G��lJ9/�;5GH^`AvGB47CE/:^g/:6aC�4P=IM5GHJTGHXH89hiO3/�;>=3GH8TSP8fAvGHOI4�^gGj13M:J989S7/54
J9?[�34E?B6I;>=3/R1dK\GHXB63GH63SxGH4713GH6363M:Sx/5S7C ) � � + &' � + �@J9/QAI4PGB�@Jd/5S7C�13GB6363MkA@?B4|Ü

� � �6�"� � � + 

� +

� 
 � �� � �
� � � � 
+ � � �

w�� � � � � � +
 � 
 � � � � m
	


A	GHO34 � � � srÈ 
 È � + /:CnÜ

� E n ¥ �i�
� � �6�"� 
 � +� � �

��� � � � � � s�� 
 � + �
w�� � + � � � � � s
 � 
 � � + � m 	 �

� � + 

� +

� 
 � �� � �
� � � � 
+ � ���

w�� � ��� � � +
� � � s � 
 � � � �&m
	



AvGBO34 � � È 
 È � � � sin

� ?t63SFJ9/R;{?BSZG��qJT/r;5GB^gA	GH47CP/5^`/56aCF;>=IGH89S78¡/:S7CQ;:/5J9OI8¡13Oq�3O38913/R13/ �08T63XH=@?t^ ) � ) � � � &' �



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥��f¥
JT/QA34PGB�3J�13/:�j8T/56aC�Ü

� � �6�"� � � + 

� +

� 
 � �� � �
��� � � 
+ � � �

w�� � � � � � +
 � 
 � � � � m 	


AvGHOI4 � � � srÈ 
 È � + /|CcÜ

� E n ¥ E �
� � �6�"� 
 �

� � � � � ��� sH� 
 �
� � � � � s
 � 
 � m 	 � 
 ) �

� ��� � 

� � � s � �

��� + 

� +

� 
 � �� � �
��� � � 
+ � � �

w�� � � � � � +
� � � s � 
 � � � � m 	



A	GHO34 � � È 
 È � � � sjn

o�/5S<47/5Ju?�CE89GB63S � E n ¥H¥ � F � E n ¥ E ��A	/54P^`/:C7CE/:6iC<13/];5?BJ9;:O3J9/:4�JT/5S0AI4PGB�@JTS�CP=3M5GH4789hiO3/:S<� � �6��A	GHO34�138TcvM|¢4P/:6aCE/5S�;5GH6aCP4E?B8T6iCP/5S 896I1389hiO3M:/5S A@?B4 J9/x47=3M5GH^`z:CP4P/tn $ A3?B47CP894�13/�;5/:S�A347GB�@JTS5�aGH6`Av/:OIC�13M:CP/547^g8T63/54 J9/
;58TSE?B8TJ9JT/5^`/56aCx/:cv/5;|CE8TV &'
	�� XH4��t;5/[YgJu?g47/5J9?tCE8TGH6 � E n �H�|nDr¤?t4F;5/|CPCE/RA34PGj;5M:13O347/[GH6qGH�fCE89/:6aCFJu?`;5GHOI4P�	/1�KNM5;:GHO3J9/:^g/:6aCQCE=3M:GH4P8ThjOI/ ) � ¾�� &'
	�� n�.0/:C7CE/b13/5476389z:4P/l/:S7C2A347M5SP/:6aCEM5/`SPOI4QJu?y�@XHOI4P/ E n ¥§¦ �vAvGHOI4FJ9/:S
;{?tSR47/5SPA	/5;|CE8DVWSn7 � �B} � .�/:Cc7����H~ � .]np.0/:Sr;5GBO34P�	/5SkAv/:4P^`/:C7CE/56aCR1�K\? �7O3S7CP/54k;5GH474P/:;:CE/:^g/:6aCrJ9?
A	/56aCE/213O_A3J9?tCE/5?BO�63GBCE?B^g^`/56aC�A	GHO34A7 � �H~ � .]n�o�/5S<�t?BJ9/:O34PS�1I/QJLKNO36389hiO3/QA3?B4E?B^`z:CP4P/FJT89�347/]A	/54�¢
^`/:CPCE?B6aCQ?BO+^`89/:Of��1�K\? �7O3S7CP/54FJT/5SF1IGH6363M:/5SQSPGB6iCrÜ )�
 ��m��;o��Pr¡?�Y 7 �8�B} � . /:C )�
 ��m§}Lozp r¡?
Y�7����H~ � .]n%$�78� �B} � .]��13/5Oj��AvGH8T6aCESQO3638ThiO3/5^`/56aCkGH6aCkA3O 
|CE47/g^`/5S7O34PM:Sk13?B63SkJu? �5GB63/b13/

0 20 40

11

13

15

17

Cisaillement (s−1)

C
on

tr
ai

nt
e 

(P
a)

(a)

0 20 40 60

14

16

18

Cisaillement (s−1)

(b)

?A@�BDCÒE n ¥{¦ F�LONQPSRUT#V^h WZY\[^]^NQPS_`VbacVbd"e�V ��V^]beUj-m�V^h
�Ù�^�^�
�� 	 � H��=K uMH�J�K � � ��� � L�Vbe�H�T�K � � ¡ � � Lpuwv�V^h
_-j-o=d�V^hX]^NQd�eUj-d"P�V^hphiNQd"eX_`V^hf]^NQPSRUT#V^hXWZY\[^]^NQPS_`VbacVbd"epeU��[^NQRUj`k"P�V^hAWS[^W�PSj-eiV^hXWSV^htRiVb_gJleUj`NQd�h�H ��u ����K��#H ��u ����K u

;5Gj/|�f8TS7CE/:63;5/rXH4��B;:/[?BO�A34PGtCEGj;5GHJT/R47=3M5GHJTGHXH8ThjOI/kOfCE89JT89S7M�Ü�J K ? �7OIS7CE/:^g/:6aCF13/RJu?g;:GHO347�v/R/:cv/5;:CP8T�B/r/5S�C
13GH6I;F^gGB8963S ;5GB6i�t?B8T63;{?t6iC5nx|fGBO3J98TXH63GH63S hiO3/FJT/5S��B?tJ9/5OI4PS ) 
 /|C ) � AI4PM5S7/56aCEM:/5SxSPOI4<J9/:S��@XHOI4P/5S E n �=F
E n ¥H¥ /:C2;:GH4P47/5S7AvGH6I1@?B6aCR?BOf�+;:GH6aCE4P?B896aCE/:SQ89631I89hiO3M5/:S2A@?B4FJT/l4P=3M:GH^gz|CE47/lY�JLKN/56aCE47M5/l/:CkY�J9?ySPGH4�CE8T/



¥�� � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
13O�A3Ju?�CE/{?tO�GB6iCxM|CEM2GH�ICP/56iO3/:SFYlA@?B4�CE894013/5Sx�t?BJ9/:O34PS�A347M5;:M513/:6iCP/5SZ13/ ) 
 XB4��B;:/R?tOf�_4P/:Ju?tCP89GH6IS�Ü

���� ���
) 
 � ��
 � � ��
+� � 
+

) 
 

) � � ��
 � � ��
+� � 
 �

) 
 o
� E n ¥§¦ �

r¤?B4�?B8TJ9J9/:O34PS:�B/:6y896aCP/54PA	GHJ9?B6aC J9/5S 13GB6363M5/:S�� � � � ¾�� ) �d13/:S��3XHO34P/:S E n � /:C E n ¥ �f�aGH6`A	/5OIC�13M51IO38947/
J9/:Sr�j8TCP/5SPS7/5S`13/�XHJT89SPS7/5^`/56aCb?BO"47GBCEGB4[��� � AvGHOI4[J9/:Sl;5GH6aCE4P?B896aCP/5S ) hiO38�GH6aClA	/547^g8TS[13/�;{?tJ9;5OIJ9/54
J9/:SZAI4PGB�@JTSx13/R�j8TCP/5S7SP/r� � �6�|n	o�?g;5GB636@?B8TSPSE?t63;5/R13/R� � � /:C]13/5SZA34PGB�3J9S�CE=3M:GH4P8ThiO3/5SZ� � �6�xA	/547^g/|C�13/13M|CE/547^g8T63/54�J9/:S��j8TCP/5SPS7/5Sx?BOy4PGBCPGH4����>�j;{?B4<��� � ��� � � � � � ��~��|n $ A@?B4�CE8T4�13/];5/5S��f8DCE/:SPSP/:S�13/F47GBCEGH4
GH6_A	/5OIC�13M|CE/547^g8T63/54�JT/5Sx;58TSE?B8TJ9JT/5^`/56aCES &' 89631I89hiO3M5S�A3?B4�J9/Q47=3M5GH^`z:CP4P/�Ü

&' � � 
 � � � 
+
� 
+ � � 
 �

�H�
� �

o � E n ¥ ¨ �
�Q4��B;:/�Yx;5/|CPCP/0A347Gf;:M513O347/B� GH6kAv/:OIC¡13M5S7GH4P^g?B89Sp? �7OIS7CE/:4¡JT/5S�A347GB�@J9S�13/ �j8TCP/5SPS7/�1I/5S¡�3XHO34P/:S E n\��/:C E n ¨
hiO38pGH6aC�CPGHO3SZM:CEMkGH�ICP/56iO3S]Yg;58TSE?B8TJ9JT/5^`/56aC�89^`A	GHSPMtn�.0/5SQ?§�7O3S7CP/5^`/56aCESZA@?B4xJ9/:SZM:hjO3?tCE8TGH63S � E n ¥H¥ � F
� E n ¥ E �0SPGH6aC�A34PM:SP/:6iCPM5SZSPO34xJ9/:S<�@XHO347/5S E n ¥ ¨ /:C E n ¥=� n

0 0.5 1
0

3

6

9

x  (mm)

v 
(m

m
.s

−
1 )

(a)

0 0.5 1
0

5

10

15

20

x  (mm)

(b)

?A@�BDC�E n ¥ ¨�F­�~RiN 
�_`hpWSV�m�j-eiV^hihiV�acN�}�Vbd�hD� � � ���=� L Vbep�n]bj`hqJlj-_-_`VbacVbd"eGj-a|y�N=hi[=u�v�V^hAT�JlRURiV^hpWZY\VbRURiVbPSRih
hiNQd�eA_`V^hGWS[bm�jgJleUj`NQd�hphieqJld�W�JlRiW WSV^hGW�j��Z[bRiVbd"eiV^hpacV^hUPSRiV^hGVbep]^NQRURiV^hiy#NQd�WSVbd�eDJlP�z ��P�]beUP�JleUj`NQd�hG_`N�];Jl_`V^hGWSV
_gJ m�j-eiV^hqhiV=uOH�J�K �� � ¡ H��=K �%� H��ZK�Vbe ��� h vxw H	��K u H�T�K �� � � ¢ H��=K �~� � H��ZK Vbe � ¢ h vxw H	��K u�v�V^h�_-j-o=d�V^h
]^NQd"eUj-d�P�V^hrhiNQd"e�_`V^h�J��ÇP�hUeiVbacVbd"eihrWSV^hnWSNQdSd�[^V^hr�¯_�Y Jlj`WSV WSV^hcRiVb_gJleUj`NQd�h�H ��u ����K��#H ��u ����K�Vbe�J^m�V^] ]^NQa|acV
PSdSj`k�P�VDy�JlRqJlac¤beURiV�_-j-TSRiV�� 
 � � ¡ � � �9J�u

o�/5S0AI4PGB�@JTS�CE=3M:GH4P8ThjOI/5S0A	/547^g/|CPCP/56aC01I/Z47/5A347Gf13OI894P/�CP4Pz5S�;5GH474P/:;:CE/:^g/:6aC0J K\/:63SP/:^[�3J9/�13/:S�A347GB�@JTS
13/Q�j8TCP/5SPS7/R/ �fAvM:4P89^`/56aCE?BOf�vn	op?lA	GHSP8DCE8TGH6�13/kJu?l�@?B631I/2VWGB47CE/:^g/:6aCZ;:89SP?B89JTJ9M5/Z/5S�C]A@?t47CE8T;5O3JT89z:4P/5^`/56aC



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥�� m

0 0.5 1
0

5

10

15

x  (mm)

v 
(m

m
.s

−
1 )

(a)

0 0.5 1
0

10

20

30

40

50

x  (mm)

(b)

?A@�BDC�E n ¥=�rF­�~RiN 
�_`hpWSV�m�j-eiV^hihiV�acN�}�Vbd�hD� � � ¡ � � L Vbep�n]bj`hqJlj-_-_`VbacVbd"eGj-a|y�N=hi[=u�v�V^hAT�JlRURiV^hpWZY\VbRURiVbPSRih
hiNQd�eA_`V^hGWS[bm�jgJleUj`NQd�hphieqJld�W�JlRiW WSV^hGW�j��Z[bRiVbd"eiV^hpacV^hUPSRiV^hGVbep]^NQRURiV^hiy#NQd�WSVbd�eDJlP�z ��P�]beUP�JleUj`NQd�hG_`N�];Jl_`V^hGWSV
_gJ m�j-eiV^hihqV=u�H�J�K �� � ¢�H��=K � ��� H��ZK � � ¢rH	��KMVbe � � h vxw H�� K u#H�T�K �� � �=� � ¢�H��=K ����� H��ZK � ¡ � H	��K~Vbet¢=¡
h vxw H�� K u
v�V^hp_-j-o=d�V^hG]^NQd"eUj-d�P�V^h�hiNQd"eG_`V^hGJ���P�hieiVbacVbd"eihDWSV^hGWSNQdSd�[^V^h��|_�Y Jlj`WSV�WSV^hpRiVb_gJleUj`NQd�hcH ��u ����K��#H ��u ����KpVbeGJ;m�V^]
]^NQa|acVDPSdSj`k�P�VDy�JlRqJlac¤beURiV�_-j-TSRiV � 
 � � � � ¢c��J�u

�38T/56�47/5A347Gf1IO38TCP/R?t8963S78�hjOI/rJu?b;5GBO34P�3OI4P/k13/5SZA34PGB�3J9Sx=3GH^`GHXHz:63/5SZYg=@?tOICES�;58TSE?B8TJ9J9/:^g/:6aCES5�I63GBC>?t^b¢
^`/56aCFA	GHO34ZJ9/r;5?BS
7 �R�H~ � . � ;:V�n��@X3n E n ¥=� �|n	o�/[�	GH6+?B;:;5GH471q/56aCP4P/[JT/5SF?§�7O3S7CP/5^`/56aCESQ47M{?BJT89SPM:S]/|C
J9/:S�13GH636IM5/5S�/|�fA	M54789^`/56aC>?BJT/5S<�t?BJT8913/FJ K\=aejA	GBCE=3z:SP/kSP/:J9GH6_Ju?thjOI/5J9JT/FJLKN896aCP/547V ?t;5/F/:6iCP4P/kJ9/:S��@?B6313/:Sx13/
;58TSE?B8TJ9JT/5^`/56aC�6�KN/5S�CFS7CE?B�3JT/RhiO�K\YyO363/k;5GB6iCP4E?B8T6aCE/k13GH6363M:/ ) 
 nD��?BA3A	/5JTGH63S�hjOI/r1�KNO36�A	GH8T6iC�13/k�jO3/CE=IM5GH4789hiO3/B�¡;5/|CPCE/�;:GH63138DCE8TGH6s13/yS7C>?t�389JT8TCEM`/5S�ClJ98TM5/yY�Ju?�AI4PM5S7/563;:/_13/yCE/:4P^`/5S[S7A@?tCP8u?BOf�s1@?B6IS[J9/:S
^`Gf13z:J9/:S�4P=3M:GHJ9GHXB89hiO3/5S � � �i� ¥ E ¨ � n

r¤?B4�?B8TJ9JT/5O347S5��Ju?s�@XHOI4P/ E n ¥�� A34PM:SP/56aCP/ JT/5S�M5A3?B89S7SP/5OI4PS_13/ Ju? �@?t6313/+VWGH47CP/5^`/56aC_;58TSE?B8TJ9JTM5/ s
/|�jCP4E?B8DCE/5SRY_A@?B47CP894Q13/:SRAI4PGB�@JTS2/|�fAvM:4P8T^g/:6iCE?BOf��Y¯7 ���B} � . /:Cn7����B~ � .�/:6 VWGH63;|CE8TGH6 13/ ) � �Ju?b;5GB6iCP4E?B8T6aCE/R?BO�47GBCEGH4:ná5Q6�4P/|CE4PGBOI�H/RJ9/k4PM5S7O3JTCE?tC�13/5SF? �7O3S7CP/5^`/56aCESZA34PM:;5M:13/56aCES�Ü�J K\8T6iCP/54�V ?B;5/2/5S�C
�38T/56_13GH636IM5/kA@?B4�Ju?l47/5Ju?�CE89GB6 � E n E �01@?t63SxJu? �5GH6I/k1I/k;:Gf/ �f89S7CP/563;:/Bn

|fGHO3JT89XH6IGH63S<;:/5A	/5631@?t6iC�hiO3/2JLK\?B;:;5GH471�/:6aCE4P/2JT/5S�13GH6I63M5/:S�/ �fAvM:4P89^`/56aCE?BJ9/:S�/:CxJ9/:S�A34PGt�@J9S0CP=3M5G�¢
4P8ThiO3/5SZ6�K\/:S7CQA3?BS]S�CE4P8T;:CP/5^`/56aCFA@?t47V ?B8DC{n	.0/5SZV ?B89�3JT/5Sx138DcdM:4P/56I;5/5S]SPGH6aCF/:6qA@?B4�CE8T/RJT89M5/:S]YgJu?bA34PGj;5M ¢
13O347/Q1�K\? �7O3S7CP/5^`/56aC�OICE8TJ98TSPM5/tnI��6_/:cv/:C5�3A	GHO34<;5?BJ9;:O3J9/:4<J9/:S<A34PGt�@J9S<1I/F�f8DCE/:SPSP/t�@89Jv/5S7Cx6IM5;5/:SPSP?B8947/Q13/
;5GB636@?'&TCE4P/rJ9/5S��j8TCE/:SPS7/5S213/lXHJT89SPS7/5^`/56aCF� � � /|C2��� + AvGBO34FO36+/:63SP/:^[�3J9/l;:GH6aCE8T6jO+1I/[;5GH6aCP4E?B8T6iCP/5S ) no�K\8T6aCE/547AvGBJu?tCP89GH6�13/:SF13GH6I63M5/:S]/|�fA	M54789^`/56aC>?BJT/5S������ � ¾�� ) ����AvGHOI4ZJT/5SPhiO3/:J9JT/5S�J9/5S�896I;5/54�CE8DCEO313/:SZS7GH6aC4P/:Ju?tCP8T�B/5^`/56aCxXH4E?t6313/5S:�@896aCE47Gf1IO38TC�AI4PGH�@?t�3J9/:^g/:6iCx�	/{?tO3;5GHOIA�1�KN/5474P/:O34PS:n

r¤?B4�?B8TJ9J9/:O34PS:�H89J@/:S7C�A34PGB�@?B�3JT/�hiO3/ZJ9/:S��@OI;:CEO3?tCE8TGH63S�CE/:^gA	GH4P/:J9JT/5S 13/�Ju?F�j8TCE/:SPS7/]J9Gj;{?tJ9/�A3O38TSPS7/56aC
/56IXH/5631I4P/54�13/xJ9M:XHz547/5S 138DcdM:4P/56I;5/5S�/56aCP4P/�J9/5S�? �7OIS7CE/:^g/:6aCES�/:C�J9/:S�AI4PGB�@JTS�13/x�f8DCE/:SPSP/tn:r¡GHO34 ;:/547CE?B896IS



¥�� � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

12 14 16 18

0

0.5

1

σ
1
  (Pa)

δ 
 (

m
m

)

(a)

16 17 18 19

0

0.5

1

σ
1
  (Pa)

(b)

?A@�BDCME n ¥���F �~y�Jlj`hqhiVbPSRih � WSV�_gJ�T�Jld�WSV{s�NQRUeiVbacVbd"e ]bj`h�Jlj-_-_`[^V��;�^�Z� �q� _gJ�]^NQd�eURqJlj-d"eiV�JlP RiNQeiNQR;u»H�J�K � �
��� � L � � V^hUe»V z�eURqJlj-e»WSV _gJ 
�o=PSRiV ��u ��VbeAH�T�K � � ¡ � � L � � V^hUe»V z�eURqJlj-e»WSV _gJ 
�o=PSRiV ��u���u=vwJD_-j-o=d�V y#NQj-d�eUj-_-_`[^V
V^hUet];Jl_`]bPS_`[^VDo=R��Q]^V �
_gJ{RiVb_gJleUj`NQd�H ��u���K J;m�V^]�� � � � � a|a�Vbef� 
 � � ¡ � � ��J�y�NQPSR � � ��� � L£Vbe � ��u�����J
y�NQPSR � � ¡ � � Lpu

A347GB�@J9S 13/x�j8TCP/5SPS7/]Yc7 � �t} � .,6IGBC>?B^`^`/56aC{�a8TJ3/5S�C0;:/547CE?B896`hiO�KN89J@V ?BOIC�A3JTO3S 13/Z^`/5S7O34P/:S�1I/ZA347GB�@JTS
Y2O36y^�
5^`/�;58TSE?B8TJ9J9/:^g/:6aC�A	GHO34�?BSPS7O34P/:40O36I/Z�	GH6363/x;:GH6a�H/547XH/56I;5/FS�C>?tCP89S7CP89hiO3/x13O`A34PGt�@J�^gG§eH/:6363Mtn
.0/5S�/:cv/:CPSxSP/547GH6aC]1I89SP;:OICEM:SxA3J9O3SxJTGH63XHO3/:^g/:6aC�1@?B63S�Ju?[S7/5;|CE89GB6 E n �fn

���! "��� 	 K"*+- �yK}0;-+("N � � 78( ��
)*+.�<R= ? A6C E G .10I<R41("N 0:9eK"-+N 0L. -!7RQ�("JL').
r¡GHOI4�;5?BJ9;:O3J9/:4�J9/:S�A34PGt�@J9S�13/��j8TCP/5S7SP/xXH4��t;5/x?BOf�l4P/5J9?tCE8TGH63S � E n ¥H¥ � F � E n ¥ E � �B8TJfV ?BOIC S7/x13GH6363/:4 O36

;5GBO3A3J9/ ��/:CZ13GH63;2O363/2;:GH6aCE4E?t896aCE/2XHJTGH�@?BJT/ ) n�o�?`;:GH636@?t89SPSP?B63;:/k1I/RJ9?r�f8DCE/:SPSP/k13/kXHJ98TSPS7/5^`/56aCx��� �A	/54P^`/:C<?BJ9GB4PS�13/]47/5^`GH6aCE/540?BOU;:89SE?t89J9JT/5^`/56aC &' 89631I89hiO3M]A3?B40JT/Z47=3M5GH^`z:CP4P/tn3.0/|CPCE/];5GHO347�v/]1�K\M:;5GHOj¢J9/:^g/:6aC�CE=3M:GH4P8ThjOI/ ) � ¾�� &' /:S7C�896a�B/54PS789�3JT/B��Á���Æ��xY"O363/ ;5GB6iCP4E?B8T6aCE/+13GH6I63M5/t��89JF6�KN/|�f8TS7CE/ hiO�KNO36
;58TSE?B8TJ9JT/5^`/56aC &' AvGBSPSP8T�3J9/tn¡.]K\/:S7C[;:/:C7CE/yAI4PGHA34789M|CEM`hjOI8�63GBO3S[?�A@?B4R?B89JTJ9/5OI4PSQA	/54P^`89Sk1�K\? �7O3S�CE/54RJ9/:S
A347GB�@J9S�1I/F�f8DCE/:SPSP/2A	GHO34�JT/5S<138DcdM:4P/:6iCPSx;589SP?B89JTJ9/:^g/:6iCPS0S7O34�J9/:S<�@XHO347/5S E n ¥ ¨ /:C E n ¥=� n3o�/FV ?t8TC<hiO3/2J9?
;5GBO34P�	/ ) � ¾�� &' S7GH8TC�^`GH63G§�t?BJ9O3M:/2/5S7C]J98TM2YgJu?bXHM:GH^gM|CE4789/Q13/r.0GHO3/|CPCE/tnd��6q/|cd/|C{��Ju?b;5GBO34P�3OI4P/k13/
;5/|CPCP/kXBM5GH^`M:CP4P89/Q8T6313O38DC�O363/ Ú]A	/56aCE/ Û SPO34xJT/QA3Ju?tCP/{?BO_13/2;:GH6aCE4E?t896aCE/tn

� ?B63S�JT/];5?B134P/Q1IO�^gGj13z5JT/Z/:6_XHM5GH^`M:CP4P8T/Z13/k.0GBO3/:C7CE/B�I89J	6�KNey?[13GH6I;FA@?BS<1I/Q138TcvM547/563;:/F/56aCE47/
J9/:S];:GHO34P�	/5SZ1�KNM5;5GBO3J9/:^g/:6iCFYy;5GB6iCP4E?B8T6aCE/k89^`AvGHS7M5/k/:C];5/5JTJ9/RYy;58TSE?B8TJ9JT/5^`/56aCx89^`AvGBSPMBnw5F6qS:K ?�CPCE/:631
13GH6I;kCP=3M5GH4789hiO3/:^g/:6iC]YbGH�3SP/:47�B/54]1I/5S�M5;5GBO3J9/:^g/:6iCPSZ8T63=3GH^`GHXHz:63/5Sx^�
5^`/2J9GH47SPhiO3/ ) /:S7CZ89^`AvGHS7MBn
.0/5A	/56I1@?B6aC{�¡J9GH47SPhiO3/`Ju?�;:GH6aCE4P?B896aCE/`/5S�C[8T^gA	GHSPM:/`?BO �BGH89S7896@?BXB/g13/gJu?�CE4P?B63SP8DCE8TGH6 13/gVW/:O389JTJ9/:CE?BXH/
A	GHO34|7 É 7 ( � � � � .]��89J�/5S�Cr8T^gA	GHS7SP89�IJ9/[13/`13M|�@63894kO36 M:C>?�CRS�C>?tCP89GH6I6@?B8947/l;{?B4kJ9/b;:89SE?t89J9JT/5^`/56aC
A347M5SP/:6aCE/�1I/5S`GHSP;:89J9J9?tCE8TGH63Sl?tOICEGt¢£/56aCE47/:CP/56iO3/5S � ;|V�n��@X3n E n ¥ ��A@?BXB/ ¥{¦�� �|n � ?B63S`;5/:C7CE/�Xa?B^`^g/y13/



����� �#��	���
;��	��
���^��� � � � ��� � � � ���������"� � �b� ¥�� E
CE/:^gA	M54P?tCEOI4P/B�@8TJ�6�KN/|�f89S�CE/k13GH63;kA34PGB�@?B�3JT/5^`/56aC�A@?BS�1�K\M:;5GHOIJ9/5^`/56aCPSZ8T63=3GH^`GHXHz:63/5SxS7CE?tCE8TGH636@?t894P/:S5n
$ AIJ9O3S��@?BS7SP/]CP/5^`AvM:4E?tCPO34P/t�wÁ���Æ��jAvGHOI4A7�È 7 ( �jJu?k4P=3M:GHJ9GBXH89/�/:S7C�13/Z63GHOI�B/{?BOyS7C>?�CE89GB636@?B8T4P/Bna��J	/5S�C13GH6I;[A34PGB�@?B�3JT/R1�KNGH�3S7/54��H/542J9?gA3=3M:63GH^`M563GBJ9GHXH8T/213O+SP=3/5?B4�¢£�@?B631I8963X�Yg;5GH6aCE4P?B896aCP/r89^`A	GHSPM:/R1@?t63S
;5/213GB^y?B8T63/F13/QCP/5^`AvM:4E?tCPO34P/tn

�ZGHOISR?{�BGH63S213GH63;b47M58TCPM547MlJ9/5SQ/ �fAvM:4P89/:63;5/:SRAI4PM5;:M513/:6aCE/5SR^y?t89SQY�7R���t} � .)/|CkY�;5GH6aCE4P?B896aCP/
89^`A	GHSPM:/Bn@o�/2A34PGtCEGj;5GHJT/F4P=3M:GHJ9GBXH89hiO3/F;>=IGH89S78�/5S7C�JT/QSPO38D�B?t6iCnÜ

F /:6iCP4P/|VW/54x1�KNM5A@?B8TSPS7/5O34yjl� mR^`^ /|C�CP/5^`AvM:4E?tCPO34P/F�f�IM:/rYr7 � �B} � . ß
F O36�A347/5^`89/540A@?BJ98T/54</:S7CZ?BA3AIJ989hiO3M2Y ) �nm§~;oqp r¤?bAv/:631@?B6aCys�t"� m{~ �H~H~lS ß
F J K\8T63;547M5^`/56aC�13/2;5GB6iCP4E?B8T6aCE/2/5S�CZ/:63SPOI8TCE/ s ) u ~Loz��p F ~;o ��p�r¤? ß
F J K\8T6iCP/54��B?tJ9J9/Z13/QCE/:^gA3S�/:S7C
sft u �a~H~H~ F �B~H~H~RS5n

0 1000 2000 3000

12

13

14

15
(a)

C
on

tr
ai

nt
e 

(P
a)

Temps (s)
0 1000 2000 3000

5

10

15

20

25 (b)

C
is

ai
lle

m
en

t (
s−

1 )

Temps (s)

?A@�BDC~E n � ��F � �ª��� � Lpu9H�J�KX��Jl_-j`VbRih�WSV
]^NQd�eURqJlj-d"eiV^h JlySyS_-j`k�P�[^V^h;u~H�T�KXÖX[by�NQd�hiV^hpeiVba|y#NQRiVb_-_`V^h �� ��� � � _`V^h
_-j-o=d�V^h�y�NQj-d"eUj-_-_`[^V^h
eiVbRUa|j-d�[^V^h
y�JlR
WSV^hDy�NQj-d"eih
j-d�W�j`k"P�Vbd�e _`V^h acN;}�VbdSd�V^h{WSV �� ���	�D�ry�JlRUeUj-R{WSV^hik�P�Vb_-_`V^h�_gJ
]^NQPSRUT�V�WZY\[^]^NQPS_`VbacVbd"eGWSVG_gJ

�o=PSRiV ��u�! ��V^hief]^NQd�hUeURUPSj-eiV=u

o�/5S24PM:AvGB63SP/:SkCP/5^`AvGH47/5JTJ9/5S]13O ;:89SP?B89JTJ9/5^`/56aC]SPGH6aCkA34PM:SP/:6iCPM5/:SrSPOI4kJ9?U�@XHO347/ E n � � n�o�GH896 13O�SP/:O389J
13/2Ju?rCP4E?B6ISP8TCP89GH6�1I/FVW/5O38TJ9J9/|C>?BXB/B�IJT/F;58TSE?B8TJ9JT/5^`/56aC<47/5Ju? �I/F�B/547SZO36�M:CE?tCxS7CE?tCE8TGH636@?t894P/]4P/5J9?tCE8D�H/:^g/:6iC
�38T/56+13M|�@638 � s &'1� &'[u m F � � �|n�.0/5A	/56313?B6aC{��;5GB^g^`/rS7GHO3J98TXH63M[13?B63SQJ9/r;>=@?BA38DCE4P/l� � A@?BXH/ E ¦ �|�vJ9/:S
4PM:AvGB63SP/:SZCE/:^gA	GH47/5J9JT/5Sx13O�;589SP?B89JTJ9/:^g/:6iCxS7GH6aCZVWGB47CE/:^g/:6aC]�347O38TCPM5/:SF?BO��HGH8TSP8963?BXH/213/rJ9?bCP4E?B6ISP8TCP89GH6
13/xVW/5O38TJ9JT/:C>?tXH/</:C�A347M5SP/:6aCE/56aC�1I/5S��3O3;:CPO@?tCE8TGH63S 13GH6aC�JLK\?B^`A3J98DCEO313/0Av/:OIC<?�CPCE/:89631I4P/ E�� njop?Q�j8TCP/5SPS7/
13O�4PGBCPGH4������@OI;:CEOI/R13GB63;213/2^y?B6I89z547/F89^`A	GH47CE?B6aCE/Bn

o�?x;:GHO347�v/�1�KNM5;:GHO3JT/5^`/56aC�GH�ICP/56iO3/ /5S�C�A34PM:SP/56aCPM5/�SPO34�J9?0�@XHO347/ E n � ¥ n{o�/5S�13GB6363M5/:SpY<;5GH6aCE4P?B896aCP/
89^`A	GHSPM:/kS7O38T�B/56aCQJ9?`;:GHO34P�	/k1�K\M:;5GHOIJ9/5^`/56aC]GH�ICE/:6iO3/rA347M5;:M513/:^g^`/56aCQY`;58TSE?B8TJ9J9/:^g/:6aCx89^`AvGHS7M � ;:V�n
�@X E n\mI�fA@?BXH/ ¥§¨�� �|nI.0GH^`^g/ZAvGBO34<J9/:S</|�fA	M54789/56I;5/5S�47M{?BJT89S7M5/5S<Y[;589SP?B89JTJ9/:^g/:6iC�8T^gA	GHSPM]Y�7 � �t} � .
/:C�7 � �B~ � .]�pJ9/5Sk�@XHO347/5S[1I/y138Dcd4P?B;:CP89GH6 Y�;5GB6iCP4E?B8T6aCE/y8T^gA	GHS7M5/`/:C�7 � �B} � .�SPO3XHXBz54P/:6aClhiO3/



¥��H¦ ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 10 20

10

12

14

Cisaillement (s−1)

C
on

tr
ai

nt
e 

(P
a)

(a) (b) (c)

(d) (e) (f)

?A@�BDC»E n � ¥�F�LONQPSRUT#V|WZY\[^]^NQPS_`VbacVbd�e hUeqJleUj`NQdSd�Jlj-RiV|NQTSeiVbd�P�Vc� � � ��� � L Vbe��n]^NQd�eURqJlj-d"eiV|j-a|y�N=hi[^V�H��=K
Vbe�]^NQPSRUT#V�WZY\[^]^NQPS_`VbacVbd"en� � �Þ��� � L Vbe
]bj`hqJlj-_-_`VbacVbd�e|j-a|y#N=hi[ H��=KnHØ] sUu 
�o�u���u���K u H�J�K��#H s K �9j-o=PSRiV^h�WSV
W�j���RqJQ]beUj`NQdcNQTSeiVbd"P�V^h»hUj-a
PS_-eqJld�[bacVbd"eÒ�A_gJp]^NQPSRUT�VOWZY\[^]^NQPS_`VbacVbd�eÒ�p]^NQd"eURqJlj-d�eiVtj-a|y#N=hq[^V=ulvwV^h~]^NQd"eURqJlj-d"eiV^h
hiNQd�ef_`V^hfhUPSj-m=Jld"eiV^h���H�J�K � � � ��� H�T�K ��!�u�� � HØ]�K ��!�u�� � � HØW�K���� � HØV�K ����u��cVbe H s K�� ��u�!��|�9J�u

Ju?rCP4E?B6ISP8TCP89GH6�1I/FVW/5O38TJ9J9/|C>?BXB/F/5S�CZ;:GH6aCE8T6jOI/Bn@��6�/:cv/:C{�@1I/5SxA389;:Sx13/QV ?B89�3JT/5S<8T6aCE/56ISP8TCPM2?BA3A@?t4E?B8TSPSP/:6aC
SPOI4gJ K ?B6I63/{?BO,Y ) � m��Lozp r¡?In�o�/_;:GH6aCE4E?tS7CE/�13/�;5/:Sg13/:4P638T/547Sg;:4PG�&TCbA34PGHXB4P/5S7SP8D�H/5^`/56aCQ�7O3SPhiO�K\Y
SE?�CEO347/54FY ) � m��;oqp r¡?Indo�/:SFA34PGt�@J9S�13/R�j8DCE/5S7SP/[^`/5S7O34PM:SFSP8T^[O3JDC>?B63M:^g/:6aC]S7GH6aCFA347M5SP/:6aCEM5S2S7O34]J9?
�@XHOI4P/ E n �B�fncr¡GHO34k13/:Sr;5GB6iCP4E?B8T6aCE/5S ) È mf�Loqpdr¡?I��J9/5SkA347GB�@J9SkSPGB6iCRJ98T63M{?t894P/:SQ1@?B63SRJLKN/56aCE47/:VW/:4R/|C
Ju?b�j8TCE/:SPS7/[J9Gj;{?BJT/R6I/R�@O3;|CEO3/lA3?BS5n6r¡GHOI4�mf�Loqp�È ) ÈRm��Lozp r¡?I�dJT/5SZA34PGB�3J9S]1I/R�j8TCP/5SPS7/lA34PM:SP/:6iCP/56aC
13/:Of�U�3?B6313/:S<13/];:89SP?B89JTJ9/5^`/56aCPS�1I89S7CP8963;|CES:nfo�?r�3?B6313/�VWGH47CP/5^`/56aC<;:89SE?t89J9JTM5/�/:S7C�6iO3;:J9M5M:/Q?BOU47GBCEGB4�/|C
/56a�t?B=38DC0J K\/:6aCE4P/|VW/540Y ) u m��;oqp�r¤?fn � ?t63S<;5/|CPCP/]Xa?B^`^`/�1I/];5GB6iCP4E?B8T6aCE/B�i8TJ	/:S7C0;5Ju?t894 hiO3/FJu?Q�j8TCP/5SPS7/
J9Gj;{?tJ9/lA347M5SP/:6aCE/U13/bCE47z5SkXH4E?t6313/5Sk�@O3;|CEO@?tCP89GH6IS Ü�J K ?B^`A3JT8TCEOI13/[13/g;5/5SR13/5476389z:4P/:SRA	/5OICr?tC7CE/58T631347/
� � � n��ZOf¢�13/:JuY�13/ ¥ mIn E r¤?I��JT/5S2A347GB�@J9SQS7GH6aC[Y�63GBOI�H/5?BOs=3GB^gGHXBz563/:Sk/|CkS7C>?�CE89GB636@?B8T4P/5S:n�.0GH^`^g/
A	GHO34¤JT/5S¡/|�fAvM:4P8T/563;:/5S�A347M5;5M:13/56aCP/5S�Y];58TSE?B8TJ9JT/5^`/56aC�89^`AvGBSPMB� O36rXHJ98TSPSP/:^g/:6aC�SP8TXH638D�@;{?tCP8TVI/5S7C¤^g/:SPO347M
?BOf��A@?B4PGB89S5n;r¡GHOI4x�363894:�363GBCPGH63S�hiO3/kJ9/5S<�t?BJT/5O347S�13/2;5GH6aCP4E?B8T6iCP/ ¥ �fn E /:C ¥ mIn E r¤?I�@;:GH4P47/5S7AvGH6I1@?B6aC
Y J9?��:GH63/�13/�;:Gf/ �f89S7CP/563;:/�S7GH6aCy/:6w?B;5;:GH4P1(?{�H/5;�;5/5JTJ9/:S`/ �jCE4E?t8TCE/:Sy13/:Sy?§�7O3S7CP/5^`/56aCESU47M{?BJT89S7M5S`Y
;58TSE?B8TJ9JT/5^`/56aC<8T^gA	GHSPM]/:C�7 � �t} � . Ü ) 
 � mf�:o�
l/:C ) � � m �3r¡?In

.0/5SF/ �fAvM:4P89/:63;5/:SQYy;:GH6aCE4E?t896aCE/k89^`AvGBSPM5/k/:C]AvGBO34Z1I/5S]CP/5^`AvM:4E?tCPO34P/:SZCE/:J9JT/5S�hjOI/rJ9/:S]47M5A	GH63SP/:S
4P=IM5GHJTGHXH89hiO3/:S¡S7GH6aC ?BA3AI4PG{�f89^g?tCE8D�H/5^`/56aC¡S7CE?tCE8TGH636@?B8T4P/:Sp^`GH6aCE47/56aC�SP?B63S�?tO3;5O36I/�?B^[�38TXHO � CEM Ju?�A34PM ¢
SP/:63;5/]13/FSP=I/{?B4�¢��@?B6I138963XrYr;5GB6iCP4E?B8T6aCE/�89^`AvGHS7M5/�/56�XHM:GH^`M:CE4789/x13/2.0GBO3/:C7CE/Bn��!
:^g/FS78v;:/]47M5SPOIJTC>?�C
6�KN/5S�C A@?BS�SPOI4PA347/56@?B6aC /:6`S7GH8L��63GHOIS�Av/:63SPGH6IS�hjOI/�63GHS�/|�fA	M54789/56I;5/5S�?BAIAvGH4�CE/:6iC�Ju?]A347/5^`89z:4P/0AI4P/5Of�H/
13/2SP=I/{?B4�¢��@?B6I138963XI�3YlJu?rVWGH8TS<SPOI4�Ju?[S7CP4PO3;|CEO347/213O��3O38913/Q/|CxJ9/FAI4PGB�@J�1I/F�f8DCE/:SPSP/2/:6�XHM:GH^`M:CE4789/Z13/
.0GHO3/|CPCP/Bn@��GHO3Sx?{�HGH6IS�13M5;:8913MQA	GHO34<6I/QA@?BSx?BJTGHO34P1I894�J9/ZCP/|�jCE/213/]63/QA@?BS�A347M5S7/56aCE/:4�J9?rA347Gf;:M513O347/



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� ¥��H¨

0 0.5 1
0

3

6

x  (mm)

v 
(m

m
.s

−
1 )

(a)

0 0.5 1
0

5

10

15

x  (mm)

(b)

?A@�BDCfE n �H� F��~RiN 
�_`h�WSVnm�j-eiV^hihiVnacN;}�Vbd�h|NQTSeiVbd"P�h|hij-a PS_-eqJld�[bacVbd"en��_gJ ]^NQPSRUT#V�WZY\[^]^NQPS_`VbacVbd"e ��u�! �r�
� � ���=� L�VbeM�G]^NQd"eURqJlj-d"eiVAj-a|y�N=hi[^V=u=v�V^h»T�JlRURiV^hMWZY\VbRURiVbPSRihMhiNQd�e»_`V^h»WS[bm�jgJleUj`NQd�hMhUeqJld�W�JlRiWcWSV^hMW�j���[bRiVbd�eiV^h
acV^hUPSRiV^hAVbeX]^NQRURiV^hUy�NQd�WSVbd"epJlP�z ��P�]beUP�JleUj`NQd�hA_`N�];Jl_`V^hAWSVG_gJ�m�j-eiV^hihiV=uwH�J�K � � � � � ¢�H��=K � � � H��ZK � � � � ¢�H	��K
Vbe � � � � ¢���J�H�� K u�H�T�Kt� � � ¡ H��=K � � ¡ � ¢�H��ZK � � ��� � ¢�H	��KtVbe � ¢c��J H�� K u�vwJn]^NQPSRUT�V�y�NQj-d"eUj-_-_`[^V{]^NQRURiV^hUy�NQd�W
JlP�ySRiN 
�_9WSV�m�j-eiV^hihiV�WZY PSd
��PSj`WSV d�V��teiNQdSj`Vbd ]bj`h�Jlj-_-_`[
� ���
�� � � � h vxw VbeXk�PSj�o=_-j`hihiV
JlP hUeqJleiNQRX]^NQa|acV
_gJ
yS��JQhiVD_gJlacVb_-_gJlj-RiV
�|� � � � ��J�u

1�K\? �7O3S�CE/5^`/56aCR13/5S2A347GB�@JTSQ13/l�f8DCE/:SPSP/gY�;5GH6aCP4E?B8T6iCP/b89^`AvGHS7M5/tnFr¤?t4R?t89J9JT/5O347S5�v;5/:C7CE/bA347Gf;:M513O347/b63/
;5GB6313O38DCxA@?BS�YlO36�?t;5;5GB4P1�?BO3SPS78��@13z5JT/QhiO3/RS7O34xJ9/:S<�@XHO347/5S E n ¥§¨ /:C E n ¥=� n

��6 /|cd/|C{� 1@?B63SbJ K\/ �IA	M54789/:63;5/_A347M5;5M:13/56aCP/B��Ju?q;5GB6iCP4E?B8T6aCE/_/5S�Cg8T^gA	GHS7M5/_?{�H/:;�O36I/�/ �f;5/5JTJ9/:6iCP/
A347M5;58TSP8TGH6�Ü3J9/:S0�@O3;|CEO@?�CE89GB63S<CE/:^gA	GH4P/:J9JT/5S01I/ ) S7GH6aCx896IVWM:4P8T/5O347/5SxY � n � �I¥ � n�5Q4:�3Ju?k�f8DCE/:SPSP/2JTGf;5?BJ9/
�@O3;|CEO3/�13/ V ?��5GH6kSPA	/5;|C>?B;:O3Ju?t894P/tn o�/5SpA34PGB�3J9S�13/�Ju?��@XHO347/ E n �H��A347M5SP/:6aCE/56aC�/:6r/|cd/|C¤13/:S¤?t^gA3JT8TCPO313/5S
13/0�3O3;:CPO@?tCE8TGH63S¡J9Gj;{?BJT/5SpAvGHOf�B?t6iC�?tCPCP/58T63134P/<� � � nHo�/:S�M5hiO@?tCP89GH6IS¤A	/54P^`/:C7C>?B6aC¤J9/0A3?BSPSP?BXH/cÚ�JTGf;5?BJ F
XHJTGH�@?BJ�Û�63/[A	/5OI�B/56aCk^gGj13M5JT89S7/54]hiO3/l1I/5SQA347GB�@J9SZS7CE?tCE8TGH636@?B8T4P/:S]SP8¤Ju?g;:GH6aCE4P?B896aCE/r/5S7CQ�f�I/tn � /lJ9?
^�
5^`/rV ?��5GB6��dJT/5SQA347GB�@J9S]13/[�j8TCE/:SPS7/`GB�ICE/:6jOISRYU;:89SP?B89JTJ9/5^`/56aCZ89^`AvGBSPM[A347M5S7/56aCE/:6iCR/5Oj� ?BO3S7SP8�13/:S
�@O3;|CEO@?�CE89GB63S�CE/:^gA	GH4P/:J9JT/5S¤1I/�Ju?Z�j8TCP/5S7SP/Bnj.0/:S��@O3;:CPO@?tCP89GH63S�S7GH6aC A@?B4�?t89J9JT/5O347S¤JTGf;5?BJ98TSPM5/:S�?BOb638D�H/5?BO
13/`JLKN896aCE/:47V ?B;:/b/56aCE47/yJ9/:S213/5Of� �@?t6313/5SR13/`;589SP?B89JTJ9/:^g/:6iC5n�o�?�S7/5;|CE89GB6sSPOI8T�t?B6aCE/`;5GH6I;5/54763/yJ K\M|CEO31I/
?BO3S7SP8�/ �I=3?BO3S7CP8T�B/rhiO3/2AvGBSPSP8T�3J9/Q1I/k;:/5Sx�@O3;|CEO@?tCP89GH6IS�J9Gj;{?BJT/5S5n

¥�¦�� ¨ª©M«­¬¯® ¬¯®�¶���«­³A©M«­´|©»ºµ²�¼­¶¹¬¯® °µ´ � º�©»®�¶»¶~® °�²�³G´n°�®
� ?B63SRJ9/:SR/ �IA	M54789/:63;5/:S[A34PM:;5M:13/56aCE/:S5��6IGHO3S[?{�BGH63Sr^`GH6aCE47MgSP?B63Sr?BO3;5OI63/U?B^r�389XHO��LCEMt��Ju?_A3=3M ¢

63GH^`M56IGHJ9GHXB89/_13O!S7=3/{?B4�¢��@?t6313896IX J9GH47Sy13/�Ju? CE4E?t63SP8DCE89GB6(13/�VW/:O389JTJ9/|C>?BXH/t� YsA@?B4�CE8T4g1�KNO363/�M:CEOI13/

 Ã
	SÆ�ÄZÄ1�^Æ 1@?B63S�J9/xCE/:^gA3S:n3.0/:Av/:631@?B6aC5�31@?B63S�Ju? �5GH63/Z13/F;:Gf/ �I8TS7CP/563;:/F/56aCE47/FJ9/:S�1I/5Of�yS7CP4PO3;|CEO347/5S



¥���� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
1�KNGHXH63GB63S5�§J9?0�f8DCE/:SPSP/�J9Gj;{?tJ9/¡�3O3;:CPO3/�VWGB47CE/:^g/:6aC{n§o�?�AvM:4P8TGf13/�1I/5Sp;5/5S��@OI;:CEO3?tCE8TGH63S�/5S�C¡1I/�J K\GB4P1347/�13O
CE/:^gAIS¤63M:;5/5S7SE?B8T4P/�A	GHO34¡GH�ICE/:63894¡O36[A347GB�@Jf13/��j8TCP/5S7SP/ � u ¥�� �=F	¥�� � � S>� n�rpGHO34�S:K ?tcv4E?t63;>=3894¡13/<;:/:CPCP/
;5GB^gA3JT/|�f8TCPMB�	J9/:S]A347GB�@J9S]?B6@?BJDejSPM5SQAI4PM5;:M513/:^g^`/56aCQ;:GH4P47/5S7AvGH6I13/56aC2CEGHOISQYyO363/r^gG§eH/:6363/[CP/5^`AvGt¢
4P/:J9JT/�1I/FA34PGt�@J9S�89631I8T�j8913OI/5J9S�YkO36 
���
 Æ ;:89SE?t89J9JT/5^`/56aC 89^`A	GHSPM � �3XHO34P/:S E nN�r/|C E n ¨ ��GHOUO363/�
���
 Æ
;5GB6iCP4E?B8T6aCE/b�I�f/ � �3X3n E n �B�H�|npo�?�13M|�j8u?tCP89GH6�S7CE?B631@?B471s13/g;5/:Sr138DcdM:4P/56aCP/5Sr^`/5S7O34P/:SrA	/547^g/|C[?BJTGH4PS
1�KN/5S�CE89^`/540J9/5S<�3O3;:CPO@?tCE8TGH63S<CP/5^`AvGH47/5JTJ9/5S�13/QJu?r�j8DCE/5S7SP/2J9Gj;{?tJ9/Bn $ JLK\?B8T13/]1�KNO36�^gGj13z:J9/]^`M5;5?B638ThjOI/
SP8T^gAIJ9/B�t63GHO3S�?{�HGH6IS�A3Og? �7O3S�CE/:4�J K\/:63SP/:^[�3JT/�1I/5S�A34PGB�3J9S�13/��j8TCP/5SPS7/�
 Ã
	SÆ�ÄZÄ1�^¾|�H/:6gS7O3A3A	GHSE?B6aC�hiO3/
JLKN896aCP/547V ?t;5/l/56aCP4P/yJT/5S2�@?B6I13/5Sk13/`138TcvM547/56aCES2;58TSE?B8TJ9JT/5^`/56aCESF/:S7CRS7CE?B�3J9/`Y_O363/`;5GH6aCP4E?B8T6iCP/l�I�f/ ) 
 n.0/5A	/56I1@?B6aC{��13/Q63GB^[�34P/:O3SP/:SZhiO3/:S7CP89GH63Sx47/5S7CP/56aC�SE?B6IS�47M5A	GH63S7/5S5n	��6�/:cv/:C{�IJu?r�j8TCP/5SPS7/RJTGf;5?BJ9/��@O3; ¢
CEOI/r13/kV ?��5GH6�SPA	/5;|C>?B;:O3Ju?B8T4P/�ÜvJ K ?t^gA3JT8TCPO313/F13/R;5/:SF13/5476389z:4P/:S]A	/5OICF?tCPCP/5896I134P/kA3J9OISZ13/[� � � 1@?t63S
Ju?d�5GH6I/U13/U;:Gf/ �I8TS7CP/563;:/Bn}r¡?B4l?B8TJ9JT/5O347S5��J9/:Sr�@?t4P4P/:S[1�KN/5474P/5OI4[13/5SlAI4PGB�@JTSr13/:Sr�@XHOI4P/5S E n\�I� E n ¨ /|C
E n �H�R8T631389hiO3/:6aC�;5J9?B8947/5^`/56aC0OI63/QJ9Gj;{?BJT89SP?tCE8TGH6l13/Q;5/:S0�@O3;|CEO@?�CE89GB63S�ÜIJ K ?t^gA3JT8TCPO313/x/5S�C�^y? �I8T^y?tJ9/�Y
JLKN896aCP/547V ?t;5/Q/56aCP4P/2J9/:S�1I/5Of�_�3?B6313/:S5n

� ?B63Sr;5/:C7CE/gSP/5;|CE8TGH6��p63GHO3Sr?BJ9JTGH63S21@?B63SRO36 A347/5^`89/:4kCP/5^`A3Sr;5?B4E?B;|CEM:4P89S7/54khiO@?B6aCE8DC>?tCP8T�H/:^g/:6aC
;5/|CPCP/`JTGf;5?BJ98TSE?tCP89GH6�13/:Sk�@OI;:CEO3?tCE8TGH63S5n�� 6ISPO38DCE/B��6IGHO3Sk?BJ9JTGH63SZ^gGH6aCP4P/542Y�J K ?B8T13/[13/lS7M54789/5SQCP/5^`AvGt¢
4P/:J9JT/5S[13/U�j8DCE/5S7SP/_^`/5SPOI4PM5/:Sb/56�A3J9OISP89/:O34PSlA	GH8T6iCPS5�¡hjOI/�J9?�VWGH47^g/U1I/5Sl�@O3;|CEO@?tCP89GH6IS[13M5A	/56I1 /:J9J9/
?BO3S7SP8�13/2Ju?[A	GHS78TCE8TGH6�1@?B6ISZJ K\/:6iCP4P/|VW/545n���GHO3SxA347M5SP/:6aCE/547GH63SZ/563S7O38TCP/k1I8T�H/:4PSZ?B4PXBO3^g/:6aCES�SPOIXHXHM54P?B6aC
hiO3/l;5/:S]�@O3;|CEO@?�CE89GB63SFJ9Gj;{?tJ9/5S�SPGB6iCFJ989M:/5S]?BOq^`GHOI�H/:^g/:6aCQ13/[J9?y�@?B631I/rVWGH47CP/5^`/56aCF;:89SP?B89JTJ9M5/21@?t63S
JLKN/56aCP4P/:VW/:45n �Q4��t;5/Q?BO�^`Gj13z5JT/]^`M5;{?t6389hiO3/QA347M{?BJ9?B�3JT/5^`/56aC<A347M5S7/56aCEMt�@63GHO3S�A	GHO3474PGH63Sx?tJ9GH47S04P/:A34PG�¢
13O38T4P/_hiO@?BJT8TC>?�CE8T�B/5^`/56aCbJ9/:SgAI=3M563GB^gz:63/5S`GH�3S7/547�BM5S:n<�ZGBO3S`�B/5474PGH63Sg;5/:Av/:631@?B6aCU4P?BA38T13/5^`/56aC`J9/:S
J98T^g8DCE/:S013/2;5/213/:4P638T/54xA	GHO34�/|�fA3JT89hiO3/:4�JLKNGH4P8TXH8963/Z^g8T;547GHSP;:GHA389hiO3/Q1I/k;:/5Sx�@O3;|CEO@?tCP89GH6IS5n

��� ���# ��(541K"*+-+JLK}0L-+(ON �
.�*��iKO7RQl*+- 0 ���
. �
.)J�� �y4D0 �
K}0L-+(ONyJ
�ZGHOISR?tJ9J9GB63SF4P/:A34P/:631347/`J K ?t6@?BJTejS7/l13/5S2A347GB�@J9SQ1I/[�f8DCE/:SPSP/`GH�ICP/56iO3S2A347M5;5M:13/5^`^`/56aC{��/56 63GBO3S

J98T^g8DC>?B6aCp?BOr;{?BS�G �r7 ���H~ � .s/:C Y &' 8T^gA	GHSPMtn�� 6l/|cd/|C{�tJ9/0AI4PGBCPGf;:GHJ9/�OICE8TJ98TSPM�Y];5/|CPCE/�CE/5^`A	M54E?�CEO347/63GHOISZ?lA	/547^g8TS<13/24PM:SPGHO31I4P/2A@?B4�V ?B8TCP/5^`/56aC�Ju?��:GH63/213/Q;:Gf/ �I8TS7CP/563;:/Bn	o�?l�3XHO34P/ E n �BmlA347M5S7/56aCE/kJ9/:S
A347GB�@J9Sk13/`�f8DCE/:SPSP/y^gG§eH/:63S[GH�fCE/56iO3S[Y &' � m§~I� ¥ E /:C\���Lozp_S�vxw|�¡?B896ISP8 hiO3/yJT/5S[?t^gA3JT8TCPO313/5S213/:S
�@O3;|CEO@?�CE89GB63S�13/��j8TCE/:SPS7/Z47/5Ju?�CE8T�B/5S"s � � �r/:6bVWGB63;:CP89GH6b13/xJu?FA	GHS78TCE8TGH6 ��n ��?BA3A	/5J9GB63S�hiO3/�;5/5S A347GB�@JTS;5GB4P4P/:SPA	GH6313/:6aC�Y]Ju?�^gG§eH/:6363/<1I/<A3J9OISP89/:O34PS¡A34PGt�@J9S¡;5GH63S7M5;:OICE8DVWS � �7O3S7hjOdK Y2� � ��GH�fCE/56iO3S YZO36l^�
:^g/
;58TSE?B8TJ9JT/5^`/56aC{nIo K\?B^`A3J98DCEO31I/Q13/5Sx�@O3;|CEO@?tCP89GH6ISZ/:S7CZSP89^`A3JT/5^`/56aC�/5S7CP89^`M5/2/56�A34P/:6@?B6aCFJ9?l13M:�j8u?�CE89GB6
S7CE?B631@?t4P1�13/2;5/5S�^`/5SPOI4P/5S:n

$wV ?B89�3JT/5S�;:89SP?B89JTJ9/5^`/56aCPS5�#Á���Æ��a=3GH47S 13/xJu?��5GH6I/�1I/�;:Gf/ �f89S7CP/563;:/B�iJ9/:S A34PGB�3J9S�13/��j8TCP/5SPS7/ZS7GH6aC�S7C>? ¢
CE8TGH636@?t894P/:S5n�o�K\?B^gAIJ98TCPO313/F^`G§eH/:6363/r1I/5SZ�3O3;:CPO@?tCE8TGH63Sx13/RJu?[�j8TCE/:SPS7/r/5S�C]8T6IVWM54789/:O34P/kY E�� ��J K\GH47134P/
13/UXB4E?B631I/5O34[1I/UJLKN8963;:/54�CE8TCPO313/`896aCE478963S7z5hiO3/U1IO"^gGH6aCE?BXH/`OICE8TJ989S7MBncr¡GBO34[J9/:Sr;:89SE?t89J9JT/5^`/56aCESkSPOIAvM ¢
4P8T/5O347S�Y ¥ � S�vxw|��J9/:S¤A347GB�@J9S¡A34PM:SP/:6iCP/56aC�13/5Oj�[�@?t6313/5S�1I/<;58TSE?B8TJ9J9/:^g/:6aCES�1389S�CE8T63;:CPS5ntop?��@XHO347/ E n �BmInN�



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� ¥����

0 0.5 1
0

5

10

15

20

x  (mm)

v 
(m

m
.s

−
1 )

(a)

0 0.5 1
0

10

20

x  (mm)

δv
/v

  (
%

)

(b)

?A@�BDC�E n �tm F�H�J�K��~RiN 
�_`háWSVMm�j-eiV^hqhiV~acN;}�Vbd�h9NQTSeiVbd"P�h~� � � ¡ � � L¯Vbeáy#NQPSRáW�j-m�VbRihá]bj`hqJlj-_-_`VbacVbd�eih�j-a|y#N=hq[^h �
���� ���{H��=K � !��{H���KwVbe%!��Ah vxw H	��K uSH�T�K��Aa|yS_-j-eUP�WSVORiVb_gJleUj-m�V � ��� � WSV^h ��P�]beUP�JleUj`NQd�h�eiVba|y#NQRiVb_-_`V^h~WSVÒm�j-eiV^hihiV
Vbd�sØNQd�]beUj`NQd�WSVp_gJ
y#N=hij-eUj`NQdrW�Jld�h _�Y\Vbd�eURiV sØVbR;uSvwV^h _-j-o=d�V^h y#NQj-d�eUj-_-_`[^V^h j-d�W�j`k"P�Vbd�et_`V^h y#N=hUj-eUj`NQd�h�� � � � ¡=¢�Vbe
� � � � � ¢|a|a�u

^`GH6aCE4P/�?BJTGH4PS ;:Ju?B8T4P/5^`/56aC hiO3/�JLK\?B^`A3J98DCEO313/013/5S �@O3;|CEO@?tCP89GH6IS�A@?tSPSP/�A@?B4 O36g^y? �I8T^[O3^�?BOy638D�H/5?BO
13/`JLKN896aCE/:47V ?B;:/b/56aCE47/yJ9/:SR�3?B6313/:S5n $ &' � �t}�S vxw A@?B4k/|�f/5^`A3JT/B��JLKNM5A@?t89SPS7/5O34k13/`Ju?_�@?B631I/gVWGH4�CE/|¢
^`/56aC�;589SP?B89JTJ9M:/�/5S7C�/56a�j8947GH6 � n ¦ E ^`^�nHo�/:S��@OI;:CEO3?tCE8TGH63S 13/x�f8DCE/:SPSP/ZSPGH6aC�V ?B89�IJ9/5S ?tOg47GBCEGH4 � u p��b�
/:Cr;547GH89S7SP/56aClAI4PGHXH47/5S7SP8T�B/5^`/56aCZ�7O3S7hiO�K Y+?�CPCE/:89631I4P/yhiO@?tSP89^`/56aCl� E�� /56 � u ~;o }�p�^g^���Ju?�AvGBSP8D¢
CE8TGH6y1I/]JLKN896aCP/547V ?t;5/]/:6aCE4P/ZJ9/:S0�@?B6I13/5S:n � ?B6IS<Ju?k�@?B6313/ZV ?B89�3JT/5^`/56aC�;58TSE?B8TJ9J9M:/B�aJ K ?B^`A3JT8TCEOI13/�4P/:Ju?tCP8T�H/
138T^g8T6jOI/UY+63GHOI�B/{?BOdn"r¤?B4b?B8TJ9JT/5O347S5�pJLK\?B^gAIJ98TCPO313/`^y? �I8T^y?tJ9/b13/5Sl�@OI;:CEO3?tCE8TGH63Sl;547G�&9Cl?§�B/5;_J9/y;58D¢
SE?t89J9JT/5^`/56aCZ?BA3A3JT89hiO3Mt�MÁ���Æ��dAIJ9O3SZJu?b�@?B6313/RVWGH47CP/5^`/56aCF;:89SE?t89J9JTM5/Q/:S7CQXH4P?B6313/t�vAIJ9O3SZJ9/5S��@O3;|CEO@?tCP89GH6IS
SPGB6iC�8T^gA	GH47CE?B6aCE/:S5n

$�A3J9O3S�=@?tOICES�;58TSE?B8TJ9JT/5^`/56aCES:���7O3S�CE/�?§�t?B6aCpJu?�S7GH47CP89/�13/ Ju?5�:GH63/�13/ ;5Gj/|�f89S�CE/56I;5/B� JT/5S��@O3;|CEO@?tCP89GH6IS
13/�J9?0�f8DCE/:SPSP/ S7GH6aC�/563;:GH4P/�JTGf;5?BJ98TSPM5/:S�/:C�47/5J9?tCE8D�H/5^`/56aC�8T^gA	GH4�C>?B6aCE/:S5n r¡GHOI4 &' ���H~<S vxwdA3?B4�/|�f/5^`A3JT/
� ;|V�nj�3X3n E n ���i�|�iJu?2�@?B6I13/ZVWGH4�CE/:^g/:6iC�;58TSE?B8TJ9JTM5/x?R/:6a�B?t=38vAIJ9O3S�13/ � � � 13/]J K\/:6iCP4P/|VW/54�/:C<J K ?t^gA3JT8TCPO313/
4P/:Ju?tCP8T�B/�1I/5Sg�3O3;:CPO@?tCE8TGH63S`/5S�CUhiO@?BS789^`/56aCy;:GH63S�C>?B6aCE/ � u �B~ � �lA	GHO34�� � ~Loq� F � n � ^`^�n"r�4Pz:S
13O 4PGBCPGH45��J K ?B^`A3JT8TCEOI13/r13/:SR�@OI;:CEO3?tCE8TGH63S21389^`896iO3/lAI4PGHXH47/5S7SP8T�B/5^`/56aCR/:CRS5K\?B636iO3J9/`hiO@?BS789^`/56aCk/56
� � ~<^g^�n{��GBCEGH6IS�hjOI/�63GHO3S�63/�A	GHOI�BGH63Sp?B6@?BJDejSP/54dJ9/5S��3O3;:CPO@?tCE8TGH63S�?BOQ�BGH89S7896@?BXB/�13O2S7CE?tCEGH4dAvGHOI4
;5/:SZ;:89SP?B89JTJ9/5^`/56aCPS5nf� 6�/:cv/:CZYl;5/:Sx;589SP?B89JTJ9/:^g/:6iCPS5�jJ9/F�@OI8913/2XHJT89SPS7/FA	/5O�?BO_S7C>?�CEGH4x/:CxJT/5S�A347GB�@JTS�13/
�j8TCP/5SPS7/]S:K ?B6I6jOIJ9/56aC0hjO3?BSP8T^g/:6iC�/:6 � � m]^`^ � ;|V�ni�3X3n E n � �aA@?BXH/ ¥ ¨�� � nio�?2�@XBO34P/ E n ���3n\�`A347M5SP/:6aCE/
?BJTGH4PS�O363/F1I8T�H/:4PXH/:63;5/]13/�s � � �l/56 �	� mF^`^��iJT89M5/ZYrJ K ?B6I6jOIJu?tCP89GH6`13/5S0A34PGB�3J9S�13/]�j8TCP/5SPS7/�
 n
�ZGH47S
� � �06 1 ���7#,2&�(� #,��2&?@�(� �+��1 -4��!���2,#,-4#,��6�� �,��2 �8��?@�(�,��2&� 67�����>�C� # #,2&��� 352&����67� ������2 � ��� �8� A ���4�(��2 67���������>���

67-�A��(2,35� ���5�
�+�5��2�������B



� � � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
13/QJ9?S�5GH6I/k1I/Q;5Gj/|�f89S�CE/56I;5/B��Y &' � � prS vxw<A@?t4</|�f/5^`A3JT/B�3JT/FA34PGt�@Jd/:S7Cx=3GH^`GHXHz:63/Q/:C<Ju?[S7CP4PO3;|CEO347/
13/:SlGHXH63GH6ISl/5S7Cb/:6aCE89z:4P/:^g/:6iClVW/:O389JTJ9/|CEM5/`1@?B6ISlJLKN/56aCE47/:VW/54:n .0/5A	/56I1@?B6aC{��JT/5Sr�@OI;:CEO3?tCE8TGH63Sl4P/:S7CP/56aC
89^`A	GH47CE?B6aCE/5S�A	GHO34 �P� ~;o � F,� n � ^`^ � u m§~h�b� n $ =@?tOIC<;:89SE?t89J9JT/5^`/56aC � &' � }H~[S vxw �I;:V�nj�@X3n E n ���i�|�
JLK\?B^`A3J98DCEO31I/[13/5Sk�@O3;|CEO@?tCP89GH6ISR47/513/|�f8T/56aCl8T6IVWM54789/5OI4P/`Y�J K\8T63;5/:47CE8DCEO31I/l896aCE478963S7z5hiO3/y1I/gJ9?�^`/5S7O34P/tn
o�/5SxA347GB�@J9S�^`/5S7O34PM:SZS7GH6aC�13GH63;kYl63GHOI�B/{?BO�S7CE?tCE8TGH636@?B8T4P/:S5n

0 0.5 1
0

20

40

60

x  (mm)

v 
(m

m
.s

−
1 )

(a)

0 0.5 1
0

10

20

30

x  (mm)
δv

/v
  (

%
)

(b)

?A@�BDC�E n �t� F � ?a� r�47GB�@J9S013/F�j8TCE/:SPS7/k^`G§eH/:63S�GH�ICP/56iO3S�Y�7 � �B~ � .w/:CxA	GHO34<138D�H/:4PS�;58TSE?B8TJ9JT/5^`/56aCES
89^`A	GHSPM:S�Ü &'�� m � � � � ��� E � � �2/|C ¦�� S vxw � � �|n � ���Q�]^`A3JT8TCEOI13/b4P/5J9?tCE8D�H/ s � � �q13/5Sk�@O3;|CEO@?tCP89GH6ISCE/:^gA	GH47/5J9JT/5S<1I/2�j8DCE/5S7SP/k/56_VWGH63;|CE89GB6�13/2Ju?lAvGBSP8TCP89GH6y1@?B63SxJLKN/56aCP4P/:VW/:45n

��J</5S�C[CE47z5Sl8T^gA	GH47CE?B6aCr1I/�SP/�4E?tA3Av/:J9/:4rhiO3/�Ju?�4PM5A	GH63S7/�4P=3M:GHJ9GBXH89hiO3/gXHJ9GH�3?BJ9/ )"� t!�k/5S7CbhiO@? ¢SP8T^g/:6aC[S7CE?tCE8TGH636@?t894P/tn���6"/:cv/:C{�¡J9/:SR�@O3;|CEO@?�CE89GB63Sr13/gJu?�;5GH6aCE4P?B896aCP/y896I1389hiO3M:/yA@?B4RJ9/g4P=3M:GH^gz|CE47/
63/`13M5A3?BSPS7/56aCbA@?BSSp��Uncr¤?B4R?B89JTJ9/:O34PS:��Ju?_�vGBO3;5JT/`1I/y4PM|CE47Ga?B;:CP89GH6�;5GB6iCP4P�HJ9?B6aCkJ9/b;5GHOIA3J9/3�w?BA3A3JT8D¢
hiO3MbSPO342J9?y;5/:J9J9OIJ9/[13/`.0GBO3/:C7CE/B��A	/547^g/|C213/b^y?t896aCE/:63894ZO36 ;589SP?B89JTJ9/:^g/:6iC &' hiO@?tSP89^`/56aC2;:GH63S7CE?B6aC
� s &'1� &' u ~;o�mf�b�|n

��� ����� � N
K"*��5J:. *+(541K"*+. �
.)J�� �y4D0 �
K}0L-+("N
J �
.�2�- 0L.)J:JL.
o�K ?B63?BJTejSP/�A34PM:;5M:13/56aCE/�^`GH6aCE47/�;:Ju?B8T4P/:^g/:6iC¡O363/�13/5A	/56I1@?B63;:/<13/<J K ?B^`A3JT8TCEOI13/�13/:S¤�@O3;|CEO@?tCP89GH6IS

?{�H/:;0Ju?<A	GHS78TCE8TGH621@?B63S�J K\/:6iCP4P/|VW/545n ��?t89S�hiO�K\/:6r/:S7C7¢£89JH1I/�J9?�VWGB4P^`/�^�
:^g/�13/:Sp�3O3;:CPO@?tCE8TGH63S��0���@6k13/
4PM:AvGB63134P/xYQ;:/:CPCP/�hiO3/5S�CE89GB6`;:4PO3;:8u?BJT/B�t63GHO3S�?{�HGH6IS�4PM{?tJ989S7M<13/:S�^`/5S7O34P/:S 13/�Ju?Z�j8DCE/5S7SP/x/56b138DcdM:4P/:6iCPS
A	GH896aCESx13/kJLKN/56aCP4P/:VW/:4x/56�VWGB63;:CP89GH6_13O�CE/5^`A3S:n�o KNM:CPO313/RA34PM:;5M51I/56aCE/r?`47M:�HM:J9MRhjOI/RJT/5S��@O3;|CEO@?tCP89GH6IS
13/kJu?l�j8TCE/:SPS7/rSPGB6iC]^y? �I8T^y?tJ9/5S01@?B63SZJu? �5GH6I/r13/k;5Gj/|�f89S�CE/:63;5/R/56aCE47/rJ9/:SZ�3?B6313/:S]13/R;589SP?B89JTJ9/:^g/:6iC5n
�Z�36`1I/�S7/xA3Ju?B;:/54�YQO36b;:89SE?t89J9JT/5^`/56aCpCE/5J@hiO3/�JT/�A34PGt�@J3SPGB8TC�8T63=3GH^`GHXHz:63/</:C 1IGH63;�/5S7AvM:4P/:4�^`/5S7O34P/:4
13/2XH4P?B6313/:Sx�3O3;:CPO@?tCE8TGH63S:�@63GHO3S�?{�HGH6ISZOICP89JT89SPMZJ9/QA347GBCEGj;5GBJ9/Q4P=IM5GHJTGHXH89hiO3/]SPO38D�B?t6iCnÜ



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � �f¥
F ;:89SE?t89J9JT/5^`/56aC<8T^gA	GHS7MFXH4��t;5/kYlJu?[�	GHO3;5JT/Q13/24PM|CE4PGH?B;:CP89GH6 ß
F CP/5^`AvM:4E?tCPO34P/F�I�fM:/rYr7 � �H~ � . ß
F A347/5^`89/:4<A@?BJT89/54013/2;589SP?B89JTJ9/:^g/:6iC<Y &' � p[S vxw Av/:631@?B6aC
sft}�����t~H~lS ß
F s &' � p[S vxw 13/ &' ��pbY`� � S vxw /:Cys�t{��p �a~H~lS ß
F 63GBO3S�?BA3A3JT89hiO3GH63S�/:63SPOI8TCE/2O36�A@?BJT89/:4�Y &' �����:ozp[S�vxw|n

$ &' � ���Loqp�S vxw ��63GHOISRGH�fCE/56IGH63S[?tJ9GH47SQO36sM|C>?tCR4P=3M:GHJ9GBXH89hiO3/lS�C>?tCP89GH6363?B8947/lG��sA3JTO3SP8T/5O347S2/|�fAvM ¢
4P8T/563;:/5Sr�BGH6aC 
:CP4P/U/|cd/:;:CPO3M5/:Sg?��@6 13/U;5?B4E?t;:CEM:4P8TSP/54rhjO3?B6aCE8TCE?tCE8D�H/:^g/:6iCrJ9/:SR�@O3;|CEO@?�CE89GB63SRCP/5^`AvGt¢
4P/:J9JT/5S5nB�ZGHOIS�4PM{?tJ989S7GH63SpCEGHOIC 1dK ?B�	GH471lA3J9O3S789/:O34PS�^`/5S7O34P/:S ;5GH63S7M5;:OICE8D�H/5S 13/�AI4PGB�@JTS�13/<�j8TCP/5S7SP/x� � �6�|�?t�@6b13/x13M|CE/:4P^`8963/:4�Ju?QAvGBSP8TCP89GH6r13/xJLKN896aCE/:47V ?B;:/�/56aCE47/�JT/5S��@?t6313/5S�13/x;58TSE?B8TJ9JT/5^`/56aCES:nBo�?F�@XHO347/ E n � E
A347M5SP/:6aCE/�;:/5Sb^`/5SPOI4P/5S`;5GB63SPM:;5OICP8T�H/:SU?B8T63SP80hjOI/�JT/5O34l^`G§eH/:6363/Bn�o�/_A34PGt�@J�A34PM:SP/:6iCP/�;:Ju?B8T4P/:^g/:6iC

0 0.5 1
0

10

20

x  (mm)

v 
 (

m
m

.s
−

1 )

(a)

0 0.5 1
0

10

20

x  (mm)

<
v>

  (
m

m
.s

−
1 )

(b)

0 0.5 1
0

10

20

x  (mm)

δv
/v

  (
%

) 

?A@�BDCtE n � E F H�J�K ��ySRiN 
�_`h{WSVnm�j-eiV^hihiVcNQTSeiVbd�P�h|� �� ���=� � ¢ h vxw Vbe � � ¡ � � LpuÒH�T�K�� N�}�VbdSd�V�WSV�]^V^h
� ySRiN 
�_`h � _`V^h�T�JlRURiV^hcWZY\VbRURiVbPSR�hiNQd"e|_`V^hcWS[bm�jgJleUj`NQd�hchUeqJld�W�JlRiW×WSV�]^V^hcacV^hUPSRiV^h;u~v�V^h|_-j-o=d�V^hcy#NQj-d�eUj-_-_`[^V^h
��NQRUj-x;NQd"eqJl_`V^h�j-d�W�j`k�P�Vbd"e�_gJ�m�j-eiV^hqhiV�W�P×RiNQeiNQR;u»vwV^hc_-j-o=d�V^h�m�VbRUeUj`];Jl_`V^hcj-d�W�j`k�P�Vbd"e�_`V^h|y#N=hij-eUj`NQd�hnN��×hiNQd�e
acV^hUPSRi[^V^hA_`V^hXhi[bRUj`V^hAeiVba|y�NQRiVb_-_`V^hAWSV _gJ�
�o=PSRiV���u�!�� ��� �»� � � � ��� � +Ò� � � � � Vbe � > � � � � � a|a�u�vMY j-d�hiVbRUe
ySRi[^hiVbd�eiVt_`V^h ��P�]beUP�JleUj`NQd�hMWSV m�j-eiV^hihiVÒacV^hUPSRi[^V^hM�py�JlRUeUj-R»WSV^h~WS[bm�jgJleUj`NQd�h»hUeqJld�W�JlRiWcWSV^h �pySRiN 
�_`h»acV^hUPSRi[^h;u

13/:Of�q�3?B6313/:SQ13/[;58TSE?B8TJ9JT/5^`/56aC{n@o�KN896aCE/:47V ?B;:/[/56aCP4P/[;:/5SF13/:4P638Tz547/5SF/:S7C2SP8DCEO3M:/[?BAIA34PG{�f89^g?tCE8D�H/:^g/:6iC
Y �P� ~;o\}r^`^�n � 6I/ZVWGH8TS�/:63;5GH47/B�fJLK\?B^gAIJ98TCPO313/�13/:S0�@O3;|CEO@?�CE89GB63S013/]Ju?k�j8DCE/5S7SP/FJTGf;5?BJ9/t�ahiO@?BSP8T^g/:6aC
6iO3J9JT/]?tOU4PGBCPGH45�i;:4PG�&TC0A347GHXH47/5SPS78T�B/5^`/56aC¡�7O3S7hjOdK Y � � ~;o\}r^`^'/:C</:S7C<Yr63GHOI�B/{?BO�hiO@?tSP89^`/56aC06jOIJ9J9/
1@?B6IS�J9?[�@?B631I/kV ?B8T�3J9/:^g/:6aC<;58TSE?B8TJ9JTM5/Bn



� � � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
� Î�bÒÌ�Ðfb»Ï#Ð�Í�ÊwÑÒË �MY�Î�Ï×Ì�ÊáÑwÐ�W�ÏZÍÂÑwÐ�Y _wÎ�Ê �ÒÏZÎiY ){� t!�

o�?l�3XHO34P/ E n � ¦ AI4PM5S7/56aCE/kJu?[47M5A	GH63S7/k47=3M5GBJ9GHXH8ThiO3/ )"� t!�08963138ThiO3M5/QA@?t4<J9/Q47=3M5GH^`z:CP4P/2?B8T63SP8vhiO3/Ju?k�B?t4P8u?t�3J9/Z4P=3M:GHJ9GHXB89hiO3/F8T^gA	GHSPM:/ &' � t!� n3��J�/5S�CxM:�j891I/56aCxhiO3/2Ju?[�	GHO3;5JT/F13/Q47M:CE47Ga?B;|CE89GB6�;5GH6aCE47�HJu?t6iCJ9/b;:GHO3A3JT/g?tA3A3J98ThiO3MbSPO34kJu?�;5/:J9JTO3J9/l13/y.0GHO3/|CPCP/B�pAv/:4P^`/:Ck13/`^y?B8T6aCE/56I894FO36 ;58TSE?B8TJ9J9/:^g/:6aCQA@?B4�V ?B8D¢
CE/:^g/:6aC2;5GH63S�C>?B6aCkY_�H�jn E S vxw n���6 /:cv/:C{�dJ9/5SZ�@O3;:CPO@?tCP89GH63SZCE/5^`A	GH4P/:J9J9/:Sls &'1� &' S7GH6aC213/lJLKNGH47134P/R13/
� n ¥ � n~5F6 63GBCP/[;5/:Av/:631@?B6aCkJu?yAI4PM5S7/563;:/g1I/[A3J9OISP89/:O34PS�ÚF8T4P4PM:XHO3J9?B4P8DCEM5S Ûq/|�jCE4 
5^`/56aC24E?B47/5SQ/|CQ896f¢
VWM54789/:O34P/:SgY ¥ S�vxw|��;5GB4P4P/:SPA	GH631@?t6iCgA347GH�@?B�3JT/5^`/56aC`Y 13/5S`Av/:47CPO34P�@?�CE89GB63Sb^gM:;{?B638ThiO3/5Sb/|�jCP/54P6I/5S
� A	GH4�CE/FhiO38�;:Ju?BhiO3/t�I�j89�34P?tCE8TGH63S0/ �jCEM54789/:O34P/:S5n5n:n � nv.0GH^g^`/FJT/F^gGB6iCP4P/QJ9?R�@XHO347/ E n � ¦ nN���3Ju?R4PM5A	GH63S7/
13/FJ9?R;:GH6aCE4E?t896aCE/F/:S7C�/:J9JT/]?BOISPSP8 �IhiO@?BS789^`/56aC<S�C>?tCP89GH6I6@?B8947/�ÜfJ9/:S��@O3;|CEO@?�CE89GB63S�CP/5^`AvGH47/5JTJ9/5S�SPGB6iC<13/
JLKNGH47134P/Q13/ � n E�� n

0 2 4 6

x 10
4

22

22.5

23

Temps  (s)

C
is

ai
lle

m
en

t  
(s

−
1 )

(a)

0 2 4 6

x 10
4

15.8

16.2

16.6

Temps  (s)

(b)

C
on

tr
ai

nt
e 

 (
Pa

)

?A@�BDCfE n � ¦­F�H�J�K���[bRUj`V �� ��� � NQTSeiVbd"P�V���_�Y Jlj`WSVrWZY PSd�V�T�NQP�]b_`V�WSV�Ri[beURiN�JQ]beUj`NQd�]^NQd�eUR��Q_gJld"ec_`V�]^NQPSyS_`V��
JlySyS_-j`k�P�[=uwH�T�K ÖX[by�NQd�hiVGRU��[^NQ_`NQo=j`k�P�V������	�tJlP�]bj`hqJlj-_-_`VbacVbd�epJlySyS_-j`k�P�[ �� � �=� � ¢nh vxw VbeA� � � ¡ � � Lpu

o�?k�@XHOI4P/ E n � ¨ n ?2A34PM:SP/:6iCP/QJu?21389S�CE4789�3OICP89GH6b13/ZA34PGB�@?B�38TJ98TCPM�13/�;5/5S��@O3;:CPO@?tCP89GH63S�13/Z;5GH6aCE4P?B896aCP/
� Úlr�47GH�@?B�38TJ98DC�e � /:63SP8DC�e��@O363;:CP89GH6�Ûv�Xr � ���|n�o�?lJ98TXH63/F;:GH6aCE8T6jOI/k/:S7C�Ju?[XH?BO3SPS789/:6363/�Ü

	 ��) �"� m

 � ��� 
 
����

� ��) ��È ) � � 
��� 
 

� E n ¥=� �

13/Q^`G§eH/56I63/�È ) � u ¥§¦ n � ¥ r¡?[/:Cx13/Q13M|�j8u?tCP89GH6US�C>?B6I1@?B4P1�� u ~;o ~B}hp�r¤?I�I;{?BJT;5O3JTM5/5S<Y[A@?B47CP894�13/
Ju?US7M54789/ )"� t!� n�o�/bCP4Pz:Sk�	GH6 ?B;5;:GH4P1�/56aCP4P/bJu? r � � /|�fAvM:4P8T^g/:6iCE?BJ9/l/|Ck;5/:C7CE/bXa?BOISPSP8T/5636I/`8T63138ThjOI/
;5J9?B8947/5^`/56aCxhiO3/rJT/5Sx�@O3;|CEO@?tCP89GH6ISZ13/R;5GH6aCP4E?B8T6iCP/5S�^g/:SPO347M5/:S]SPGB6iC]Xa?BO3S7SP8T/56363/:SFY`JLKNM5;>=3/:J9J9/2S�C>?tCP89S�¢
CE8ThiO3/RM|CEO31I89M5/ � /56a�j894PGB6q};o�m§~��ZAvGB896aCES:�	S7GH8TC�}Lo�m§~��FS>� n	op?l�@XHOI4P/ E n � ¨ n\��A347M5SP/:6aCE/[hiO@?B6aC]Y`/:J9JT/B�@J9/
SPA	/5;|CE47/U13/yAIO389S7SE?B63;:/y13/gJu?�SPM54789/bCE/:^gA	GH4P/:J9JT/ ){� t!���5n ��?BA3A	/5JTGH63SkhjOI/yJ9/`SPA	/5;|CE47/U13/yAIO389S7SE?B63;:/
��� �5��2 ;���-�? -����(2 ���
��-8! .�� 2&;(� ���(��!$� �����4��� � �8� ?@����������� 6����! #"%$ �(�%#�2&�$#&-42&;��5B�& ��#&����� �����&�%-7� ���
�+�5��2�?@-4��-�?@-��,��2

���(�
�
� �$# � 67� 9���2 6�� �7�������/� A5����� ? ���:#&-4���4-�; ���@�,;�2&-4�'�! #"%$
����2
�8� � ����!$#,-����'67�)(�������-���3�B



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � � m

16 16.2 16.4
0

2

4

6

Contrainte  (Pa)

pd
f(

σ)

(a)

0 0.005 0.01
0

0.2

0.4

Fréquence  (s−1)

(b)

Sp
ec

tr
e 

de
 p

ui
ss

an
ce

?A@�BDC�E n � ¨
FIH�J�K~�»� �IWSVX_gJ�hi[bRUj`VA����� �MWSVf_gJ 
�o=PSRiV���u�!���u T�u�vwJ�_-j-o=d�VA]^NQd�eUj-d"P�VGV^hUeM_gJ�o"JlP�hihUj`VbdSd�V�H ��u ����K
J^m�V^] � � � � � ��u�! �
Vbe�� � � � � � ¢c��J�uáH�T�K ��y#V^]beURiV�WSVGySPSj`hqhqJld�]^V�]^NQRURiV^hUy�NQd�W�Jld"eG��_gJ�hi[bRUj`VDeiVba|y�NQRiVb_-_`V
�����	� WSVG_gJ

�o=PSRiV ��u�!���u T�u

1�KNO363/�SPM:4P89/ )"� t!��;5GH474P/5S7AvGB631U?BO`^`Gf13OIJ9/�;{?t4P4PMx13/�Ju?FCP4E?B63S�VWGH4P^`M5/x13/ �@GHO34789/:4�13/Z;:/:C7CE/�13/5476389z:4P/Bn.0/FS7Av/:;:CE47/F;5GB^gA	GH47CP/ZOI63/]VWGH4 
:C�13/FA38T;5S<?tOf�g�@?BSPS7/5S0VW47M5hiO3/:63;5/:S5n�o�/5S�AvM:4P89Gj13/:S013/:S0�@O3;|CEO@?tCP89GH6IS
13/QJ9?r;5GH6aCP4E?B8T6iCP/FS5KNM:CP/5631I/56aC]1I/ ¥�� � Y ¥���� � S5n�.0/QS7GH6aCx13GH63;]13/5Sx1Iej6@?B^`89hiO3/:S<J9/:6aCE/5S�S789^`89J9?B8947/5S
Yr;:/5J9JT/5S�13O�4P=3M:Gf;>=3?BGHS5�fG���J9/Z;58TSE?B8TJ9J9/:^g/:6aC GHSP;:89J9JT/]YR;5GH6aCE4P?B896aCP/]�I�f/FSPOI4<13/5S�A	M54789Gj13/5S�13/FJ K\GH47134P/
13/ ¦ � � S � ;|V�n3;>=@?BAI8TCE47/R�H�|n

� Î�bÒÌ�Ðfb»Ï#Ð�Í�ÊwÑÒË �MY�Î�Ï �»Í�ÐZY�ËlË�Y Î�Ê~Ì�ÏZÎiY
r¡GHOI4�GH�ICE/:63894¡O363/�S7M54P8T/0CE/:^gA	GH47/5J9JT/�1I/<Ju?Z�j8DCE/5S7SP/�JTGf;5?BJ9/t�tA3JTO3SP8T/5O347S¡VWGH6I;:CE8TGH63S�1I/<;5GH474PM:Ju?tCP89GH63S

;5GB63SPM:;5OICP8T�H/:S0S7GH6aC0^`/5S7O34PM:/5S0/:6gOI6yA	GH896aC 13GH6I63MZ1I/ZJ K\/:6iCP4P/|VW/545nj.0=3?BhiO3/ZVWGH6I;:CE8TGH6b/5S�C<?B;:;5O3^rO3J9M:/
SPOI4�O36UCE/:^gA3S�t��Z13/QJLKNGH47134P/Z13/2m F E S:n@o�/]CE/:^gA3S0G��_13M5�3OfCE/QJu?R;5GH474PM5J9?tCE8TGH6U/:S7CxS7CPGf;��tM5/21@?B6IS�O36
�@;>=38T/540?t�@6U13/ZAvGBOI�HGH8T40?tSPSPGj;58T/540YR;>=@?BhiO3/]^g/:SPO347/]13/]�j8DCE/5S7SP/t�fO36gCE/5^`A3S�13GH6363Mtn3��GBCEGH6IS�hiO3/
t��
/5S�CbAv/|CE8DClA@?B4[4P?BA3A	GH47Cl?BOf�"1fef63?B^g8ThiO3/5Sl8T6iCP4P8T63SPz:hjOI/5Sb13O�S7ejS7CPz5^`/ � ¥�� �=F E � � SE�|n���GHO3Sb?{�HGB63S
?BO3S7SP8��HM:4P8D�@M�hiO3/Pt���6�KN896f�@O3/56I;5/�A@?BS`Ju?q^`/5SPOI4P/�13/_Ju?q�j8TCE/:SPS7/B� J9GH47SPhiO3/�;5/_13/:4P638T/54b/5S�Cy;>=3GB89SP8
/56aCP4P/ ¥ /|C E S:n

o�?��@XHOI4P/ E n � � n ?_A34PM:SP/:6iCP/UO363/g^g/:SPO347/y13/`�j8TCE/:SPS7/yJ9Gj;{?tJ9/bGH�ICP/56iO3/y/:6 O36 AvGH8T6aCr13GB6363M`13/
JLKN/56aCP4P/:VW/:4 � + � ~;o��a}2^g^�/:C0?BOy^�
5^`/x;589SP?B89JTJ9/:^g/:6iC &' � ���:ozpQS�vxw|njo�/xAvGH8T6aC � + /5S7C�SP8DCEO3M�1@?B6IS�J9?�@?B6I13/kVWGB47CE/:^g/:6aCZ;:89SP?B89JTJ9M5/t�I1@?t63SZJ9? �5GH63/kG���Ju?[�j8TCP/5SPS7/rJTGf;5?BJ9/]�3O3;:CPO3/RVWGH4�CE/:^g/:6iC � ;:V¤�3X3n E n � E �|n
.0/:C7CE/US7M54789/y;:GH^`AvGH4�CE/y�H� E � AvGH8T6aCESk;5/UhiO38�;5GH474P/5S7AvGB631"Y�O36I/U13O347M5/U13/ ¥H¥ E � � S[/:6i�j8T4PGH6�n¡o�?
�j8TCP/5SPS7/2J9Gj;{?BJT/]A347M5SP/:6aCE/k;5Ju?t894P/:^g/:6aC<O363/21Iej6@?t^g8ThjOI/Q;5GH^`A3J9/ �f/Q;5GH^`AvGBSPM5/Q1dK\GHS7;58TJ9Ju?�CE89GB63S�1I/QAvM ¢
4P8TGf1I/5S�;5GH^`A34P8TSP/:S0/56aCP4P/ ¥���� /:C ¥�� � � S5nfo�/]SPA	/5;|CE47/F13/]AIO389S7SE?B63;:/FGH�ICP/56iO_YRA3?B47CP894�13/];:/:CPCP/FSPM:4P8T/



� � � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 3000 6000 9000

6

8

10

12

Temps  (s)

v(
x 2 , 

t)

(a)

2500 3000

0 0.005 0.01
0

0.1

0.2

0.3

0.4

Fréquence  (s−1)

(b)

Sp
ec

tr
e 

de
 p

ui
ss

an
ce

?A@�BDCtE n � �­F H�J�K ��[bRUj`V
� � � +�� �	��acV^hUPSRi[^V�Vbd � +{� � � � � a|a HØ] sÇu 
�o�u���u�!���u T�K u9v»Y j-d�hiVbRUe|V^hUe
PSd�x;N�NQa
]^Vbd"eURi[
hUPSRfk�P�Vb_`k"P�V^hfN=hq]bj-_-_gJleUj`NQd�hA�
� � ¡ � � � h;u�H�T�K ��y#V^]beURiV�WSV�ySPSj`hihqJld�]^VD]^NQRURiV^hUy�NQd�W�Jld"e;u

CE/:^gA	GH47/5J9JT/</5S�C0AI4PM5S7/56aCEM]SPO34 Ju?Q�@XHOI4P/ E n � � nN��nj.0/ZS7Av/:;:CP4P/];:GH6I�@47^g/xJ9?2AI4PM5S7/563;:/F13/�1Iej6@?B^`89hiO3/:S
J9/:6aCE/5Sx13/2J9?l�j8DCE/5S7SP/2J9Gj;{?tJ9/Bn

�ZGHOIS2?§�BGH63SQ�jO hjOI/lJLK\?B^gAIJ98TCPO313/213/:S2�3O3;:CPO@?tCE8TGH63SF1IM5A	/5631 13/lJ9?yAvGBSP8TCP89GH6�1@?B63SQJ K\/:6iCP4P/|VW/545n
r¡GBO34FSE?{�BGH894FS78¤J9?`VWGH47^g/R13/5S]�3O3;:CPO@?tCE8TGH63SF1IM5A	/5631 /5JTJ9/R?BO3S7SP8¤1I/[JLKN/5S7A@?B;5/t��63GHOISQ?{�HGH63SQ/|cd/:;:CPO3M
13/:Sr^`/5SPOI4P/5Sk/56 138TcvM547/56aCESkA	GH896aCESk13/`JLKN/56aCE47/:VW/:4 Ü � � � ~;o\~ �f� � + � ~;o �H}�/|C � > � ~;o �B~�^`^�/|C
CEGBO��7GHO347SZ?tO�^�
5^`/Q;58TSE?B8TJ9JT/5^`/56aC &' � ���Loqp[S vxw /:CZYr7 ���H~ � . � ;:V�n3�@X3n E n � � �|n

F ��/:SPO347/Z/:6�� � � ~;o\~ �F^g^��#Á���Æ��i?BOb�HGH8TSP8T6@?BXH/�13O`4PGtCEGH4�1@?t63S Ju?Q�@?B631I/xVWGB47CE/:^g/:6aC ;589SP?B89JTJ9M:/Bn
o�?F�j8TCE/:SPS7/�JTGf;5?BJ9/��@O3;:CPO3/xAv/:O�ÜBJu?F�t?B4P89?tCE8TGH6r47/5Ju?�CE8T�B/�13/xJu?]�j8TCP/5S7SP/x/5S�C�1I/�J K\GB4P1347/�13/x� � �aY
SP?§�BGH894�J K\GB4P1347/Q13/2XH4E?B6I13/5O34�1I/kJ K\8T63;5/:47CP8TCEOI13/F13/2^`/5SPOI4P/2896aCE478963S7z5hiO3/Q13O�^`GH6aC>?BXH/QOfCE89JT89S7MBn
��Jv/5S7C<13GH63;F1I8�~`;58TJ9/]1dK ?B63?BJTejSP/:4<A347M5;58TSPM:^g/:6iC<;5/:C7CE/QS7M54P8T/Bn3.0/5A	/5631@?t6iC5�3GH6�47/5^g?B4PhiO3/Q?tSPSP/ �
63/|CPCP/5^`/56aCkJu?�A34PM:SP/:63;5/g1�K\OI63/b1Iej6@?B^`89hiO3/bJ9/:6iCP/b;{?B4P?B;:CPM54P8TSPM:/`A3?B4213/5S2CE/:^gA3SQ1I/gJ K\GH47134P/
13/ ¥�� � S:n¤o�?��3XHO34P/ E n � � A347M5S7/56aCE/_?BOISPSP8�Ju?�1389S�CE4P8T�3OICP89GH6�13/U;:/5Sr�@OI;:CEO3?tCE8TGH63S5n¡o�?�J98TXH63/
A	GH896aCP89J9JTM5/F/:S7C]Ju?lXa?BO3S7SP8T/56363/ � E n ¥=� ��?{�H/:;[;5GB^g^`/2^gG§eH/:6363/R/:CZ13M:�j8u?�CE89GB6�S�C>?B6313?B4P1�;5/5JTJ9/:S
GH�fCE/56iO3/:S<XH4��B;5/]YRJu?2^`/5SPOI4P/]1I/]� � � � 
 t!� njo K\?B;:;5GH471U/56aCE47/];:/:CPCP/]Xa?tO3SPS789/56I63/F/:C�J9/:S013GB6363M5/:SS7O3XHXHz:4P/2hiO3/RJT/5S<�@OI;:CEO3?tCE8TGH63S�CE/:^gA	GH4P/:J9JT/5S<13/2J9?r�f8DCE/:SPSP/k/56 � � SPGH6aC�Xa?BO3S7SP8T/56363/:S5n

F ��/:SPO347/�/:6 � + ��~;o��a}q^g^��pÁ���Æ���1@?t63SbJu?q�@?B6I13/UVWGH47CP/5^`/56aCb;58TSE?B8TJ9JTM5/Bn¡o�?q�f8DCE/:SPSP/_JTGf;5?BJ9/
�@OI;:CEOI/�VWGH4�CE/:^g/:6iC5��JLK\?B^`A3J98DCEO313/�13/�;5/5S_�@O3;|CEO@?�CE89GB63S_/5S7C�13/�JLKNGH4P1I4P/+13/ ¥ � � n�.0GH^`^g/
A347M5;:M513/:^g^`/56aC�138TSP;:OICEMt�I;5/|CPCP/FSPM:4P89/]A34PM:SP/56aCP/QO363/F1Iej6@?t^g8ThjOI/]J9/:6aCE/F;5?B4E?B;|CEM:4P89S7M5/FA3?B4013/:S
CP/5^`A3Sl13/_JLKNGH4P1I4P/U13/ ¥���� Y ¥ � � � S5n o�? r � � 13/_;5/|CPCE/_S7M54P8T/UCE/:^gA	GH4P/:J9JT/y/5S�C`A34PM:SP/56aCPM5/
S7O340J9?2�@XBO34P/ E n � � �j?B896ISP8@hiO3/]J9?kXH?BO3SPS789/:6363/]1I/]^`G eB/5636I/]/:C013M:�j89?tCE8TGH6gS�C>?B6I1@?B4P1g;{?BJT;5O3JTM5/:S
Y�A3?B47CP894k13/UJu?�SPM54789/g� � � + 
 t!�|n¡o�K ?t;5;5GB4P1"/56aCP4P/UJ9? r � � /:CrJu?�Xa?tO3SPS789/56I63/U/5S�Cl^`GH8963Sk�	GH6



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � � E

0 1000 2000 3000

3

4

5

6

Temps  (s)

v(
x 3 , 

t)

0 1000 2000 3000

5

7

9

v(
x 2 , 

t)

0 1000 2000 3000

14

16

18

v(
x 1 , 

t)

3 4 5 6
0

0.25

0.5

0.75

pd
f 3

5 7 9 11
0

0.25

0.5

pd
f 2

14 16 18 20
0

0.25

0.5

pd
f 1

?A@�BDC»E n � ��F � V^hUPSRiV^hpWSV{_gJcm�j-eiV^hihiV
_`N�];Jl_`V
Vbd�W�j���[bRiVbd�eihGy#NQj-d�eihDWSV _�Y\Vbd�eURiV sØVbR �
� �Ò� � � � ��� � +f� � � � �
Vbe � > � � � � � a|a HØ] sUu�_-j-o=d�V^h{m�VbRUeUj`];Jl_`V^h�hUPSR{_gJ 
�o=PSRiV ��u�!���u T�K u~LOV^h
acV^hiPSRiV^h���Y\NQd"e����l� [bei[�Ri[;Jl_-j`hi[^V^h
hUj-a
PS_-eqJld�[bacVbd"e;u�� W�RiNQj-eiV
WSV�]i��JQk�P�V hq[bRUj`V�V^hUetySRi[^hiVbd�ei[^V _gJ|W�j`hieURUj-TSPSeUj`NQd WSVDm�j-eiV^hihiV^hf]^NQRURiV^hiy#NQd�W�Jld�eiV=u
v�V^h|_-j-o=d�V^hny#NQj-d�eUj-_-_`[^V^hnhiNQd�e|_`V^h|o"JlP�hihUj`VbdSd�V^h H ��u ����K�J^m�V^] ]^NQa|acV�acN;}�VbdSd�V^h�VbecWS[bm�jgJleUj`NQd�h�hUeqJld�W�JlRiW
]^Vb_-_`V^hX];Jl_`]bPS_`[^V^hp�{y�JlRUeUj-RXWSV^hfhi[bRUj`V^hXeiVba|y#NQRiVb_-_`V^h�� � � �

�
�	� u

hiO3/ A	GHO34U� � � � 
 t!�|n�o�?"1389S�CE4789�3OICP89GH6 13/ A34PGB�@?B�38TJ98TCPM�AI4PM5S7/56aCE/�/56 /:cv/:C_OI63/+CE4Pz:S�J9M:XHz547/
138TSPS�ef^`M:CP4P8T/ Üv89J�SP/:^[�3J9/RhiO�K\8TJpe�?B8DC]AIJ9O3SZ1�K\M|�HM:63/5^`/56aCES2YgXH4E?B6I13/5S]�j8DCE/5S7SP/:S5��hiO�K\YyA	/:CE8DCE/:S
�j8TCP/5S7SP/5S:n

F ��/:SPO347/+/56 � > � ~;o �B~�^g^���Á���Æ��01@?B63SUJ9? �@?t6313/�V ?B8T�3J9/:^g/:6aCy;:89SE?t89J9JTM5/tn"�Z?BAIAv/:J9GH63SghiO3/
J K\8T6iCP/54�V ?B;5/q/:6aCE4P/+JT/5SU1I/5Of� �3?B6313/:S�/:S7C_S78TCEOIM5/ ?BA3AI4PG{�f89^g?tCE8D�H/5^`/56aCy/56 � � ~;o\}H~ ^`^�n
o�? �j8TCP/5S7SP/ J9Gj;{?BJT/��3O3;:CPO3/+A@?B4 Úr896aCE/:4P^`8TCPCP/563;:/�Û(/:6aCE4P/+OI63/qJ98TXH63/�13/q�@?BS7/+hiO@?BSP8T^g/:6aC
;:GH63S7CE?B6aCE/ � u �;oqp`^`^�nNS�vxw7�x/:C]O363/r�t?BJT/5O34�A3J9OIS]XH4P?B6313/ � E Ff¦ ^g^�n\S vxw�� ndo�?y13OI4PM5/r13/[;5/:S
ÚQSE?BOfCESAÛ��B?t4P89/l/:6aCE4P/ E � /|Crm � � Sk/|CkJu?yVW4PM:hiO3/563;:/g/:6aCE4P/ ¥�� � /|CRm � � S5n�o�?�1389S�CE4789�3OICP89GH6
13/:S��j8DCE/5S7SP/:S�;5GB6I�@4P^`/ ;5/|CPCE/�1Iej6@?B^`89hiO3/�896aCP/54P^`8TC7CE/:6iCP/Bn���6 /:cv/:C{�xJ9?�1I89S7CP4P8T�3OICE8TGH6w/5S�C
VWGH4�CE/:^g/:6iC21I89SPS�ej^gM|CE4P8ThiO3/b/:CkA34PM:SP/:6iCP/gOI63/�Ú2hiO3/:O3/�Ûq1�KNM:�BM563/:^g/:6aCES[4P?B4P/:SR?tOf�+XH4P?B6313/:S



� �H¦ ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
�j8TCP/5S7SP/5S:n�o�?l�j8DCE/5S7SP/2Ju?RA3J9O3S�AI4PGH�@?t�3J9/F/:S7C�63/|CPCE/:^g/:6aCx896IVWM:4P89/:O34P/2Y[J9?r�j8TCE/:SPS7/k^`G§eH/:6363/Bn@��J
/:S7C�;5J9?B894<hiO3/2J9?b1fef63?B^g8ThiO3/Q6�KN/5S7CZA@?BSxXa?tO3SPS789/56I63/Bn

� ?B63Sr;5/UA@?t4E?BXH4P?BA3=3/t�¤63GBO3S[?{�HGB63Sl^g8TSR/:6"M:�j891I/563;:/UO363/U1fef63?B^g8ThiO3/U13/gJu?��j8TCP/5S7SP/UJTGf;5?BJ9/
A347M5SP/:6aC>?B6aCb13/:SRVW4PM:hiO3/563;:/5Sb13/gJLKNGH4P1347/g1I/ ¥�� � Y ¥�� ��� S5n¡�ZGBO3Sl?{�HGH6ISr�jO A34PM:;5M:13/5^`^g/:6aClhiO3/
JLK\?B^`A3J98DCEO31I/]13/2;5/:S��@O3;:CPO@?tCP89GH63Sx13M:Av/:631@?B8DCx13/2Ju?lA	GHSP8DCE89GB6U1@?B63S�JLKN/56aCP4P/:VW/:45n@o�/:SZ^`/5S7O34P/:S�47M{?BJT8D¢
SPM:/5S�8T;58i^`GH6aCE4P/:6aC�hiO3/<J9?xVWGH47^g/�13/�;5/5S¡�@O3;:CPO@?tCP89GH63Sp13M:Av/:631l/5JTJ9/�?BO3SPS78f1I/0JLKN/5S7A@?B;:/�Ü�?BOr�HGB89SP8T6@?BXH/
13Oq47GBCEGB45��;5/:SF13/5476389z:4P/:S]SPGB6iC]hiO@?BSP8T^g/:6aCFXa?BOISPSP8T/5636I/5SQ?BJTGH4PS�hiO3/r13?B63S]J9?g�@?t6313/RV ?t89�3JT/5^`/56aC�;58D¢
SE?t89J9JTM5/t�a�7O3S�CE/b?BAI4Pz5SQJ K\8T6aCE/54�V ?B;5/r/56aCE47/lJ9/5SQ�3?B6313/:S5��J9?y�f8DCE/:SPSP/lJTGf;5?BJ9/k�@O3;|CEO3/lA@?t4Q896aCE/:4P^`8TCPCP/563;:/Bn
���B?t6iCx1I/Q13GH6363/:4�O363/Q8T^y?BXB/ZS7A@?tCE8TGt¢£CP/5^`AvGB4P/5JTJ9/x13/Q;:/5S��@O3;|CEO@?tCP89GH6IS5�I6IGHO3Sx?BJTJ9GH63S�^gGB6iCP4P/:4<hiO3/
Ju?[S�CE47O3;:CPO34P/k13O_�@O3891I/QA34PM:SP/56aCP/r/5JTJ9/Q?tO3SPS78pOI63/21Iej6@?B^`89hiO3/2;5GH^`A3JT/|�f/Bn

��� ����� � * �
4X0 �yK}0;-+("N
J Jh0:9 �
4X0 �y9e.)*+*+.)J
o�/[^gGB6iCE?BXH/kOICE8TJ98TSPM2Av/:4P^`/:C]13/r47M{?BJT89SP/:4Z1I8TcvM54P/:6aCE/5S]^g/:SPO347/5SFS789^[O3JDC>?B6IM5^`/56aC�Ü	O363/R^g/:SPO347/

4P=IM5GHJTGHXH89hiO3/ � ) � &' � ��O363/`^g/:SPO347/b13/gJ9?y�j8TCE/:SPS7/yJ9Gj;{?tJ9/[� � �6�F/|CROI63/g^`/5S7O34P/b13/`Ju?US�CE47O3;:CPO34P/g13O�@O38T13/BnB.0/:C7CE/<1I/54P6I89z547/B�t�@?BSPM:/<SPOI4�Ju?�138TcvO3SP8TGH6rS�C>?tCP89hiO3/�13/<Ju?xJ9OI^g8Tz54P/t� ;5GH474P/5S7AvGB631bY]O363/�^g/:SPO347/
Á�ÄZ¿ ����Å �^ÆQ13/UJu?�S7CP4PO3;|CEO347/U13O �@O38T13/yJT/gJTGH63X�13O XH4P?B1389/:6aC[13/`�f8DCE/:SPSP/�����n¤� 6s/:cv/:C{�¡J9/bV ?B89S7;5/5?BO
Ju?tSP/54ZAv/:4P^`/:C7C>?B6aCZ1�K\GB�ICE/:63894ZJ9/5SZ89^g?BXH/:SZ13/R138Tcv4E?t;:CE8TGH6�CP4E?{�H/:4PS7/[Ju?`;5/5JTJ9O3JT/RJT/RJTGH63Xg13O+XH4E?t1389/:6iC
13/Q�j8TCP/5SPS7/ � ;:V�nI�3X3n	�fn\mI�3A@?BXB/ E �i�|n

$!A@?B4�CE8T4¡13/:S�89^g?BXH/:S¡1I/<138Tcv4E?t;:CE8TGH6kGH�ICE/:6iO3/5S�1@?t63S�J9/�A3J9?B6 ����� � ��� � �t63GBO3S�A	GHOI�HGB63S�13M:�363894¡O36
A@?B4P?B^`z:CE47/�� ;{?B4P?B;:CPM54789SE?t6iCZJ9/R;5GH6aCP4E?BS�CE/r1I/5SFA38T;5SZSPO34ZJLK\?B6363/5?BO�13/r138Tcv4E?B;|CE8TGH6 � ;:V�n	;>=@?BAI8TCE47/l�f�
A@?BXB/ ¦�� �|n��g/5S�C�13M:�@6I8�YFA@?B47CP894�1I/5S�89^g?BXH/:S�13/�138Dcd4P?B;:CP89GH6r;5GH^`^g/�Ju?F138DcdM:4P/:63;5/�/:6iCP4P/xJLKN896aCP/563S78TCEM
^`G eB/5636I/r1@?B6ISZJT/5S�4PM5XB89GH63Sx13/kJLK\?B636I/{?BO�G���JT/5S�A389;:SZS7GH6aC]AI4PM5S7/56aCES����	��
x/:CZJLKN896aCP/563S78TCEM2^`G§eH/56I63/
13/:Sr4PM:XH89GB63SR1I/yJLK\?B636I/{?BO G � ?BO3;:O36 A38T;g6dK\/:S7ClA347M5S7/56aC����	
 �:�fÁ���Æ���� �����	��
 �����	
 �|n¡o�GB4PSPhiO3/gJ9/:S
GHXH6IGH63S�S7GH6aC�CEGHOIS�13M5S7GH4P1IGH6363M:S5�HJ K ?B6I63/{?BOr/5S7C 8TSPGBCP4PGHA	/�/:C�� � ~fnHo�GH4PS7hiO3/<J9/:S�A38T;5S�?BAIA@?B4E?t89SPS7/56aC{�
��6�KN/5S�C]A3JTO3S�6iO3J�/:C�SP?b�t?BJT/5O34�8T631389hiO3/QJT/Q;5GH6aCP4E?BS�CE/213/5S�A38T;5S�SPOI4�J K ?t6363/{?tO�n

o�?s�@XHO347/ E n\m � A34PM:SP/:6iCP/+J9/qA3?B4E?B^`z:CP4P/�� /56!VWGH6I;:CE8TGH6!13OwCP/5^`A3S5��^g/:SPO347MqJ9GH47Sy13/+J K\M|C>?tC
S7CE?tCE8TGH636@?t894P/247=3M5GHJTGHXH8ThjOI/rY &' � ���Loqp`S�vxw�/|CQY�7 � �H~ � .]nv�Z�@6�1�K ?t^gM:J989GB4P/54�JT/r4P?BA3A	GH47CZSP8TXH6@?BJ
SPOI4��34PO38DC{�t;>=@?BhiO3/x89^g?BXH/0?B6@?BJDefS7M5/�;:GH4P47/5SPA	GH631gYFO363/x^`G§eH/56I63/�13/ E 89^g?BXH/:S¤SPM:A@?B47M5/5S�13/�� � ^`S5n
o�K\8T6aCE/54��t?BJ9JT/q13/+CE/:^gA3S_/:6iCP4P/�;>=@?BhiO3/�AvGB896aC_/5S�C ¥ � S:n�o�/:S��B?tJ9/5OI4PS_13/�� SPGH6aC�A	GHSP8DCE8T�B/5S_;{?t4
JLK\?B636I/{?BO�A34PM:SP/:6iCP/y13/:SRAI89;5S213/b138Dcd4P?B;:CP89GH6dn�.0/5SR13/5476389/:4PS2SPGB6iCRJ98TM5S2Y_JLKNGH4PXH?B6389SP?tCE8TGH6�VW/:O389JTJ9/|CEM5/
13/:S�GBXH63GH63S¤1@?B63S Ju?Z�@?B6313/<VWGB47CE/:^g/:6aC ;589SP?B89JTJ9M:/ � ;:V�nB�@XIn E n � E �|nBo�?]�@XHO347/ E n m � ^gGH6aCP4P/<63/|CPCP/5^`/56aC
hiO3/lJ9/rA@?B4E?t^gz|CE4P/����@O3;|CEO3/b1@?t63SFJ9/RCE/5^`A3S:n � 6I/[VWGH89SZ/563;:GH4P/t��;5/5SF�3O3;:CPO@?tCE8TGH63SFS7GH6aC2J9/:6iCP/5SQ/|C
A347M5SP/:6aCE/56aC�13/:S<CE/5^`A3S<;5?B4E?t;:CEM:4P8TS7CE8ThiO3/5S�13/]JLKNGH4P1347/]13/ ¥ � � S5nf�]8T63SP8v89J	/5S7Cx;:Ju?B8T4�hiO3/QJ9?rS7CP4PO3;|CEO347/
13O_�@O38T13/�Á�ÄZ¿+����Å��^Æ0J9/QJTGH63Xb13/R���	�IA34PM:SP/56aCP/r/5JTJ9/Q?tO3SPS78pOI63/21Iej6@?B^`89hiO3/Q;5GB^gA3JT/|�f/Bn

��63SP8TS7CPGH63S];:/5A	/56313?B6aCQSPO34�J9/2V ?B8DCxhjOI/[;5/:SZ�@O3;|CEO@?�CE89GB63SZGB6iCZO363/r?B^`A3J98DCEO313/FV ?t89�3JT/Bn�.0/:S]�@O3; ¢



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � �H¨

0 500 1000 1500
20

30

40

50

a b c d

Temps  (s)

P
ar

am
èt

re
 φ

(c) (d)

(a) (b)

?A@�BDC�E n m �{Fr��JlRqJlac¤beURiV������ �~acV^hUPSRi[f_`NQRihOWSVf_�Y\[beqJle hUeqJleUj`NQdSd�Jlj-RiVpWSVf_gJ 
�o=PSRiV ��u�!��{� �� � �=� � ¢ h vxw VbeO�
� � ¡ � � Lpu�v�V^h 
�o=PSRiV^h
H�J�K��#HØW�KX]^NQRURiV^hUy�NQd�WSVbd"eGJlP�zrj-anJlo�V^hAySRUj`hiV^hpJlP�zreiVba|y�hAj-d�W�j`k�P�[^hfy�JlRX_`V^hX_-j-o=d�V^h
y�NQj-d"eUj-_-_`[^V^h;u�LOV^hOj-anJlo�V^h j-d�W�j`k�P�Vbd"et_gJ mQJlRUjgJleUj`NQd�W�Pr]^NQd"eURqJQhUeiVDWSV^h ySj`]^hO_`NQRihik�P�V���V^hUeOanJµz�j-anJl_~H�J{Vbet]�K
Vbeta|j-dSj-anJl_OH�T VbefW�K

CEO3?tCE8TGH63S 13/�S7CE47O3;:CPO34P/Z63/�SPGH6aC<A3?BS�;:GH^`A@?B4E?t�3J9/:S�?tOf��Ã=¾���Á	�	�gÀ�¿ÂÁ�Ã"Ä#¾¤S7CP4PO3;|CEO347/5JTJ9/5S�13M|C>?B8TJ9J9M:/5S�1@?t63S
J9/g;>=@?BA38DCE47/���/|C[GH�ICP/56iO3/:SbY�;5GH6aCP4E?B8T6iCP/y8T^gA	GHSPM:/B��63GBCE?B^`^g/:6iCR;5/:J9JT/5Sr^`/5S7O34PM:/5Sl1@?t63SrJ K\/:6iCP4P/ ¢
VW/54b1�KNM5A3?B89S7SP/5OI4 j���~;oqp ^`^��¤G�� J9?+S7CE47O3;:CPO34P/�13O��@O38T13/_GHSP;:89J9JT/�/56aCE47/�OI6 M|C>?tC � hiO@?tSP89^`/56aC>�
13M:SPGH4713GH6363My/:ClO36sM:C>?�C � hiO@?tSP89^`/56aC>�kGH4713GH6363M � ;:V�n��@X3n¤�fn ¥=� �pA@?BXH/ ¦�� � n � ?t63S[J9/g;{?BSRA34PM:SP/:6iC5�
Ju?�S7CE47O3;:CPO34P/_13O"�@OI8913/UAI4PM5S7/56aCE/�13/UCP4Pz5S[V ?t89�3JT/5SR�3O3;:CPO@?tCE8TGH63Sl?tOICEGHOI4l1�K\OI6,M|C>?tCrVW/5O38TJ9J9/|CEM � ;:V�n
89^g?BXH/:S<13/2138Dcd4P?B;:CP89GH6�S7O34xJu?r�@XHOI4P/ E n\m � �|n

��� ����� � �
.)*�� �y.)JI-#78K",".)J �&-+N
Jh0LK"N 0LKONy').)J � �
. * ��')46( �y*+.M78.)N 0
o�/5S`/|�fAvM:4P8T/563;:/5SyAI4PM5S7/56aCEM:/5SU13?B63S`J9/5SbA@?t4E?BXH4P?BA3=3/:SbA34PM:;5M51I/56aCESUS7O3XHXHz:4P/:6iC`CEGBOICE/:SghiO3/�J9/:S

�@O3;|CEO@?�CE89GB63S2GH�3SP/:47�BM5/5SR;5GH474P/:SPA	GH6313/:6iC[?BO�^gGHOf�H/5^`/56aCk13/bJu?��@?t6313/lVWGH47CP/5^`/56aCk;58TSE?B8TJ9J9M:/r1@?t63S
JLKN/56aCP4P/:VW/:45n���6 /:cv/:C5��SP8FJ K\M:A@?B89S7SP/:O34�13/+Ju? �3?B6313/+VWGH4�CE/5^`/56aC_;:89SE?t89J9JTM5/_�@O3;|CEO3/t��GH6 S5K\?tCPCP/5631 Y
CE47GHOI�B/54_JLKN/563S7/5^[�IJ9/+13/:S�47M5SPOIJTC>?�CES_A34PM:;5M:13/56aCES�Ü<13/:S��@OI;:CEO3?tCE8TGH63S�13/ Ju? S�CE47O3;:CPO34P/�13O �@O3891I/
896aCPM5XH47M5/�J9/�J9GH6IXQ13/x�����H13/5S��3O3;:CPO@?tCE8TGH63S�13/<�j8DCE/5S7SP/�JTGf;5?BJ98TSPM5/:S¤/|C O363/�1Iej6@?B^`89hiO3/0896aCE/:4P^`8TCPCP/56aCE/
?BOq�BGH89S7896@?BXB/[13/lJLKN896aCP/547V ?t;5/rS7M5A@?t4E?B6aCkJ9/:SF�@?B631I/5SQ13/l;:89SE?t89J9JT/5^`/56aC{n � ?t63SQ;5/lA@?t4E?BXH4P?BA3=3/t�d63GBO3S
?BJTJ9GH63S¤4P/5AI4P/56I134P/ZJLK\?B6@?BJDefS7/�13/5S�/|�fA	M54789/56I;5/5S�^gG§eB/56363M:/5S�/:cv/5;:CPO3M5/:S�Y|7 ���H~ � .,1@?t63S�J9?QSP/5;|CE8TGH6
A347M5;5M:13/56aCP/B�3A@?tXH/ ¥§¨ mInf.0=@?BhiO3/ZA34PGB�3J	^`/5S7O34PMZ;5GH474P/:SPA	GH631@?B8DC<?tJ9GH47S�YkO363/Z^gG§eH/:6363/Z1�K\OI6UXH4E?t631
63GH^r�34P/Q13/QAI4PGB�@JTS�89631I8T�j8913OI/5J9S�;5GH6ISPM5;:OICE8DVWS5n�o�/FCE/:^gAIS�1I/Q^g/:SPO347/Q1�K\OI6�A347GB�@J�/:S7C�13/QJ K\GH47134P/]13/
� F m2^`896�n r¡?B40?t89J9JT/5O347S5�HJT/5S A	M54P8TGf1I/5S�13/5S �@O3;|CEO@?tCP89GH6IS�13/ZJu?F�j8TCP/5SPS7/]JTGf;5?BJ9/�S:K\M|CE/56I13/56aCx?BOISPSP8	13/ ¥
Y E ^`896­ÜiJ9GH47S�1I/ZJ9?k^`/5S7O34P/�1�KNO36yA347GB�@J �a89J@/5S�C<A347GH�@?B�IJ9/xhiO3/]J9?Q�j8DCE/5S7SP/ZJ9Gj;{?BJT/<�@O3;:CPO3/Bnfo�/ZAI4PGB�@J



� ��� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
GH�ICP/56iOq6�KN/5S�CF13GB63;RA3?BS]O36I/R8T^y?BXB/k8T63S7CE?B6aC>?B6IM5/k13/RJ K\M:;5GHOIJ9/5^`/56aC5nd.0/:Av/:631@?B6aC5�v;:/547CE?B896ISZA347GB�@JTS
^`GH6aCE4P/:6aC2;5Ju?t894P/:^g/:6aCFhiO3/bJLKNM5;:GHO3J9/:^g/:6aCQ/5S�CR47/5S�CEMbhiO@?BSP8T^g/:6aC2S7C>?�CE89GB636@?B8T4P/rJTGH4PS]13/bJu?y^`/5S7O34P/tn
�ZGBO3SQ?BJTJ9GH63Sx�HGB894FhiO3/[;:/5SQA347GB�@JTS]A@?B4�CE8T;5O3JT89/547SZ;:GH6I�@47^g/:6aC2J9/rS7;5M:6@?B4P8TGUSP/:J9GH6+JT/5hiO3/:J¤JLKNM5A3?B89S7SP/5OI4
13/2Ju?[�3?B6313/2VWGH47CP/5^`/56aCx;58TSE?B8TJ9JTM5/Z�3O3;:CPO3/Bn

o�?s�@XHO347/ E n\m ¥ A34PM:SP/:6iCP/ 13/5Of�!A34PGt�@J9Sg8963138D�j8913O3/:J9S`GH�ICP/56iO3S�Y &' � m�psS�vxw|�<?t8963S78ZhiO3/+J9?
^`G eB/5636I/[/:cv/5;|CEO3M:/[SPO34]J9/5S ¥ m`A34PGB�3J9S]8T63138D�f8T13O3/:J9S5�@AI4PM{?tJu?B�3JT/5^`/56aC�A34PM:SP/:6iCPM5/lS7O34FJu?l�@XHOI4P/ E n ¨ �
A@?BXB/ ¥ ¨ E n*$�;5/�;:89SE?t89J9JT/5^`/56aC{��JT/yA347GB�@J<^`G§eH/56�/:S7CbhiO@?BS789^`/56aCbJ98T63M{?B8T4P/`/:ClAI4PM5S7/56aCE/�13/UVWGH4�CE/:S

0 0.5 1

5

10

x  (mm)

v 
 (

m
m

.s
−

1 )

(a)

0 0.5 1
0

5

10

15

(b)

x  (mm)

0 0.5 1

6

10

x  (mm)

δv
/v

  (
%

) 

?A@�BDCáE n m ¥�F�H�J�K �GVbP�z�ySRiN 
�_`hfj-d�W�j-m�j`W�P�Vb_`hXNQTSeiVbd�P�hp� �� � � ¢ch vxw VbeX� � � ¡ � � Lpu�vwJ�_-j-o=d�V�y#NQj-d�eUj-_-_`[^V
j-d�W�j`k�P�V � � � � � � a|a�u H�T�K � N;}�VbdSd�VrWSV�����ySRiN 
�_`h{JlP�a �bacV�]bj`h�Jlj-_-_`VbacVbd"e|Vbe
ySRi[^hqVbd"ei[^V�ySRi[^]^[^WSVba��
acVbd"eDhUPSRA_gJ�
�o=PSRiV ��u�� � y�Jlo�V � � ��u#vwJc_-j-o=d�V
y�NQj-d"eUj-_-_`[^V{j-d�W�j`k"P�V
_gJnm�j-eiV^hihqV�W�P RiNQeiNQR;u#v»Y j-d�hiVbRUeGySRi[^hiVbd�eiV
_�Y Jla|yS_-j-eUP�WSV WSV^h ��P�]beUP�JleUj`NQd�hXRiVb_gJleUj-m�V^hAWSVD_gJ{m�j-eiV^hqhiVDVbdrsØNQd�]beUj`NQd WSVG_gJ�y�N=hUj-eUj`NQd �áu
�@O3;|CEO@?�CE89GB63SxJ9Gj;{?BJT89SPM:/5S�/:6!� u ~;oq�B~`^`^�nxr¤?B47^g8�JT/5Sx^`/5SPOI4P/5SZ89631I8T�j8913OI/5J9JT/5S:�IGH6_CE47GHOI�H/R/:cv/5;|CE8D¢
�H/:^g/:6aCFO36�A34PGB�3JphiO@?tSP89^`/56aC�J98T63M{?t894P/ � � �|n�o�/kSP/5;:GH631qAI4PGB�@J �@hiO@?B6aCFY`J9O38 �3A347M5SP/:6aCE/r;:Ju?B8T4P/:^g/:6iCO363/x�@?t6313/xVWGH47CP/5^`/56aC ;58TSE?B8TJ9J9M:/<?BO`4PGtCEGH4 � � �|nio�KNM5A@?B8TSPS7/5O34�13/x;5/|CPCE/x13/:4P638Tz547/�/:S7C0?BA3A347G{�I8T^y?�CE8T�B/|¢
^`/56aC � n ¥ ^`^�nf.0/:SnÚ�89^g?BXH/:S�8T63S7CE?B6aC>?B6IM5/5S Ûy13/FJ K\M:;5GHO3JT/5^`/56aC�GH6aC�M:CPMFA34PGB�@?B�3JT/5^`/56aC0GB�ICE/:6jOI/5S
J9GB4PSPhiO3/�J K\M:;5GHOIJ9/5^`/56aClM|C>?B8DClhiO@?BS789^`/56aCbS7CE?tCE8TGH636@?B8T4P/UA	/56I1@?B6aCbJ9/UCP/5^`A3Sl13/�Ju?q^`/5S7O34P/ � u � F
m"^g8T6��|n |fGHOIJ989XB63GH63SUhiO3/+;:/5S_89^g?BXH/:SU896IS7C>?t6iCE?B63M:/5S_^gGB6iCP4P/:6iC_;:Ju?B8T4P/:^g/:6iCyhiO3/ Ju?s�j8TCP/5SPS7/ 13O
�@O38T13/2?BO�4PGBCPGH4�4P/:S7CP/khiO@?tSP89^`/56aC�;5GB63S7CE?B6aCE/21@?B63S�J9/FCP/5^`A3S5n

$(A3JTO3S¤=3?BOICES¤;589SP?B89JTJ9/:^g/:6iCPS5�§1@?t63S¤J9?y�5GB63/<13/�;5Gj/|�f89S�CE/56I;5/B�B89Ji/5S�C�138�~`;:89J9/ 13/�CE47GHOI�H/:4�13/0CP/5JTJ9/5S
89^g?BXH/:S08T63S7CE?B6aC>?B63M:/5S:n@��6�/:cv/:C{�IJ9/5S��@O3;:CPO@?tCP89GH63S0SPGH6aC�CE47GHA�89^`A	GH47CE?B6aCE/5S�/:CxAI4PGH�@?t�3J9/:^g/:6iC�CE47GHA
4E?tA38913/:S5nÒ5F6 A	/5OfCr;:/5A	/5631@?t6iCr/|�jCE4P?B8947/b13/5SR^g/:SPO347/5S5��;:/547CE?B896ISRA347GB�@JTSk/ �jCE4 
:^g/:SrS7O3XHXHM:4E?B6aCRO36
^`GHOI�H/:^g/:6aC¡1I/�J9?��@?B6313/�VWGH4�CE/:^g/:6iCp;:89SE?t89J9JTM5/tn5o�?<�@XHO347/ E n mH��A3?B4�/|�f/5^`A3J9/t�§A34PM:SP/:6iCP/013/:Of�2A347GB�@JTS
13/��j8TCP/5SPS7/ GH�ICE/:6iO3S¤Y�A@?t47CE8T4�1�KNO363/ ^`G eB/5636I/�S7O34�A3J9OISP89/:O34PS�AI4PGB�@JTS�89631I8T�j8913OI/5J9Sd/|�jCE4P?B8TCPS�13/ Ju?<SPM:4P8T/



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � ���
13/ ¥ mrA34PGt�@J9S�^g/:SPO347M5SxY &' � ���LoqpRS�vxw|n $ ;:/F;58TSE?B8TJ9J9/:^g/:6aC{�aJ9/ZA34PGt�@Jd^`G§eH/56�AI4PM5S7/56aCE/QOI63/F�@?B6I13/
VWGH4�CE/5^`/56aC�;:89SP?B89JTJ9M5/�13GH6aC�J K\M:A@?B8TSPSP/:O34�/:S7C 13/�J K\GH47134P/�13/ � nN�F^`^ � ;:V�nt�3X3n E n\ma�fnN���|nto�?]�@XHO347/ E n\ma�fn\?

0 0.5 1

10

20

x  (mm)

v 
 (

m
m

.s
−

1 )
(a)

0 0.5 1
0

10

20

(b)

x  (mm)

0 0.5 1
0

10

20

x  (mm)

δv
/v

  (
%

) 

?A@�BDC~E n\ma� F×H�J�KX�GVbP�z�ySRiN 
�_`hGNQTSeiVbd"P�h����� � �=� � ¢�h vxw VbeG� � � ¡ � � L � �cy�JlRUeUj-RGWSV
WZY PSd�V{acN�}�VbdSd�V
WSV � H��ZK Vbe���ySRiN 
�_`h�H��=K j-d�W�j-m�j`W�P�Vb_`h;u�v�V^hX_-j-o=d�V^hXy#NQj-d�eUj-_-_`[^V^hpj-d�W�j`k"P�Vbd�eA_`V^hXy#N=hUj-eUj`NQd�h � � � � � ¢�Vbe � �
� � ¢=¢ta|a�u�H�T�K � N;}�VbdSd�VMWSV ��� ySRiN 
�_`háJlP�a �bacVM]bj`hqJlj-_-_`VbacVbd"e�Vbe�ySRi[^hiVbd�ei[^VMhUPSR�_gJ#
�o=PSRiV ��u�� � y�Jlo�V � � ��u�vwJ
_-j-o=d�VGy�NQj-d"eUj-_-_`[^VGj-d�W�j`k�P�VG_gJ m�j-eiV^hihiVGW�PrRiNQeiNQR;uSv»Y j-d�hiVbRUetySRi[^hqVbd"eiVD_�Y Jla|yS_-j-eUP�WSV�WSV^h ��P�]beUP�JleUj`NQd�hfRiVb_gJleUj-m�V^h
WSVD_gJ{m�j-eiV^hihiVDVbdrs�NQd�]beUj`NQd�WSVD_gJ{y�N=hUj-eUj`NQd �9u
4PM|�Hz:J9/Q13/:Of�_;{?tS</|�jCE4 
5^`/5ScÜIOI6�1I/5S�A347GB�@J9S0A34PM:SP/56aCP/kOI63/Q�@?B631I/Q1�K\M:A@?B8TSPSP/:O34 � n E�E ^`^ /:6i�j8T4PGH6��
?BJTGH4PSkhiO3/�JLKNM5A@?t89SPS7/5O34R13/UJ9?��@?B6I13/U1@?B6IS[J9/gSP/5;:GH631�A347GB�@J�/5S7C � n � E ^g^�n���J0/:S7Cl8T^gA	GH47CE?B6aCk13/
63GBCP/54<hiO�KN/56I;5GH47/kOI63/QVWGH89S:�fJ9?R�j8TCE/:SPS7/k1IOU�@O3891I/2?BO�4PGBCPGH4<47/5S7CP/Q;5GH6IS7C>?t6iCP/�ÜIJ9/];589SP?B89JTJ9/:^g/:6iC�1@?t63S
Ju?��@?t6313/gVWGB47CE/:^g/:6aCR;:89SP?B89JTJ9M5/[?�;>=@?B6IXHMg/:6aCE4P/g;5/:Sr13/:Of��A34PGt�@J9S:n¤.0/:Sr^`/5S7O34P/:SR^`GH6aCE47/56aC[?tO3SPS78
A	GHO34PhiO3GB8L�iJ9/ZA34PGB�3Jv13/ZJu?2�@XHO347/ E n\ma�fnN���iO363/]VWGB89S�^gG§eH/:6363Mt�IA347M5SP/:6aCE/QO363/ZVWGH4P^`/Z�	/{?tO3;5GHOIAUA3J9OIS
J98TSPS7/Q/:C�13GH63;2O36I/k47O3AICPO34P/213/2A	/56aCE/k^gGB8963S<6I/:CPCP/2hjOI/RJT/5S�A347GB�@J9S�1I/kJ9?[�@XHO347/ E n ma�jn ?In

r¡GHOI4R�@638T45��Ju?_�@XHO347/ E n mHm�A34PM:SP/:6iCP/�13/5Oj�sAI4PGB�@JTSR^`G§eH/:6363M5SlS7O34rAIJ9O3S789/5OI4PSkA34PGB�3J9Sk/|�jCE4P?B8TCPS
1�KNO363/bSPM:4P8T/l13/`� � ^g/:SPO347/5SkY &' � � �US vxw n $';:/b;589SP?B89JTJ9/:^g/:6iC5��Ju?U�@?B6I13/l1�KNGHXH63GH6IS2VW/:O389JTJ9/|CEM5S]?
/56a�t?B=38 J K\/:6iCP4P/|VW/54Q13/bJu?�;:/5J9JTO3J9/r/:CkJ9/lA347GB�@J�/:S7Ck=3GH^`GHXHz:63/Bn�o�/:Sk�@OI;:CEO3?tCE8TGH63SFCE/:^gA	GH47/5J9JT/5SFS7GH6aC
/56 4P/|�B?t63;>=3/qA@?t47CE8T;5O3JT89z:4P/5^`/56aCb8T^gA	GH47CE?B6aCE/:S � ;:V�n E n\mHmInN���|n�.0/:SUA347GB�@J9Sb^`G§eH/56I63M5SUA3?B47CP89;5OIJ989/:4PS
A	/54P^`/:C7CE/:6iC<13/]�j89S7O@?BJ98TSP/:4�;:/5S<�@O3;|CEO@?�CE89GB63S5n � 63/F1I/F;5/:S<^g/:SPO347/5S�A347M5S7/56aCE/QO36�AI4PGB�@JvhiO@?BSP8T^g/:6aC
J98T63M{?t894P/t�p?BJ9GH47S[hiO3/�J9/ySP/5;:GH631,A34PM:SP/:6iCP/_O363/�138TSP;5GB6iCP896iO38DCEMU13/�;:89SP?B89JTJ9/5^`/56aCk/56 � u ~Lo }H~�^g^
SPOIXHXHM54P?B6aC�Ju?[6iO3;5JTM{?tCP89GH6_1�KNO363/k�@?B6I13/QV ?B89�3JT/5^`/56aC�;:89SE?t89J9JTM5/]?BO_S7C>?�CEGH4:n

6 GBOICE/:S�;:/5S�^g/:SPO347/5S�;5GH6I�34P^`/56aC�J K\=aejA	GBCE=3z:SP/�SP/:J9GH6 Ju?thjOI/5J9JT/+J9/:SU�@O3;:CPO@?tCP89GH63S_13/ �j8TCP/5SPS7/
J9Gj;{?tJ9/ SPGH6aC�JT89M:/5S¡?BOf�R�@O3;:CPO@?tCP89GH63S¡SPA@?�CE8u?tJ9/5Sp13/:S��@?B631I/5S�1@?t63S�JLKN/56aCP4P/:VW/:45nB.0/5S�1IGH6363M:/5S�^`GH6aCE4P/:6aC
?BO3S7SP8�J9/:SgJT89^`8TCE/:S[13/�63GBCP4P/�^gGH6aCE?BXH/_AvGBO34gM|CEO31I89/54`;5/|CPCP/�;5GB^gA3JT/|�f8TCPM_SPA@?tCP89Gt¢LCE/:^gA	GH4P/:J9JT/Bn¡o�/:S



� ¥�� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 0.5 1

10

20

30

x  (mm)

v 
 (

m
m

.s
−

1 )

(a)

0 0.5 1
0

10

20

30

(b)

x  (mm)

0 0.5 1
0

10

20

x  (mm)

δv
/v

  (
%

) 

?A@�BDC»E n\mHm F£H�J�Kp�GVbP�z ySRiN 
�_`hDNQTSeiVbd�P�h � �� � ¡ � h vxw Vbe � � ¡ � � L � ��y�JlRUeUj-R�WSV{WZY PSd�V�acN�}�VbdSd�VcWSV
��H	��K�Vbe�!�ySRiN 
�_`h�H��#K�j-d�W�j-m�j`W�P�Vb_`h;uáváJ�_-j-o=d�V�y�NQj-d"eUj-_-_`[^V�j-d�W�j`k"P�V � � � � � � a|a�u H�T�K � N�}�VbdSd�V�WSV !��
ySRiN 
�_`hfJlPra �bacVG]bj`hqJlj-_-_`VbacVbd"eXVbeOySRi[^hiVbd�ei[^VDhUPSR _gJ 
�o=PSRiV ��u�� � y�Jlo�V�� � ��u�vwJ
_-j-o=d�VAy�NQj-d"eUj-_-_`[^V�j-d�W�j`k"P�Vp_gJ
m�j-eiV^hihiV W�P RiNQeiNQR;u�v»Y j-d�hiVbRUeGySRi[^hiVbd�eiV
_�Y Jla|yS_-j-eUP�WSV�WSV^h ��P�]beUP�JleUj`NQd�hGRiVb_gJleUj-m�V^hDWSV
_gJcm�j-eiV^hihiV
Vbd�s�NQd�]beUj`NQd
WSVD_gJ{y�N=hUj-eUj`NQd �9u
A347GB�@J9SkA347M5SP/:6aCEM5SlS7O34kJ9/5Sk�@XHO347/5S E n mH�fn ?_/:C E n\mHmIn\?�S7/5^[�3JT/56aC[S7O3XHXHM:4P/:4rJu?_A347M5SP/:63;5/y13/yA3JTO3Sk13/
13/:Of� �@?B6I13/5S213/l;:89SE?t89J9JT/5^`/56aCZ1@?B63SQJ K\/:6iCP4P/|VW/545n�.0GH^g^`/[JT/[^gGB6iCE?BXH/[OfCE89JT89S7Mr63/l13GB6363/lA@?BSQOI63/
89^g?BXH/]8963S�C>?B6aC>?t63M5/213/2JLKNM5;:GHO3JT/5^`/56aC{�38TJd/:S7CZ138�~`;58TJ9/Z13/R;:GH6I�@47^g/:4�;5/:SZ=aejAvGtCE=3z:SP/5S:n

��� ����� � Ny.�K{Q
Qy9e(54e%y. 78')41K"Ny- � �
. �
. 41.)J�� �y4D0 �
K}0L-+("N
J
o�/5S�4PM5S7O3JTCE?tCES�1I/5S�/|�fAvM:4P8T/563;:/5S�A34PM:;5M51I/56aCE/:S]A	/5OI�B/56aC 
|CE4P/247M5SPOI^gM:S�1I/kJ9?[V ?��5GH6_S7O38T�t?B6aCE/�Ü
F J9?r�f8DCE/:SPSP/kJ9Gj;{?tJ9/Z�3O3;:CPO3/kVWGB47CE/:^g/:6aC�?BO��BGH89S7896@?tXH/Q13/2JLKN896aCE/:47V ?B;:/F/56aCP4P/kJ9/5S�1I/5Of���@?t6313/5S ß
F J9?r�f8DCE/:SPSP/k13O_�@O38T13/2?BO�4PGBCPGH4</5S�CF?tA3A34PG{�f89^g?tCP8T�H/:^g/:6aC�;5GH6IS7C>?t6iCP/RJTGH4PS7hiO3/ &' /5S�C�89^`AvGHS7M ß
F J9?r�f8DCE/:SPSP/kJ9Gj;{?tJ9/Z�3O3;:CPO3/RA	/5O�1@?B6IS�J9?l�@?B6313/QV ?B8T�3J9/:^g/:6aC�;58TSE?B8TJ9J9M:/ ß
F JT/5S<�@O3;|CEO@?�CE89GB63Sx13/Q�f8DCE/:SPSP/2S7GH6aC]JT89M5/:S�?BO�^gGBOI�H/:^g/:6iC�13/2J9?[�@?B6313/21@?t63SxJLKN/56aCE47/:VW/54 ß
F Y &' 89^`A	GHSPMt�tJ9?]�vGBO3;5JT/<13/<47M:CE47Ga?B;|CE89GB6[13Ol4P=IM5GH^`z:CP4P/<A	/547^g/|C�13/<^g?B896aCP/5638T4 &' SE?B6IS ?BO3;5OI63/�@OI;:CEO3?tCE8TGH6�CE/5^`A	GH4P/:J9J9/ZSP8TXH638T�3;{?tCP8T�H/ � s &'1� &' � ~;o�mf�b� ß
F Y &' 8T^gA	GHSPMt�IJ9?[;5GH6aCE4P?B896aCP/ ) �@O3;|CEO3/QV ?B8T�3J9/:^g/:6aC � s ) � ) u m F E�� � n
r¡GHOI4l89J9JTO3S7CP4P/:4R/|Cb;5GH^`A34P/:631347/U;5/:S`47M5S7O3JTCE?tCES:�¤89J�/5S�CbOICE8TJ9/g13/�S5K\?BA3A3OfeH/54bS7O34lJ9/:S[M5hiO@?tCP89GH6IS

A	/54P^`/:C7C>?B6aCk1�K\? �7O3S�CE/54RJ9/:SRA347GB�@JTSk1I/`�j8TCP/5S7SP/y� � �6�2Y�A@?B4�CE894Q1I/5Sr1IGH6363M:/5Sr1I/g47=3M5GHJTGHXH8T/lXHJ9GH�3?BJ9/� ) � &' �¤/:C 1I/5S��j8TCE/:SPS7/5S 13/xXHJ98TSPS7/5^`/56aC�� � � � ;:V�nHM:hjO3?tCE8TGH63S � E n ¥H¥ � F � E n ¥ E �|�tA@?BXH/ ¥���� �|nH.0/5S M5hiO@?tCP89GH6ISA	/54P^`/:C7CE47GH6aCb1�K\8TJ9JTO3S7CP4P/54rSP89^`A3JT/5^`/56aClJ9/UV ?t8TClhiO3/�13/�V ?B89�IJ9/5SR�@O3;:CPO@?tCP89GH63Sb13/:SbA@?B4E?t^gz|CE4P/:Sb13O
^`Gf13z:J9/t��/56!A@?t47CE8T;5O3JT89/:4l13/5SU;:GH6aCE4P?B896aCE/:S ) /:C ) 
 � Av/:4P^`/:CPCP/56aCU1dK\/:63XH/56I134P/:4U13/5S`�@O3;|CEO@?tCP89GH6IS



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � ¥B¥
89^`A	GH47CE?B6aCE/5S013/QJu?r�j8TCP/5S7SP/QJ9Gj;{?tJ9/Bn �Q4��B;:/2Yb;:/Q^gGj13z:J9/B�f63GHO3S�^`GH6aCE47/547GH63Sx?BO3S7SP8�hiO3/2;:/kS7GH6aCxJ9/:S
�@O3;|CEO@?�CE89GB63S213/bJu?�;5GH6aCP4E?B8T6iCP/ ) 
 ��/:Ck63GB6 ;:/5J9JT/5SQ13/ ) ��hiO38�A	/547^g/|CPCE/:6aCR1I/g47/5A347Gf13OI894P/lJT/lA3J9OIS;5GB4P4P/:;:CP/5^`/56aC�J9/5Sx47M5SPOIJTC>?�CES5n

� ÑcY/U WfY:TÙÍ��:WfY ] �)UtÊZÐf] ��Ë�Y � ÎiY�Ë �}bMÌ�Ðfb»Ï#Ð�Í�ÊáÑMË �cY�Î�Ï×Ì�ÊwÑáÐ�W�ÏZÍ�ÑáÐ�Y )
� ?B63SrO36"A34P/:^g8T/542CE/:^gA3S:�¤63GBO3S[?BJTJ9GH6ISkV ?B8T4P/`JLKN=aefA	GBCP=3z5S7/UhiO3/�;5/gSPGH6aClJT/5SR�3O3;:CPO@?tCE8TGH63SR13/

;5GB6iCP4E?B8T6aCE/�^`/5S7O34PM:/5SghjOI8]SPGB6iCUY J K\GH4789XH8T63/�13/:Sy�@O3;|CEO@?tCP89GH6ISg13/�Ju? �f8DCE/:SPSP/tn�rpGHO34y8TJ9JTO3S7CP4P/54l;:/
A	GH896aC{��63GHOIS ?BJ9JTGH63Sp4P/5AI4P/56I134P/xJLK\?B6@?tJTejSP/�13/5S�/ �IA	M54789/:63;5/:S�47M{?BJT89S7M5/5S�Y
7 � �B~ � ."/:C YF;:89SE?t89J9JT/5^`/56aC
89^`A	GHSPMt��13M:CE?B89JTJ9M5/:SQ1@?B63SkJ9/bA@?t4E?BXH4P?BA3=3/ E n ¥ n �f��A@?BXH/ ¥ ¨ mInpop?��@XHOI4P/ E n mt��A347M5S7/56aCE/UJ9?�4PM5A	GH63S7/
CE/:^gA	GH47/5J9JT/F13/kJu?[;:GH6aCE4E?t896aCE/2A	GHO34xJ9/2A@?BJT89/:4<13/k;589SP?B89JTJ9/:^g/:6iC<Y &' � ���LoqplS vxw ?B8T63SP8dhjOI/RJT/kAI4PGB�@J
13/_�j8TCE/:SPS7/�;5GB4P4P/:SPA	GH631@?t6iC5n0��63;:GH4P/�O363/�VWGH89S:��Ju?+;5GH6aCP4E?B8T6iCP/�AI4PM5S7/56aCE/�13/�V ?t89�3JT/5Sl�@O3;|CEO@?tCP89GH6IS
CE/:^gA	GH47/5J9JT/5S � s ) � ) u ¥�F � � �|n<o�/ A347GB�@JF1I/ �j8DCE/5S7SP/�A34PM:SP/:6iCP/ 1I/5Of� �3?B6313/:S�13/ ;:89SE?t89J9JT/5^`/56aC
SPM:A@?B47M5/5SbA@?t4[O363/_896aCP/547V ?t;5/US78TCEOIM5/�/56 � u ~;o �+^`^�n r�4PM:;5M:13/5^`^g/:6aC{��63GHOISb?§�BGH63SbOICP89J98TSPM`J9/:S
M5hiO@?�CE89GB63S � E n ¥H¥ � F � E n ¥ E ��AvGBO34�? �7O3S7CP/54 ;5/xA347GB�@J@13/��j8TCP/5S7SP/ZY2J K ?t8913/<1I/�J K\OI6389hiO3/�A@?t4E?B^`z:CP4P/�J98T�34P/
) 
 �@J9?l;5GH6aCE4P?B896aCP/QJ9Gj;{?BJT/QYlJLKN896aCE/:47V ?B;:/Q/56aCE47/RJT/5S��@?B6I13/5S � ;|V�n3�@X3n E n ¥=� �IA@?BXH/ ¥�� mH�|nxrpGHO34x4PM5?BJ98TSP/54
;5/|Ck? �7O3S�CE/5^`/56aC5��63GHO3SQ6IGHO3SQSPGB^g^`/5SQ?tA3A3OIeBM5S2SPO34QJT/5SF1IGH6363M:/5S213/l4P=IM5GHJTGHXH89/k^`G eB/5636IM5/5S21@?t63S
J9/�CE/:^gA3S:nIo�/:S<;5GHOI4P�	/5S<13/]Ju?k�3XHO34P/ E n\mB�3nN�U;5GH474P/:SPA	GH6313/:6iCxhiO@?t6iC<Yr/5JTJ9/:S5�f?BOf�gA34PGt�@J9S�13/]�j8TCP/5SPS7/
CE=IM5GH4789hiO3/5Sl;5?BJ9;:O3J9M:S[YqA@?t47CE8T4R1I/�Ju?�S7M54789/ )"� t!�R^`/5SPOI4PM5/tn��]Oj� �@O3;|CEO@?�CE89GB63SRCP/5^`AvGH47/5JTJ9/5SR13/UJ9?;5GB6iCP4E?B8T6aCE/ ) �@SPGB6iC]?BS7SPGj;589M:/5S�13/5Sx�@O3;|CEO@?�CE89GB63Sx13/2JLKNM5A@?B8TSPS7/5O34x13/kJu?l�@?B6I13/QVWGH47CP/5^`/56aC�;589SP?B89JTJ9M:/Bn��6�/|cd/|C{�@J K\M:A@?B89S7SP/:O34x13/2;5/:C7CE/213/:4P638Tz54P/2/:S7C�13GH636IM5/kA@?B4�Ju?[47/5J9?tCE8TGH6�Ü

s � � �
� � ) �

) 
 � m � 

� E n ¥�� �

G�� ) � � � ��
 � ) � � ��
 � � ��
+ �]/5S�CRJ9?y;5GB6iCP4E?B8T6aCE/b?BO 4PGtCEGH4:n � /lV ?B89�IJ9/5S��@O3;|CEO@?tCP89GH6ISQ13/b;5GH6aCE4P?B896aCP/
� ) � /:63XH/56I134P/:6iCZ13/2XH4P?B6313/:Sx�t?B478u?tCP89GH6IS<13O�13M5A3J9?B;5/:^g/:6aCx13/2Ju?l�@?B631I/ � s�Ü

� s
j � � ���j

� ) �
) 


� ) �
) � u � ��Hj

� ) �
) � o � E n � � �

.0/:C7CE/F1I/54P6I89z547/F4P/:Ju?tCP89GH6g^gGB6iCP4P/ZhjOI/FJ9/Z4E?BA3A	GH4�C<1�K\?BSPA	/5;|Cx13/FJ9?R;5/:J9JTO3J9/�13/2.0GHOI/:CPCP/��7GHO3/]J9/]47�HJ9/
Ú]1�K\?B^`A3J98D�@;{?tCP/5O34ÒÛU13/:Sx�3O3;:CPO@?tCE8TGH63S�13/2;:GH6aCE4E?t896aCE/tn3��6�/|cd/|C{�313?B63SxO363/Q;:/5J9JTO3J9/]13/k.0GHO3/|CPCE/t�@89J
/|�f8TS7CE/`O36 V ?B;:CP/5O34 � ��� � ��jf�F/56aCE47/gJT/5SQ�@O3;|CEO@?�CE89GB63S213/gJ9?�;5GH6aCE4P?B896aCP/`/|CrJT/b13M5A3J9?B;5/:^g/:6aCR47/5J9?tCE8DV13/�Ju?2�@?B631I/Bn � ?B63S�Ju?2J98T^g8DCE/<1�KNO36g4E?BA3A	GH4�C�1dK ?BS7Av/:;:C06jOIJL�iJu?2^gGB89631347/<�@O3;|CEO@?tCP89GH6g13/�;5GH6aCE4P?B896aCP/
A	/5OICxV ?B8T4P/�Ú]138TSPA@?t4E?'&TCE4P/GÛ_J9?[�@?B631I/k1I/kJ K\/:6aCE4P/|VW/54:n � ?B63Sx63GBCP4P/2;{?tS5�@Ju?r�t?B478u?tCP89GH6y13/2;5GH6aCE4P?B896aCP/
/5S�Cb13/UJ K\GH47134P/y13/ ¥�F � � /|ClJ9/:S[;{?B4P?B;:CPM54789S7CP89hiO3/:S[XHM5GB^gM|CE4P8ThiO3/5S[S7GH6aC j/� m�/:C � � � � �q^`^�n
o�/�^`GHOI�B/5^`/56aCU1I/�Ju? �@?B6I13/�/:S7CU?BJ9GH47S � s u ~Lo�mf� F,� n �t� ^`^�n�.]K\/:S7CU�I89/56 ;5/�hjOI/�^`GH6aCE4P/:6aC
J9/:SFA347GB�@J9SZCE=3M:GH4P8ThjOI/5SQ13/[J9?g�@XHOI4P/ E n\mB�3nN��n�.0/:SF�@O3;|CEO@?tCP89GH6ISFSPA@?�CE8u?tJ9/5S]13/[Ju?g�@?B6313/[VWGB47CE/:^g/:6aC



� ¥ � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 1000 2000 3000 4000
16.2

16.4

16.6

(a)

Temps  (s)

C
on

tr
ai

nt
e 

 (
Pa

)

0 0.5 1
0

5

10

15

20
(b)

x  (mm)

v(
x)

  (
m

m
.s

−
1 )

0 0.5 1
0

5

10

x  (mm)

δv
/v

  (
%

) 

?A@�BDC�E n mt� F�H�J�K�ÖX[by�NQd�hiV eiVba|y�NQRiVb_-_`VXWSVt_gJ�]^NQd"eURqJlj-d"eiVpy�NQPSR~_`Vty�Jl_-j`VbRÒWSVX]bj`hqJlj-_-_`VbacVbd"e �� � �=� � ¢ h vxw WSV
_�Y\V z�y#[bRUj`Vbd�]^VtWS[beqJlj-_-_`[^VfW�Jld�h�_gJGhqV^]beUj`NQd ��u �=u�! � y�Jlo�V�� � ��u�H�T�K9�»RiN 
�_�WSV m�j-eiV^hihqVOV z�y�[bRUj-acVbd"eqJl_wH��=K u=v�VOs�Jlj`h �
]^V;JlPnWSVf]^NQPSRUT�V^hM]^NQRURiV^hiy#NQd�WnJlP�z�ySRiN 
�_`hMWSVfm�j-eiV^hihqV eU��[^NQRUj`k"P�V^hÒ];Jl_`]bPS_`[^hÒ�G_�Y Jlj`WSVfWSV^hÒ[^k"P�JleUj`NQd�hpH ��u ����K��
H ��u ����Kp�cy�JlRUeUj-RDWSV{_gJ�hi[bRUj`V
�����	� u�v»Y j-d�hiVbRUeGySRi[^hiVbd�eiV�_�Y Jla|yS_-j-eUP�WSV|WSV^h���P�]beUP�JleUj`NQd�hDWSV{_gJnm�j-eiV^hqhiV�_`N�];Jl_`V
];Jl_`]bPS_`[^V
�{y�JlRUeUj-RAWSV^htySRiN 
�_`hfeU��[^NQRUj`k�P�V^h;u

;58TSE?B8TJ9JTM5/�/56IXH/5631I4P/56aC�1I/5S��3O3;:CPO@?tCE8TGH63S�13/]J9?2�j8DCE/5S7SP/ZJ9Gj;{?BJT/Bnio�K\8T63SP/:47C�13/]J9?2�3XHO34P/ E n\mB�3nN�y^`GH6aCE47/
?BJTGH4PS�hiO3/ J K ?B^`A3JT8TCEOI13/¡47/5J9?tCE8D�H/�13/:S��@O3;:CPO@?tCP89GH63SvCE=3M:GH4P8ThjOI/5S�/5S�C¡XB4E?B631I/�1@?B63S�J9?<�@?B6313/�VWGB47CE/:^g/:6aC
;58TSE?B8TJ9JTM5/ � u p F	¥�� � �0/|C�hjO3?BSP8T^g/:6iCx6iO3JTJ9/Q1@?t63SxJu?[�@?B6I13/kV ?t89�3JT/5^`/56aC<;:89SE?t89J9JTM5/ � ��F E�� � n

.0/5A	/56313?B6aC{��;5/|CPCP/_?BA3A347Gf;>=3/�6I/�Av/:OICl4P/:A34PGj13O38T4P/UOI6�V ?t8TC[/ �fAvM:4P89^`/56aCE?BJ0A@?t47CE8T;5O3JT89z:4P/5^`/56aC
4PGB�3O3S7CP/Bn ��6(/|cd/|C{��JT/�^gGj13z5JT/U^`GH6aCE4P/�hiO3/�Ju?��j8DCE/5S7SP/�13O��@O3891I/_?BO 47GBCEGB4r�@O3;|CEO3/_VWGH47CP/5^`/56aC{�
?BJTGH4PS¡hjOI/�J9/5S¤/|�fAvM:4P8T/563;:/5S ^gGB6iCP4P/:6iC ;:Ju?B8T4P/:^g/:6iC¤hiO3/�;5/�6�KN/5S�C A@?BS�JT/<;{?tS5nhr¡?B4�?B8TJ9J9/:O34PS:�tJT/0^`Gf1Iz5J9/
A	/54P^`/:C�?tO3SPS78p1I/k;5?BJ9;:O3J9/:4<Ju?[�j8TCP/5S7SP/213O�4PGBCPGH45n�.0/|CPCP/R13/:4P638Tz547/Q/5S7CZ13GH6I63M5/2A@?B4xJ9?[4P/5J9?tCE8TGH6�Ü

�H� � � � �P� ~h� � ��� � 
 � E n � ¥ �

G��b� � � /5S�C�J9?]�j8TCE/:SPS7/�1I/�XBJ989S7SP/:^g/:6iC�?BOb4PGBCPGH45nao�/�^`Gf1Iz5J9/089^`A3J98ThjOI/013GH6I;�hjOI/�J9?]�j8TCE/:SPS7/�1IOg47GBCEGH4���]�@O3;|CEO3/UM:63GH47^gM:^g/:6iC5n���J�/:S7C[;:Ju?B8T42hjOI/y;5/g6�KN/5S7CrA@?BSRJ9/`;{?BSR1@?B63SR63GHSr/ �fAvM:4P89/:63;5/:S5�¡A3O389S7hiO3/
J9/+;:89SP?B89JTJ9/5^`/56aCg89631I89hiO3M+A@?B4�JT/q4P=IM5GH^`z:CP4P/ � /|C�13GH63;+J9?s�f8DCE/:SPSP/ 13O 4PGtCEGH4E�g/5S�C�A3?B47V ?B8DCE/:^g/:6iC
;5GB63S7CE?B6aC � s &'1� &' � ~;o�mf�b�|nio�K\/:4P47/5O34�;5GH^`^`89SP/�8T;58@A347G§�f8T/56aC�13OgV ?B8DC hiO3/ZJT/5S M5hiO@?�CE89GB63S�1IOg^`Gf1Iz5J9/
SPGB6iC]^gGB63G§�B?tJ9O3M:/5S5�»Á���Æ��	Y`CEGBOICE/k�B?tJ9/5OI4�1I/r���<;5GH474P/:SPA	GH631qO36I/rO3638ThiO3/k�t?BJT/5O34�13/R;5GH6aCE4P?B896aCP/ ) n
5F6y63/ZAv/:OIC�A@?BS�13GH63;]?§�BGH894 13/��@O3;|CEO@?tCP89GH6IS�13/�Ju?2;5GB6iCP4E?B8T6aCE/ ) CEGBOIC0/:6U^g?B896aCE/:6@?B6aC�;5GH6IS7C>?t6iCP/Ju?U�j8TCP/5S7SP/`�H�>n���GHO3SR?BJ9JTGH63S]�BGH8942hiO3/`J9/bSP;:M56@?B4789G�;5GH474P/:;:CRAvGHOI4k47/5A347Gf1IO38947/lJ9/5S2/ �IA	M54789/:63;5/:Sr/5S�C
;5/:J9O38�G ��J9?[;5GH6aCP4E?B8T6iCP/ ) 
 �3O3;:CPO3/Bn



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � ¥ m

�

�

�

� � �6�� ?a� � �@�

.08TSE?B8TJ9JT/5^`/56aC

�H�
)

�

�

�

�)��+-,.
/ 01
2 .
/ 3

?A@�BDC�E n m E FIH�J�KMLONQPSRUT�VXWZY\[^]^NQPS_`VbacVbd"efhq]i��[banJleUj`k�P�VANQTSeiVbd�P�VpVbd�[^]^NQPS_`VbacVbd"etWSVpLONQP�VbeUeiV=u�v�VAyS_gJleiV;JlP
j-dSj-eUjgJl_�V^hUeXRi[bySRi[^hiVbd�ei[{y�JlRA_gJc_-j-o=d�V
[by�Jlj`hihqV ]^NQd"eUj-d�P�V|VbeX_`V
y#NQj-d�e��ªV^hieX_�Y\[beqJlepj-dSj-eUjgJl_�u�vwJn_-j-o=d�V{[by�Jlj`hihiV
Vbd×eURqJlj-eih ��eUj-Ri[^h�V^hUe�_`V�yS_gJleiV;JlPÙJlySRi¤^hn_gJ ��P�]beUP�JleUj`NQdÙWSV�]^NQd"eURqJlj-d"eiV¯� 
 uÒv�V�y�NQj-d"e�� V^hUe�Jl_`NQRih�_�Y\[beqJle
hUeqJleUj`NQdSd�Jlj-RiV���]^NQd�eURqJlj-d"eiV �Ùj-a|y#N=hq[^V=u~v�V�y�NQj-d"e
	 V^hie|_�Y\[beqJlenhUeqJleUj`NQdSd�Jlj-RiV���]bj`hqJlj-_-_`VbacVbd�enj-a|y�N=hi[ �
_gJr]^NQd"eURqJlj-d�eiV�J�JlPSo=acVbd�ei[nVbe�ySRUj`h�_gJ�mQJl_`VbPSR � � y�NQPSR�anJlj-d"eiVbdSj-R � � ]^NQd�hieqJld"eiV=uMH�T�KG�»RiN 
�_`h WSV�m�j-eiV^hihiV
]^NQRURiV^hUy�NQd�W�Jld"eih;u�� ��_-j-o=d�VD]^NQd"eUj-d"P�V � � ��_-j-o=d�VGVbdreURqJlj-eih ��eUj-Ri[^hfVbe�	 _-j-o=d�VDVbdry#NQj-d�eUj-_-_`[^hfVbe eURqJlj-eih ��eUj-Ri[^h;u

� ÑcY Ë�Y�Ì�ÊáÑ �MY ] �)UtÊZÐf] ��Ë�Y � ÎiY�Ë � bMÌ�ÐfbMÏ�Ð�Í�ÊwÑMË��cY�Î�Ï×Ì�ÊwÑáÐ�W�ÏZÍ�ÑáÐ�Y ) 

6 GBOICQ?BO�J9GH63X`13OqA3?B4E?BXB4E?BA3=I/RA347M5;:M513/:6iC5��63GHOISF?{�HGH6ISF^y?t896aCE/:6jO�O36qA@?t4E?B^`z:CP4P/k;5GH63S�C>?B6aC�Ü

Ju?g;5GH6aCE4P?B896aCP/ ) 
 n)��?BA3A	/5JTGH63SZhjOI/ ) 
 ;5GH474P/:SPA	GH631�YUJu?g�t?BJT/5O34Z13/l;5GB6iCP4E?B8T6aCE/[S7M5J9/:;:CP89GH636IM5/lYUJ9?CE4P?B63S78TCE8TGH6_/:C��I�f/[?B8T63SP8�JT/kAIJu?tCP/{?BO�13/r;:GH6aCE4P?B896aCE/kSPOI4ZJ9?`;:GHO34P�	/k1�K\M:;5GHOIJ9/5^`/56aC5n ) 
 ;5GH474P/:SPA	GH63113/_A3JTO3S`Y J9?+;5GH6aCE4P?B896aCP/�JTGf;5?BJ9/yY�J K\8T6aCE/54�V ?B;5/�/:6aCE4P/�J9/:Sl�@?B631I/5S`13/_;589SP?B89JTJ9/:^g/:6iC5n¤��GHO3Sg?BJ9JTGH63S
^`GH6aCE4P/:4l89;:8<hiO3/_SP8 ) 
 �@O3;|CEO3/�?BJTGH4PSl;:/5Ju?+/:63XH/56I134P/_13/:Sb�3O3;:CPO@?tCE8TGH63Sb13/_Ju?��j8DCE/5S7SP/_J9Gj;{?tJ9/U/|C13/[J9?g;:GH6aCE4E?t896aCE/RXHJ9GH�3?BJ9/t�3CEGHOIC]/56q^g?B8T6iCP/56@?t6iCZ;5GB63S7CE?B6aCE/lJu?b�t?BJ9/:O34Z1I/[Ju?b�f8DCE/:SPSP/[?BOq4PGtCEGH4��H�>n
r¡GBO34y8TJ9J9OIS7CE47/54b;5/|CPCP/q8913M:/B��A34P/:63GH63SyJ9/�;5?BSgCP4Pz:SUSP8T^gA3JT8T�@M�1dK\O36!�3O38913/�hiO38]63/�XHJ98TSPS7/�A@?tS�?BOf�
A@?B47GH89S�/:C013GH6aC�Ju?k;5GHOI4P�	/F1�KNM5;5GBO3J9/:^g/:6iC<SP;>=3M:^y?tCP89hiO3/F/:S7C�;:/5JTJ9/]1I/FJu?2�@XHO347/ E n\m E nI.0/:CPCP/Q;5GHOI4P�	/
1�KNM5;:GHO3J9/:^g/:6aClGH�ICP/56iO3/U/:6"XHM5GH^`M:CP4P8T/y13/_.0GBO3/:C7CE/B�¡A34PM:SP/:6iCP/�13/5Oj�"�34P?B63;>=3/:SlSPM5A3?B4PM:/5SlA@?B4rO36
A3J9?tCE/5?BO�8T63;5JT8963MtnD|fO3A3A	GHSPGB63SFhiO3/rJ K\GB6�A@?B4�CE/R13/rJ K\M|C>?tCZ89638DCE89?BJ ��SP8TCPO3MrS7O34]JT/RAIJu?tCP/{?BO�n	o�/rAI4PGB�@J
13/k�f8DCE/:SPSP/rA34PM:SP/56aCP/l?BJ9GB4PS�13/5Of���@?t6313/5S]13/r;:89SE?t89J9JT/5^`/56aC{nx|f8¡J9?`;:GH6aCE4P?B896aCE/ ) 
 �@OI;:CEOI/r/:C]A34P/:631896IS7C>?t6iCE?B63M:^g/:6iCRO363/b�t?BJ9/:O342A3J9OISRXH4P?B6313/t��J9/bA3Ju?�CE/{?tO 13/g;5GH6aCP4E?B8T6iCP/gS7/g1IM5A3J9?B;5/`J9/bJ9GB63X�1I/gJ9?
;5GBO34P�	/�1�KNM5;5GBO3J9/:^g/:6iC � ;:V�nHJT89XH6I/0A	GH896aCE8TJ9JTM5/�SPO34�J9?Z�@XHO347/ E n\m E n\?a�|nBo�GB4PSPhiO3/xJ9?F;5GH6aCE4P?B896aCP/</5S�C��f�IM:/
1@?B6ISrJLKN/|�fA	M54789/56I;5/B��J K\M|C>?tCkS7CE?B�3JT/g/:S7Cl?tJ9GH47SR?tOsA	GH896aC�
 /|CrJ K\M:A@?B89S7SP/:O34R1I/yJu?_�@?B6I13/`VWGB47CE/:^g/:6aC
;58TSE?B8TJ9JTM5/F?l138T^g8T6iO3M � ;|V�nI�@X3n E n\m E nN���|n@��6�/:cv/:C5�	;:/:C7CE/213/5476389z:4P/2/5S�C�13GH6363M:/RA3?B4�JLKNM5hiO@?tCP89GH6�Ü

s � � �
� � ) �

) 
 � m � o � E n �H�H�



� ¥ � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
�ZGtCEGH63SQhiO3/bJT/l;>=@?B63XH/:^g/:6aCR1I/`J9?y�t?BJ9/:O34F13/ ) 
 S5K\?B;:;5GH^`A@?BXH6I/g?tO3SPS78�1�K\OI6 ;>=@?t63XH/5^`/56aCk13/lJ9?�j8TCP/5SPS7/r?tO�47GBCEGB45�3JTGH4PS7hjOI/kJ9?[;5GH6aCP4E?B8T6iCP/2/5S7Cx�I�fM:/R1@?t63SxJLKN/|�fAvM:4P8T/563;:/Bn

.0/5A	/56313?B6aC{�I6IGHS�/ �fAvM:4P89/:63;5/:S<GH6aC�M:CEMZ/:cv/5;|CEO3M:/5S�Y2;58TSE?B8TJ9J9/:^g/:6aC 89^`AvGHS7MBnio�GH47S�13/�Ju?Q�@O3;|CEO@? ¢
CE8TGH6q13/ )�
 /|C213GH63;rJ9GH47SF13O 13M5AIJu?B;:/5^`/56aCQ13O A3J9?tCE/5?BO+SPO34]Ju?U;5GBO34P�	/[1�KNM5;:GHO3J9/:^g/:6aC{��J9?y�vGBO3;5JT/13/g4PM:CP4PGa?t;:CE8TGH6�13Os47=3M5GH^`z:CP4P/`^gGj138D�@/bJu?�;5GH6aCP4E?B8T6iCP/U?BAIA3J98ThjOIM5/b13/yS7GH47CP/ghiO3/gJu?��t?BJ9/:O34R1I/gJ9?
�j8TCP/5SPS7/l?BOq47GBCEGB4]SPGB8TCZ^y?B8T6aCE/56iO3/R;5GH6IS7C>?t6iCP/Bn�o�KNM:CE?tCFS�C>?B�3JT/r/:S7C2?BJTGH4PSZ?BOqA	GH8T6iC�� ÜdJ9/kA347GB�@Jp13/
�j8TCP/5SPS7/_;5GH474P/5S7AvGB631@?B6aCg?qVWGH47CP/5^`/56aCb;>=@?B63XBM�^g?B89SRJu?��j8TCP/5S7SP/�?BO�4PGBCPGH4[6�K\?�A3?BSlM:CPM�^`Gj138T�@M:/Bn
� ?B6IS];5/rSP;5M:6@?B4789G3��J9/:SZ�@OI;:CEO3?tCE8TGH63S�13/r;:GH6aCE4E?t896aCE/ ) 
 /56IXH/5631I4P/56aCQ1I/5SZ�t?B478u?tCP89GH6IS�JTGf;5?BJ9/:Sx13/rJ9?�j8TCP/5SPS7/Bn	.0/:S<�@O3;:CPO@?tCP89GH63S�S:K ?t;5;5GB^gA@?tXH63/56aC�?BOISPSP8�1I/F�@O3;:CPO@?tCP89GH63S013/QJu?[;:GH6aCE4E?t896aCE/FA	/547^g/|CPCE?B6aC
13/2^g?B896aCE/:638940Ju?r�j8TCP/5SPS7/R1IO�47GBCEGB4��H��;5GH63S�C>?B6aCP/Bn

r¡GHOI4F89JTJ9O3S�CE4P/:4ZhiO@?t6iCP8TCE?tCE8D�H/5^`/56aC];5/5S]8913M:/5S5�v63GHO3SF?§�BGH63SQ47/5A34789S]JT/5SZM5hiO@?tCP89GH63S]A34PM:;5M51I/56aCE/:S5n
r¡GBO34Z^`Gj13M5JT89SP/:4�;5/:SZ�@O3;|CEO@?�CE89GB63Sx13/R;:GH6aCE4P?B896aCE/ ) 
 �@63GBO3S]?{�BGH63S]AI4P89S�Ju?[�t?BJT/5O34xA347M5;5M:13/5^`^`/56aCCE47GHOI�BM5/bAvGBO34Q? �7O3S�CE/:4kJT/5SFAI4PGB�@JTSQ13/[�j8TCP/5SPS7/bY�7n���B~ � .]� Á���Æ�� )�
 � m§}Lozp r¡?I��YUJu?thjOI/5J9JT/r63GBO3S
?{�HGH6ISx? �7GHOICPM]13/:S0�@O3;|CEO@?tCP89GH6IS0CE/:^gA	GH4P/:J9JT/5S ;5GH6aCP4P�HJTM5/5S013/ )�
 nf�Z�@6�1I/]4P/:A34PGj13O38T4P/ZJ9/5S�13GH636IM5/5S:�63GHOISr?{�HGB63S¯À�Å��lÁ�¿�Å À�Á�ÅbÆ�
 Æ�ÄZ¿�;>=3GB89SP8 J9?�VWGB4P^`/`AI4PM5S7/56aCEM:/USPOI4RJ9?��3XHO34P/ E n\m ¦ n\?�/|Cr;:GH4P47/5S7AvGH6I1@?B6aC

0 1000 2000 3000

16

17

18
(a)

Temps  (s)

C
on

tr
ai

nt
e 

 (
Pa

)

0 0.5 1
0

5

10

15

20
(b)

x  (mm)

v(
x)

  (
m

m
.s

−
1 )

0 0.5 1
0

5

10

15

x  (mm)
δv

/v
  (

%
) 

?A@�BDC»E n\m ¦�F£H�J�KA�GNQdSd�[^V{WSV{_gJ ��P�]beUP�JleUj`NQd¯eiVba|y�NQRiVb_-_`V|WSV
_gJ�]^NQd�eURqJlj-d"eiVc� 
 H�_-j-o=d�V�y#NQj-d�eUj-_-_`[^V�K u ��[bRUj`V
� � ���	�~];Jl_`]bPS_`[^VD��y�JlRUeUj-ROWSVp]^V^h ��P�]beUP�JleUj`NQd�h WSVp� 
 u�H�T�K»�~RiN 
�_ZWSVfm�j-eiV^hihiVXV z�y�[bRUj-acVbd"eqJl_»H��=K u�vwVfs�Jlj`hi]^V;JlP
WSVO]^NQPSRUT#V^h~]^NQRURiV^hUy�NQd�W|JlP�z ySRiN 
�_`h~WSVÒm�j-eiV^hihqVMeU��[^NQRUj`k�P�V^h~];Jl_`]bPS_`[^h»�f_�Y Jlj`WSV WSV^h�[^k�P�JleUj`NQd�hfH ��u ����K��#H ��u ����K
��y�JlRUeUj-RXWSV�_gJ|hi[bRUj`V�� 
 ���	� VbeXVbd JQW�JlySeqJld�ep� � y#NQPSRXanJlj-d"eiVbdSj-Rp_gJ�m�j-eiV^hqhiVDW�P�RiNQeiNQRX]^NQd�hUeqJld�eiV=u�vMY j-d�hiVbRUe
ySRi[^hiVbd�eiV|_�Y Jla|yS_-j-eUP�WSVcWSV^h���P�]beUP�JleUj`NQd�h WSV�_gJ�m�j-eiV^hihiV{_`N�];Jl_`V�];Jl_`]bPS_`[^Vn��y�JlRUeUj-R�WSV^hGySRiN 
�_`hDeU��[^NQRUj`k�P�V^h;u
v�V^h~_-j-o=d�V^h»m�VbRUeUj`];Jl_`V^h»j-d�W�j`k�P�Vbd"e»_`V^h~y�N=hUj-eUj`NQd�h�� �9� � � � ¢ � � +»� � � ¡=¢DVbe�� > � � � ¢=¢Ga|a N��nhiNQd�e»];Jl_`]bPS_`[^V^h
_`V^hfhi[bRUj`V^hfeiVba|y#NQRiVb_-_`V^hXySRi[^hiVbd"ei[^V^hphUPSRt_gJ�
�o=PSRiV���u�� ��u

?BOf���@OI;:CEO3?tCE8TGH63Sr^`/5S7O34PM:/5Sl13/gJu?�;5GH6aCE4P?B896aCP/ )"� t!�k896I1389hiO3M:/yA@?B4kJ9/g4P=3M:GH^`z:CE47/yA	GHO34kJ9/gA@?BJ98T/54



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � ¥ E
13/b;58TSE?B8TJ9JT/5^`/56aCFY &' �����Loqp�S vxw � ;:V�nd�3X3n E n\mB�3n\?a�|n~5Q6 S7/`1IGH6363/b/56ISPO38DCE/bO36 /563S7/5^[�IJ9/b;5GH6aCP896iO
13/�;:GH6aCE4E?t896aCE/ ) 8T631389hiO3M:/�A@?B4[JT/U4P=IM5GH^`z:CP4P/Bn $�JLKN8963S�C>?B6aCStRGH6";5?BJ9;:O3J9/UJT/5SlA347GB�@JTS[13/U�j8TCP/5SPS7/
;5GB4P4P/:SPA	GH631@?t6iC�Y";5/+;:GH6aCE8T6jOIO3^ 13/q�t?BJT/5O347S ) /|C_AvGBO34�Ju?s�t?BJT/5O34 )�
�� t!�|n��Z?BAIAv/:J9GH63SyhjOI/�;:/;{?tJ9;5OIJp/:S7C]/:cv/5;:CPO3M[XH4��B;5/R?BOf��47/5Ju?�CE89GB63S � E n ¥H¥ � F � E n ¥ E �0/|CFXH4��B;5/R?BOf��13GB6363M5/:S]13/:SQ? �7O3S�CE/:^g/:6iCPS
13/:SZ�34P?B63;>=3/:SZ=IGH^gGBXHz563/:Sx/:C�13/5Sx�j8TCP/5SPS7/5S�13/kXHJ98TSPSP/:^g/:6aCx/|�fAvM:4P8T^g/:6iCE?BJ9/:S5nXr¡?B4P^`8�;5/|C�/563S7/5^[�3JT/
;5GB6iCP896iO_13/2A34PGt�@J9S:�IGH6_;>=3/:4P;>=3/kJu?r�t?BJT/5O34 ) CP/5J9JT/FhiO3/2Ju?r�j8TCP/5S7SP/k?BO_4PGBCPGH4<S7GH8TC�;:/5JTJ9/F13GB6363M5/2A@?t4
J9/Q47=3M5GB^gz|CE4P/tn

o�?]�@XHO347/ E n\m ¦ A347M5SP/:6aCE/�Ju?ZSPM54789/ )"� t!�¤?t8963S78M� À�� ���:� �^Æp/:C�JT/5S¡A34PGB�3J9S�13/��f8DCE/:SPSP/0;5GH474P/5S7AvGB631@?B6aCES:n��J@/5S�C�89^`AvGH4�C>?B6aC�hiO3/�13/x63GBCP/54 hiO3/�Ju?]�j8TCP/5SPS7/Z1IOg47GBCEGH4 ?2M:CPMx^y?B8T6aCE/56iO3/x;:GH63S7CE?B6aCE/�1@?B63S ;:/�;5?BJD¢
;5OIJv/:6yV ?B89SP?B6aC �B?t4P89/:4�YR;>=@?BhiO3/]A@?BS01I/�CP/5^`A3S0J9?k;:GH6aCE4E?t896aCE/ ) n:r¤?B40?B89JTJ9/:O34PS:�HJ9/:S��@OI;:CEO3?tCE8TGH63S�13/Ju?]�j8DCE/5S7SP/�SPGH6aC�CPGHO��7GHO347S�CE4Pz:S 89^`AvGH4�C>?B6aCP/5S�/|C A@?B47V ?t8TCE/:^g/:6aC J9Gj;{?BJT89SPM:/5S¤Y2J K\8T6aCE/54�V ?B;5/�S7M5A@?t4E?B6aC�J9/:S
13/:Of�g�@?B6313/:S
ÜiJ9?2�j8TCP/5S7SP/�13Og�@OI8913/Z?BO`4PGBCPGH4 63/��3O3;:CPO3/]A@?tS��{njo�/ZA347GB�@J@/ �IA	M54789^`/56aC>?tJ	/:S7C�hiO@?B6aC
YqJ9OI80A@?B4�V ?B8TCP/5^`/56aC[47/5A347Gf1IO38TClA3?B4l;5/:SlA34PGB�3J9SrCP=3M5GH4789hiO3/:S5n�.0/5SbM:hjO3?tCE8TGH63S[A	/547^g/|CPCE/:6aCb13/�4P/ ¢
A347Gf13OI894P/��@1Iz5J9/:^g/:6aC<Ju?2J9Gj;{?tJ989SP?tCE8TGH6[GH�ISP/54��HM:/F1@?B63S�J9/:S�/ �IA	M54789/:63;5/:S<A34PM:;5M:13/56aCE/:SxYR;:89SE?t89J9JT/5^`/56aC
89^`A	GHSPMtn

��J�/5S�Ck89^`AvGH4�C>?B6aC]13/lSPGHOIJ989XB63/54ZhjOI/`S7/5O3JT/5S2J9/:SF�@O3;|CEO@?tCP89GH6ISF13/ ) 
 Av/:OI�H/:6aCr47/5631347/l;5GH^`AICP/13/:SQ/|�fAvM:4P8T/563;:/5S2A34PM:SP/:6iCPM5/:SR8T;58Lnv��6 /:cv/:C{�vSP8�GB6+SPO3A3A	GHS7/`hiO3/lJT/5S]�3O3;:CPO@?tCE8TGH63SF1I/[�f8DCE/:SPSP/lS7GH6aC
O3638ThiO3/5^`/56aCbJ98TM5/:S[?BOf� �@O3;|CEO@?�CE89GB63Sl13/UJ9?�;5GH6aCP4E?B8T6iCP/ ) �¡89J0/:S7Cl8T^gA	GHS7SP89�IJ9/`13/�^y?t896aCE/:638942�I�f/Ju?��j8DCE/5S7SP/_13O,4PGBCPGH45n ��?B8T6iCP/56@?t6iC`hiO3/_63GHOISg?{�BGH63SbO363/_896aCP/54PAI4PM:CE?tCE8TGH6"A	GHO34lJ9/:S[�@O3;|CEO@?tCP89GH6IS
GH�3S7/54��HM5/:S5�	63GHO3SxA	GHOI�BGH63SZ?BJ9JT/54<A3JTO3S�J9GB896�1@?B6IS�J K ?t6@?BJTejS7/Q13/2Ju?[J9Gj;{?tJ989SP?tCE8TGH6`13/R;:/5Sx13/:4P638Tz54P/:S5n

� ^ UOÎ�ÏZÌ�Y:TVY�ÑáÐ �MY�Î�Ï �MÏZÑ �cY YSÐ��ÇÊXW�TVY �MY�Ë � bÒÌ�Ð�bMÏ#Ð=Í�ÊwÑMË �»ÏZÑMË Î�� Y�ÑáÐ�WfY�� Y W
��Jd/:S7C<;:GH^`^gGj13/�13/]47/5A347M5SP/:6aCE/54�;:/5S<AI4PGB�@JTS013/��j8TCE/:SPS7/]CE=3M:GH4P8ThiO3/5S�YRJLK\?B8913/x1�KNO36�1389?BXH4P?B^g^`/

SPA3?tCE8TGt¢£CP/5^`AvGH47/5J � ;|V�n��@X3n E n m ¨ n ? G�� J9/5SyA34PGB�3J9SUS7GH6aC_4P/5AI4PM5S7/56aCEM:S�/:6 638T�B/{?BOw13/+XB4P89SE�|n<.0/:CPCP/
4P/:A34PM:SP/:6iCE?tCE8TGH6"A	/54P^`/:Cr13/U^`89/:Of���f8TSPO@?tJ989S7/54kJ9/g^gGHOf�H/5^`/56aCl1I/UJu?��@?B6313/gVWGH47CP/5^`/56aC[;:89SE?t89J9JTM5/
1@?B6ISZJ K\/:6iCP4P/|VW/54�/:CZAv/:4P^`/:C]?BO3SPS78�13/r^`89/:Of�_;5GB^gA347/5631I4P/kAvGHOI4PhiO3GH8�J9/:Sx1389S�CE4P8T�3OICP89GH63Sx13/2�j8TCP/5SPS7/
13M:Av/:6313/56aC�13/ ��nB��6l/:cv/:C{�B1@?B63S�J9?Z�@?t6313/<VWGH4�CE/5^`/56aC¤;589SP?B89JTJ9M:/B� J9/:S¡�@O3;|CEO@?�CE89GB63S�13/0�j8DCE/5S7SP/�JTGf;5?BJ9/
SPGB6iC]?BA3AI4PG{�f89^g?tCE8D�H/5^`/56aC�;5/:J9JT/5Sx13/kJu?b;5GH6aCE4P?B896aCP/ ){� t!�|�	?BJTGH4PSxhiO�K\?BO��BGH89S7896@?tXH/213O�S�C>?tCPGH45�@1@?t63SJu?F�3?B6313/�V ?B8T�3J9/:^g/:6iC�;589SP?B89JTJ9M:/B��Ju?]�j8TCP/5SPS7/Z47/5S�CE/�YkA	/5ObA347z5S�;5GH6IS7C>?t6iCP/Bnj.0/:Av/:631@?B6aC{�j?BOb�HGB89SP8T6@?BXH/
13/UJ K\8T6aCE/54�V ?B;5/t�¡J9?��j8TCP/5S7SP/UJTGf;5?BJ9/b�@O3;|CEO3/�A@?t4¯ÚQ896aCE/:4P^`8TCPCP/563;:/
Û�Ü¡;>=@?thjOI/×ÚkSE?tOICpÛs13/y�j8TCP/5SPS7/
;5GB4P4P/:SPA	GH631b?BOrA@?BSPSP?BXH/�13/<Ju?��@?B631I/�VWGH4�CE/5^`/56aC¤;589SP?B89JTJ9M:/Bnfr¡GBO34¤8TJ9J9OIS7CE47/54�hiO@?B6aCE8DC>?tCP8T�B/5^`/56aC�;:/:CPCP/
89^g?BXH/t��Ju? �@XHO347/ E n\m � A347M5S7/56aCE/+JT/5Sy1I89S7CP4P8T�3OICE8TGH63Sb13/:Sy�@O3;|CEO@?tCP89GH6ISgCE=IM5GH4789hiO3/5Sy13/�J9?��j8TCP/5SPS7/
/56,138DcdM:4P/56aCPS`A	GH8T6iCPSl13/_JLKN/56aCE47/:VW/:4¯Ü � � ��~;o\~hpf� � + ��~;o �hp�/|C�� > ��~Lozp�p�^`^�nt5F6 47/:CP4PGHOI�B/

� � � � ��-�9���� A ��2&-���#,-����'67� ���@A�-4#,�C�,�,� ���'2&��#,�52/�(�%#�67��� ���'3���-��&�%�(?@��� #(B�� �"� ����# � ���/�(�%#�?���-�� #,������� ) �7;(� 6����+�
��� !����8!$��� ���,������� �
	���
��+! #,��� . #&2&� A5��2 � �&�@67;������+6�����!�� ��� ��� B



� ¥§¦ ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 0.5 1

500

1000

1500

x  (mm)

T
em

ps
 (

s)

(a)

500 1000 1500

16

17

18
(b)

C
on

tr
ai

nt
e 

 (
Pa

)

Temps  (s)

?A@�BDC~E n\m ¨�F×H�J�KX�pjgJlo=RqJla|acV|hUy�JleUj`N ��eiVba|y�NQRiVb_�];Jl_`]bPS_`[|�n_�Y Jlj`WSV�WSV^hA[^k�P�JleUj`NQd�hcH ��u ����K��#H ��u ����KpVbeAy�NQPSR
_gJ¯hi[bRUj`VreiVba|y�NQRiVb_-_`V�� 
 ���	�{ySRi[^hiVbd�ei[^V�Vbd y�NQj-d"eUj-_-_`[^h�hUPSRc_gJ 
�o=PSRiV�H�T�K|JlP×]bj`hqJlj-_-_`VbacVbd�e�JlySyS_-j`k�P�[ �� �
�=� � ¢�h vxw u�vwJn_-j-o=d�V�TS_gJld�]q��V{V^hief_�Y\[by�Jlj`hihiVbPSR � ���	�XWSV�_gJ|T�Jld�WSV s�NQRUeiVbacVbd"eG]bj`hqJlj-_-_`[^V
];Jl_`]bPS_`[^V��|y�JlRUeUj-RGWSV
_gJ RiVb_gJleUj`NQd H ��u�!�!�K u~v�V^h{ySRiN 
�_`h|WSV�m�j-eiV^hihiV�hiNQd"e|]^N�WS[^h|Vbd�dSj-m�V;JlP WSV�o=RUj`h;u�v�V�TS_gJld�]r]^NQRURiV^hUy�NQd�W JlP�z
o=RqJld�WSV^hfm�j-eiV^hihiV^htVbeX_`VGd�NQj-RAJlP�z�s�Jlj-TS_`V^hfm�j-eiV^hihiV^h�u�H�T�KtvwJ|]^NQPSRUT�V�]^NQd"eUj-d�P�V V^hUet_gJ|hq[bRUj`VD� � ���	�O];Jl_`]bPS_`[^V=u

hiO@?BJT8TC>?�CE8T�B/5^`/56aCkJ9/:SR47M5SPOIJTC>?�CESr1I/gJ9?�SP/:;:CP89GH6 A34PM:;5M51I/56aCE/tn���6 /:cv/:C5�¡1@?t63SrJ9?��@?t6313/gVWGB47CE/:^g/:6aC
;58TSE?B8TJ9JTM5/�Á���Æ��dAvGBO34 � � ��~;o\~hpg^`^���JT/5SZ�3O3;:CPO@?tCE8TGH63SF1I/[Ju?b�f8DCE/:SPSP/rSPO38D�H/56aCk?BAIA34PG{�f89^g?tCE8D�H/:^g/:6iC
J9/:SQ�@O3;:CPO@?tCP89GH63S213/`;5GB6iCP4E?B8T6aCE/ )"� t!� n�o�? r � � /5S7Cr?BJTGH4PSQ;:/5J9JT/l13/`Ju?�;5GH6aCP4E?B8T6iCP/Bn��ZO �HGB89SP8T6@?BXH/
13/bJLKN896aCP/547V ?t;5/[/:6 � > � ~;oqp�py^g^��dJT/5SF�@OI;:CEO3?tCE8TGH63SQSPGB6iC2VWGH4�CE/:^g/:6iC21I89SPS�ej^gM|CE4P8ThiO3/5S:��Ju?y�j8TCP/5SPS7/
J9Gj;{?tJ9/[�@O3;|CEO3/gA@?B4 Úk8T6iCP/547^g8DCPCE/:63;5/ Û /56aCE47/yO36I/yJ98TXH63/b13/`�@?BS7/y;5GB63S7CE?B6aCE/y/|C[O36I/g�t?BJ9/:O342A3J9OIS
M5JT/:�BM5/k13/2Ju?r�j8TCP/5SPS7/Bn

� Î�bÒÌ�Ðfb»Ï#Ð�Í�ÊwÑÒË �MY )�
 ��Ì�ÊáÑwÐ�W�ÏZÍÂÑwÐ�Y�Í�TVUtÊwË�^ Y
� ?B63S�JT/];5?BS<G��UJ9?R;:GH6aCE4E?t896aCE/F/:S7C�8T^gA	GHS7M5/]13?B63S<J K\/ �IA	M54789/:63;5/QYn7 È 7 ( �IJT/5S��3O3;:CPO@?tCE8TGH63S�13/;5GB6iCP4E?B8T6aCE/ ) 
 /563XH/:631347/56aCF13/:S��@O3;:CPO@?tCP89GH63Sx13/2J9?l�j8DCE/5S7SP/R?BO�4PGBCPGH4��H��/:C�13GB63;R1IO�;:89SE?t89J9JT/5^`/56aC896I1389hiO3M+A@?t4�J9/q47=3M5GH^`z:CP4P/tn�o�?�S78TCPO@?tCE8TGH6w/5S�C�?BJ9GH47SU;5/:J9JT/q13/ Ju?s�@XBO34P/ E n\m E �0A@?BXH/�� ¥ mIn � 63/

�@O3;|CEO@?�CE89GB6`1I/�J9?F�B?tJ9/5OI4 ) 
 /:6aCE4E? &u63/�O36`13M:A3Ju?B;:/5^`/56aC�13O`A3Ju?tCP/{?BObS7O34 Ju?Q;5GHOI4P�	/�1dK\M:;5GHO3JT/5^`/56aC{no�K\M:;5GHOIJ9/5^`/56aCy89638DCE8u?tJ9/5^`/56aCb?tO(A	GH896aC �&SP/�4P/|CE4PGBOI�H/+?tJ9GH47Sy?BO AvGB896aC 
 /:CgJLKNM5A@?B8TSPS7/5O34g13/�J9?
�@?B6I13/�VWGH47CP/5^`/56aCb;58TSE?B8TJ9J9M:/yS:K\/:S7Cg13M5A3J9?B;5M:/�À�Á�Ä#¾�Á�hiO3/_J9/:Sl;58TSE?B8TJ9J9/:^g/:6aCES[JTGf;5?BOf�s1@?B63SbJ9/:Sb13/5Of�
�@?B6I13/5S:nvo�?l�@O3;|CEO@?tCP89GH6�4P/:Ju?tCP8T�B/Q13/RJ9?l�@?B6313/k/5S�CZV ?t;589JT/5^`/56aCx;{?tJ9;5OIJu?B�3JT/F1@?B6ISZ;:/R;5?BSxA34PM:;589S:n $
O363/Q�@OI;:CEO3?tCE8TGH6 � ) 
 /5S�CZ?BSPS7Gf;:89M5/2O36I/2�3O3;:CPO@?tCE8TGH6_4P/:Ju?tCP8T�H/Q1I/kJ9?[�@?B631I/k1IGH6363M:/RA@?t4|Ü

� s
j � � � ��Hj

� ) �
) 


� )�

) 
 u � � ���j

� )�

) 
 o � E n �Bma�



����� �#�����b��� � 
 �!� � � �����������
	Ø����� � �b� ���{	���
��"	�� � ¥§¨

0 1000 2000 3000
5

5.5

6

6.5

v(
x 3,t)

0 1000 2000 3000
7

8

9

10

v(
x 2,t)

0 1000 2000 3000
16

16.5

17

17.5

18

v(
x 1,t)

4 5 6 7
0

0.1

0.2

0.3

0.4

pd
f 3

7 8 9 10
0

0.05

0.1

0.15

0.2

pd
f 2

16 16.5 17 17.5 18
0

0.1

0.2

0.3

0.4

pd
f 1

?A@�BDC�E n m ��FIH�J�K���[bRUj`V^hOeiVba|y�NQRiVb_-_`V^hÒeU��[^NQRUj`k�P�V^h�� � � �
�
�	�»Vbd�W�j���[bRiVbd�eih y#NQj-d�eihÒWSVA_�Y\Vbd"eURiV s�VbR � � �w� � � � ¢ �

� +»� � � ¡=¢DVbe�� > � � � ¢=¢Da|a�u�v�V^h»W�j`hUeURUj-TSPSeUj`NQd�hMWSVt]^V^h ��P�]beUP�JleUj`NQd�hMWSV m�j-eiV^hihiVthiNQd�e~ySRi[^hiVbd"ei[^V^hO�GW�RiNQj-eiV
WSV�]^V^hfhq[bRUj`V^h;u

5F6q4P/|CE47GHOI�H/r89;58�JT/r4P�BJ9/ Ú2?t^gA3JT8T�@;5?tCE/:O34tÛ[�7GHO3MrA3?B4ZJT/r4P?BA3A	GH47CZ1�K\?BSPA	/5;|CQ13/rJ9?g;:/5J9JTO3J9/ � �a� jS�� �3nÒ5F6s;:GH^`A34P/:631"?BJTGH4PSk?B8TSPM5^`/56aCRAvGBO34PhiO3GH8 JT/5S2�@O3;:CPO@?tCP89GH63SR13Os;:89SP?B89JTJ9/5^`/56aC2^`/5S7O34PM:/5SrS7GH6aC
A@?B4�CE8T;5O3JT89z547/5^`/56aC�89^`AvGB47C>?t6iCP/5S�J9GH47SPhiO3/[J9?`;:GH6aCE4P?B896aCE/ ) /5S�CF89^`A	GHSPM:/ � ;|V�n	�3X3n E n � � �vA@?tXH/ ¥�� E �|n
r¤?t4r?B8TJ9JT/5O347S5�d13?B63SkJLKN=iejA	GBCE=Iz5SP/g1�KNO363/b�@O3;:CPO@?tCP89GH6�13/ ) 
 ��89J�/:S7CR;5Ju?t894QhiO3/yJT/5SQ�@O3;|CEO@?�CE89GB63S213/Ju?��j8TCP/5SPS7/yS7GH6aCrJTGf;5?BJ98TSPM5/:S21@?B63SkJu?_�@?B631I/gVWGH4�CE/5^`/56aCk;58TSE?B8TJ9JTM5/l/:CR63/`S5K\?B636iO3JT/56aC[A@?tS[?BO 4PGBCPGH45n
r¡GBO34<89JTJ9O3S�CE47/54�;5/F13/:4P638T/54�AvGH8T6aC{�j63GHO3S�?tJ9J9GB63S�47/5A347/5631I4P/Q�34789z:�B/5^`/56aC�J K ?B63?BJTejSP/Z13/5S013GH6363M:/5S�13/:S
/|�fA	M54789/56I;5/5S2/|cd/:;:CEOIM5/5SkYy;:GH6aCE4P?B896aCE/r89^`AvGHS7M5/R/:CkY 7 � �t} � .]�dAI4PM{?tJu?B�3JT/5^`/56aCF1IM:C>?t89J9JTM5/:SZ1@?t63S
Ju?[S7/5;|CE89GB6 E n ¥ n ¦ �3A@?tXH/ ¥�� �3n

o�?2�@XBO34P/ E n\m � A34PM:SP/56aCP/]13/:Of�`A34PGt�@J9S�GH�fCE/56iO3S0YQA@?B47CP894�1�KNO363/�^`G eB/5636I/ZS7O34�hiO3/:J9hiO3/:S�A347GB�@JTS
896I138T�j891IO3/5JTS�;>=3GH8TSP89S�A3?B4P^`8HJ9/:S ¥ �xA34PGB�3J9S�^`/5SPOI4PM5S¡Y�Ju?<;:GH6aCE4E?t896aCE/ ) � mf�Loqp5r¤?x/:C¡YD7 � �B} � .]n o�/
A347GB�@Jj^gG§eH/:6lhiO@?B6aC�Y]JTO38L�§/:S7C�8T63=3GH^`GHXHz:63/�/:C�AI4PM5S7/56aCE/�1I/5S¤�@OI;:CEO3?tCE8TGH63S¤1I/��j8TCP/5SPS7/<89^`A	GH47CE?B6aCE/5S
J9Gj;{?tJ989S7M5/:Sk/:6aCE4P/�� �*~�/:C � u ~;ozpt~�^`^�n�o�/5SRA34PGt�@J9S Ú2/ �jCE4 
:^g/:SGÛ�^gGH6aCP4P/56aCR63/:C7CE/:^g/:6iC[O36



� ¥=� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

x  (mm)

v 
 (

m
m

.s
−

1 )

(a)

0 0.5 1
0

5

(b)

x  (mm)

0 0.5 1
0

5

10

15

x  (mm)

δv
/v

  (
%

) 

?A@�BDC�E n m �GF�H�J�K��GVbP�z ySRiN 
�_`h�WSVÒm�j-eiV^hqhiVMNQTSeiVbd�P�h»�X� � � � � ¢p��JpVbe � � ��� � L � �Xy�JlRUeUj-R~WZY PSd�VMacN�}�VbdSd�V
hUPSR#!�H	� � /:C<� � � ��A34PGt�@J9S�89631I8T�j8913OI/5J9S:njo�/:S0JT89XH63/:S��H/54�CE8T;{?BJT/5S08T63138ThjOI/56aC0JT/5S�AvGHS78TCP89GH63S �P� ~;oq��pk/|C
� � ~;ozpt~R^`^�nio�/5S�J98TXH63/5S /:6UAvGB896aCE8TJ9J9M:/5S�S7GH6aC�13/5S�XHO38T13/5S�AvGHOI4��j89S7O@?BJT89SP/:4 J9/5S��@?B631I/5S�VWGB47CE/:^g/:6aC
;58TSE?B8TJ9JTM5/5S:n � ��� ��G§eB/56363/k13/:S ¥ �lA34PGt�@J9S�Y[J9?[^�
:^g/Z;5GH6aCP4E?B8T6iCP/Q/:C�AI4PM5S7/56aCEM:/RAI4PM5;:M513/:^g^`/56aCxS7O34
Ju?[�@XBO34P/ E n �H�f��A@?BXH/ ¥��H¨ n�o�K\8T63SP/:47CZA34PM:SP/56aCP/rJ9/:S��3O3;:CPO@?tCE8TGH63Sx13/k�f8DCE/:SPSP/k^`/5SPOI4PM5/:SFY`A@?B47CP894�13/:S
13M|�f89?tCE8TGH63S�S�C>?B6313?B4P1�13/5SxA347GB�@JTS�^g/:SPO347M5S5n

13M:A3Ju?B;:/5^`/56aC`13/�Ju?+�@?t6313/�VWGH47CP/5^`/56aCb;58TSE?B8TJ9JTM5/y13?B63SlJLKN/56aCP4P/:VW/:45n � /_A3JTO3S5��;:GH6aCE4P?B8947/5^`/56aC`?BOf�
/|�fA	M54789/56I;5/5S¡A34PM:;5M:13/56aCE/:S�/:cv/5;|CEO3M:/5S�Yx;58TSE?B8TJ9JT/5^`/56aC�89^`A	GHSPMt�{Ju?<�j8TCP/5SPS7/013O2�@O38T13/�?BOR47GBCEGB4��3O3;:CPO3/
13/lV ?��:GH6 8T^gA	GH4�C>?B6aCE/r;5GH^`^g/lJT/l^gGB6iCP4P/:6iCkJT/5S213/5Oj��A34PGB�3J9SQ13/`Ju?y�@XBO34P/ E n\m � n\?�/:CRJLKN8963S7/547CF13/
Ju?k�@XHO347/ E n\m � nN��nIo�GH47S<13/:S�/|�fAvM:4P8T/563;:/5SxY[;5GB6iCP4E?B8T6aCE/]8T^gA	GHS7M5/B�jJ9/:S0�@O3;|CEO@?�CE89GB63S<13O�;:89SE?t89J9JT/5^`/56aC
896I1389hiO3M�A@?t4pJT/�4P=3M:GH^`z:CE47/ � ;:V�n{�3X3n E n � � �§A@?tXH/ ¥�� E �dS7GH6aC�?tSPSPGj;58TM5/:S¡YxO36k13M5AIJu?B;:/5^`/56aCp13/ Ju?<�@?B6I13/
1@?B6IS0JLKN/56aCP4P/:VW/:45nf.0/5S��@O3;:CPO@?tCP89GH63S�63/ZAv/:OI�H/:6iC 
:CE47/]^`Gf1IM5J98TSPM:/5S hiO�K YkCE4E?{�B/54PS�J9/:S��@OI;:CEO3?tCE8TGH63S�13/
Ju?[;:GH6aCE4P?B896aCE/ ) 
 1@?B6IS�JT/Q^gGj13z:J9/F^`M5;5?B6389hiO3/tn

��� ����� ��-#78- 0L.)J ���n78( � 
)*+.[78')41K"N
-�� �y.�� �
Ny.VJ:-#,"NyK{0 �k9e. � � 9;%
')(54e%yKO("J��
o�/�^`Gf13z:J9/_^`M5;{?t6389hiO3/�A34PM:SP/56aCPMqA34PM:;5M:13/5^`^g/:6aCUA	/54P^`/:Cy13/�47/5A347Gf1IO38947/�hiO@?BJT8TCE?tCE8D�H/5^`/56aC

A3JTO3SP8T/5O347SyV ?B8TCPSy/ �IA	M54789^`/56aC>?tOf�!1IM5;5478TCPSU1@?B63S�;:/:C7CE/qS7/5;:CP89GH6dn<�ZGtC>?B^`^g/:6aC{��JLKN=iejA	GBCE=Iz5SP/+S7/5JTGH6
Ju?thjOI/5J9JT/<Ju?F;:GH6aCE4P?B896aCE/ )�
 �@OI;:CEOI/�A	/547^g/|C 13/x;5GH^`A347/5631347/xJ9/5S��3O3;:CPO@?tCE8TGH63S 13/�;:GH6aCE4E?t896aCE/xGH�3S7/54�¢�HM:/5S�?B8T63SP8	hiO3/F;5/:J9JT/5S<13/]Ju?k�j8DCE/5S7SP/QJTGf;5?BJ9/tnj��Jv/5S�C�M:�j891I/56aC�hiO3/Q;5/]^gGj13z5JT/]^`M5;5?B6389hiO3/Z63/FA	/547^g/|C
A@?BSg13/q;:GH^gAI4P/56I134P/ �ZÃ���Å����ZÃ"Á�Ju? ;5GH6aCE4P?B896aCP/ )�
 �@OI;:CEOI/Bn�.0/:Sy�@O3;|CEO@?�CE89GB63SyS7GH6aCUA@?B4y?B89JTJ9/:O34PS/|�jCP4 
5^`/5^`/56aC2JT/56aCE/:SQ/:C289J¡/5S�CQCE4Pz:SQAv/:O A34PGH�3?B�3J9/rhjOI/`;:/5SQ13/:4P638Tz547/5S2SPGH8T/56aCQ13OI/5SkYU13/lSP8T^gAIJ9/5S
�j89�34P?tCE8TGH63S<^`M5;5?B638ThjOI/5Sx/|�jCEM:4P8T/5O347/5S5n

o�/�^`Gj13z5JT/�A34PM:;5M51I/56aC{� 13/�6@?tCPO34P/_A3O347/5^`/56aC`^gM:;{?B6I89hiO3/B��6I/�;:GH^`AvGH4�CE/_?BOI;5O363/_M:hjO3?tCE8TGH6



����� � ��
��á�{� � � � ����� � �	� � � � �b	�	��
� ��� �D�l��
�������� � ¥Z�
;5GB63;5/:4P6@?B6aC�J9?�1fef63?B^g8ThiO3/�1I/�Ju? S7CP4PO3;|CEO347/�13O �@O3891I/BnA5F45� 89Jx/5S�CUSP?B63Sy1IGHOICE/�89^`AvGBSPSP8T�3J9/y13/
4PM:13O38T4P/�Ju? ;5GH^`A3J9/ �f8TCEM_13/�Ju?+CE/ �fCPO34P/�GHXH63GH6(Y O36I/�S789^`A3J9/_4P/:Ju?tCP89GH6"�j89S7;5GjM5J9?BS7CP89hiO3/Bn�.0/�^y?�¢
CEM:4P89?BOsA	GHSPS7z513/y/56"/:cv/:CrO363/US�CE47O3;:CPO34P/UAI4PGHA347/yA	GHOI�t?B6aC[S7/U^`Gf138D�@/542S7GHO3S[J K\M:;5GHO3JT/5^`/56aC{n � 63/
13/:SP;54789AICP89GH6 ;:GH^gAIJ9z:CP/l13O�A34PGH�IJ9z5^`/l63M:;5/5S7SP8DCE/54P?B8TCk;:/547CE?B896I/5^`/56aCk13/lV ?B8947/[896aCE/:47�B/5638T4kJT/5S2M5hiO@? ¢
CE8TGH63Sb1Iej6@?B^`89hiO3/:Sg1I/�J9?�S�CE4POI;:CEOI4P/�13O �@OI8913/tn � /�A3JTO3S5��JT/�^`Gj13z5JT/�^`M5;5?B638ThjOI/�S7O3A3A	GHSP/�hiO3/
J9/g^gGBOI�H/:^g/:6iCb1I/UJu?��3?B6313/�S:K ?B13?BAICE/_?tOICEGH^g?tCP89hiO3/5^`/56aCrYqO363/U�t?B478u?tCP89GH6�13/�;5GB6iCP4E?B8T6aCE/Bn�.0/
6�KN/5S�CF;5/:47CE?B8963/:^g/:6aC]A@?tSZJT/k;5?BS�;{?B4�Ju?b4PM5?BJ98DCEMQ^`89;547GHSP;:GHA38ThjOI/k/:S7C]�v/5?BO3;5GBO3A�A3JTO3S�;5GH^`A3J9/ �f/ Ü�J9/
^`GHOI�H/:^g/:6aC 13/xJu?]�@?t6313/xS5K\?B;5;:GH^`A@?BXH63/�/:6b/:cv/:C�1�KNO36b;>=@?B63XH/:^g/:6aC�1dK\GH47Xa?B638TSE?tCP89GH6r13/5S GHXH6IGH63S5n
��J�/:S7CkA34PGB�@?B�3JT/[hiO3/lJ9/:SQM5hiO@?tCP89GH63SQ1fef63?B^g8ThiO3/5SQ13/lJ9?U�@?B631I/lSPGH8T/56aC289631I89SPA	/56ISE?B�3JT/5SQA	GHO34FOI63/
13/:SP;54789AICP89GH6+;:GH4P47/5;|CE/l13/lJ K\M:;5GHO3JT/5^`/56aC{n �!
:^g/lS78�hiO3/5JThjOI/5S2^gGj13z:J9/5S�CE=3M:GH4P8ThiO3/5SQ;:GH63;5/:4P63/:6aCR;:/
A	GH896aCZA@?B47CP89;:O3J98T/54 � �3� ¥ E ¨ � ��89J�6�KN/|�f89S�CE/[?tO3;5O36+^`Gj13z5JT/RY`63GBCP4P/r;:GH636@?t89SPSP?B63;:/B�	1@?B63SZJ9/k;{?BSZ13/rJ9?
CE4P?B63S78TCE8TGH6�13/QVW/5OI89J9JT/:CE?BXH/Bn

r¡GHOI4k;:GH63;:J9O347/B��63GHOISkA	/56ISPGH63SkhiO3/bJ9/:S2�3O3;:CPO@?tCE8TGH63SQ13/l�j8TCP/5S7SP/`J9Gj;{?BJT/5SFGH�ISP/54��HM:/5Sr13?B63S2J9/:S
/|�fA	M54789/56I;5/5SRA34PM:;5M:13/56aCE/:Sl63/`SPGH6aCR4P89/:6 1dK ?BOfCE4P/`hiO�KNO363/yS789XH63?tCEO347/g1IO 47=3M5Gj;>=@?BGHS:n 5F6 63/gA	/5OfC
A@?BSR;5GH^`A347/5631347/y;:/5Sr�@OI;:CEO3?tCE8TGH63Sk/:C[JT/5O34kJ9Gj;{?tJ989SP?tCE8TGH6q/:6 63/y;:GH63S78913M:4E?B6aC[hiO�KNO36"^`Gf1Iz5J9/bA3Oj¢
4P/:^g/:6aC]^`M5;5?B6389hiO3/tnd��6�/:cv/:C{�	SP/:O3J9/:S]JT/5Sx�@O3;:CPO@?tCP89GH63S�13/ )�
 A	/5OI�B/56aCQ4P/:631347/r;5GB^gAICP/R1I/5SZV ?t8TCES/|�fA	M54789^`/56aC>?BOj��Y[CE4E?{�B/54PS�J9/Q^`Gj13z5JT/F^gM:;{?B6I89hiO3/Bn

¥�¦�
 ��
�
¯½O²�³��¯® ¶�
I´|©»ºµ²��#©»®�� 
�²c½Ò®D°µ°�® ¬I« ½��­·D²�³��­´c²�¶

r¡GHOI4]�@638T4Z;:/[;>=@?BA38DCE47/B�	63GHO3SQ?tJ9J9GB63Sx4P/:�B/5638T4FSPOI4FJu?`hjOI/5S7CP89GH6�hjOI8¤63GHOISQ?{�B?t8TCZ^gGBCP8T�BM5S�AvGHOI4
13M|�H/5JTGHA3A	/54�O363/�^gM|CE=3Gj13/�13/��BM5JTGf;:89^`M:CE4789/+JTGf;5?BJ9/ ÜxJ9/ 47=3M5Gj;>=@?BGHS:n�$ ;5/�S7CE?B13/t�Z8TJQ/5S7C�OICP89J9/
13/qV ?B8T4P/�O36w�34P/|Vk4PM5S7O3^`M+13O!CE4P?§�t?B8TJZ/|cd/:;:CPO3My�7O3SPhiO�K\Y"^y?B8T6aCE/563?B6aC{n��ZGHO3S_?{�BGH63S�^`GH6aCE4PMq?BO
;>=@?BAI8TCE47/2�[hiO3/QJ9/F;:89SP?B89JTJ9/5^`/56aC�AvGBOI�t?B8TC0A34PM:SP/56aCP/54x13/5S�;:GH^`AvGH4�CE/:^g/:6iCPS�GHSP;:89JTJu?B6aCES�?BO��HGB89SP8T6@?BXH/
13/ Ju?sCP4E?B6ISP8TCP89GH6w1I/ VW/:O389JTJ9/|C>?BXH/�AvGBO34�13/5S_CE/:^gA	M54P?tCEOI4P/5S¯7 É 7 ( � � � � . /:C�Y";5GH6aCE4P?B896aCP/
89^`A	GHSPM:/Bnp.0/5SRGHSP;:89JTJu?tCP89GH63S]13/g;:89SP?B89JTJ9/5^`/56aCQS7GH6aCrA3?B47CP89;5OIJ989z:4P/:^g/:6iC2S7O34PAI4P/563?B6aCE/5S Üp8TJ�63/`S5K\?BXH8TC
A@?BS<?[A34P8TGH4P8	1�KNO363/Q896IS7C>?t�389JT8TCEMxM:Ju?BS�CE89hiO3/]GHO�1�KNO36_SP89^`A3JT/Z;:GHO3A3J9?BXH/F^`M5;5?B6389hiO3/];{?B4<J9?rS7CP4PO3;|CEO347/
13O,^y?�CEM5478u?BO"GBSP;58TJ9JT/U/56,A3=@?BS7/�?§�B/5;�J9/�;:89SE?t89J9JT/5^`/56aC[S7O34b13/5S`A	M54P8TGf1I/5Sl/|�jCP4 
5^`/5^`/56aC`J9GB63XHO3/:S
� /:6a�f8T4PGH6 ¥�� ^`896@�|ni�ZGBO3S<?{�HGB63S�?BJTGH4PS ^`GH6aCE4PM�hiO3/];:/:C7CE/F1Iej6@?t^g8ThjOI/ZA@?t47C>?tXH/{?B8DC�13/]63GB^[�34P/:O3SP/:S
SP8T^g8TJ98DCEO313/:S�?{�H/:;]13/:S0;5GB^gA	GH47CP/5^`/56aCES ;>=@?tGBCE8ThjOI/5S�13/]�@?tSPSP/�138T^g/:63SP8TGH636@?BJT8TCPMBna.0/:Av/:631@?B6aC5�f63GBO3S
6�K\?{�HGH63SgA@?BS`A3Ow?BAIAvGH4�CE/:4`1I/�A347/5OI�B/5SU1IM:�@638DCE8D�H/5SghiO@?B6aCUY�Ju?+6@?tCPO34P/�^g?tCE=3M:^y?�CE89hiO3/_13/�;5/:S
;5GB^gA	GH47CP/5^`/56aCES:ncr¤?B4r?B89JTJ9/5OI4PS5�d63GHO3Sr?§�BGH63S[;:Ju?B8T4P/:^g/:6iCk^`GH6aCE47My?BO ;>=@?BA38DCE47/U�_hjOI/UJ9/:SR13/:XH4PM:S
13/�J98T�v/:47CEM�SPA@?tCP8u?BOj�s�7GHO@?B8T/56aC�O36 4P�HJT/+A@?B47CP89;:O3J98Tz54P/:^g/:6aC_89^`AvGH4�C>?B6aC�Ü�J K\M:;5GHOIJ9/5^`/56aC_/:S7C�CE4Pz:S
;5/:47CE?B8963/:^g/:6aCx8963=3GB^gGHXBz563/Q?tOU�HGH8TSP8963?BXH/F13/2J9?rCE4E?t63SP8DCE89GB6U13/FVW/5OI89J9JT/:CE?BXH/Bnf�ZGBO3Sx?{�f8TGH63S�/:6�/|cd/|C
^`GH6aCE4PMrhjOI/lJ9/[4P?BA3A	GH47C]1�K ?tSPA	/5;:Ck13/rJu?y;:/5J9JTO3J9/R/5S�C2O36 A@?B4E?t^gz|CE4P/RAv/:47CP8963/:6iC2;5?B4F8TJ¡;:GH6aCE4P�BJ9/[J9?



�H� � ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
VWGH47^g/2/:C]JLK\?B^`A3J98DCEO313/]13/5SZGHSP;:89J9J9?tCE8TGH63S:�3?B8T63SP8�hiO3/rJ K ?t^gA3JT8TCPO313/F13/RJu?b�vGBO3;5JT/k1dK\=aejS7CPM54Pz:SP/lS7O34]J9?
;5GBO34P�	/21�K\M:;5GHOIJ9/5^`/56aC � ;|V�n@SP/:;:CE8TGH6��fnN�3n E �3A@?BXH/ �H¦ �|n

o�/�^`GH6aC>?BXB/�1IM5;5478TCg1@?B63S`J9/_;>=@?tA38TCP4P/�ms? M:CPM�13M|�H/:J9GHA3A	Mq?{�B/5;�;:GH^`^g/_A347/5^`89/54lGB�j�7/5;|CE8TV��
JLKNM:CPO313/<JTGf;5?BJ9/ 13/0;5/:C7CE/<8T63S7CE?B�38TJ98TCPM�CE/5^`A	GH4P/:J9J9/tn � ?B63S�JT/5S¡4PM5XB89GH63S¡13/<A@?t4E?B^`z:CP4P/5S¡G��[JT/5S�47M5A	GH63SP/:S
4P=IM5GHJTGHXH89hiO3/:S_SPGH6aC�S7C>?�CE89GB636@?B8T4P/5S_?tO �BGH89S7896@?BXB/�1I/�CP4E?B63S78TCP89GH6w13/ VW/5OI89J9JT/:CE?BXH/ � Á���Æ�� &' 8T^gA	GHSPM
GHO 7 È 7 ( �|��63GHOIS�?{�HGB63S�^`GH6aCE47M�Y,J K ?B8T13/q13/�;5/ ^`GH6aC>?BXB/�OI63/ S7CE47O3;:CPO34E?�CE89GB6 S7A@?tCE89?BJ9/�13/
JLKNM5;:GHO3JT/5^`/56aC{n�.0/|CPCP/gS�CE4POI;:CEOI4E?tCP89GH6 SPA3?tCE89?BJ9/[/:S7CRA@?B4�CE89;:O3J98Tz547/5^`/56aCQ;5GB^gA3JT/|�f/¯Ü�63GH6�SP/:O3J9/:^g/:6aC
J9/:S�GBXH63GH63S�ÚrXHJT89S7SP/56aC Û ^y?t89S�89JTS�Av/:OI�H/:6aC ?BO3S7SP82A34PM:SP/:6iCP/54q1I/5S��3?B6313/:S�^g?B;547GHSP;:GHA38ThjOI/5S�13/
138DcdM:4P/56aCPS�;:89SP?B89JTJ9/5^`/56aCPS5n

.0/:C7CE/kS7CE47O3;:CPO34E?�CE89GB6�S7A@?tCP8u?BJT/QS5K\?B;5;:GH^gA3?BXH63/Q13/2�@O3;|CEO@?�CE89GB63S<CE/:^gA	GH4P/:J9JT/5S<JTGf;5?BJ9/:S|Ü3JLKNM5A@?t89S�¢
SP/:O34F13/rJu?g�3?B6313/rVWGB47CE/:^g/:6aCF;58TSE?B8TJ9JTM5/k?y/56+/|cd/|CFSP?UA34PGHAI4P/r1fef63?B^g8ThiO3/[1@?B6IS]JLKN/56aCP4P/:VW/:45n�.0/:CPCP/
1Iej6@?B^`89hiO3/rAv/:OIC2SP8T^gA3JT/5^`/56aC 
|CE47/l896aCE/:4PA347M:CEM:/lXH4��t;5/b?BOf���@O3;|CEO@?�CE89GB63SQ13/lJu?g;5GH6aCE4P?B896aCP/ ) 
 YJu?thjOI/5J9JT/ JLKN896aCE/:47V ?B;:/�/:6iCP4P/<JT/5Sp�@?B631I/5S�/:S7C�S�C>?B�3JT/Bn $(;:89SP?B89JTJ9/5^`/56aC�8T^gA	GHSPMt� Ju?x4PM5A	GH63S7/<4P=IM5GHJTGHXH89hiO3/
XHJTGH�@?BJT/[/5S�Cr?tJ9GH47SFV ?B89�3JT/5^`/56aCQ�347O38TCPM5/t��SP/5OIJ9/bJu?U;:GH6aCE4E?t896aCE/ ) A34PM:SP/56aCP/g13/bV ?B8T�3J9/:S]�@O3;|CEO@?tCP89GH6IS
CE/:^gA	GH47/5J9JT/5SxJ98TM5/:S]?BOj���3O3;:CPO@?tCE8TGH63SZ13/ )�
 n $�;5GH6aCE4P?B896aCP/r89^`A	GHSPM:/R/|CFA	GHO34�7àÈ 7 ( �	J9/k;58TSE?B8TJ9JT/|¢^`/56aC�896I1389hiO3MZA@?B4<JT/]4P=IM5GH^`z:CP4P/F/:S7Cx?BOISPSP8vV ?B89�3JT/5^`/56aC��34PO38DCEM�ÜIJu?R1Iej6@?B^`89hiO3/]1I/QJLKNM5A@?B8TSPS7/5O34�13/
Ju?��@?B631I/0896I13O38TC¡O363/�1Iej6@?B^`89hiO3/�13/<Ju?��j8TCP/5SPS7/<13Ol47GBCEGH4:n�� 6r4P/:�t?B6I;>=3/B�HJ9?Z47M5A	GH63SP/�4P=3M:GHJ9GBXH89hiO3/�Y
;5GB6iCP4E?B8T6aCE/x89^`AvGBSPM5/0/:Cf7�É 7 ( 6�KN/5S�C�A3J9O3S S789^`A3J9/:^g/:6iC��34PO38DCEM:/�;{?B4 J9/0;589SP?B89JTJ9/:^g/:6iC¤Av/:OIC�A34PM:SP/:6f¢CE/:4�1I/5S0GBSP;58TJ9J9?tCE8TGH63S�13/ZXH4E?t6313/Z?B^gAIJ98TCPO313/tnH��Jv/ �f89S7CP/]13GB63;ZOI63/�Ú�S7CP4PO3;|CEO34P?tCE8TGH6rÛlCE/:^gA	GH4P/:J9JT/�13/
Ju?k1Iej6@?B^`89hiO3/]YR;5/:S0CE/:^gA	M54P?tCEOI4P/5S:nI��J	/5S�C�J9M:XH8TCP89^`/<13/FA	/563S7/54<hiO3/];5/5S0GHSP;:89J9J9?tCE8TGH63S�A347G§�f8T/5636I/56aC
13/2Ju?[1fef63?B^g8ThiO3/213/2Ju?[�@?B6I13/21@?B63S�JLKN/56aCE47/:VW/:45n

r¤?B4�Ju?FS7O38TCP/B�a63GBO3S0?tJ9J9GB63S�OICP89J98TSP/:4�J9/x^`GH6aC>?BXH/�1I/x�BM5JTGf;:89^`M:CE4789/<A	GHO34 M|CEO3138T/54 ;5/:S�GBSP;58TJ9J9?tCE8TGH63S
XHJTGH�@?BJT/5S�13/x;:89SE?t89J9JT/5^`/56aC�/|C�?B8963S783/5S7SE?{eH/:4013/x�HM:4P8D�@/54 JLKN=aejAvGBCP=3z5S7/Z1IOg13M:A3Ju?t;5/5^`/56aC�13/xJu?F�3?B6313/tn
��?BJT=3/5OI4P/5OISP/5^`/56aC5�H63GHO3S�6dK ?{�HGB63S�A@?BS Y];:/¡�7GHO34�S7O;~`SE?B^`^`/56aC�13/<AI4P/5Of�H/5S�/|�fA	M54789^`/56aC>?BJT/5S¡AvGHOI4
1347/5SPS7/54UOI6(SP;:M56@?t4P89G ;5GH^`A3JT/:C{n ��GHO3S`�H/5474PGH6ISy;5/:Av/:631@?B6aC�hiO3/�JLKN=aefA	GBCP=3z5S7/�1�KNO363/�;5GH^`A3J9/ �f8TCEM
SPA3?tCE8TGt¢£CP/5^`AvGH47/5JTJ9/�/5S7C�A3JT/58T63/5^`/56aC¤�7O3S�CE8T�3M5/Bn

����� �# � -���4 �
* 0L')JI.���QS'F9;-!78.)NO0;K"*+.)J
�p�t?B6aCZ13/k^gGH6aCP4P/54xhiO3/:J9hiO3/5SZ4PM:SPO3JDC>?tCPS5��89J�/:S7CZ89^`AvGH4�C>?B6aC�1I/R^`/56aCE8TGH6363/:4x;5/54�C>?B8T63/5S�138�~g;:O3JD¢

CEM:S�/|�fA	M54P8T^g/:6aC>?BJT/5S5n3� 6_/|cd/|C{�363GBO3Sx?{�HGH63SxS7GHO3J98TXH63MFJT/]V ?B8DC<hiO3/QJ9/:S�GHSP;:89JTJu?tCP89GH63S�13/Q;:89SE?t89J9JT/5^`/56aC
SPGB6iCrA@?B4�CE89;:O3J98Tz547/5^`/56aC2138�~`;:89J9/:SkY�;:GH6aCE4P�BJ9/54k/:CrY�47/5A347Gf1IO38947/Bncr¡GHOI4RJT/`;>=3?BA38TCP4P/ E ��O36 63GBOI�H/:J
M5;>=3?B6aCE89JTJ9GH6+1I/gA3=3?BSP/bJu?t^g/:J9Ju?t894P/R?�1 ( 
:CE47/g47M{?BJT89S7MBn�o�/5S2;:GH63;5/:6aCE4E?�CE89GB63S21�K\Gj;:CE?B63GHJ�/|Ck13/3| � |
;>=3GH8TSP8T/5SbSPGH6aCg8913/:6aCE89hiO3/:SyY Ju?qVWGH47^[O3J9?tCE8TGH6"13O,;>=@?BA38DCE4P/��fn�.0/:Av/:631@?B6aC{��J9/:SbA34PGHAI4P89M|CE/:S`47=3M5G�¢
J9GBXH89hiO3/:S`1I/�;:/:CPCP/�A3=3?BSP/�Ju?B^`/5JTJu?B8T4P/g13M5A	/5631I/56aCU13/�^g?B6389z:4P/_89^`A	GH47CE?B6aCE/�13/:Sg;:GH63;5/:6aCE4E?�CE89GB63S
Æ!��À:��¿UÆ^¾�13/:S�;:GH63S�CE8TCPO@?B6aCES:ni�ZGHOIS�63/x;:GH636@?B8TSPS7GH63S�13GH63;xA@?BS�?{�H/:;ZOI63/ZXB4E?B631I/�AI4PM5;:89S789GH6bJ9/:S"�5GH63/:S



����� � ��
��á�{� � � � ����� � �	� � � � �b	�	��
� ��� �D�l��
�������� �H� ¥
13/2;5GB6iCP4E?B8T6aCE/2/:Cx13/QCP/5^`AvM:4E?tCPO34P/213/:S�1I8TcvM54P/:6aCE/5S�4PM:XH89GB63S�1Iej6@?B^`89hiO3/:S�;:GH4P47/5S7AvGH6I1@?B6aCZ?BO_138u?�¢
XH4P?B^g^`/k13/[Ju?b�@XHO347/b�fn ¥�� �	A@?BXH/ ¦I¥ ndo KNM:CPO313/[hiO38¡Av/:4P^`/:C7CE4E?t8TCZ13/[13/|CE/547^g8T63/54ZA34PM:;58TSPM5^`/56aCQ;:/
1389?BXH4E?t^g^`/]6�K\?lA@?BSxA3O 
:CP4P/2/:cv/5;|CEO3M:/rA@?B4�^g?B63hiO3/213/QCP/5^`A3S5n

� 63/lS7/5;:GH6313/l138�~`;5O3JDCEMr/:S7C2JT89MR?BO+^gGB6iCE?BXH/R13/[�HM:J9Gj;589^`M:CP4P8T/kOfCE89JT89S7MBn	��6�/|cd/|C{�v;5/l^`GH6aC>?BXH/
63/[1IGH6363/lA@?tSFO363/l8T^y?BXB/R8T63S7CE?B6aC>?B63M:/l13/[J K\M:;5GHO3JT/5^`/56aC{ndo�/rCE/:^gA3S]AvGHOI4FGH�ICP/5638T4]O36+A347GB�@J¡13/
�j8TCP/5SPS7/U;5GB^gA3JT/:Ck/5S�Cl13/gJLKNGH4P1347/g1I/���Y�m�^`896�n���J /5S�Cl13GH63;g138�~`;:89J9/b1�KNM:CPO3138T/54rOI6 M5;:GHO3J9/:^g/:6aC
63GH6j¢�S7CE?tCE8TGH636@?t894P/rY�JLK\?B8913/R13/b;5/|CPCE/lCP/5;>=3638ThiO3/B��^�
5^`/l1@?B63SQJT/l;{?BSQ1I/5S21Iej6@?B^`89hiO3/:SkJT/56aCE/:S213O
4P=IM5Gj;>=@?BGHS � u }B~H~lS>�|n

r¡GHOI4QJLKN/563S7/5^[�3JT/[13/l;:/5S24E?B8TSPGH6IS5�d6IGHO3S2?{�HGH6ISk1IM5;58T13Ml1�KNM:CPO31389/:4F;5/:S2;5GH^`AvGB47CE/:^g/:6aCESF1Iej6@? ¢
^`89hiO3/5S2Y�J K ?B8T13/r1I/`J K\/:6aCE4P/|VW/54Q1�KNM5A3?B89S7SP/5OI4�j\�'~;oqpU^g^�n���6 /:cv/:C5��63GHO3S2?{�BGH63S2A34PM5?BJu?t�3J9/:^g/:6iC
^`GH6aCE4PMlhiO3/bJ9?U;5GH^`A3J9/ �f8TCEMRCE/5^`A	GH4P/:J9J9/RM:CE?B8TC�ÚFS789^`A3J98D�@M5/�Ûq1@?t63S2;5/:C2/:6aCE4P/|VW/5424PM:13O38DC � ;:V�ndSP/5; ¢
CE8TGH6(�fn\�In E � A@?tXH/ �B¦ �|n�o�/5SgGHSP;:89J9J9?tCE8TGH63S[13?B63Sy;:/:C7CE/�XBM5GH^`M:CP4P89/_GH6aCg/56!/|cd/|CUO36I/�A3JTO3SgXB4E?B631I/
?B^`A3J98DCEO31I/Q/:CZA34PM:SP/56aCP/56aCQO363/kVWGH4P^`/24P/:Ju?��I?tCP89GH636I/5J9JT/Bn;r¤?B4Z?B89JTJ9/:O34PS:�363GHO3SZAvGBOI�HGH6ISZ/:SPA	M54P/:4FGH�f¢
CE/:63894lOI63/�Úk89^g?BXH/ Û 13/_J K\M:;5GHO3JT/5^`/56aCb1@?B6IS`;:/:C7CE/_XHM5GB^gM|CE4P8T/U4PM:13O38DCE/�/56,^`/5SPOI4E?B6aCb13/�V ?��:GH6
;5GB63SPM:;5OICP8T�H/t�dJ9?`�j8TCP/5SPS7/r/:6qhiO3/5JThjOI/5SFA	GH896aCPSZS7/5O3JT/5^`/56aC{nvo�/rA347GBCEGj;5GHJT/R/ �fAvM:4P89^`/56aCE?BJ�13/5SZ/|�fAvM ¢
4P8T/563;:/5Sx13M|C>?B8TJ9J9M:/5S<A3?B4xJu?[SPOI8TCE/2/:S7C�J9/QS7O38T�t?B6aCcÜ

F J9?rCE/5^`A	M54E?�CEO347/k/:S7Cx�I�fM5/RYr7 ���B~ � . ß
F 63GBO3SxOICE8TJ989S7GH63S<J K\/:6aCE4P/|VW/54x1�KNM5A@?t89SPS7/5O34kj
� ~;oqpl^`^ ß
F O36 M|C>?tC28T638TCP8u?BJ�A@?B4�V ?B8TCP/5^`/56aCQS�C>?tCP89GH6363?B8947/r/:C2;:GH^`AvGHS7Ml1�KNGHXH63GH6ISQ13M5S7GH4P13GB6363M5S213/lCE?B89JTJ9/
�I�fM:/[/5S�CQGH�ICP/56iOq/56 ?tA3A3J98ThiO@?B6aC]J9?`;:GH6aCE4P?B896aCE/ ) A	/5631@?t6iCFO36�CE/:^gAIS]SPOL~gSP?B^`^g/:6iC]J9GH6IX
� sft u � F ml=��|�IJ9GH8T6�13/2Ju?rCE4P?B63S78TCE8TGH6�13/QVW/5OI89J9JT/:CE?BXH/�Á���Æ�� ) u m§~ F	¥ � r¡? ß

F 63GBO3S�?BA3A3JT89hiO3GH63S0/563S7O38TCP/k1I8TcvM54P/:6aCESxA@?BJT89/547S<13/2;5GB6iCP4E?B8T6aCE/QA	GHO34�M:CPO3138T/54�Ju?rCP4E?B6ISP8TCP89GH6y13/
VW/:O389JTJ9/:CE?BXH/tn

�]O+�BGH89S7896@?BXB/l13/lJu?yCP4E?B63S78TCP89GH6��	J9/l;:89SP?B89JTJ9/5^`/56aCZA34PM:SP/:6iCP/g1I/5S2GHSP;:89JTJu?tCP89GH63S�13/lVWGH47^g/:SF138T�B/547SP/5S:n
$ JLK\?B891I/Q13O�^`GH6aC>?BXB/k1I/R138DcdOISP89GB6�1fef63?B^g8ThiO3/213/RJ9?`JTO3^`89z547/B�f63GHO3S�^g/:SPO347GH63SZ?BJ9GB4PSxJu?[�j8TCP/5SPS7/
J9Gj;{?tJ9/y/:6"CE4PGB89SrA	GH8T6iCPS[13/�J K\/:6iCP4P/|VW/545n�.0=@?BhiO3/�VWGH63;|CE89GB6"13/�;5GH474PM:Ju?tCP89GH6 /5S7C`^`G§eH/56I63M5/_SPOI4lO36
CE/:^gAIS[13/UJ K\GH47134P/g13/ E S:n�o�?�^`/5S7O34P/U;:GH^`A3J9z|CE/y1I/5S[CE47GH89S2�j8TCP/5SPS7/5SbJ9Gj;{?tJ9/5SkS5KNGH�ICP89/:6iCr13GH63;y/56
� � S]/56a�j894PGB6�n���6+/:cv/:C5�d89J�V ?BOIC]63GH6+S7/5O3JT/5^`/56aCQ^`/5SPOI4P/54QJT/5S�VWGH63;:CP89GH6IS5�d^g?B8TS]?BOISPSP8¤13M5A3J9?B;5/:4FJ9/
4P=IM5GH^`z:CP4P/[JT/[J9GH6IXU13O XH4E?t1389/:6iCF13/[�j8TCE/:SPS7/Bn�o�/rCE/:^gAISQ13/l^g/:SPO347/l/5S�C2SPO;~`SE?t^g^`/56aC2A	/:CE8DCFA@?t4
4E?tA3AvGB47C`Y+;5/:Of�,13/5Sb1Iej6@?t^g8ThjOI/5Sb13O,;589SP?B89JTJ9/:^g/:6iC � u }H~H~+SE�lA	GHO34l/:SPA	M547/54`AvGHOf�HGH8T4lGH�ICE/:63894
O363/b13/:SP;:4P89AfCE89GB6+;5GH474P/5;|CE/b13O A347GB�@JLn ��/5S7O34P/:4RJ9?y�j8TCE/:SPS7/`1IO �3O38913/l/:6 A3J9O3SQ1I/bCP4PGH8TSFA	GH896aCES]13/
JLKN/56aCP4P/:VW/:4�63/�Av/:4P^`/:CPCP4E?B8DC¤A3?BS�1�K\?{�HGH8T4¤O363/04PM5S7GHJ9OfCE89GB6RCE/:^gA	GH47/5J9JT/ SPO;~`SE?t6iCP/Bnio�/5S¡CE4PGB89SpAvGHS78TCP89GH63S
G��_SPGB6iCZ/:cv/5;|CEO3M:/5S�J9/:S�^`/5S7O34P/:SxSPGH6aCnÜ � � � ~;o ~LmH� � + � ~;o�mfp[/:C � > � ~;oz� �b^`^�n



�H�H� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�
����� ��� � Ny. � �5N
KO78-�� �
. �y.)J��l*#78J �
. * � 	
9e-��
41K}0L-#("N �

o�?]�@XHO347/ E n\� � A34PM:SP/:6iCP/Z1I/5S�GHS7;589JTJu?tCP89GH6ISp1I/�;589SP?B89JTJ9/:^g/:6iCpGH�ISP/54��HM:/5S�?BO[�HGH8TSP8T6@?BXH/<1I/�Ju?ZCP4E?B6f¢
SP8DCE8TGH6213/�VW/:O389JTJ9/:CE?BXH/�A	GHO34~7 � �H~ � .]nto�?Z1Iej6@?B^`89hiO3/ 13Or;589SP?B89JTJ9/:^g/:6iC�A34PM:SP/56aCP/<13/5Sp�@O3;|CEO@?tCP89GH6IS
13/[A	M54789Gj13/ ¥ � � SF/:6i�j8T4PGH6�ndo�K ?B^`A3JT8TCEOI13/R1I/[;5/:SQGHSP;:89J9J9?tCE8TGH63S�/:S7CQV ?B8T�3J9/k/:C]13/lJLKNGH4P1I4P/r1I/b�gS vxw n
� /kV ?��5GH6�CE4Pz:S]S7O34PA347/56@?t6iCP/B��J9?`1fef63?B^g8ThiO3/r13/RJu?l�j8TCE/:SPS7/[J9Gj;{?BJT/2/5S7C]hiO@?BSP8T^g/:6aCFA	M54P8TGf1I89hiO3/B��/|C

0 500 1000
4

8

12

16

20

V
ite

ss
e 

(m
m

.s
−

1 )

Temps (s)
0 1 2 3

0

500

1000

T
em

ps
 (

s)
?A@�BDC E nN� �×F �pj-eiV^hihiV�W�PÙRiNQeiNQR­H�_-j-o=d�V¯]^NQd"eUj-d�P�V�KrVberm�j-eiV^hihqV^h�_`N�];Jl_`V^h�acV^hUPSRi[^V^h�VbdÙeURiNQj`h�y#NQj-d�eih�WSV
_�Y\Vbd"eURiV s�VbR � � H��=K � � + H	��KAVbe�� > H�� K uZ�pjgJlo=RqJla|acV|hUy�JleUj`N ��eiVba|y#NQRiVb_Ò]^NQRURiV^hUy#NQd�W�Jld�e;u�v»Y j-d�W�j`]^V � j-d�W�j`k�P�V
_gJ{y�N=hUj-eUj`NQd�W�P�RiNQeiNQR � _`V^hfj-d�W�j`]^V^h � ��� VbeX¡�_`V^hfeURiNQj`hfy�N=hUj-eUj`NQd�h � � u

;5/k896I13M5A	/56313?B^g^`/56aC�13O�AvGH8T6aCZ1I/RJ K\/:SPA@?B;:/r;:GH63SP8T13M547M Ü�JT/5S��j8TCE/:SPS7/5S]JTGf;5?BJ9/:S�^g/:SPO347M5/:S]GHS7;589JTJ9/:6iC
/56gA3=@?BS7/Bn � /ZA3J9O3S:�aJu?FVW4PM:hiO3/563;:/F13/:S�GHS7;58TJ9Ju?�CE89GB63S¤13/�Ju?Q�j8TCP/5SPS7/ZJTGf;5?BJ9/�/:S7C�13/�JLKNGH4P1347/�13/ ¥�� � S�/|C
JLK\?B^`A3J98DCEO31I/]63/kSP/:^[�3J9/2A@?tS�1IM5A	/5631347/R1I/RJ9?bA	GHS78TCE8TGH6�;5GB63SP8T13M547M5/Bn	o�?b1Iej6@?B^`89hiO3/213/2Ju?[�j8TCP/5SPS7/
13O�4PGBCPGH4��H��63/k4P/5S7SP/:^[�3J9/k/56�4P8T/56�Y`;:/:CPCP/R1fef63?B^g8ThiO3/2J9Gj;{?BJT/Bn@o�/2138u?tXH4E?B^`^`/FSPA@?�CE89G�¢£CE/:^gA	GH47/5J
;5GB4P4P/:SPA	GH631@?t6iCRY�;5/:S2hjO3?tCE47/`S7M54789/5SFCP/5^`AvGB4P/5JTJ9/:SF/5S�Cr?tO3SPS78�A34PM:SP/56aCPMgS7O34QJu?y�@XBO34P/ E nN� � ndop?U�j8D¢
CE/:SPS7/U/5S�Cl;5Gj13M5/y/56 638D�H/5?BO"13/yXB4P89S:��J9/y�IJu?B63;`;5GB4P4P/:SPA	GH631@?t6iCl?BOf� XH4E?t6313/5SR�f8DCE/:SPSP/:S[/:C[J9/`63GH894
?BOf��V ?B89�IJ9/5S��j8TCE/:SPS7/5S5npo�KN8963138T;5/r~_1I/l;5/l1389?BXH4E?t^g^`/R;:GH4P47/5S7AvGH6I1 Y�J9?g�j8TCE/:SPS7/`1IO�47GBCEGB4F13M51IO38TCP/
13/ZJu?R^`/5S7O34P/Z13/ &' � t!�|nfo�/:S08T631389;:/5S��¤896I1389hiO3/:6iC�J9/:S0^`/5S7O34P/:S013/ZJu?k�j8DCE/5S7SP/F/:6 � �£nI.0/F1389?BXH4P?B^g^`/^`GH6aCE4P/R;5J9?B8947/5^`/56aC]hiO3/rJu?g1fef63?B^g8ThiO3/r13/RJu?b�f8DCE/:SPSP/l1IOq4PGBCPGH4]����63/RSPO38DCFA@?BS]J9/5SZ1Iej6@?B^`89hiO3/:S
13/:S��j8TCP/5S7SP/5S�J9Gj;{?tJ9/5S:n

r¡GHOI4k^`/:C7CE47/`/:6s?{�t?B6aC2;5/`4PM:SPO3JDC>?tC2A3?B47CP89;5OIJ989/:45�	Ju?U�@XHOI4P/ E nN� ¥ A34PM:SP/:6iCP/yO36I/`A3?B47CP89/l13/b;5/:S
^�
5^`/5S]1IGH6363M:/5SF^g?B89S�63GH47^y?tJ989S7M5/:S5n	o�?y^gG§eB/56363/r13/r;>=@?thjOI/lSPM54789/kCE/5^`A	GH4P/:J9J9/k?yM|CEM[47/:CP894PM:/r/|C
63GHOIS�?{�HGH63S063GH4P^g?BJT89SPMx;>=@?thjOI/Q63GHOI�B/5J9JT/]S7M54P8T/]A@?t40SE?[1IM:�j8u?tCP89GH6gS7CE?B631@?B471�n@.0/|CPCP/]�@XHO347/]^`GH6aCE47/
CE47z5Sl63/|CPCP/5^`/56aC`hjOI/�JT/5S[GBSP;58TJ9J9?tCE8TGH63Sk13/�Ju?��j8TCP/5S7SP/�J9Gj;{?tJ9/yS7GH6aC`hjO3?BSP8T^g/:6iC[AvM:4P89Gj138ThjOI/5S[/|Cb63/



����� � ��
��á�{� � � � ����� � �	� � � � �b	�	��
� ��� �D�l��
�������� �H�tm

500 1000

−3

0

3

V
ite

ss
e 

no
rm

al
is

ée

Temps (s)
0 1 2 3

500

1000

T
em

ps
 (

s)

?A@�BDC�E nN� ¥AF
�pj-eiV^hihiVtW�P|RiNQeiNQRMd�NQRUanJl_-j`hi[^V H�_-j-o=d�Vf]^NQd�eUj-d"P�V�KMVbe~m�j-eiV^hihqV^h~_`N�];Jl_`V^h»d�NQRUanJl_-j`hi[^V^h � � � H��=K � � +
H	��K Vbe � > H�� K u��pjgJlo=RqJla|acV
hUy�JleUj`N ��eiVba|y�NQRiVb_�]^NQRURiV^hUy#NQd�W�Jld�e;u�vMY j-d�W�j`]^V � j-d�W�j`k�P�V�_gJ�y�N=hUj-eUj`NQd W�P�RiNQeiNQR �
_`V^htj-d�W�j`]^V^h � ��� VbeA¡{_`V^hteURiNQj`hXy#N=hUj-eUj`NQd�h � � u

13M:Av/:6313/56aCQA3?BS]13O�AvGB896aC]1I/R^`/5S7O34P/tn1r¡?B4F?B8TJ9JT/5O347S5�3GH6�4P/:^y?B47hiO3/[?BOISPSP8phiO3/rJT/5S�GHSP;:89JTJu?tCP89GH63S013/
Ju?��f8DCE/:SPSP/_13O�47GBCEGH4r63/�SPGH6aCbA@?tS`/:6�A3=@?BS7/_?§�B/5;_;5/:J9JT/5Sl13/:Sl1Iej6@?B^`89hiO3/5SlJTGf;5?BJ9/:S5n � ?B63Sl;:/:CPCP/
/|�fA	M54789/56I;5/B��89J�/:S7Cy;5/54�C>?B8T6 hiO3/�J9/:S`�@JT^gSb13/�J9OI�34P8D�@;{?tCP89GH6�13GB8T�H/:6aC2�7GHOI/54`O36(47�HJ9/_89^`A	GH47CE?B6aC{n
��J0S7/5^[�IJ9/y/:6 /:cv/:C[hjOI/UJ9/gA34PGB�3J�13/g�f8DCE/:SPSP/�GBSP;58TJ9JT/`1I/yV ?��5GB6 =3GH^`GHXHz:63/y1@?t63SrJ K\/:6iCP4P/|VW/54l?BJTGH4PS
hiO3/�;5/�6�K\/:S7CgA@?BSbJ9/_;5?BSb13/�J9?q�f8DCE/:SPSP/�13O,4PGBCPGH45n���J�/:S7Cg13GH63;�63M:;5/5S7SE?B8T4P/�AvGBO34b/|�fA3J98ThiO3/54b;5/:S
4PM:SPO3JDC>?tCPS5�ahiO3/xJ9/:S��j8TCE/:SPS7/5S�13/xXHJ98TSPSP/:^g/:6aC{�H63GtC>?B^`^g/:6aC ?BO`4PGBCPGH45�B?B89/:6iC JT/5O34�AI4PGHA347/x1Iej6@?B^`89hiO3/Bn
o�?�1fef63?B^g8ThiO3/lCE/5^`A	GH4P/:J9J9/rGH�3SP/:47�BM5/y13?B63SkJ9/b;>=@?BA38DCE47/y��A	GHO34P4P?B8TC21IGH63;�
:CP4P/`;5GH^`A3J98ThiO3M5/lA@?t4
O363/21Iej6@?t^g8ThjOI/k1I/5S��@J9^`S�13/2J9OI�34P8D�@;{?tCP89GH6yA34PM:SP/56aCPSF?BOf��A@?B4PGB89S5n

����� ��� � Ny. � �5N
KO78-�� �
. J QlK}0L-+( ��0L.M7RQS({9e.)*+*+. �y.)J 	lK"N��y.)J �
o�?l�3XHO34P/ E nN�i�rA347M5S7/56aCE/kO363/2SPM:4P8T/FCE/5^`A	GH4P/:J9J9/ZGH�ICP/56iO3/2J9GH47S�1�KNGHSP;:89J9J9?tCE8TGH63S�?BA	M54P8TGf1I89hiO3/5S013/

V ?B8T�3J9/:S�?B^`A3J98DCEO313/:S5nH.0/5S�GHSP;:89J9J9?tCE8TGH63S¡SPGH6aC CE47z5S ;5/:47C>?t8963/:^g/:6iC�;:/5J9JT/5S�13/xJ9?F4PM5XB89GH6g� � ;|V�nH�@X3nj�fn ¥ mI�
A@?BXB/ ¦ �i�|�3G ��J K\M|C>?tCx13/2�@?tSP/R?BA3A347G§�f8T^y?tCP8T�B/5^`/56aC�S7CE?tCE8TGH636@?t894P/t�3A347M5SP/:6aCE/k13/5S�GHSP;:89JTJu?tCP89GH63S�Ú]896f¢
CE/:4P^`8TC7CE/56aCP/5SXÛ��§n�.0/:SRGBSP;58TJ9J9?tCE8TGH63S�13O ;589SP?B89JTJ9/:^g/:6iC]GH6aC2O363/`?B^`A3J98DCEO31I/r13/bJLKNGH47134P/[1I/y�US vxw /|C
A347M5SP/:6aCE/56aC�O363/<VWGB4P^`/�47/5Ju? �3?�CE89GB6363/5JTJ9/�^y?t4PhiO3M5/{ÜtJT/<;58TSE?B8TJ9J9/:^g/:6aC¤?tO3XH^`/56aCE/�J9/56aCP/5^`/56aC�/:C�;>=jOfCE/
�347OIC>?BJT/5^`/56aC{njo�?Q�@XHO347/ E nN�i�Q4PM:�Bz5JT/]O36gAvGH8T6aC�A3?B47CP89;5OIJ989z:4P/:^g/:6iC�8T^gA	GH47CE?B6aC{na��6g/:cv/:C{�jJu?Q�j8TCP/5SPS7/
?BO_A	GH896aC � � � ~;o\~;m2^g^ SPOI8TC�?BA3AI4PG{�f89^g?tCE8D�H/5^`/56aC�;:/5JTJ9/F13O�4PGtCEGH4�Ü3?BOf�_hiO@?tCP4P/�Ú]SP?BOICEStÛ_13/Q���

� 
 �(� � �,!�-4���8� #,-����+� ��� # ;$#&; -4� #&��2&��2,;�#,;(�(� .'��1 ��-�6��*67� ��=�;(����? �(��� 67� 2&;(�,��������!$���%#,�7! =��5� #&-�� ��� .'��1 ������2&�7! =��
6	1 ����� 9�- � ��2 !���#,-����'67�)( �5��� ��! � B+�%�C! #,-���� &7B "�B &�������3�� #�#�B



�H�t� ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 2000 4000

4

8

V
ite

ss
e 

(m
m

.s
−

1 )

Temps (s)
0 1 2 3

0

2000

4000

T
em

ps
 (

s)

?A@�BDC E nN�i� F �pj-eiV^hihiV�W�PÙRiNQeiNQR­H�_-j-o=d�V¯]^NQd"eUj-d�P�V�KrVberm�j-eiV^hihqV^h�_`N�];Jl_`V^h�acV^hUPSRi[^V^h�VbdÙeURiNQj`h�y#NQj-d�eih�WSV
_�Y\Vbd"eURiV s�VbR � � H��=K � � + H	��KAVbe�� > H�� K uZ�pjgJlo=RqJla|acV|hUy�JleUj`N ��eiVba|y#NQRiVb_Ò]^NQRURiV^hUy#NQd�W�Jld�e;u�v»Y j-d�W�j`]^V � j-d�W�j`k�P�V
_gJ{y�N=hUj-eUj`NQd�W�P�RiNQeiNQR � _`V^hfj-d�W�j`]^V^h � ��� VbeX¡�_`V^hfeURiNQj`hfy�N=hUj-eUj`NQd�h � � u

SPGB6iC�?tSPSPGj;58TM5/:S�hiO@?tCE47/nÚ0SE?BOfCES»Ûr13/�J9?��j8TCP/5S7SP/�/56 � � nt��JI6�KN/56b/5S�C�A@?BS�1I/<^�
:^g/�AvGBO34�Ju?x�j8TCE/:SPS7/�/56
� + � ~;o�mfp[^g^�n $ ;>=@?BhiO3/kSE?tOIC�Ú]AvGHS78TCP8TVwÛ�13/2Ju?r�j8TCP/5S7SP/k�H��/5S�C]?tSPSPGj;58TM2O36�SP?BOIC�Ú]63M:Xa?tCE8DVáÛU13/
Ju?F�j8TCP/5S7SP/�/56�� + na��J@/:S7C�138�~`;:89J9/01�K ?t6@?BJTejS7/54 Ju?QSPM:4P8T/xCP/5^`AvGB4P/5JTJ9/<^`/5S7O34PM:/Z/:6�� > Üa89J3S7/5^[�3JT/xhjOI/ZJ9?
�j8TCP/5SPS7/R/:6�;:/2AvGH8T6aCxSPO38DC�?BA3A347G§�f8T^y?tCP8T�B/5^`/56aC�;5/:J9JT/Q/56 � + �3^y?t89Sx?{�H/:;RO36I/R?t^gA3JT8TCPO313/]^`GH8T63134P/tn

o�? �@XBO34P/ E nN�am+A34PM:SP/:6iCP/�O36I/�A@?t47CE8T/�13/_;5/:Sg13GB6363M5/:SU?BAI4Pz5Sb63GB4P^g?BJ98TSE?tCP89GH6�n r¤?t4`S7GHO3;:8�13/
;5J9?B47CPMB�<6IGHO3S_6�K\?§�BGH63S�A@?BS�?H~`;>=3M�Ju?"SPM:4P8T/ CP/5^`AvGB4P/5JTJ9/�^g/:SPO347M5/�/56 � > ��;{?B4�J K ?B^`A3JT8TCEOI13/�13/:S
GHS7;589JTJu?tCP89GH6ISg^`/5S7O34PM:/5S_/56 ;5/ A	GH896aC�/:S7C_63M:XHJ98TXH/{?B�IJ9/Bn �24��B;5/q?BO 138u?BXB4E?B^`^g/�SPA@?�CE89G�¢£CE/:^gA	GH47/5J
;5GB4P4P/:SPA	GH631@?t6iC5�0GH6(Av/:OIC�?BJTGH4PS`4P/:^y?t4PhiO3/54gA3J9OISgV ?B;:89J9/:^g/:6aCgJ9? 4789;>=3/:SPSP/�13/q;5/:SU4PM:SPO3JDC>?tCPS5n�o�/
A347/5^`89/542SP?BOICR13/gJ9?U�f8DCE/:SPSP/g/56 � � A@?B4k/|�f/:^gA3JT/B��/5S�CrAI4PM5;:M513Mg1�KNO363/y1I89^`896iOICE8TGH6q13/`Ju?��j8TCP/5SPS7/� CP4E?B8DC��3J9?B63;QA347M5;5M:13Mk1�K\OI6�CP4E?B8DCx63GH8940/56 t u pB~H~lSxSPOI4�J9?[SPM:4P89/2� � � � 
 t!�P�|no�?��@XHOI4P/ E n\�B��A347M5SP/:6aCE/UO36I/y?BOfCE4P/g^g/:SPO347/g/|cd/:;:CPO3M5/US7O34k13/5SRGHSP;:89J9J9?tCE8TGH63SF1I/gV ?B8T�3J9/:S2?B^b¢
A3JT8TCEOI13/5S:n�.0/:SQGHSP;:89J9J9?tCE8TGH63SxS5K\?BA3A3?B4P/:6iCP/56aCk/563;:GH4P/lOI63/rVWGH8TSFYU13/:S�Ú2SP?BOICPSXÛ�13/[�j8TCE/:SPS7/bYyA@?B4�CE894
1�KNO363/<�t?BJT/5O34¡hjO3?BSP8T^g/:6iC�;5GH63S�C>?B6aCP/Bn�5F6l4P/|CE47GHOI�H/�hiO@?tJ98TCE?tCE8D�H/:^g/:6iC¡J9/:S�4PM:SPO3JDC>?tCPS�A347M5;5M:13/5^`^`/56aC
GH�3S7/54��HM5S|ÜfYR;>=3?BhiO3/QSE?BOfC<13/ZJu?k�j8DCE/5S7SP/Z13O�4PGBCPGH4��H�E�j/5S�Cx?BS7SPGj;589M�O36USP?BOIC013/FJu?Q�j8TCP/5SPS7/Q?BOUA	GH8T6iC
� � /:CZ?BO_AvGB896aC � + n���6 � + �@;>=@?B;5OI6�13/2;:/5SxSE?BOfCESxAvGBSP8TCP8TVWS</:S7C�A347M5;5M:13Mk1�K\OI63/21389^`896iOICP89GH6US789XH6I8T�I¢;{?�CE8T�B/F13/QJ9?k�j8TCP/5SPS7/Bn � 63/Q63GHOf�H/5JTJ9/F;:GH^`A3J9/ �I8DCEM�/5S�Cx;5/5A	/56I1@?B6aCxA34PM:SP/:6iCP/B�@;>=@?thjOI/kGBSP;58TJ9J9?tCE8TGH6b13/
Ju?b�j8TCE/:SPS7/r/56 � � S7/5^[�IJ9/k/56+/:cv/:C]S5K�
:CP4P/­ÚF13M:13GHO3�3JTM5/ Û�Ü	Ju?l�j8TCP/5SPS7/[J9Gj;{?tJ9/2A34PM:SP/:6iCP/d��Æ����RSE?BOICPS
13/F�j8TCP/5S7SP/QA	GHO340;>=3?BhiO3/2GHSP;:89J9J9?tCE8TGH6`13/F���>nx|fGHOIJ989XB63GH63S�hjOI/QJLKNGH6UA	/5OICx?tJ9GH47S0138TS7CE8T63XHO3/:4<O363/ZCE4Pz:S
J9M:XHz547/2?BO3XH^`/56aCE?tCE8TGH6�SP/:;5GH6313?B8947/Q13/2Ju?r�j8TCP/5SPS7/213O�47GBCEGB4<�H��A	GHO34�;>=@?B;:O36�13/2;5/5SxS7/5;5GB6313S�SE?BOICPS



����� � ��
��á�{� � � � ����� � �	� � � � �b	�	��
� ��� �D�l��
�������� �H� E

0 500 1000 1500

−3

0

3

V
ite

ss
e 

no
rm

al
is

ée

Temps (s)
0 1 2

0

500

1000

1500

T
em

ps
 (

s)

?A@�BDC~E nN�am F �pj-eiV^hihiV
W�P RiNQeiNQRpd�NQRUanJl_-j`hi[^VrH�_-j-o=d�V{]^NQd�eUj-d"P�V�KpVbeAm�j-eiV^hihqV^hX_`N�];Jl_`V^hXd�NQRUanJl_-j`hq[^V^h � � � H��=K �
� + H	��KOVbe � > H��^K uS�AjgJlo=RqJla|acV
hUy�JleUj`N ��eiVba|y�NQRiVb_á]^NQRURiV^hUy�NQd�W�Jld"e;u

/56 � � n

0 2000

4

8

V
ite

ss
e 

(m
m

.s
−

1 )

Temps (s)
0 1 2 3

0

2000
T

em
ps

 (
s)

?A@�BDCáE n\�B� F �Aj-eiV^hqhiVDW�P�RiNQeiNQR{H�_-j-o=d�V�]^NQd�eUj-d"P�V�KfVbefm�j-eiV^hqhiV^h _`N�];Jl_`V^h�� � � H��=K � � + H	��K Vbe � > H�� K u

r¡GHOI4]�@638T45�	Ju?g�@XBO34P/ E n\� E A34PM:SP/56aCP/lO363/[S7M54P8T/rCE/:^gA	GH47/5J9JT/RGB�ICE/:6jOI/[J9GH47S]1�KNGHS7;589JTJu?tCP89GH6IS�hiO@? ¢
SP8T^g/:6aC_AvM:4P89Gj138ThjOI/5SU13O ;58TSE?B8TJ9JT/5^`/56aC{n�.0/5S_GHS7;58TJ9Ju?�CE89GB63Sg;:GH4P47/5S7AvGH6I13/56aC�CE4Pz:S_A34PGH�3?B�3J9/:^g/:6aC_Y
;5/:J9JT/5S[GH�ISP/54��HM:/5Sy13?B63SlJu?�4PM5XB89GH6�mq13O�1389?BXH4P?B^g^`/`13/_Ju?��@XBO34P/��fn ¥�� �¡A@?BXH/ ¦f¥ n�.0/:S`^`/5S7O34P/:S
SPGB6iC�A@?t47CE8T;5O3JT89z:4P/5^`/56aC0SPO347A34P/:6@?B6aCE/:S�Ü3J9?r�f8DCE/:SPSP/213O�4PGtCEGH4</:S7CZ?BA3AI4PG{�f89^g?tCE8D�H/5^`/56aC�A	M54789Gj1389hiO3/
?BJTGH4PS�hiO�KN89Jf/56`/5S�C A@?BS�13/x^�
5^`/<13/5S��j8TCP/5S7SP/5S JTGf;5?BJ9/:S5n���J3/5S�C�M|�j8913/:^g^`/56aC�138�~`;589JT/<13/�13GB6363/54�OI63/



�H� ¦ ����� ���
	���
���	������
	�� ��� ������� � ���������
��� � ��	 	�� � �"!#�

0 500 1000 1500

4

8
V

ite
ss

e 
(m

m
.s

−
1 )

Temps (s)
0 1 2 3

0

2000

T
em

ps
 (

s)

?A@�BDCáE n\� E F �Aj-eiV^hqhiVDW�P�RiNQeiNQR{H�_-j-o=d�V�]^NQd�eUj-d"P�V�KfVbefm�j-eiV^hqhiV^h _`N�];Jl_`V^h�� � � H��=K � � + H	��K Vbe � > H�� K u

89^g?BXH/�;5GB4P4P/:;:CP/�1I/<JLKNM5;:GHO3J9/:^g/:6aC�1@?B63S�;:/:C7CE/�13/:4P638Tz54P/�/ �fAvM:4P89/:63;5/tn � 6I/�SP/5OIJ9/�;>=3GHS7/x/5S7C S (34P/|ÜtJ9/:S
A3=3M:63GH^`z563/:S�63GH6f¢£S7CE?tCE8TGH636@?B8T4P/:S¡47M5SPOIJTCE/:6aC�?§�t?B6aC�CPGHOIC�1I/<Ju?]S�CE47O3;:CPO34E?tCP89GH6rSPA@?tCP89Gt¢LCE/:^gA	GH4P/:J9JT/�13/
JLKNM5;:GHO3JT/5^`/56aC{nt��JI/5S�C CE4Pz:S�A34PGB�@?B�3JT/0hiO3/xJ9/<AI4PGB�@Jf13/<�j8TCP/5SPS7/xA34PM:SP/56aCP/�1I/5S��@?B6I13/5S 13/�;:89SE?t89J9JT/5^`/56aC
?{ea?B6aCbO36I/U1Iej6@?B^`89hiO3/UAI4PGHA347/U/:C[hjOI/UJ9/:Sr�@J9^`Sk13/�J9O3�I4P8T�3;{?tCP89GH6�AvGBSPSPz:13/56aC`O363/y1Iej6@?B^`89hiO3/Bn
o�?_�j8DCE/5S7SP/b13O 4PGBCPGH4Q89631I89hiO3M5/lA3?B42J9/l4P=IM5GH^`z:CP4P/b;5GH474P/:SPA	GH631s/:6 hiO3/:J9hiO3/`SPGH4�CE/`Y_O363/b^g/:SPO347/
Ú]^`G eB/5636IM5/
ÛU13/2;5/:C7CE/kS7CP4PO3;|CEO34P?tCE8TGH6_SPA@?tCP89Gt¢LCE/:^gA	GH4P/:J9JT/Bn

��Ji/5S7C¤M:�j891I/5^`^g/:6iCp138�~`;589JT/�1�K\?BJ9JT/54�A3J9OISpJTGH89621@?t63S¤J K ?B63?BJTejSP/ 13/�;5/:S¤13GB6363M5/:S5n�|f/5OIJ9/�O363/�?§�t?B6j¢
;5M:/]CE/:;>=3638ThjOI/FAv/:4P^`/:C7C>?B6aC<1dK\GH�fCE/56I894�O363/�Úx89^g?BXH/XÛg8T63S7CE?B6aC>?B63M:/]13/]JLKNM5;5GBO3J9/:^g/:6iC�A	/54P^`/:C7CE4P?B8TC
13/<;:GH^`A34P/:63134P/�hiO@?B6aCE8DC>?tCP8T�H/:^g/:6aC�Ju?�;5GH^`A3JT/|�f8TCPM�S7A@?tCE8TGt¢£CP/5^`AvGB4P/5JTJ9/�GH�ISP/54��HM:/Bn�5F6lA	GHO34P4P?B8TCpA@?t4
/|�f/:^gA3JT/FOICP89J98TSP/:4�O36_?t6@?BJTejS7/5O34<1I/FSPA	/5;|CE4P/:SxY[Ju?kA3Ju?B;:/F13O�;:GH4P47M5Ju?�CE/5OI40A	GHO34�?B;:hiO3M5478940J9?R�j8TCP/5SPS7/
/56sO36"AvGB896aCk13GH6363MU?§�B/5;UOI63/U�38T/56s^`/58TJ9JT/5O347/`47M5S7GHJ9OICP89GH6�CE/:^gA	GH4P/:J9JT/ � u ~Lo�mgS>�|n 5F6 AvGBO34P4P?B8TC
?BO3S7SP8�13M5A3J9?B;5/:4rA3JTO3Sr4P?BA38T13/5^`/56aCRJ9/b�HGHJTO3^g/g138TcvO3SP?B6aC[1@?B6ISrJLKN/56aCP4P/:VW/:4r/:6"13M:�j8u?t6iCrJ9/bV ?B89S7;5/5?BO
138DcdO3S7MkYbJ K ?t8913/F1dK\O36�;5GB^gA	GHSE?t6iC�?t;5GHO3S�CEGt¢£GHAICP89hiO3/Bn

r¤?B4�?B8TJ9JT/5O347S5�BA3?B4 ^y?B6IhjOI/�1I/xCP/5^`A3S5�a6IGHO3S 6�K\?§�BGH63S�A@?BS A3O`4P/:CP4PGHOf�H/54�?{�H/:;ZJT/�63GHOI�B/5J�M5;>=@?t6f¢
CE8TJ9JTGH6 1I/�A3=@?BS7/�Ju?B^`/5JTJu?B8T4P/lM:CPO3138TM5/B�¡Ju?/�:GH63/�13/yA@?B4E?t^gz|CE4P/:S[G��"JT/U;58TSE?B8TJ9J9/:^g/:6aCRAI4PM5S7/56aCE/_13/:S
GHS7;589JTJu?tCP89GH6IS<13/kXH4E?B6I13/k?B^gAIJ98TCPO313/ � u ��plS�vxw|�@;|V�n@�@X3nv�fn\m � n\?I�@A@?BXH/ ��� �|n@��J�/5S�CFA347GH�@?B�3JT/2hjOI/RJ9?
�j8TCP/5SPS7/FJ9Gj;{?tJ9/�A3O38TSPS7/]A347M5SP/:6aCE/54�JTGH4PS�13/Z;5/5S�XH4E?t6313/5S�GHSP;:89JTJu?tCP89GH63S:�HO363/ZSP8TXH6@?tCPO34P/�A3J9OIS063/|CPCE/ZhiO3/
;5/:J9JT/5S�13/:S��@XBO34P/:S�1I/k;:/:C7CE/kSP/5;|CE8TGH6�n

��?BJTXH4PM�;:/5S`hjOI/5J9hiO3/:SgA	GH8T6iCPSl63M5XH?tCE8DVWS5�¤6IGHO3SbAv/:63SPGB63SghiO3/�JLKNGH�j�7/:;:CP8TV�13O,;>=@?BA38DCE4P/��+?+M:CPM
?tC7CE/58T6aC{n�o�/5S`/|�fA	M54789/56I;5/5Sg4PM5?BJ98TSPM5/:Sl1@?B63S`;5/_;>=@?tA38TCP4P/ E GH6aCg/:6(/|cd/|Cg^`GH6aCE47M_;5Ju?t894P/:^g/:6aClhiO3/
Ju? 1Iej6@?B^`89hiO3/�GH�3S7/547�BM5/qM|C>?B8DCy1IO3/qY�O363/q1Iej6@?t^g8ThjOI/�S7A@?tCE8TGt¢£CP/5^`AvGB4P/5JTJ9/tn �!
:^g/�SP8�63GHO3Sg63/



����� � ��
��á�{� � � � ����� � �	� � � � �b	�	��
� ��� �D�l��
�������� �H� ¨
A	GHOI�HGB63SyA@?tSy?H~`47^g/:4`hiO3/�J9/:S Ã=¾���Á	�	�gÀ�¿�Á�Ã"Ä#¾r13/�;:89SP?B89JTJ9/5^`/56aCl^`/5S7O34PM:/5SyY�;:GH6aCE4E?t896aCE/�89^`AvGBSPM5/
;5GB4P4P/:SPA	GH6313/:6aCyYqOI6,1IM5A3J9?B;5/:^g/:6iC[GHSP;:89J9J9?B6aC[13/�J9?��@?B6I13/UVWGH47CP/5^`/56aCl;:89SE?t89J9JTM5/t�p6IGHO3SlA	GHOI�HGB63S
63M5?B63^`GH8963S�J K ?�~g47^g/:4�1@?B6IS�JT/�;{?BS 13/�� �X��¿��#À�¿ÂÁ�Ã"Ä#¾�13/x;5GH6aCE4P?B896aCP/xYk;:89SE?t89J9JT/5^`/56aC¡89^`AvGHS7M�/:C 1@?t63S
J9/Q;5?BSx13/�� �x��¿���À�¿�Á�Ã"Ä#¾�13/2;:89SE?t89J9JT/5^`/56aC�Yr7 È 7 ( /:C�Yb;5GH6aCP4E?B8T6iCP/Q89^`AvGBSPM5/tn



�H� �



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


o�?yCE/|�jCPO34P/[GBXH63GH6q/:S7C2O36q�3O38913/R;5GH^`A3JT/|�f/[hiO38¤AI4PM5S7/56aCE/lOI63/lXH4E?t6313/r4789;>=3/:SPS7/l13/l;5GH^`A	GH4�¢
CE/:^g/:6aCES047=3M5GBJ9GHXH8ThiO3/5S:nfo�GH47SPhiO3/F;:/Z�@OI8913/Z/5S7C0SPGHOI^g8TS0YkO36UM5;:GHO3JT/5^`/56aC<13/Z;58TSE?B8TJ9J9/:^g/:6aC�SP8T^gA3JT/B�
O363/bCE4P?B63S78TCE8TGH6+896I13O38TCP/lA@?B42J9/l;:89SP?B89JTJ9/5^`/56aC5�d?BAIAv/:J9M5/lCP4E?B63S78TCP89GH6+13/�ÚFVW/5O38TJ9J9/|C>?BXB/DÛv��8T6313O38DC2O36
ÚQGH4P1347/ Û /:6aCE4P/bJT/5SQGHXH6IGH63S5np.0/|CPCP/bCP4E?B6ISP8TCP89GH6�SPM5A3?B4P/`/56 /:cv/:Ck13/:Of��GH47Xa?B638TSE?tCP89GH63SZ138TcvM547/56aCE/:S
13/:S�GBXH63GH63S|ÜIO36_M:C>?�C�Ú]13M5S7GH4P13GB6363M ÛU1@?B63SxJT/5hiO3/5J�?BO3;5OI63/2;5GH474PM5J9?tCE8TGH6US7A@?tCE89?BJ9/]6�K\/:S7C�A347M5SP/:6aCE/
/:CxOI6�M|C>?tC�ÚxVW/5O38TJ9J9/|CEMpÛyG��_J9/:S�GHXH63GH6IS<AvGBSPSPz:13/56aCZO36_GH4P1I4P/Q;54789S�C>?BJTJ9896`=3/ �3?tXHGH6@?BJdSPO34x13/:S�A3Ju?B6IS
GH4789/56aCPM5SxA@?B4P?BJ9JTz5J9/:^g/:6aC�YlJLKNM5;:GHO3J9/:^g/:6aC{n

o�GH4PS7hjOI/yJ9/l;:89SP?B89JTJ9/5^`/56aCQ/:S7Cr?BA3A3JT89hiO3Mt��Ju?�4PM:AvGH6ISP/`4P=3M:GHJ9GHXB89hiO3/l/5S�CRV ?t89�3JT/5^`/56aC2�34POI8TCEM:/`?BO
�HGB89SP8T6@?BXH/�13/qJ9? CE4P?B63SP8DCE8TGH6�n ��J]/:6 /:S7C�1I/+^�
:^g/�J9GH47SPhiO3/qJ9?s;5GH6aCP4E?B8T6iCP/�/:S7C�?BA3AIJ989hiO3M:/qY 13/:S
CE/:^gA	M54P?tCEOI4P/5SD7 È � � � .]nv.0/5A	/56I1@?B6aC{��J9GB4PSPhiO3/2J9?b;:GH6aCE4P?B896aCE/2/:S7C�89^`AvGBSPM5/2Yb13/:S�CP/5^`AvM:4E?tCPO34P/:S
7 É 7 ( �@GH6_GH�3S7/547�B/r13/:SZ;:GH^`AvGH4�CE/:^g/:6iCPS�63GH6f¢£S7CE?tCE8TGH636@?B8T4P/:S�?BO_�HGH8TSP8963?BXH/Q13/2Ju?[CP4E?B63S78TCP89GH6�nIo�/;58TSE?B8TJ9JT/5^`/56aC{�:?B896ISP8ahiO3/ Ju?�S7CP4PO3;|CEO347/�1I/5SpGHXH63GH6IS5�§A347M5SP/:6aCE/01I/5SpGHSP;:89J9J9?tCE8TGH63Sv13/ XH4E?B6I13/�?B^gAIJ98TCPO313/
SPOI4013/:S<AvM:4P8TGf13/:S�1I/]JLKNGH47134P/�13/ ¥ � ^g8T6�nj.0/:C7CE/Z8963S�C>?B�38TJ98DCEM<CE/:^gA	GH47/5J9JT/x63/]A	/5OIC0SP/Z4PM51IO38947/FYROI63/
SP8T^gAIJ9/+896IS7C>?t�389JT8TCEM�=aef1I4PGj1Iej6@?B^`89hiO3/�GHO Y�O363/�896IS7C>?t�389JT8TCEM��j89SP;:GfM:Ju?BS�CE8ThjOI/�;:Ju?BS7SP8ThjOI/��jO3S�J9/:S
63GH^r�34P/:S�1I/��x/:ej63GBJ913Sx/56a�j89SP?BXHM:S�/|C�J9/5SxM:;>=3/5JTJ9/5Sx13/QCP/5^`A3S�;5GH6I;5/54763M5/:S � u m§~l^g8T6��|n

� ?B63S�JT/];>=@?tA38TCP4P/Q�j�I63GHOIS�?{�HGH63S�^`GH6aCE47M]hiO3/QJT/5S01I8TcvM54P/:6aCE/5S�1fef63?B^g8ThiO3/5S<GB�3SP/:47�HM:/5SxJ9GB4PS�13/
;5/|CPCP/l8963S�C>?B�38TJ98DCEM2A34PM:SP/:6iCP/56aCk13/l63GH^r�34P/:O3SP/:SQSP89^`89JT8TCPO313/5S�?{�H/:;bJu?y;:GH^gAIJ9/|�f8DCEM2CE/5^`A	GH4P/:J9J9/k1�KNO36
S7ejS�CEz5^`/r1fef63?B^g8ThiO3/213/R�3?BSPS7/R138T^g/:63SP8TGH636@?tJ98TCPMBnI� 6�A@?B4�CE8T;5O3JT89/54:�3J9/FCP4E?{�t?B89J�47M{?BJT89S7MQ^gGH6aCP4P/2hiO3/
;5/:SR;:GH^`AvGH4�CE/:^g/:6iCPSQCE/5^`A	GH4P/:J9SF47M5SPOIJTCE/:6aCRCP4Pz5S2;:/547CE?B896I/5^`/56aCk1�K\OI63/g1fef63?B^g8ThiO3/b13M:CP/54P^`896I89S7CP/Bn
.0/5A	/56I1@?B6aC{�@J K ?B63?BJTejSP/Z^y?�CE=3M:^y?tCP89hiO3/�13/5S�S7M54789/5S<CP/5^`AvGB4P/5JTJ9/:S�^`/5S7O34PM:/5Sx63/FA	/547^g/|C�A@?BS<1dK ?H~`4�¢
^`/54�hjOI/rJ9/:SZ1fef63?B^g8ThiO3/5S�;5GH474P/:SPA	GH6313/:6iCQYg13O�;>=@?BGHSZ13M:CP/54P^`896I89S7CP/213/r�@?tSPSP/R1389^`/56ISP89GB636@?BJT8TCEMtn
r¡GBO34¡8T6aCE/547A34PM|CE/:4¤;5/�4PM:SPO3JDC>?tC5�§63GHO3S¤?§�BGH63S¤?BJ9GH47S�M5^`89S�JLKN=aefA	GBCP=3z5S7/0hiO3/0J9?�1fef63?B^g8ThiO3/�1IOr;58TSE?B8TJ9JT/|¢
^`/56aC�Av/:OIC 
|CE47/Z;:GH^gAIJ989hiO3M:/�A@?B4 Ju?QA347M5S7/563;:/F1�KNO363/�Ú�S�CE47O3;:CPO34E?tCP89GH6`SPA3?tCE89?BJ9/XÛl13/�JLKNM5;5GBO3J9/:^g/:6iC
?BO��HGB89SP8T6@?BXH/Q1I/kJ9?[CE4E?t63SP8DCE89GB6U13/QVW/5O38TJ9JT/:C>?tXH/Bn

r¡GHOI4��HM:4P8D�@/54�;5/:C7CE/F=aejA	GBCE=3z:SP/t�I63GHOIS<?{�HGH6IS<13M:�B/5JTGHA3A	MFO36y^`GH6aC>?tXH/Z1I/Z�HM:J9Gj;58T^gM|CE4P8T/xJ9Gj;{?BJT/B�
�@?BS7MRS7O34]J9?l138TcvO3SP8TGH6�1Iej6@?B^`89hiO3/k=3M:CPM54PGj1Iej63/R13/RJ9?lJ9O3^`89z:4P/Bn@.0/:CPCP/r^`M:CP=3Gf1I/RGHAfCE89hiO3/2A	/547^g/|C
13/R^g/:SPO347/54]JT/5SZA34PGB�3J9S�13/R�j8TCP/5S7SP/[13/k�@O38T13/5SZ;5GH^`A3J9/ �f/5S];:89SP?B89JTJ9M5S�13?B63S]J K\/:6aCE4P/|VW/54Z1�K\OI63/[;5/:J9JTO3J9/

�H� �



�Bm �
13/ .0GBO3/:C7CE/+?{�H/:;qO363/�4PM5S7GHJ9OfCE89GB6(SPA3?tCE89?BJ9/�13/qJ K\GH47134P/�13/ E � � ^�n � ?B63SUJT/�;>=@?tA38TCP4P/��I��63GBO3S
?{�HGH6ISx�t?BJT8913M];5/:C7CE/QCE/:;>=3638ThjOI/k/:6�J K ?tA3A3J98ThiO@?B6aC�Yl13/:Of�_M5;:GHO3JT/5^`/56aCESx13/Q�@O38T13/5S�;:GH^`A3J9/ �I/:SxA@?B4�¢
CE8T;5O3JT89/:4PS�Ü�O363/`M5^[O3JTSP8TGH6 ;:GH63;:/56aCE47M5/U/|CrO36I/ySPGBJ9OICP89GH6�13/`^g8T;5/5JTJ9/:SQXHM{?B6aCP/5S5n¤�ZGHOISr?{�HGB63S[?B8T63SP8
^`GH6aCE4PM_hiO3/�63GBCE47/�^`GH6aC>?tXH/_Av/:4P^`/:Cg13/�47M5S7GHO31347/�J9/:Sb=3M:CPM54PGBXHM563M:8TCPM5SyS7A@?tCP8u?BJT/5SlCE/:J9J9/:SbhjOI/�J9/
Ú]XHJT89SPS7/5^`/56aCfÛ_?BOf��A@?B4PGB89S�/:C�JT/5S�138TSP;5GB6iCP896iO38DCEM5S�1I/k;:89SP?B89JTJ9/5^`/56aC5n

o�GH4PS�13OU13/:4P638T/540;>=3?BA38TCP4P/t�f63GBO3S<?{�HGB63S<OICP89J98TSPMx;5/|CPCP/ZCE/:;>=3638ThjOI/Q/|�fAvM:4P8T^g/:6iCE?BJ9/�A	GHO34�M:CEOI1389/:4
Ju?2CE4P?B63SP8DCE8TGH6g1I/]VW/5O38TJ9JT/:C>?tXH/x1@?B63S�Ju?RXH?B^g^`/�13/]A@?t4E?B^`z:CP4P/5S�G��UJT/5S047M5A	GH63S7/5S�4P=IM5GHJTGHXH89hiO3/:S�S7GH6aC
S7CE?tCE8TGH636@?t894P/:S � Á���Æ�� &' 8T^gA	GHS7MFGHO ) 8T^gA	GHS7MQYr7�È�7 ( �|n@��GHO3S�?{�HGH6ISZ?tJ9GH47S�^g8TS</56�M:�j891I/563;:/kOI63/S7CP4PO3;|CEO34P?tCE8TGH6qS7A@?tCE89?BJ9/R13/[J K\M:;5GHO3JT/5^`/56aCrÜvJ9/:SFGHXH63GB63S�ÚQXHJ98TSPS7/56aCXÛq?BOf��A@?B47GH89SZ13/lJu?`;5/:J9J9OIJ9/k13/
.0GHO3/|CPCP/g/|Cr13/:SR�3?B6313/:SR^g?B;547GHSP;:GHA38ThjOI/5Sk13/g;:89SP?B89JTJ9/5^`/56aCPSF138TcvM547/56aCES2;:Gf/ �I8TS7CP/56aCl?BO �HGB89SP8T6@?BXH/
13/lJ9?gCE4P?B63SP8DCE8TGH6�n6r¤?B42?B8TJ9JT/5O347S5��63GHO3S2?{�BGH63Sk?BO3S7SP8�^`GH6aCE47M[hiO3/b;5/5SQ�3?B6313/:Sk;:GH4P47/5S7AvGH6I13/56aCR?BOf�
S7CP4PO3;|CEO347/5S�13M5S7GH4P1IGH6363M:/5S0/|C VW/5O38TJ9J9/|CEM:/5S�1�KNGHXH6IGH63S5n $ J K ?B8T13/<1�KNO36`^gGj13z:J9/�A3O347/5^`/56aC�^gM:;{?B6I89hiO3/B�
63GHOIS<?{�HGH6IS0A3OU47/5A347Gf1IO38947/x�313z5JT/5^`/56aC<;:/:CPCP/]S�CE4POI;:CEOI4E?tCP89GH6gSPA@?tCP8u?BJT/x/56yS7O3A3A	GHSE?t6iC<O36389hiO3/:^g/:6aC
O36�;5478TCEz:4P/Q13/2S7/5J9/:;:CP89GH6_13/2Ju?l;:GH6aCE4E?t896aCE/QJTGf;5?BJ9/QYlJ K\8T6iCP/54�V ?B;5/QS7M5A@?B4P?B6aC�;5/5S��@?B6I13/5S:n

r¤?B4F?B89JTJ9/5OI4PS5�IJLKNM:CEOI13/rA347M5S7/56aCEM:/`13?B63S];:/[;>=@?BAI8TCE47/r?g4PM:�BM5JTM[hiO3/[J9/:SZ�3?B6313/:SF13/[;:89SE?t89J9JT/5^`/56aC
A	GHSPS7z513/:6iC[J9/5OI4r1Iej6@?B^`89hiO3/`A347GHA34P/�Ü¡J9?�A	GHS78TCE8TGH6�13/yJ K\8T6iCP/54�V ?B;5/b�@O3;|CEO3/U13?B63SrJ K\/:6aCE4P/|VW/54R13/yJ9?
;5/:J9JTO3J9/<1I/].0GBO3/:C7CE/Bn:rpGHO34 ^gGj13M:J989S7/54�JT/5S��@O3;|CEO@?�CE89GB63S�GH�3S7/547�BM5/:S5�I6IGHO3S�?{�HGH63S�^`GH6aCE4PM�hiO3/�SP/:O3J9/:S
13/:S[�@O3;:CPO@?tCP89GH63Sr13/UJu?�;5GH6aCE4P?B896aCP/ ) 
 A	GHOI�t?B89/:6aC[4P/:631347/�;5GH^`AICE/g13/5SlAI=3M563GB^gz:63/5Sl13/�JTGf;5?BJ98 ¢SE?�CE89GB6�13/R;5/5SZ�@O3;:CPO@?tCP89GH63S:n1rpGHO34]?BJ9JT/54xA3J9OIS]J9GB896�1@?B63SZJu?g;:GH^`A34PM:=3/563S789GH6�13/r;:/5S]�@OI;:CEO3?tCE8TGH63S5�
63GHOIS]?{�HGB63SF?BOISPSP8�^`GH6aCE47MkhiO3/RJLK\?BA3A347Gf;>=I/kAIO34P/:^g/:6iCZ^`M5;{?t6389hiO3/k63/kAvGHOf�B?t8TCxSPOL~g47/r/|C]hiO3/kJ9/:S
M5hiO@?�CE89GB63Sx^gGj13M5JT89SP?B6aC<Ju?lS�CE4POI;:CEOI4P/213O�^y?tCPM5478u?BO�S7GH6aCZ6IM5;5/:SPSP?B8947/5S5n�24��B;5/�?BO!^`GH6aC>?BXB/�13/��HM5JTGf;:89^`M:CP4P89/_13M|�H/:J9GHA3A	MB��63GHO3SU?§�BGH63SUAIO!M:CPO31389/:4yJT/5SyGBSP;58TJ9J9?tCE8TGH63S
GH�3S7/54��HM5/:S�?BO!�HGH8TSP8T6@?BXH/�13/qJ9? CE4P?B63SP8DCE8TGH6 1I/qVW/5O38TJ9J9/|C>?BXB/�A	GHO34�7 � 7 ( /:CUY ;5GH6aCP4E?B8T6iCP/�8T^b¢A	GHSPM:/Bn��ZGBO3S2?{�HGH63Sk?BJTGH4PSZ^gGB6iCP4PMlhiO3/lJ K\M:;5GHO3JT/5^`/56aCQA347M5S7/56aCE/`O363/lXH4P?B6313/l;:GH^`A3J9/ �I8DCEMRSPA@?tCP89Gt¢
CE/:^gA	GH47/5J9JT/Bn	��6+/:cv/:C5��J9/:SF/|�fA	M54P8T/563;:/5SQ47M{?BJT89SPM:/5SFS7O3XHXHz:4P/:6iC2hiO3/lJT/5S]�3J9^`SZ13/lJTO3�3478T�@;5?tCE8TGH6�A	GHS�¢
SPz:13/56aC�J9/:O34�A347GHA347/<1Iej6@?B^`89hiO3/</|C hiO3/�JLKNM5;:GHO3J9/:^g/:6aC�/5S�C�CE47z5S�;5/:47CE?B8963/:^g/:6aC�;5GH^`A	GHSPM<1I/��@?B6313/:S
^g?B;547GHSP;:GHA389hiO3/:S ?{ea?B6aC /5JTJ9/:S�?BO3S7SP83O36I/�1Iej6@?B^`89hiO3/<;:GH^gAIJ9/|�f/tnHo�?FSP/:O3J9/�^`/5S7O34P/�13Ob;:89SE?t89J9JT/5^`/56aC
896I1389hiO3M A@?B4�JT/�4P=3M:GH^gz|CE47/�6I/�A	/5OIC¡?BJTGH4PS�A@?tSp47/5631I4P/�;5GH^`AICE/ 13/�;5/|CPCP/�4789;>=3/:SPSP/�SPA3?tCE8TGt¢£CP/5^`AvGH47/5JTJ9/
/:C¡89Ji/:S7C¡;5Ju?t894�hiO3/0J9?x;:GH^`A3J9/ �I8DCEM�?B6@?tJTejSPM:/01@?B6IS¡JT/�;>=@?tA38TCP4P/0��4PM:SPO3JDCE/�?{�B?t6iCpCEGBOIC¤1I/0A3=3M:63GH^`z563/:S
SPA3?tCE8TGt¢£CP/5^`AvGH47/5JTS5n

��M:;5/:^g^`/56aC{�f63GHO3S<?§�BGH63S�A3Oy�vM:63M:�@;:89/:4�1�K\OI63/]CE/:;>=3638ThjOI/Q63GHOI�B/5J9JT/]�@?tSPM5/QS7O34<J9?R;5GB4P4PM:Ju?tCP89GH6
13/nÚ0S7Av/:;��jJT/�O3JTCP4E?BS7GH63GH47/tÛ[YF=@?tOICE/<VW47M5hiO3/56I;5/Bnj.0/|CPCP/<CE/5;>=I6389hiO3/�A	/547^g/|C�13/�^`/5SPOI4P/54¤13/5S�A347GB�@JTS
13/F�j8TCP/5S7SP/2?{�H/:;QO363/Q4PM:SPGHJTOICE8TGH6US7A@?tCE89?BJ9/Z13/ E � � ^ /|CxO363/F47M5SPGBJ9OICP89GH6yCP/5^`AvGB4P/5JTJ9/�13/QJLKNGH47134P/Z13/
¥ S � �a¨ � n@o�K ?BAIA3J98T;{?tCP89GH6g13/Q;5/|CPCE/FCP/5;>=36I89hiO3/k?BO_;{?BS�1I/QJu?RCP/|�jCEO347/2GHXH63GH6_?l;:GH6I�@47^gMFJ K\/ �f89S7CP/563;:/
1�KNO363/x1Iej6@?B^`89hiO3/�1I/5S �@?B631I/5S�13/�;58TSE?B8TJ9J9/:^g/:6aC{nt�ZGHO3S�/:SPA	M547GH63S�XH4��B;:/xYQ;5/5S�VWOICPO34P/:S /|�fAvM:4P8T/563;:/5S
A	GHOI�HGB894�;{?t4E?B;|CEM54789S7/54xhiO@?B6aCE8DC>?tCP8T�H/:^g/:6aCxJLKN8963S�C>?B�38TJ98DCEM�SPA@?tCP89Gt¢LCE/:^gA	GH4P/:J9JT/ZGH�ISP/54��HM:/Bn



�Bm ¥
o�/kCP4E?{�t?B89Jv13/kCP=3z5S7/RAI4PM5S7/56aCEMR1@?B63S�J9/:SxA@?BXH/:S�AI4PM5;:M513/:6aCE/5S];5GH63S789S�CE/2/56�O363/R?BA3A347Gf;>=3/ ÚF=aea¢

1347Gf1Iej6@?t^g8ThjOI/|Ûw13/ Ju? ;5GB^gA3JT/|�f8TCPMqGH�3S7/54��HM5/tn]��GHO3S_63GHOIS�S7GH^`^g/:S�/56 /:cv/:C�896aCEM:4P/:SPSPM:S�Y"J9?
;{?t4E?B;|CEM54789SP?tCE8TGH6 1I/gJ K\8T63S7CE?B�389JT8TCPM[Y�J K ?t8913/b13/`JLK\?BA3A347Gf;>=I/gA3=IM563GH^`M56IGHJ9GHXB89hiO3/b13/yJ9?UCE=3M:GH4P8T/g13/:S
S7ejS�CEz5^`/5S¤1Iej6@?B^`89hiO3/5S:na.0/:Av/:631@?B6aC{�tO363/�hjOI/5S7CP89GH6[VWGB631@?B^`/56aC>?tJ9/ 4P/:S7CE/0SE?B63S¡4PM:AvGH6ISP/�Ü�AvGBO34PhiO3GH8
O363/2CE/:J9JT/F4P8T;>=3/5S7SP/RCP/5^`AvGB4P/5JTJ9/�� � 6�13/:SZ/:6��7/5Of��1I/5SxVWOICEO347/5S�M:CPO313/5S�SPOI4Z;:/kS7O��7/:CZSP/:4E?`;5/54�C>?B8T63/|¢
^`/56aC�13/0^g/|CPCE47/</56lM|�j8913/:63;5/<JT/5S¤V ?t;:CE/:O34PS¤^g8T;54PGBSP;5GBA389hiO3/:S¤^`/56@?B6aC�Y];5/:S�GHSP;:89J9J9?tCE8TGH63S:n � /:�t?B6aC�J9?
138D�H/547SP8DCEM213/2;5/:SZA3=IM563GH^`z56I/5S�63GH6f¢£S7C>?�CE89GB636@?B8T4P/5S01@?B63S�J9/:S<�@O3891I/5Sx;5GH^`A3JT/|�f/5S:�	8TJd/:S7CZ89^`AvGH4�C>?B6aC
1�KN8913/:6aCE8T�3/54k;5/5Sk^`M5;{?t6389S7^g/:SR^`89;:4PGHS7;5GHA38ThiO3/5S2A	GHO342V ?B8947/b?§�t?B6I;5/54RJu?�;5GB^gA347M5=3/:63SP8TGH6sXBM563M:4E?BJT/
13/2;5/:SZS�ejS7CEz:^g/:S5n



�Bma�



� ��� ��� � �

� � � � ��� ��� � � �
� 
 	�

� 	���� ����
������ � ����������
��

�! #"%$�&('*),+�-/.102023405.764.8-/9:3;.1<=<>.?34<=@202@5A>BC.?DE3GFC9:34H>AI64.JFC.1<=<>.?<=K;LCA>.NMO-/.1<=<>.7FC.102023405.7.CA=<PH>.CFC9:34QR.1H=<>.76TS 34U
F>KVDEWO.XDE3Y<=K;.1H=Z,9NA=<[DE<>BJW\9:34H]B1Q^@2<>.1H_0`SaB1QNDEW\9:H[DE<=@59:Ub64.CAPFC9:U;A=<=@2<=3VDEUc<>AXMedfD705.1Uc<=@20205.JW\.1H=Z,.1<!64.Igh9^FXDE02@5A>.1H_05.
g`DE@5A>FC.XDE3Y@2U;F1@564.1Uc<I6;DEU;A_0`Sa.1Uc<=H>.ig#.1H7jhFig=M4F>KVDEW4@2<=H>.7kRliM

m^n^n



����� �����
	��
���������������������������! ��"��#$	%�'&(�
#�	)�*�+���

�! #"%$/&(' m +-, 3;.(A>F>K;B1Z DE<=@/. 3;. 64.,0 Db<[D�0405.,Z,BCFXDEU4@/. 3;. W\.1H=Z,.1<=<[DEU <864.(64B1W40 D:FC.1H805.,H=K;BC9:Z,L1<=H>. 6;DEU;A
05.CA <=H>9:@5A%6 @2H>.CF1<=@59:U;AJ64.70`Sa.CA=WVD:FC.NMTdf.21;02<=H>. A=WVDE<=@ DE0 FC9:0205.CF1<[DEUc< 0 D(0234Z @5L1H>.,6 @43O3;A>B8.CA=< W40 D:FCB A=34H 34UGH[DE@20
A>.1Z @45 F1@2H>F1340 DE@2H>.JW\.1H=Z,.1<=<[DEU <!64. F[K;9:@5A=@2H]0`S DEU�6N05. 64. 6 @43O3;A=@59:U87�9 :�;?jhFig=M4F>KVDEW4@2<=H>.?kRliM



����� 	 �
����� ����� ���2�������
� �  ��"��#$	 � & � #$	 � �+��� �����

�����	��

� ����������������V��SV����! #"%$&�'���(��)*�+��,-�'.*"%/��0/213�415"0,-�'6879/;:=<>/�7&?%@A��,B68�&79/C/A$&�ED#�;$9@�$&"07E"0�%/�����F01'/
,B@AGH���0�'.*"%/I�0�����-1'/A$-�0@8D013��GA/8,B/8���9$
$9�����-GA���*�&79J�1'@A$-D+��7B��79���5�+���9/8"07H:K<MLN/8�%$9/8,�F01'/O�0/P1QLN/SRTD#@87&�'/8�%GA/I/A$&�
D013��GA@A/2$&"07U"0�%/2����F01'/2��D0�&�'.�"%/V$&����F0�515�'$9@A/	D+��7E�0/A$EGA��"%$9$&�5�%$W�XLY���57H:



����� �����
	��
���������������������������! ��"��#$	%�'&(�
#�	)�*�+���

�! #"%$e&('��,+ -/.102023405.I64.I-/9:3;.1<=<>. .1< 1;02<=H>.IA=WVDE<=@ DE0OFC9:0205.CF1<[DEUc< 0 D 0234Z @5L1H>.I6 @43O3;A>BC.PWVDEH 0`SaBCF>KVDEU <=@202059:Ub6;DEU;A
34U;. 1
04H>.%Z,9:U;9:Z,9^64.NM



� ����
�� 
 �

� �����
	�� 	�
�� 
 � 
 ��� 	�
 ���
�]��������� ��� 

�

������� � � ��� 
 	�
 � ��	�
 �G� 


��������������������������� �!����"#"$�����!��%$&('�')��*+",�-"$.���.��#/����)��*0%#1�/��2���!3!.��4�#�!*+"����2*��#"5.�"$�6/������6�7��.�89/;:
%5��*+"$����.�*+"$��%#<=&2�������5/�>�&2%$&2*+"?����@A��.����4��.��5&2.�����/,���B�DCE�;FG"5/�%5.�����% �H� ���?.�*+"$��%I<=&2�����,&232.��5�#��*+"����!')'��
�����J��.��2>6"$%#���K�;LG��.�*6��%5.�MG�6���K�;"N��/;O-.���*+"N�����K%5&PL!�!*��K����').�*����-F �RQS%#��*���%#�T��*����!')>6"$�U�����K��89��"$�K���
%5/;<V%$&2�;"$.��!*7���I"W>A&2%I"$.�������.�X�%#��')��*+"J.�'�>Y�!%#"$&2*+"K>Y�!��%Z"$�!�6"5�T"$���[1�*�.�M\���]���^�6.�89���5.��!*7���^��&?����').�X�%5�
�5�2���H/����!�6����')��*+"_���Z� �!���;"5"5�T�G`S*?��89��"�a+�DCb&2*�3!���c%5/����A���d��.�89���#.��!*]eN*��d���!%#%5���5>Y�!*��?>�&2�_fg�hCi&2*63!���
.�')>Y�!�5/NePj k+lm��"m���JO2�!���6'��N��.n8R�6�$&2*+"d*��W�5�g�5.n"$���N>A&(�d��*4op'�&2.�� ��*BoZqra����!')'��N�!*B>Y���6"m���JO!�!.�%
�5�6% �s&JtA32��%5� � � ��u >�&23!�gv!vxw+yzaG�2{?���I" >6%5/��#��*+"$/��N�s&W���������6���c���J� �!����"#"$�d�6"$.���.��5/��d&2�����!�6%5� �6�Z����"5"5�
"$16X��5�*�}|J&2*��W���;"5"5��&(*�*��;F-�(a}*6�!���N>�%#/��5��*+"$�!*��U���^��&2�������~���2'�>�����"N�6���W��89��"5�g�6�)%#/�<V%5&2��"5.��!*��A&(*��
��*��W3!/��!')/�"$%#.��N���U� �!�6��"5"5�W���!')>9�2�5/��W���g��� m .�*+"5��%#<=&(����� �

��&)3!/��!')/�"$%#.��J���#"d���������N���W�s&�tA3!�6%5�g���nv��������m*��2"$&("$.��!*����#�!*+"K�����c�5�6.�O(&2*+"$���g�
� �hCb.�*\"5��%I<=&2���J�����#"d��*��;L-��.�*��6%5�J���N%5&PL!�!*B�Z���#/�>A&2%5&2*+"m�����c'�.���.����-F)��CE.�*��6.����K�!>6"$.�M\���N�9���A�H�;"
�Y�\�

� ���N%$&PL!�!*B.�*6��.��6��*+"m�5��%m�hCb.�*\"5��%I<=&2���N�S<=&2.n"c��*4&2*�3!���N����&PO!���U��&T*��!%#'?&2���Nf]����"#"$�W�5�6%#<=&2���~�
� ���N%$&PL!�!*B/�')��%#3!��*+"d���W�DCE.�*+"5��%#<=&(���N�~<=&2.n"m��*B&2*�3!���W�}q� &PO!���U��&T*��!%5'�&2���Nf^����"#"$�g�5��%I<=&2���*�

����>6%5��').���%W>A&2%$&('�X;"$%5�]�����P&2�����������#"T��&�>9�!�#.�"5.��!*��A�c���!%5%#���5>Y�!*���&2*+"^f��DCE.�*+"$��%5�5����"5.��!*���*+"$%#�?��&
>�%#�!���!*63+&("$.��!*�����<=&2.��5����&2��.�*���.�����*+"U��"^�hCi&�F-� uh� �9y ��� �,>A&2%5&2'�X;"$%#�����#"]f��6*��,���2*��#"$&2*+"$�,>�%#X���a
�s&]>Y�!�5.n"$.��2*B�6�U��&^"$&2�����g')/���&2*�.�MG�6�U�#��%K��&2M\���������N���I"K>Y�!�#/U���U%#1�/��!')X�"5%5�*�����U�5�����!*���>A&2%$&('�X;"$%5�
���I"c�DCb&2*�32���d.�')>9�!�#/Z>�&2% �hCb�zF6>Y/�%#.�')��*+"[&�"$���6%�ePj k+l �6|Z�N����� �����-F,���!*�*6/����c�2*,>9���6"c��/�����.�%5�J�hCi&2*63!���
%5/��������]��.n8R���#.��!*�e���"g�s&�>Y�!�5.n"$.��!*�����O2�!���6'��^��.n8R�6�$&2*+"W��3!%5 2���)&2�-F�%#����&("$.��!*��J�#��.�O(&2*+"$�����}��&
>�%#��').�X�%#�N%5���s&("5.��!*����#"d>���%#��')��*+"d3!/��!')/�"5%5.�MG�6�^�

¡#¢�£�¤ ��¥R¦
�g§ � �A�c¨

¡5¢�£�¤ ePj k+l$¦
�K¥ o u ����vxy

���!©



��� w � ��������� ���������!� 	 ���+�2�  	� ���
� 	 � � # ��#(�+ � &( 
	%� � ����� � ���
� 	 	 �

���

�}q�

�Y�
�Z��d���A�

�9����� �9���A�

u=� �9yuh� �9y

��

�����A�
.�*+"$��%#<=&2���W�

e

u &!y u ��y


��������
������
�W§ �J¥���

ePj k+l

�����	�����nv � u &+y��N/��!')/�"5%5.��T��"g*��2"$&("$.��!*�� ��ePj k+lN���#"g�DCb&2*�32���T.�'�>Y�!�5/�>A&2%N�DCE�;F->Y/�%#.�')��*+"[&("5����%�aR�A�
���I"��DCE.�*+"5��%5�#���;"$.��2* ��*+"5%5�7���B<=&2.�����&2� .�*6��.��6��*+"?>6%5�!���!*�3!/B��"��hCi& F6� uh� �9y �_�Z�N�#�!*+",�����?��.n8R/�%5��*\"5�
%$&PL2�!*��]�����]��.��!>6"5%5��� ��e7���I"��hCi&(*�3!����%5/����c������.n8R���#.��!*��;"^� ��&7>9�!�#.�"5.��!*��6�
O2�!���6'�����.n8R�6�$&2*+"��
u �Ayd� �2*\O2��*+"$.��!*��d�[1��!.��5.����c>9�2��%m�DCE.�*+"$��%#<=&2���J�S�

� ��"#"$��%5����&("$.��!*�>9��%5')��"U���?��&2����������%W�DCb&2*�3!���]��¥ ��� ��<=&2�6"U��*6�5��.n"$�)/���%#.�%#�������g%5����&("$.��!*��W�����-*������n:
|K���5�P&(%#"$���K>Y�!��%c�[1A&(MG�6�U.�*\"5��%I<=&2���N�m�

�9� ¡#¢�£�¤ ���r¦ ¨ �9���A� ¡#¢�£�¤ � q� ¦ o u ��� � y
��&�%5���s&("5.��!*J��*+"$%5���hCi&2*63!����.�*���.�����*\"��5��%��DCE.�*+"5��%#<=&(���~�#� m u �����A�5y9�;"��DCb&2*�3!����/�'���%53!��*\"}���S�hCb.�*+"$��%I<=&2�����
u ��q� y��#�g�6/�����.n"d&2.��#/�')��*+"g�

¡#¢�£�¤ �}q� ¦
�Z���A� ¨

¡5¢�£�¤ �����A�#¦
�d� o u ��� � y

`S*��5�N���!*6*A&2*+"��A�}��"dePj k+l�a-�����m%#���s&�"$.��2*��H>Y��%#'��;"5"5��*+"m���J��&2����������%���������.�89/�%#��*+"$��&2*�3!�����c������"d� q� �
� �[1A&2M\���K.�*+"$��%I<=&2���(a-���c<=&2.��#���P&(�?���6'�.�*����-FT���I"���/;O-.�/Z�6�K�s&NM\�A&2*+"5.�"$/ u ��q� �4���=y �GQ��2��%H�hCb��*��5��'T�����
�����Z%5&xL2�!*���aA�DCb&2*�3!���J%5/��������W��.n8R���#.��!*����#"Z&2���2%5�����2*�*�/g>A&2%N�

e ¨ ePj k+l �
 !
�#"�� ¤ � q� �
���V¦ o u ��� � y

��&^%5����&("$.��!*�3!/��!'�/;"$%#.�M\���J<=&2.��$&2*+"m.�*+"5��%#O2��*�.�%c�s&T����%5*�.�X�%#�g.�*+"$��%I<=&2���]�
¡5¢�£�¤ �}q� ¦
�g§ � � ¨

¡5¢�£�¤ e2¦
�$� % u ��� � y

>Y��%5')��"d&(���!%#�c���W��/�"5��%5').�*6��%c�s&T>Y�!�#.�"$.��!*�����O!�!����')�N��.�89���$&(*\"c�M�



� ��������� �+�������!� 	%����� �  	� ��� � 	%��� # ��#(�+ ��
&( 
	%� ������� � ��� �
	 	 � �����
� ���Z%5����&("$.��!*��c�!*+"d/�"5/�&(>�>���.�M\��/����K&2�B�P&(�Z�zF6>Y/�%#.�')��*+"[&(�}�6�4�[1A&(>�.�"5%5� � �������d>A&2%$&('�X;"$%5���m���

�s&J����������������"������S.�*6��.������S�!>6"5.�M\�����S�5�!*+"_.�*��6.�M\��/��S��&2*�������"$&2������&2�]���nv u ��<9�2�[1A&2>�.n"$%5� � a2>A&23!�Nv!vPw+y �


K.�% ��§ ¨ m�o���� ��� ¨	��
 ')'Q����;F-.�32�s&2� � � ¨ m�o���
 ��� ¨	� �Lo�� ')'`_&(� ��� ¨ m�o ��� ��� ¨�� 
:o�� ')'Q����;F-.�32�s&2� ��� ¨ m�o���
 ��� ¨�� � ')'
����� �A���nv �����H) ���%$W�0/A$ �5���9/87��Q��GA/A$W/8� �5�%���'GA/A$W�0/ 79@ � 7���G8�&�'���O�0/A$ ,4���9@87&�3��"�R�GA���%$&�&�5�&"+���*�W13�CGA/81515"01'/	�0/
! ��"%/8�&�9/	"0�&�515�'$9@A/;:

����@A��.����c/�"5����.�/dfJ��*).�*6��.������ ¨#"�$ �%� ��"_��� %$&PL!�!*)���]%5�("$�!%S���#"_�g§ ¨&��� ')' �2`�*]<=&2.��$&2*+"~O(&2%#.���%
�s&�>Y�!�#.�"$.��!*J������& "[&2�������A�Af��6*�&2*63!���~.�'�>Y�!�#/SePj k+l ¨�� ��' aP���S�P&2�������!>6%5/���/�����*+"����2*�*������~>Y�!�#.�"$.��!*J�����O!�!����')�)�6.�89���$&2*+"U&2.�*��5.SM\���)�DCb&2*�3!���T%5/��������]��.n8R���#.��!*������!%5�#MG�6���)( � �;"g�)* ¤ �$��� �g§D¦;a
���WO!�2����')�U�6.�89���$&2*+"Z���I"J�A&2*6�K�DCE��*+"5%5��<V��%K���g�s&)���������6���N���T� �!����"#"$�*�������Z%5/��#����"$&("$�m�,+.-./Y�A�S�#�!*+"
>�%#/��5��*+"$/��g�5�6%N�s&�tA32��%5�]��� � �b& � � �6*��T"$%#X��N�Y�!*�*��]&2>6>�%5�PF-.�'�&("$.��!*�a��!*�>Y���6"W���!*��5.���/�%#��%NM\���^��&
%5���s&("5.��!*���*+"$%5�)�A���;"U�����#"�&10)*��T��2J*�&B���)>������43 ��5�3x�A� ¨76 � &xO2��� 6 �98 "�$:";� ����&B������������������ �!���;"5"5�T�6"$.���.��5/���&23!.n"K���2*��T���2'�')�U�6*��=<J���!��>Y�?>���&2%Jf,��*���/�>���&2����'���*+"N���T��&�"[&2�6���@3x�A�����I"
&2�#�5�G��.�/���*���/�>��s&(����')��*+"^�6��O!�!����')����.n8R�6�$&2*+"A3x�B(C3x�A�9����&4t�3!��%5�?��� � �b��>�%5/��5��*+"5��MG��&2*+"]f
�������(a6eD+.-./-�M���SCi&(*�3!���Z���J��.n8R�6�5.��2*,%5/�����eU��/�>Y��*�����/�3!X�%5��'���*\"����J�s&g>9�2�5.�"5.��!*��A&2*�� �DCE��*+"$%#��<V��%�a6��&
��.��5>Y��%5�#.��!*)���I"����d�DCE�!%#��%5�m��� �%E �F2N*?&U>A&(%H&(.���������%#��e ¨�6HG ePj k+l_&xO2��� 6HG 8 � $ 
1I a+�!{,eW���I"��hCi&2*63!���')� L2��*B���W��.�89���#.��!*��A&2*6�d�hCb��*+"$%5�;<V��% �

4 5
0

1

2

3

x
t
  (mm)

x 
 (

m
m

)

(a)

0 1 2 3

27.5

28

θ 
 (

de
gr

és
)

x  (mm)

(b)

�����	�Y��� �
�KJ��MLN�E/813���&�'���%$PO=QSRUT%O � /8�VJ FFLNW@QSRUT%OYX%GH��1'G8"01'@A/A$�Z�1QLY���'�0/2�0/A$W79/813���&�'���%$ED079@AGA@A�0/8�*�9/A$H:



� ��� � ��������� ���������!� 	 ���+�2�  	� ���
� 	 � � # ��#(�+ � &( 
	%� � ����� � ���
� 	 	 �



� ����
�� 
 �

� 	��b����� � � ��� ��� 	�	 � ��� � ����


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

� 

���

� ��� �����
��


Q��!�6%K/�OG.n"$��%c"5�!�6"$�g���2*6<V���5.��!*�a�.������!*+OG.���*+"Z���g'��!*+"5%5��%d�5�6%ZM\������M\�����Z�;F-��')>������d�5.�')>������mM\���
�DCE�!*�>Y���6"g%$&(.��5�2*�*A&2������')��*+"N���!*6<V�!*��6%5�]�����g���!��%#�9���g�6/�����.n"$���U���]��&,%51�/��!���!32.��T3!���!�A&2���,�
�����
¨ 6 ¤ ���� �Z¦)��",�����?���!')>9�2%#"$��'���*+"$�?���-��&2�-F�� ¨ 6 ¤ �� ¦ ��`S*0�;8R�;"Pa �����,M\�A&(*\"5.�"5/��,%#/���������'���*\"')���5�6%5/����H>�&2%S��*)%51�/��!'�X;"$%#�d��&2*�����*)/����2������'���*\"_���Z� �!�6��"5"5�Z�#�!*+"_���c���2��>������B��"_�s&JOG.�"5���5�#�m���
%5�("[&("5.��!*��C� � �R�5��%$&2.n"c���!*6�N>��������#����.���.����-F,�6�N>�%5/��5��*+"5��%d����� %5/��#����"$&("$� %51�/��!���!32.�M\����� ��*�<V�!*��;"$.��2*
���U�����K�����-F�>A&2%5&2')X�"$%#���Z��*�.�M\����'���*+"��R� ��>Y��*��A&(*\"�aR.��}���#"N�6�5��������*�%51�/��!���!32.��W����>6%5/��#��*+"$��%N�����
���!*6*�/����?��* <V�!*��;"$.��2* �6�4��&����!*+"$%5&2.�*+"$���;"?��� ��.��$&2.�������')��*+"���Q������]>�%5/���.��5��')��*+"�a_����%51�/��!'�X;"$%#�
�6"5.���.��5/J.�*���.�MG�6�^� ���� ��� � �!� ¨ � � § � � ��

�#"�$ � � § � �� � %�%�� � ¨ � � § � � ��
� �� �
� � § � $

u ����vxy

&�')(+*-,/.-'102'43
576809,:'40;� ¨%< ��QS%5��*6�!*��N�����P&2�J�RCb��*�@A�6.����U*��>=c"5�!*�.���*�a?, //'./R���2*\"J�������!')>9�!%I"$��'���*\"J���G�P&2�����I"W���!*�*6/T>A&2%T�� ¨%< �� �����N>�%#�2tA�����NOG.�"5���#�5�g���!%#%5���#>9�2*��A&2*+"d���I"Z�6�!*�*�/g>A&2%N�
@ ¤ �9¦ ¨ �g§ � �< �R§

�BA �W§�$�DC �FE A ���
�W§ � �GC � � ">H % u ��� � y

� � v



� �
� ������	%��� �"�+	 � � # � � �!� � ���*� ��� � ����� ������� ���"���	�
�A&2*6�J���U�P&2�N�!{����U@���.�����*��T3!��.��5�#��>A&(�N&2��>A&2%#�!.�� � 2J*�>Y���6"J��/����6.�%5�����T����>�%5�2t����s&)O-.n"$���5�5�����
%5�("[&("5.��!* � ���W�s&T�������������T� � ¨ �R§

�?< E " � A �g§���DC � H $ u ��� � y
�N%$ 2���W&2�-F�%#����&("$.��!*�� u ����v y �;"m��*B�$&2�[1�&2*+"ZM\��� �R§ ¨ � 5 ¤ � "�$ � � § ¦za��!*���/�����.�"mM\���W��&T���!*+"$%5&2.�*+"5���"d���N��.��5&2.�������'���*\" , 0 . ,�
 *
�S-H>A&(%d���J%516/��!')X�"5%5�W�5�!*+"d%5����.�/��c>A&2%N�� �!� ¨%< � �� � $ u ��� � y
�����m%5���s&("5.��!*6� u ���nv y��!*+"d/�"$/W�[1��2.��5.����m���W�5�2%#"$�WM\���g>9�2��%c��*�@A��.��6�N*��>=c"5�!*�.���*�a��!*B&2.�"��DCE/�M\��.�O(&�:
����*����W�I"$%5.���"5�^� � ¨%< ������ � �!� ¨ < � �� � $ u ��� � y�Z�2���d&2�����!*�� O2�!.�%cM\��CE.���*RCb��*����I"d>A&2�m���W'���'��N>Y�!��%c�RCi&2�-"$%5���m���!')>9�2%#"$��'���*+"$�m%51�/��!���23!.�M\�������&�')(+*-,/.-' .-'�� , 0�������� � ¨ ��� � < ��|J&2*��^���,�P&(�^��Cb�6*
@���.����?����� .�*�3!1A&2'Ba}���,>�%#�2tA�H���,OG.�"$���5�#����CE/���%#.�" u &PO!������&����!*6��.�"5.��!*����
*��!*G: 3!��.��5�#��')��*+"zyd�

@ ¤ �9¦ ¨ �g§ � �<  �R§
�BA �g§��� C � E A �$�

�g§ � � C � � " H � ���"! £ A �g§ � ��$� C$# $ u ��� � y

��&TO-.n"$���5�5�g���W%5�("[&("5.��!* � ���W�s&T�������������J���#"d���!*6*�/��g>A&2%N�� ¨ "<  �R§�BA �g§���DC � E A ����g§ C � � ">H � ���%! £ A �W§�$�DC�##$ u ��� © y

��&^���!*+"$%5&2.�*+"5�g�;"d���J��.��$&(.�������')��*+" , 0 . ,�
 *��S- >A&2%c���N%#1�/��2'�X;"$%5�W�#�!*+"Z�6�!*��W���!*�*6/��d>A&2%N�� �!� ¨'& ! £ A ����g§4C � � § � � ��
� �� ��� � §)( ��� � < � �� � $ u ���iw!y

Q��2��%c���;"m�;F-��')>����N�#.�')>����(a � ¨&6 ¤ �� ¦$* � �!� ¨B6 ¤ � �� �Z¦H� 2J*�>9���6"c����>9��*��A&2*+"d��/;O!�����!>�>Y��%m���<=&2�;"$���6%d�6�g���!%5%#���;"$.��2*B��*B<V�2*���"5.��!*�����%$&(>�>9�2%#"m��Cb&2�5>Y���;"�+M5(�g§Ia��!*�"$%#�!�6O!�g&2���!%5�cM\���]�� �!� ¨ ��� E " � "
� A +�g§4C � �-, A +�g§>C/. H � o � �� � $ u ��� � y

2J*
&����!*6� � � � ¨ 6 ¤ � �� �Z¦ �$� � ¨ 6 ¤ �� ¦;a}>9�2��%T���)@A��.����,�����H.�*�3!1�&2' f��DCE�!%5�6%5� � ��*+M52�g§������?<=&2��"5����%^�6�,���!%#%5����"$.��!*����I"]��*+OG.�%#�!*0v�� � � ��� ��&2*��^�s&43!/��!')/�"5%5.��?�6"5.���.��5/�� u + ¨ " '�'��"��g§ ¨C� � '�'?y ��Q}�!��%g�����P&2�g>�%5/���.���a�.��S���#"U���!*��)>�����.�*���'���*+" �#�6�#"$.ntA/)�������!*6<V�!*6��%5�)�����U���!.��%516/��!���!3!.�M\�����c3!���2�A&2��������"d�����c���2'�>Y�!%#"5��')��*+"$�c%#1�/��2���!3!.�M\�����c���-��&2�-F �



������	%��� �"�+	 � � # � � �!� � ���*� � � � ����� ������� ���"���	� � � �&�')(+*-,/.-' � ��� 6 (+*-,/. , �%� 095 � ¨ o ����
|J&2*��d���N��&2�m��CE��*B@���.����N%#1�/��(@A��.��6.�t�&2*+" � ¨ o ���� aA��*4��&2���������#.�').��s&(.�%5�d���!*6*��]�@ ¤ �9¦ ¨��

�
� & �

� " $ � �� o ( �	� � E A ���� C �
� � � " H $ u ����v � y

��&^���!*+"$%5&2.�*+"5� � �!� ���#"d%5/���.�/Wf � �� � �5�����!*��� �!� ¨ "
� A �� C � A � �� �
� � §� ���� � � § C � � �� � � � §
 � �
� �� ��� �
� �§�� � o � �� � � $ u ����v!vxy

�Z*B��/;O!�����!>�>Y��')��*+"d���W���;"5"$�g�;F->�%#���#�5.��2*4')X�*��gf��
� �!� ¨ E

" � ¤ ��� " ¦ ¤ " � � ��¦

 � A +�g§>C � � , A +�g§4C . H o � �� � � $ u ����v � y

2J*,>Y���6" ���!*��J��*����2%5�J��*6�K<V�!.��_���2*��5.���/�%#��%�M\��� � �!� ¨	6 ¤ � �� �Z¦ ��� � ¨�6 ¤ �� ¦H&PO!���N��*��d"$%5X���Y�!*�*��g>�%5/���.��5.��2* �Y`�*4��89��"�a9' ��')�W�A&2*��d���g�P&2�d�!{4���N@A��.����U���#"Z"$%5X��Z%#1�/��(@A��.�tA&2*+"Pa�� ¨ � $ " >A&(%�;F-��'�>����2aA��&�O2&(�����6%c���W���N<=&2��"5����%m���#" � � ��� w^�A&2*��m��&T3!/��!')/�"5%5.��N�6"$.���.��#/��*�



� � � ������	%��� �"�+	 � � # � � �!� � ���*� ��� � ����� ������� ���"���	�



� � � � � ������� � � � 


� v��g����� �����	��

�������4��" �4��
P������������� <N|ZLG*A&('�.�����.�3!1+"~�5��&("5"5��%#.�*�3g&("S���D= %5&("$���S�2<Y�51���&2%�>0�
� /�� ���M-4,�
 *9';a �
� � ���1� a�v � w-v��

� � �g����� �����	��

������� ��"�Q � �
���! ���
�"�� < �-1���&2%I: � *����������,2J%#����%g.�* �-���5>Y��*6�5.��2*����2<!#K&2%#�
�->61���%#����>0�!� ��� -./�$�' +H/ & '45/5 /�a � v]��v � � � a9v � w!w=�

� � �B

���&%(' ���M� � <*)4���[1A&2*�.��P&2��&23!.�*637&2*���*6�!*-: ��.�*���&2%g%51����!���!3(L��(<m���!*�����*+"$%5&("$���
���!�����!.���&2�
�#���5>Y��*��#.��!*6�^�R�;F->Y��%#.�')��*+"[&2�}<=&2��"5�N&2*����5.�')>����U')�-�6����� � >�� �d�2"$�����T���2��%5�N�����+#Z�2���[1�����a
�2��.�������" � � ��� �

� � �B

�,�-%�' ��� � � </.m1����2���!3!.��P&2�c�Y��1�&xOG.��!%?�2<N&��5�!���6"$.��!* �2<W>A&2%I"$.��������?&2323!%5��3+&("$.�*�3��!* "$16�
���!*+"[&2.�*�.�*�3 = &2�����V>��,� ���M-./�$ ' +H/�0Ha � w�� ����� � a�v ��� w �

� � � �I�1�&� ����2�3 �����M�4��3�� ��am���C�5��

����

� �6
 ���!a7) �+89�:���M�;� ���+a<� �>=&
?� �6������aZ���A@!�	B
�6

����
�a?� �	�!��

��� �4� � a?#
�;CD

 �3�EF ���

�~a�`2�FG<�� ��	3 �	 �'_a?� �;�!� ����H?�!a���"Z�U�YQ �;I& ���4�U�
<A2J*,"$16�N�;F-.��I"$��*6���N�2<�� 1A&2�2�c.�*J�2��%LK+L?@A�D=&>��5MFN � ,PO 5 �&Q '45 �SR4R * � � ,TN ��'45�Q � 57' � ,��SR ,��2a ��� �
v © � v!a�v ���0� �

� � � �I���-� ����2�3 �����M�4��3�� �_a�� �U� �UCD���:����3 ��a����X�5��

����

� �6
 ���!a-�;"c�U�-Q �?I& ���4�U� <�� %5�!� :
�#� O2��%_.�*^"$16�c�6LG*A&2').����S�(<�Q}�!%#"5��OG.�*-: ���K� 1�&("$����.���%~��89���;"�<V%5�!'��[1A&2�!��"$� � 2W� >0�	Q � 5 ' � ,��SR�-
MFN4,:'40;N ' � 0 .90+0�� , 02' ' � , 0��&VNa � ��� � � v � a � � � v��

� © � �I�W�-� ����2�3 �����M�4��3�� �,��"X) �+���S=������ ���� �Y����U� <A.d��>9��&("$���TLG.������T��%#�!>^>�1���*��!')��*��!*��
&^"$��'�>Y�!%$&(�R��.��5�5.�>A&("5.�O!�N�I"$%#����"5��%5� >��!� /�� ��� -./�Z\[	V,O�O?R /�� ���M-./�a�v � ��v © v!aRv � w � �

� w]�D^ ���-���6�� ��X�=<`_ � � 0 -4, 5/,:680 -A+ ' � -aR 'bN ���-6 -c[ .-'aRLd 'fe(O�� � ,:'40;N 'hgiR � 5 ��� 6 � ,:' >��ajc1�X��5�)���
���G��"5�!%$&�"Pa �d*�.�O2��%5�#.�"5/U�H�!%5����&2�-F �[a�v � w � �

� � �D^ �k�-���6�� ��Aa�
P�k�-����l
��'��_a\Q ��m-�4�	3�
U2	2M�Da!�;"!� � :I����m7�� �nE� <D^A%5�2'�M\�A&2�#.�>Y��%5.��-�6.���.n" LU"5�
�[1A&(�!�J.�*4"$1��^�H�����2���5�xO+:poR1A&(�9�2"5.�*��fK\.�.�%5��&2��"5.��!* � �A�9`~F->Y��%#.�')��*+"4>��-� /7q �9' �D/�� ���M-./�a9w � �
� � ��� a�v � w © �

� v � �B

�5�-����l
��'�� ��"92����D3� ���X�&<r^A�!%5')���]*��!%#'?&(������a~"$1�/��!%5.��4�;"?�zF->9/�%5.���*������ >��0|J&(*��
Q �;G<

���6l�aA/���.n"$����%�a�&�'cq ���-6 -ts+_ ��� 6 � ,:' '45 'fe(O�� � ,:'40;N 'S- ��`~LG%5�!��������aAQ�&2%5.���a�v � w!w �

� �0�



� � � � � ��� � �
� �������+� �
� v!v�� �4���-��3�� ��� �H��"&.4��`	�6I&3 � " � 2 � < �-1���&2%I:D"$1�.�*�*�.�*63(: .�*������������[1A&2�!�U.�*/j�&PLG���!% :I� �!���;"5"5�

@A�D= >0�!� ��� -./�$�' +H/	0 a � v)�Rv �%��� a � � � � �
� v � �gQ �,�>2	2�

� ��",����� ����� � �4�����U� <���&2%5&2��"5/�%#.��$&�"$.��2*
���
�[1A&2�!����/�"5��%#'�.�*�.��I"$�B%5��*6���!*+"$%#/

�A&(*��N�����J�;F->Y/�%5.���*������ >��g|J&2*��WQ ��G<

���6l�a�/���.�"5����%�a &�'Jq ���-6 -ts _ ��� 6 � ,:' '45 'fe(O�� � ,:'40;N 'S- �
`~LG%5�!��������aAQ�&2%5.���a�v � w2w �

� v � �D.B��G?����':"6���1��'�3F" � "Ha �I�	G?��� �����H�_a��;"C
P�	�I��
?����'W� < 2N�6�5��%IO(&("$.��!*��2<�� 1A&2�2"5.��U|ZL+:
*A&('�.���� .�*�|K.����6"5���-16�P&2%#��� 
cM\�����!�6� �-�!���-"$.��2*��H�(<��,j 
6j�>�� � ��� -./	$ ' +H/ &�'45/5�/�a6w � � � ��� � a
� � � � �

� v � �D.B��GV����':"6���H��'�3	" � "
��"-

�
�I��
?����'W�D<�� 1A&2�2"5.����-L-*�&2'�.����J.�*7�516�P&2% : "$16.��tK2��*�.�*63��5��% :
<=&2�;"[&2*+"d�5�2���6"5.��!*�� >0�!0 * � 6tO���� -./�&�'45/5�/�a � � � � �+© a � � � v��

� v � �U���;GV����

��2M�4�Sa
) ����

��� �;��
�aA�;"d���;�!�� ��=���6�F" ��|Z.��5�����5�#.��!*6�d>6%5.�O2/������
� v � �D#4�*

�kGV������

���Y<�
 %#��OG.��4=
�2<A"$1��H�5��.�> u = &2���G����>6����"5.��!*Ay��(<�>9�!�nLG'���%}�#�!���-"$.��2*���a ��'������#.��!*��

&2*6��>A&2%I"$.������^�#���5>Y��*6�5.��2*���.�*�OG.��#���!')��"5��%#����.�"5�W�P&2���#�2a}�[1A&2%5&2��"5��%�a}&2*6�����6%5� >0�i� /��1680��
�1'43
5 6809,�� 0�� R * ,/.hQ 'tN � /�a � � � � � v!a�v ����� �

� v © �D#4��
P�	GV������

���A<cjc16��LG.��������I"$%5���5� � &�%5��OG.��>=p�!%UC " �����A������� C � �;O!��%#L\"$1�.�*�3,@A�D=m�! �>0�
� /"�1680��#� '43
576809,�� 0$� R *-,/.hQ 'tN � /�a�w6v]��v � � aRv ����� �

� vxw]�g�U�;G<l
�	 Sa � ��� ������
&% �4��� 
�a��;"V
P�;�����+�4�W��|Z.��5�����5�#.��!*6�Z>�%#.�O2/���� �
� v � �gQ �:G<

���6l�a('��:�!��Y+
 �	 �aA�;"Z��� =I�4' ���X�+&Dd 6 � . � ' . � 0 -AR '&N ���-6 - ��#d��%5'�&2*�*Ra�)S��.�"5����%c�����

�#��.���*������Z�;"d�����Z&2%#"5��a�v � w � �
� � � � � ��G<

� �6
?��3�����2�*���" �
�7� �,+ �K�6��

�U� < ^A�!%#'?&("5.��!* �2<P
V2Aj.-2�H%5.�*6�/)B����"5.��s&('������s&(%

/����5.���������>��+& � 0����F*-, � aRv � � � v � � aRv ����� �
� � v��g���?� �;G7
?����
B�;"�.B�:�!

�	��� �E�,Z+�#0 ���F,TN�R , ���-5 - N � 5/5 ' � , 0��T��0 .�����L2a��Z�4=1'_�!%fKYaRv ���0� �
� � � � � � : ^ �	G<

����

2~a:.B��8 ��Y+
!*SB ������� ����
?�!a � ���6

�:�� �6
�a���"�� � : Q ��2-
?�	�: ��!�

 � <��-16�P&2% :

"51�.��tK(��*�.�*�3)"5%$&2*6�5.�"5.��!*�.�*B�#��%#<=&(��"[&(*\"Z�5�2���6"5.��!*��N�
�d�>= �zF->9��%5.�')��*+"$&2��<V�P&("5��%5���c<V%5�!'�%#1�����:
���!32L�&(*���@A�D= ��.�%#��<V%#.�*�3!��*����4>��,0 * � /�� ��� -./�� /�0 a � � � ��� a � � � � �

� ��� � � � : ^ �
G<

����
U27�;" �O�U�!��� 2�
 � <a)4��"$&2�#"$&2�����ZO!��%#�5���m��*6�#"[&(�����K"5%$&2*6�5.���*+"$�c&(" "$1��J�2*��5�;"c�2<
&]�51���&2%I: .�*��6�������4>�1�&2�5�N"$%5&2*��#.�"$.��!*=>��,� ���M-./�$ ' +H/�0Ha � � � �
� � w6a�v ����� �

� � � � � � : ^ �1G<

����
U2~a��O�>�!��� 2�
�aH��" � � : Q �.2-

�	�; "�!�?
 � < � *�16�!'��23!��*����!���,�#1��P&(%?@A�D=m���2<=H�!%5')��. K2��'�.������������)� 
�'�&2�#"5��%��-L-*�&2'�.��?>�1�&2�5�,�6.s&23!%5&2' >��/� ���M-./,$ ' +H/!0Ha ��� � v ��� w6a
v ���+© �

� ��� � � � : ^ ��G7
?����
U2~ac|P�Z���Am<�� 	nHac�;" �O���!����2�
K� < � �5�2"5%5�!>6.��;:D"$�(: *���'�&("5.��4"5%$&2*6�5.�"5.��!* .�*=H�!%5')��. K2�N').������������H��*�����%Z�#1��P&2% >��!� /�� ���M-./�343;a � ��v � � v!a�v ����� �



� � �������
����� ����� � � �+©
� � � � � � : ^ �FG<

����
U2~a9|
�R���	m<�� 	n_a �I�F�!��� 2�
�a���"KQ �
� �4��'�� 

� �4< �G1��P&2% : .�*����������7.��5�2"5%5�!>�.��;:

"5�(: *���'?&�"$.��?>�1A&2�#�B"5%$&2*��#.�"5.��!*�.�* ��M\��.���.���%#.���' >9�2��LG'���%5�D>�� 0 * � 6tO���� -./ &�'45 5 /�a ��� � � � v!a
v ����� �

� �!© �g�U�?G7
?��2�3 �4

�~a � � : �U�?GV����� ��2~a+��"7� �
I9 ��;�	3 ���W��<

 "7=H�(:D"$.�')�;: �5��&2���(a\"7=H�(:D"$��')>Y��%$&�"$��%#�
�#����*�&2%5.��)<V�!%c*6�!*���.�*��P&(%�%51����!���232L >��!� ���M-./�$ ' +H/�0Ha � v]� �*� ��� a � � � � �

� � w]�g`	�7G7
?��2�� ����'_aX� �>G�� �;
U2	2�
�a �;" /P�.
?�	3�Y-� 2	2 � </^A%5�!' �#1��P&2%�"$1�.��tK2��*6.�*�3�"5���516�P&2% :
.�*���������� �5&2'�').�*63 >��,� ��� -./�$ ' +H/�0Ha ��� � ��� ��� � v!a � � ��� �

� ��� �gQ �UG7����2�

��3 �K�6

�Sa 'I��j-���D SaG`	� ^�� � � 2	2�3	"��!a2�;"�|P� � � � �4��
 � <42J���5��%#O(&("5.��!*)�2<��H��� K
QS1A&2�#� �-��>A&(%$&("5.��!*]&2*6�)� �-�zF6.��#"5��*����d.�*]& �-1���&2%5��� )4.��������s&(% �-�!���6"$.��!*A>��F� ���M-./U$�' +H/9& '45/5 /�a
©�� � ������� a�v ���+© �

� � � � ) �!) �7G7� � 2	2����p�;"�Q �5j-�<� �������K�63 ���U� </j�= ��: QS1A&2�#� �-1��P&(%���&2*�� �\"$%5�6��"$�6%5����&�"
�d*�.�<V�!%#' �G"5%5���5��>0�,� ��� -./�$ ' +H/�&�'45 5 /�a © w�� �%� � � a�v ���+© �

� � v�� ) �,) �>G<�M� 2	2���� ��",Q �Xj-�>������� �K�63 ���W� < �-1���&2%?�A&(*���.�*63�.�*6�#"[&(��.���.�" L�.�*�=H�!%#'���. K2�
').���������&2% �#�!���-"$.��2*��?>��!0+* � /�� ���M-./�� / �ma © � � �+© a�v ����� �

� ��� �g`	� �����!�

?����
?��
�a�� � : ^ ��G<

����
U2~a�� � : Q � 2-

�	�; "���

�a�.4� ����
?����

� "Ha}�;"^Q � � �4��'���
?� �
< .m1����2���!32L2aR��.�%5�;<V%5.�*63!��*����2a9&2*����#'?&2���n: &2*�3!���g*6���6"5%5�!*��#�P&("#"$��%#.�*�3�.�*�&,�[1A&2%#3!����').���������&2%
�IL-�I"$��' �}`~O-.�����*6���,�2<c&4�516�P&2% : .�*6����������>�1A&(�5��"5%$&2*6�5.�"5.��!* >�� � ���M-./5$ ' +H/50 a � � �HvPw ��� a
v ���+© �

� � � � ) �6`	�?� � 2�

���P<&.d��>6"[&�"$.��2*?�2<���.nO-.�*�3TQ}�!��LG')��%#�K�-|ZLG*A&2').����H�2<}`S*+"[&2*�32�����,Q��!�nL-')��%#� .�*
"51��?QS%#���5��*����?�2<>.m��O2��%5�#.������,� 1�&2.�*-: �-��.��5�#.��!*r.m�P&2�;"$.��2*�� >0� Q ��N � 6�� 6�R 'tN4*�R 'S-;a � � � ��� w � a
v � w © �

� ��� � ) �H`	�7� � 2�

�4�;" � �!� �>� ����' �	 U� < �G"$&("$.�����&2*��
�6LG*A&2').����)�2< =H�!%#']: ��. K(���5��%I<=&2��"$&2*+"
').������������?>��!� /�� ���M-./6[!q 680 .-'40 -./FQ � 5/57' � a � � � w ��� a�v ��� � �

� �0� � ) ��`	�X� � 2�

�!a�|P� 
P���D
 ��'_a}��"P
P���&%(' ���M� � <i.m1����2���!3!.��P&2���[1A&2�!�U.�*�&B�5��&2�s&2%g�516�P&2% :
"51�.��tK(��*�.�*�3�')�G����� >��,� ��� -./�$�' +H/	0 a � � � � ��� � ��� a � � � � �

� ��� � ) ��`	��� � 2�

�!aFj-�}���������/�"��
>�4��3�a��;" �O��� �����; ��	�K� � < jc1��]%51����!���!3(L7�2<H��*+"[&(*�3!�����
>Y�!��LG')��%#�m&("cO!��%#L�1�.�3!1��51���&2%m%$&("5��� >��,0+* � 6tO����M-./ &�'45/5�/�a � v)� �0� v!a�v ��� � �

� �+© � ) ��`	��� � 2�

�^��" � �;j-��� �4� ��

� � < .d�2���T�2<H�516�P&2%N.�*7"$1��].��#�2"$%#�!>�.��;: "5�(: ��&2')������&(% "5%$&2*6�5.n:
"5.��!* >��,� ���M-./�$ ' +H/�&�'45/5�/�a ��� ��vxw � � a�v � w � �

� � w]� ) �-`	�U����2�
?�!a�� �GQ ��+ � 2	2�Y+

�Sa�� � : Q � G<�� ��	3 �	 �'_a+�;"cQ �
�����	 �' �4�U� <-�!&2')').�*�3�aS^A�!%5���
� 1A&(.�*���a�&2*��i^�%5&23!.����+)4&("5"5��%V>��!� ��� -./�$ ' +H/�&�'45 5 /�a�w6v]��vxw � v!aRv ��� w �

� ��� �g�U�	���� �� � �4��a�Q �;� ��� � *�*%�_a6��"A� � : ���

 ��� Y+���U��<�2J���#��%#O(&("5.��!*B�2<~|K%5�!>6����"$�-.���� 2J�5��.�����&�:
"5.��!*��c.�*B&aj�=H�(: QS1A&2�#�-^�����.�����*�����%$�G1��P&2%7^����D= >���`S*4>6%5/�>�&2%$&("5.��!*��



� � w � � ��� � �
� �������+� �
� ��� �g�U�F���� �� � �4��a .4�:�!�����!a
� �;m<�� ��	3Sa���"dQ �;� ��� � *�*%�E� <h#d�D= ���]�����!�5���-: ���!')>A&2��"m'�����"5.n:

��&2'�������&2%c��%5�2>����;"$�m<V�!%5' ��*��6��%J�#1��P&2%d@A�D=  O
�>9�!�#�5.������U'����[1A&2*�.��5' >���0 * � 6tO���� -./ & '45/5 /�a
� v]� �!©T� a � � ��� �

� � v��gQ ������ �������2~aF� � � ��m�� "�� �	 �'_a;^ ��G7
?��2�� ����'_a9Q ���/�� ��	3�

�;����2~a	� ��Q ��8& �4� ���	 �'_a
#4� j-� �D F"6��3�a � ��� �����F"HaG�;"c|P�!��
?�� �

 �� �P<T� �G�;F-.��I"$��*����N�2<���.�M\��.��?&2*�� �-�2��.���QS1A&2�#���
.�*i^����D=m.�*�3 �G�2<r"#: �W��&2�5�IL )�&�"$��%#.s&2���V>��,� ��� -./�$ ' +H/�&�'45 5 /�a�w!w�� � vxw � � v!a � � ��� �

� �
� � � �G|P�U��� ��� ������'W�N< � *+"$%5�G�����;"$.��!*)"5�U�6.�<V��%#�P&("5.��!*^"$16���!%IL�>0��$�' +H/:Q 6 .%/:� ��� -./�a � � � ��� v!a
v ��� v��

� ��� � �I�F��� �4� 2��N� ���X� <�� 5/* .-' .-' 
 *9' R 
 * 'S-9N ��� 0��-' � '4095 -�-45 � *
N45/* � � *]e;. � 0 -DR 'S-)(+*-,/.-'S-9N 6�� �
O?R 'fe 'S-ig/RLd � 
 *-,4R ,�� � ' '45 �96 � - � 
 * ,4R ,�� � 'D>�� jc1�X��#�����B���G��"$�2%$&("�a �Z*�.nO!��%#�5.n"$/4� �!%5�6�P&2�-F �[a
� � � � �

� � � � �I�6�A�M�4� 2��N� ���Aa�� � m7�� ��	3SaK
P�6�����+�4��a��;"^Q ��� ��� � *�*��W� < �-1��P&(%I: .�*������������#"$%#����"5��%$&(�
"5%$&2*��#.�"5.��!*��c.�*��Z�>=c"5�!*�.�&2*4*6�!*-: �d�>=c"5�!*�.s&(*B"7=H�(: >61A&2�5�W@A�D= >��>� ��� -./�$ ' +H/�0Ha ��� � � w © v!a
� � � � �

� �%� � 2��F���; �Y+
�"6�:��� ��
�a �A���/ �2F������*%�Da6�;"A) �F89�M�4��

�>�V<^`�F->9��%5.�')��*+"$&2���#"5���6L��2<�.�*6��%#"5.��G�;:
��&2�#"5.��K� �!����"#"$�z: j�&xLG���!%�.�*6�#"[&(��.���.�" LT')�G�����H.�*,��.����6"5�K&(*��,�5��'�.���.����6"$�d>Y�!��LG')��%_�5�!���6"$.��!*�� >0�
� ��� -./"� R * ,/.H-;aRv � ��v � w6v!a � � ��� �

� � � �D^ ��|K& �	�; "*�a6^ �!��3�
�%	� �4�~a�|P�!G<������a���"�Q �1���� �������2 �&< /J.��5���2�5.�" L���.�<V��%#�P&("5.��!*
.�*
3!%5&2*\���s&(%c'?&("5��%#.s&2����a\<V�+&2')��aA&2*6�B��'T�����5.��2*��V>��,� ��� -./�$ ' +H/�0Ha ��� � �0� v � �0� a � � ��� �

� �\© �gQ � : �O�9��� 89

����

���9MFN �SR , 0��rq 680;N ' O 5 - , 0r� 6�R � � ' � � ��� -4,TNS- �U� �!%5*6����� �Z*�.nO!��%5�5.n" L7QS%#���5��a
� "51A&2�P&-a�v �+©�� �

� � w]� �I� 2-
 �:��l>�6
 ���+a�#
� �����; �2�
 �	 �a}��"9� � : ) ��..�/
>�6�+�4���,<�|Z��<V�!%#'?&("5.��!*�&2*�� ^����D= �2<
&bj�=H�(: |K.�'���*��5.��!*A&2��^A�+&(' ��*�����%N� �!*+"$.�*\���!�����-1��P&(% >���� ��� -./�$�' +H/ &�'45 5 /�a9w © ��v © w � �0� a
� � � v��

� �%� �U����2-
?��

��a�
P�]�&%�' ���M�Da2�;"6^ � ��

	� �

 	n�� <A.d1����!���232Lg&2*��]&232.�*�3U�*

�5.�')>���� &2>6>�%5�+&(�[1D>0�
0 * � /�� ��� -./�� /�0 a � � �0�T� a � � � v��

� � � � /P�
� � 2-

��3��H����'�
�aT

� CD



'���

Y����Sa!�;"_`2� /_&(*^����%>8��4
?����

�W� <N|K.��#���G�P&("5.��!*U�6LG*A&2').����
.��c�[1A&2�2"5.�� >��!MFN � ,PO 5 �aQ � 5 ' � ,��SR ,��2a �%� ��v ���\© a � � � v��

� � v�� 2���2P� � 2 �P<h0
� '45). * N4, - � ,4R4R ' � '4095 -4* � .-'S-XO����H-D'S-AR � 685 � 6tO9'S-+[UO����H-D'<R ��� ' R4R � , � ' '45;O����H-D'� O9680��-' >��6jc1�X��#�U���W���G��"5�!%$&�"Pa �d*�.�O2��%5�#.�"5/U�H�!%5����&2�-F �[a�v ����� �
� � � � 2��(2P� � 2��;"_|P� m<�� 	nE� <NQS%5��>A&2%5&("$.��!*^�2<Y'��2*��-�6.��5>Y��%#�5��'�����"5.��s&PL2��%�O2���#.����������2<Y���2*\"5%5�!�������

�#. ���g&2*6�41�.�3!1���*6�P&2>��#���s&�"$.��2*B%5&("$.��D>��1� /�� ��� -./�3 3
� � � � 0;N '���a � � � a�v ��� � �
� ��� � 2���2P� � 2~a6|
�
m<�� �n_a-�;"1^ �UC ��� ��
U2 �P<T`~8R����"c�2<��51���&2%��!*�&U��L!�("$%5�2>�.��d�s&2')�����s&2%S>61A&2�5� >0�

� /�� ���M-./�343�� � � � 0;N '���a � ��v ���!© a�v ��� � �



� � �������
����� ����� � � ���
� � � � 2��	2P� � 2~a�|P�;m<�� 	nHa6��"7^ �:C ������

2 �V<^��&PL!��%5.�*63)�;8R����"d.�*B&^�516�P&2%#�����nL!�2"5%5�!>6.��J��&2'�������&2%

>�1�&2�5� >��,� ��� -./�$ ' +H/�0Ha � v]� ������� aRv ����� �
� ��� �U���
2-�; �Y+Y+����'_a
� �;@!��
!*+�N��� � "Ha6��"ZQ �	m-�4�	3�

2	2M� �V<]� ��1A&PO-.��!%m�2<S&(��1����#.�O2�U�Y�!��*���&2%#L

������%5.��P&("5���4�5��%I<=&2�����J��*�����%K�#1��P&2%U�>
�*��4=p�6LG*A&2').��W"$%$&(*��5.n"$.��2*K>��A0 * � 6tO���� -./?&�'45/5�/�a � w4�
� ��� a � � � � �

� � � �U��� 2-�; �Y+Y+����' ��" � ���L��� ��

� �	�	3�% �4�=� � <
|dL-*�&2'�.���>�1A&2�#��"5%$&2*��#.�"5.��!*���.�* ���!*6tA*6���
������%5.��P&2*+"c@A�6.����c��*6����%d�51���&2% >��,� ��� -./�$ ' +H/�0Ha � � � ��� v � ��� a � � � v��

� �!© �g`	�6@	�4��

�~a�^ ���/���+�4���Ha �I�6�>��� 2�
�a���" 2���2P� � 2 � < �d�!*�1��!')�!3!��*����2���U"5�;FG"$��%#���^&(*��
�A&(*������B@A�D=m�m.�*B&^�5�2<r"d���6��.��N>�1�&2�5�g��*�����%m�51���&2% >0�!� ��� -./�$�' +H/	0 a � v)� �+©���� a � � � � �

� � w]� � �]) �����4

��' �4� �B�;"�Q ��|P���&��Y+� 2�

'E��<<^����D=�>�1�&2�5�H��.s&232%$&2')�R<V�!%����2*�����*\"5%$&("5.��!*G: ���2��>������
�#1��P&2%m�A&(*���.�*63 >��!0 * � /�� ��� -./�� /�0Ha�v2v)� ��� a � � ��� �

� ��� �g`	�����4���	3�

�0�;")Q ��j-�,� ����� � �63 ���W� < �-1��P&(%T�A&2*��6.�*�3�&2*6��"$1���.��5�2"5%5�!>�.��;:D"$�(: *���'�&("$.��
"5%$&2*��#.�"5.��!*�.�* =H�!%#'���. K2�K'�.������������?>��,� ��� -./�$ ' +H/�0Ha ��� � � v!v � � v!a � � � v��

� � � �gQ �-�E�4���	3�

� � < jc.�'����6��>Y��*�����*+"7@A�D=�.�* ��M\��.�'��2�s&2%�').���������&2%?�#�!���-"$.��2*����m"5%$&2*6�5.���*+"
�Y��1A&POG.��2%Z�2<�"$1��U�51���&2%K�I"$%5���5�N&(*��4tA%#�#"K*��!%5'�&2���I"$%5���5�J.�*����������7�I"$%#����"5��%5���J���!�6>������ =m.�"51
@A�D= .�*��I"[&2��.���.n"$.���� >��,$ �9' 6�R /FV�N45 �2a ��� � ����� a � � � � �

� � v�� � ��/�� �5� �������=�4�Sa�^ ���/

� 2�

���!a���"9) ��� ����'�
?� � <�Q}�!%#"5��OG.�*G: ���,� 1�&("$����.���%U�;8R����"A>0�
� ��� -./�$�' +H/	0 a � � ��w-v �0� a � � � � �

� ��� � �I���O���5 �����
?�~a � ��) �Wm ��� �+�4�����Sa .4� �U� 

�	3�Y-�4'�2~aP��"��U���O� ��
 ���>� <1jc1��_')�P&2�#��%5��'���*\"5�
�2<_O!�����G��.n" L�3!%5&2��.���*+"$�N.�*��s&2').�*A&(%d@A�D=m�W�+L�1��!')�G�6LG*��T��.�3!1+"#: �5�P&�"5"$��%5.�*�3,�5>Y���;"$%#�!�5���!>+L >0�
� /"� R *-,/.aQ 'tN � /�a�v � � � ����� a�v � w � �

� � � �D.B�!8I�4��Y+����
 �&<*j}�!>9�2���!3!.��P&2� &2*A&2�nLG�5.��^�(<J�[1A&2�("$.����6LG*A&('�.��P&2���ILG�#"$��'�� >�� $ ' +H/1Q 6 .%/
� ��� -./�a © � ��v �%��� a�v ��� w=�

� ��� � � �xQ �S8&��� �� �U��"�) � #
�*�5��
>�4�+�4�	3W� <?2N>-"$.���&2�216��"$��%5�G�6LG*����#"5���6LN�2<\"51��6j�&PLG���2%�.�*��I"[&2�6.���.n" L
.�*4&^%#�2"[&("5.�*�3T@���.�� >��!� ��� -./�$ ' +H/ &�'45 5 /�a � � ��v � ��� aRv �!© � �

� �0� � � �+Q ��8&��� �� ����"X#4�!�U� 
 � �4����
 "�� < 2J*��5�;"��2<?j���%#��������*����d.�*]&+.d�("[&("5.�*�3+^�����.��A>��F� ��� -./
$ ' +H/ &�'45 5 /�a �0� � ���!© aRv �+©T� �

� ��� � � ���W�X89�
%�
 ������")Q �~|P���-��Y+� 2�
?'W� < 
�').�*�.�'?&2�S')�G������<V�!%�O2�!%#"5.���.n" L�&2*��
3!%$&(��.���*\"
�A&(*���.�*63).�*����!')>����zF,@A�6.����V>��!0 * � /�� ���M-./�� /�0Ha � � ©�� a � � � v��

� �+© �U���,8&� ����'_a�� ���-��� �F ���2~a��;"h) �S`	�5� � 2�

���,< �-���D= "5%$&2*6�5.���*+"]&2*���')��"$&2�#"$&2��.���.�" L�.�*=H�!%5')��. K2�N').������������ >0�>� /�� ���M-./�3 3 � � � 0;N ';a © ��v �!© v!a�v ���+© �
� � w]�gQ �18&� �����M�;

� �6
?� ��" �A�!�>�:��� �	�	�K� �W�&<�� 1A&2%5&2��"5��%#. �P&�"$.��2*
�2<��G"$%5&2*�3!� 
�"#"$%$&(��"$�2%5� >0�

� ��� -./�$�' +H/ & '45/5 /�a � � � ��� � a�v � w � �



��� � � � ��� � �
� �������+� �
� ��� �B

�;89�:� �4��Y�������",/��	

2�
>�4���:
?� � �?<a)4���[1�&2*�.��#'��2<}����&2�#"5.��J.�*��#"$&2��.���.�" L).�*B� �!����"#"$�J@A�D=

�2<�>Y�!��LG')��%c�5�2���6"5.��!*��K��`~F->Y��%#.�')��*+" >��>� ��� -./�� R *-,/.H-;a�v � � � �%� v!a�v ��� w �
� © � �B

�F89�:� �4��Y������;"./P��

2�
>�4� �;

��� �V<]`S�s&2�I"$.��J"5��%5�6������*����W.�*B&^>Y�!��LG')��%c�5�2���6"5.��!*,@A�D= >0�

� � 5 * � ';a ���0� � ��� a � � � � �
� © v�� ) ��8&�;�������HaF.B�FI&
? �� �4� �6�!a � ������

���K� 2�
?���+�DaA��"WQ �R�U�
� ��� � 
U2	2�����
 � <?QS%5����.��;"$.��2*

�2<�� 1A&2�("$.���|ZLG*A&2').����S.�* �-1���&2%5������.�MG�6.��)� %#LG�I"[&2����.�*6�cQ��!�nLG'���%5� >��	� ��� -./
$ ' +H/ &�'45/5�/�a\w � �
� vPw � a � � � v��

� © � � � �
89 ��	��

��3�
>�4Y+

�7��"cQ � ������Y+
?�����1680UR , 02' � ��� - N4,4R4R � 5/,:680 -ts�Z+�#0 ���F,TN �SRUM
� -45 ' � -ts � 0 .� , � * � N � 5 ,:680 - 6���� 'tN45 6 � �),:' R .H- � �G>�%5.�*�3!��%�aA� ��%5��.�*�aRv � w � �
� ©�� �g`	�i8& F"6���Sac� � : Q � �D ��=�4�Sa)��"0�U� �!

2M� 2 � ��� . � 6 .S�80 ���F,�
 * ' O���� -4,�
 * ' � � *+"$��% )S��. :

"5.��!*�� - )S��.�"5.��!*6������� ��. �9a�v ����� �
� © � �g|P� 
P� ��
 ��'�a 
P���&%(' ���M�Da6�;"7) �A`	�?����2�
?��� <9�!&2')'�.�*�3�a+1+LG�#"$��%5���5.���a�&2*����!�#��.����s&�"$.��2*�.�*

�#�P&2��&2%c'��G������� <V�!%c�#1��P&(%d"51�.��tK(��*�.�*�3�>0�!� ��� -./�$ ' +H/�0 a � � � ��� v � ��� a � � � v��
� ©�� �g|P�W

� ��
 ��'�aE

�X�&%�' ���M�Da���" ) �_`2�>� � 2�

���&<r.d16���!���!3!.���&2��.�*��#"$&2��.���.�" L�.�*
&��#.�')>����

�#1��P&2% : "51�.��tK(��*�.�*�3�')�G����� >��,0 * � 6tO���� -./ &�'45 5 /�a �!© ��v � � a � � ��� �
� © � �gQ � ��l �:� �	 �'�aF^ �
��
�	� �
? 	n_aF� �9Q ���/ ����	3SaY�;"N|P�;� �	�	�4��
 �A< 'J.�������.�*�3?&(*��*.m�P&2%#%$&2*-:

3!��'���*+"$�m.�*B|K.��5�!%#����%#���4`�'������#.��!*��V>��,� ��� -./�$�' +H/ &�'45/5�/�a © w�� � �0�!© aRv ���+© �
� ©!© � 0 � �D

��� �M�4�	3W�#< �G"5��%#.��B.�*+"$��%$&2�;"$.��2* �2<J@���.��
'���'T��%$&(*�����.�* '�����"5.��s&PL2��%]�#LG�#"5��')��� >0�

��/"� � 5 * � � 6 � - N � /�a � � &�� � �0� a�v �+© w=�
� © w]�gQ � ��

� %�l�aG|P� m<�� 	nHa%

� : ) � G<

� ����� 	Hak^ � C ����� 
U2~a+�;",j-�U8& ��+�4��BtI&�"*S" � �4�	� � � <g|K.n:

���6"$�m&2*6�����!*�����*+"$%$&�"$����>�1A&2�#���_�2<YO!���#.��������_&("S"51���%#'?&(����M\��.���.��6%5.��6' >���� /?� ��� -./�3 3 � � � 0;N ';a
� ��v ���T� a�v ����� �

� ©�� �D.B���U���D���&� Y����W� <�|K.��5���!*+"$.�*\���2���T&2*6����.���&("[&(*\"WOG.��#���!�#.�" L��Y��1A&POG.��2%�.�*����2*�����*\"5%$&("5���
�#���5>Y��*��#.��!*6��� �A� 2J���5��%#O(&("5.��!*��2<�&g@�� = .�*��#"$&2��.���.�" LA>��A_ � � 0 -./:M 6 N./F$"�9' 6�R /�aAv � ��v ��� aYv �+© � �

� w � �D.B���U���D���&� Y����W� <�|K.��5���!*+"$.�*\���2���T&2*6����.���&("[&(*\"WOG.��#���!�#.�" L��Y��1A&POG.��2%�.�*����2*�����*\"5%$&("5���
�#���5>Y��*��#.��!*6��� � �A� jc1����!%IL�&2*����zF6>Y��%#.�')��*+"[&(�R"$���#"$�V>��,� /!q 6�R4R 68,/. 340957' � � ��N '+MFN4, /�a � � � �%� v!a
v �!© � �

� w6v�� '��Fj-� �� �a�Q ��G<����2�

��3 �K�6

��a9`	�"� � 2	2�3F"��+aY��"N|P��� ��� �4��
K� < �-1���&2%I: jc1�.��tK(��*�.�*�3 � *
���D=�:I� �!*6����*+"5%$&("5.��!* �-�!���-"$.��2*�� 2K< 0��!%5'^: ��. K(�X)4.������������ � �����-��.�>�a ^A%5&2��"5��%5�(a;
K*�� �G"[&2�6.���.n" L
2K<�jc1�� �G1��P&2% : � *��6�������7QS1A&2�#�@>��!� /�$ �9' 6�R /�a ��� ��v � ��� a9v ��� w �

� w � � '�� j-� �� �aBQ � G<����2�

��3 �K�6

��a?��" |P�i� �*� �4��
 � < �-16�P&2% : jc1�.��tK2��*6.�*�3 � * ���D=�:
� �!*6����*+"5%$&("5.��!* �-�!���6"$.��!*�� 2K<�0��!%#']: ��. K2�>)4.������������ �_�\|K.�%#���;" /J.��#�A&2��. �P&�"$.��2*A2K<Fj}%$&2*6�5.���*+"
� ��1A&POG.��!%2
K*6��QS1A&2�#��j�%5&2*��5.n"$.��!*��V>��!� /�$ �9' 6�R /�a �
� ��v!vPw � a�v ��� w �



� � �������
����� ����� � ��� v
� w � �B

� : � � I9��
!�!�

?�;B +  ���

���: �� �6
?� � < � 5 *�.-' .-'S- , 0 -45 � � ,4R , 5 �S- .-' 5 'fe 5/* � ' , 0 . *-, 5 'S-XO�� � *-0�tN 68*�R ' � '4095�.-'�N4, - � ,4R4R ' � '4095 . � 0 -!R 'S-�O����H-D'S-,R ��� ' R4R � , � 'S-,R � 685 � 6tO9'S- >���jc1�X��5�c�����6�-�;"$�!%5&("Pa

�d*�.�O2��%5�#.�"5/U�H�!%5����&2�-F �[a � � � � �
� w � �g�U��Q ��I& �� �4��a��O���-� ����2�3 �����M�4��3�� �_ax�;"S���0�5��

����

� �6
 ����� <J� �!')')��*+"}�!*���Q}�!%#"5��OG.�*G:

���U� 1A&("5����.���%c�;8R����"��4>��,� ���M-./�$ ' +H/�0Ha �0� � �0����� � v!a � � ��� �
� w � �D.B� �I��� ���������W� _ �9' M 5 � *UN45 * � '�� 0 .b$ �9' 6�R 6 �S� 6�� q 6���O?R 'fe � R *-,/.H- � 2ZFG<V�!%5� �d*�.�O2��%#�5.�" L

QS%5���5��a}v ����� �
� w � �D.B� �I�
� ���������Sa�`2� � � �O��
?3 � 	���
?3Sa���"�� �;� ���/ �� ��

� �4< 
�>6��%5����LB����&2�#"5.��W.�*��I"[&2�6.���.n" L

.�* j�&PLG���!% :I� �!���;"5"5�W@�� = >��!� /"�6R * ,/.aQ 'tN � /�a � vxw,� �2©�� a�v ��� � �
� w © �B

����

Y���� 2���
 � <D.m�P&(%5%$&(*�3!��')��*+"5� &2*6����.��s&("$&2*��;L�<V�!%S�#1��P&2%#���,�6��*��#�Z'�&("$��%5.�&2��� >���� ��� -./

$ ' +H/ &�'45 5 /�a�w � ��v �0�T� � � a � � ��� �
� w!w]�B

� ��
?Y���� 2���
 � < 
 |ZLG*A&2').��P&(��
K>6>�%5�+&(�[1 "5� �W��&2�5�IL )�&("5��%#.s&2��� >�� `�: QS%5.�*+"����!*��G:

'�&("�- ��� ����� v © a � � � � �
� w � � � ����

� � �9< M 5 � *UN45 * � '�'45 .S�80 ���F,�
 *9' .-'9R � 57'fe 5/* � '�6 � 02680 .-'S-�O����H-D'S-9R ��� ' R4R � , � 'S-&R � 6 �5 � 6tO9'S-V>��6jc1�X��#�U�6�g�6�-�;"$�!%5&("Pa �d*�.�O2��%#�5.�"5/g� �!%5�6�P&2�-F �[a�v ����� �
� � � � � ����

� � a ^ �,C ������

2~a���"?|P�!m<�� 	n���< �-=H������.�*�3 KG.�*���"5.����)�(<N&����!')>�%5���5�#��� ��&2'�������&2%

>�1�&2�5� >��,0+* � /�� ���M-./�� /�0 /�a � � ©!© a � � � v��
� � v��g`	�
�
��������

�"*X� <)|K�;"$��%5').�*�.��#"$.��J*��!*6>9��%5.��G��.��K@A�D= >��>� /G6��7V 5 � 6 -./�MFN4, /�a � � ��v � � � v � v!a

v � � � �
� ��� �U��� :#'���|P���� �a�Q ��|P� �-��Y+��2�

'�a���" .B������GV��� �X� <�`~8R����"$�g�2<"�Z�!*6���G�P&2� �G"$%#���5�W�!*�"$16�

|K�;"$��%5').�*A&("5.��!*��(< �-16�P&2%d��&2*6��.�*�3h^����D= >��,� ���M-./�$ ' +H/�&�'45/5�/�a�w � � � �
� a � � � � �
� � � �D.B��0 � � � �4� ��"�Q �6j-�>� �������K�63 ���U� < 2N�6�5��%IO(&("$.��!*
�(<K�#1��P&2%)�A&2*6��.�*�3�.�* =H�!%#'���. K2�

').��������������+L �<.�) O!�����G��.n" L,.�'�&23!.�*�3 >��,0 * � 6tO���� -./ &�'45 5 /�a ��� � © v � aRv ����� �
� ��� � �I� � � � �����;" a 0 �U8&����' �; ���� a+�;"5#
���I��� ����� < �->A&("5.s&2�����!1���%5��*6���J�2<91��!')�G�6LG*��Z��.�3!1+"

�#�P&("#"$��%#.�*�34<V%5�!' >A&2%I"$.��������U.�*�&����!*+O!���;"$.nO!�,O!�����G��.n" L�t������ >0� � ���M-./,$ ' +H/XVNa ��� � � � w!w6a
v ����� �

� �0� �gQ �"� ������
&% �4��� 
 �D< �GLG�I"$X�')���gf?32%$&2*���*6�!'T��%#�T���T����3!%5/��N���^��.��9��%#"5/U�;"J"$��%#��������*����D>0�
|J&(*��KQ �:G<

���6l�aA/���.�"5����%�a2& 'aq ���-6 -ts+_ ��� 6 � ,:' '45 'fe(O�� � ,:'40;N 'S- �6`SLG%#�!��������a�Q�&2%#.���a�v � w!w �

� ��� �gQ ��� ������
&% �4��� 
 � M 5 � *
N45/* � 'S- . , -S-4,PO�� 5 , + 'S-ts�N ���-6 -;'45 5 * � � * R '40;N 'S- � 
Z��/�& �6&2���s&PL���`U
Ua
v ��� v��

� �+© � � ��� ������
�% �4��� 
�aY�U��G<l
�	 Sa9�;"-
P�������+�4�W� < #Z.�3!1-: <V%#��M\����*���LB���n"$%$&(�5�!*�.��U�#>9���tK\���TO!�����(:
��.�')��"$%IL,.�*B�#1��P&(%5���4���!')>����;F,@���.����V>�� �-�!�6'�.��cf]`��6%���QS1+L-� �F� ���Ka � � � � �



��� � � � ��� � �
� �������+� �
� � w]��j-� �O��� ����������"A� �FG�� �;
U2	2�
 �4<?`S'T�����5.�t��P&("5.��!*�.�*$/J.��5���-���s&2�I"$.��D)B����.�&9>��<� ���M-./�$ ' +H/&�'45/5�/�a ©!© � ��� w6v!a�v ����� �
� ��� ��j-� �O��� �������SaF� ��G�� �;
U2	2�
�aR�;"W|P� 
P��+ 
>� 2�*#� < 'N.������6.�*�3�&2*��7@A�D= �2<_')�!*��G��.��#>9��%5�5�

��'T�����#.��!*6�V>0�!� /!q 6�R4R 68,/.�3 095 ' � � ��N '+MFN4, /�aRv ©�� � ����� a�v ����� �
� v � � ��j-� �I��� ��������a6) � : |P� � �	� ������
�a �I� � �589��

� 2~aS|P� ��
&% �4��
�a � �,G�� �:

2	2�
�a~�;")|P�U
P�

+ 
>� 2�*X� < 2N�#'��("$.���>�%#���#�5��%#��&2*��
OG.��5���G����&2�#"5.����516�P&2%,')�G������. �2<N���2*�����*\"5%$&("5���0��'T���n:
�#.��!*�� >��,� ���M-./�$ ' +H/�0Ha � � � � v � � aRv ���+© �

� v � v��D^ ���/

� 2�

���+a � ��/��X�5� �������+�4�Sa+��"1) �!� ����'�

� � <U|ZLG*A&2').����H�2<�QS�s&(�#"$.��K|Z��<V�!%#'?&("5.��!*
^A%5�2*\"5�m.�*B&2* 
K����'�.�*\��' 
Z����� L >��,� ��� -./�$ ' +H/�&�'45 5 /�a © w�� �%� � � a�v ���!© �

� v ��� � � ���/
 � �4�!a�) ���/��� 2M�4

�~a	� �F=&
?��Y�����2~aR��"gQ �"�/��� '�

� ��

�����9<�`�F->Y��%5.�'���*+"[&2�S`~OG.n:
����*����^<V�!%Z"$1��]`�F-.��I"$��*6���]�2<H& 0�&(3!3!.�*63 .d��3!.�')��.�*�Q��!�nLG'���%5.�����.�M\��.���� %ILG�#"[&(���4>��aQ � �
N � 6�� 6�R 'tN4*�R 'S-;a � � ��v ��� � a�v ���!© �

� v � � �U��� �/
�"�
?� � <<$ ��� 6�R 6 � ,:'+'45�N � � ��N45 � � , - � 5/,:680 .-'	O����H-D'S-XR ��� ' R4R � , � 'S-ts - � 'tN45/,�
 * 'S-�V�s�N �96�R 'S- �5 � � ,�
 * 'S- '45�_��%� .-'DN � , -45 � *]ebR ,�
 * ,/.-'S-tsG'fe 57'40 -4,:680 gaRLd �45 *�.-'1.-'S- 5 � � 0 -4, 5/,:680 - .-'5O����H-D'S- >0�
jc1�X��5�U���W���-�;"$�!%5&("Pa �Z*�.nO!��%5�5.n"$/gQ�&(%5.��,/$�[a � � � v��

� v ��� �U���!�/
 "�

�~a�� � �&��� �	�K�4���!a6���?G<�� ����N�F �n_a+��"7) �
I&��
?Y����U� < �Z*�.nO!��%#�$&2�9>�%5�2>9��%#"$.����_�2<
��&2'�������&2%H�ILG�#"$��'��d��*��6��% = ��&SK��516�P&2% >��!0+* � /�� ���M-./�� /�0Ha � � � �%� a � � � v��

� v �0� �U�����/����2�3� ��Z��"!� � : Q �UG<�� ��	3 �	 �'W� < )4�-�6�����_�2<�"5%$&2>6� &2*6�?3!��&2�5�_>�1���*��!')��*��!���!32LD>���� /
� ��� -./	VWa ��� � � w �\© aRv ����� �

� v ��� � � �F� ���/ ���� 

�~a;.B� �I���N����������a��;"W`	� � � �O��
?3 � 	�� 

3U� < 
 >6��%5����LB����&2�#"5.��U"5%$&2*6�5.�"5.��!*
.�* j�&PLG���!% :I� �!���;"5"5�W@�� = >��,$ �9' 6�R /FV�N45 �2a � w�� ����� a�v � w � �

� v �+© �D^ ��C ����� 
U2~a}|P�6m<�� 	nHa��;"9� �6�!�;��� 2 � <�|ZLG*A&('�.��?��.�321\" �-��&("5"5��%#.�*�3 �G"$���-L��(<m|K.����6"$�
��&2')�����s&2% Q�1�&2�5����>��,� ���M-./�$ ' +H/ &�'45/5�/�a ��� � �2© � a�v � w!w �

� v � w]�gQ ��CD��*+�4

��

����"S|
���- �

Y���' �E� <�
 >Y�!�#�5.��6���_.�*��I"[&2��.���.n" LN'����[1A&2*�.��5' <V�!%}>����63K<V�!%5'�&("5.��!*
.�*4&^�#1��P&2%#���4�5���#>9��*��5.��!*4@A�D= >0�,0 * � 6tO����M-./ &�'45/5�/�a � aRv � w � �

� v ��� �gQ � |P� �-��Y+��2�

'W� < j =H�(: �#"[&�"$�B�51���&2%?��.�&23!%5&2'��^<V�!%]���!'�>6���;F
@���.����).�* �516�P&2%)@A�D= >0�
0 * � 6tO���� -./ &�'45 5 /�a � w�� � ��� a�v ����� �

� v!v � �gQ �A|P� �-��Y+��2�

'��;"dQ �
) �:89����' � ����2 � <&jc1����!%#L,�2<�"$1��N*��2*���M\��.���.��6%5.��6' >61A&2�5�J"5%$&2*6�5.n:
"5.��!*�<V�!%c*���'?&�"$.��K��.�M\��.�����%IL-�I"[&2���m��*�����%d�#1��P&(%m@�� = >��>� ��� -./�$ ' +H/FVWa � v)� �0�!© w6a9v ��� � �

� v!v!v��gQ �9|
� �-��Y+� 2�
?'��;"JQ �?) �	89����' � ����2 � < � �#�2"$%#�!>�.��z: *���'?&�"$.��J"5%$&2*6�5.�"5.��!*�.�*4�#1��P&(%d@A�D= �
�G"$&("$�Z�5�������;"$.��!*�a+���G�;F-.��#"$��*����(a6>�1�&2�5�d"$%$&(*��5.n"$.��2*���a\&2*6�,��%#.�"$.��P&2�6�9��1A&PO-.��!% >0��� ��� -./F$ ' +H/?VWa
� � � �%� ��� a�v ����� �



� � �������
����� ����� � ��� �

� v!v � �gQ �H|
� �&��Y+� 2�

'p�;",��� :#'���|P���� W��<�� �G�;F-.��#"$��*����4&2*��
>�1A&2�#�4�#��>A&(%$&("5.��!*
.�* �516�P&2%#���
���!'�>6���;F?@A��.���� >0�,� ��� -./�$ ' +H/�0Ha � � � ��� a�v ���+© �

� v!v � �gQ �X� ����'�
?�7�;" �O��#
� �/��I��4����
�" � <7`S�s&2�I"$.�� � *��I"[&2��.���.n" L�&2*��
� ��%IO!��� �\"$%5��&2')��.�*6��� >0�
� ��� -./�$�' +H/ & '45/5 /�a ©2© � � �%��� aRv ����� �

� v!v � �gQ ��� ��� � *�*%��aRQ �F�&�:�	3 ��Y ���F ���2~aY��"N|P��m<�� 	nE� <,`~89���;"$�N�2<��-1���&2%N�!*7"51�� �-')���;"$.��P

QS1A&2�#�U�(<�jc1���%5')�2"$%#�!>�.��W��.�M\��.��B� %IL-�I"[&2��� >0�>� /�� ��� -./�3 3;a � � � � � a�v ���0� �

� v!v � �gQ ��� ��� � *�*%��a 
P�k�A���=�4�Sa!�������� ������Sa ��"�|P�km<�� 	n�� <�
 �6LG*A&('�.��H�I"$���6L��2<A�!*6.��!*T>61A&2�5���
��*6����%d�51���&2%c@A�D= �A�#. ���N�[1�&2*�3!����>��!0 * � /�� ���M-./�� / �ca � � �0�;�6© � a�v ��� w=�

� v!v � �gQ ��� ��� � *�*%��a�|P��m<�� �n_a /P�]=& �4�����	 �Y+
�a!��� '��i|P���� �a���"X) �i`	� � � 2�

���Y< /J.��#���G����&2�#"5.���.n" L
�2<}"$16�g�2*�.��!*�>�1�&2�5� >�� & � 0����F*-, � a�v � � � � w6a�v ��� � �

� v!v © � �I�;� �4� ����'_aX

�
�&%(' ���M�Da��U�FG<��� 	� �
U2~a���"�^ �	��
�	� �
? 	nE��< �-.�')>����K'��G�����9<V�!%m1���"5��%5��:
3!��*����2���d@�� =m�m�2<�LG.��������#"5%5���#�d@���.���� >��,� ���M-./�$ ' +H/�0Ha ��� � �0� v � � v!a � � ��� �

� v!vxw]�D^ �k� ���6�����SaT

��� �K�6� �4�Sa2��"5� � :p) ��� � �	 U� <�jc1�.nF-�2"5%5�!>�.�� ���!�����!.��A&(�G�#���5>Y��*6�5.��2*���&2*��T@A�D=
����%#O2���+=m.n"$1)'�.�*�.�'T�6' �
� ����*\"5.�tA��&("$.��!*)�2<R@A�D= %#��3!.�'�����&2*��?%#1����2'��;"$%5.��m���!*��#��M\����*������V>0�
� /�$ �9' 6�R /�a � � � �!©�� a�v ����� �

� v!v � �g�U� �!���;� ���~a 0 �%
P��� ��Y-�4��2����Sa+��"HQ �G|P� G< �2���
?� �N< �-��&2��.�*�3W�2< �G1��P&2% : � *��6������� j�%5&2*�� :
<V�!%#'?&�"$.��2*���.�* )B��'T��%5&2*��UQS1A&2�5����>��,� ��� -./�$�' +H/ & '45/5 /�a9w � �Rv � w � � v!a � � ��� �

� v � � � �I�!�>��� 2�
�a5� �,� ���


����a_Q �>GV������

��
 �	 Sa,� �,� ��� ���6� ����aX) � 
?���� ��M�Da �A�>G��4��� ����'_a
�;" ) ��2-

���M����2M� � <��}&('������s&(%�O!��%5�5�6�,.��#�2"$%#�!>�.����I"$%#����"5��%5���?.�* ��.����6"5��>�1A&2�#���?�(<K@A��.��
')��'T�6%$&2*���� >0�,� ��� -4,TN �9VWa�v © � ��v � w6aRv ��� v��

� v � v��g`	���!� ��2	2 �;"9) ��2-

��� �4�U� < �Z�2*���.�*��P&2%N�I"$%#���5��&2*���@A����"5�A&("5.��!*��6LG*A&2').����g�(<��516�P&2%#���
��.��5�!%#����%#��� = �;"Z<V�!&2' >��,� ���M-./�$ ' +H/�0Ha �+© a � � � � �

� v � � �D#4�?) �;�!� �4���	

����"V
P��|
�;II�4������<h.m1����2���!32L?�2<}<V�+&2')�m&2*��B1�.�3!16��L����!*�����*+"$%5&("$������'T���n:
�#.��!*�� � � /P�%
K*,�zF6>Y��%#.�')��*+"[&(�Y�I"$���-L��(<�"$1��Z�51���&2%HOG.��5���2�5.�" L)&(*���LG.��������#"$%#���#���2<����!*�����*+"$%5&�:
"5���B��'T�����5.��!*��V>��!� /!q 6�R4R 68,/.�340957' � � ��N '+MFN4, /�a�v � w,��v © � a�v � w � �

� v ��� � 2��Fm ��'� ���
?���	 ��;"ZQ �Y|P� �-� Y+� 2�

'E��<c)�&�"$�[1�����&2�#LG')>6"$�("$.��W�#�!���6"5.��!*6��<V�!%c"$1��g�#"5�P&2�6L
�A&(*������U@A�D=
�2<6"51�� ��.n8R�6�5.�O2�!�2�21�*��5�2* �-��3!&2��'�&2*W'��G�����G.�*gO(&2%#.��!�6�}32���!')��"5%5.�����>0�
� /&�1680��
�1'43
5 6809,�� 0�� R * ,/.hQ 'tN � /�a � v]��v � � a � � � � �

� v � � � 2��?m���'� �� 

���	 �a-Q ��|P� �-� Y+� 2�

'_a � � : Q �!2-
?�	�: ��!�

�a � ���6

�:�� �6
�a�� � : ^ �?G7
?����
U2~a6�;"
�I�F�>��� 2�
 � <hjc.�'��g�5��&2�����Z.�*4�#1��P&(%K�A&2*6��.�*�3��2< =H�!%#'���. K2�W').������������V>���0 * � 6tO���� -./ & '45/5 /�a
��� � ��� � a � � ��� �

� v ��� �g�U��m���Y+���)��"U�U���C� �


��� 
U2	2M� � < �d��"5%$&2�#���D= |dL-*�&2'�.����g&2*�� �G"5%5���#�-.m����&�F6&("$.��!*�.�*�"$16�

Z3!.�*�3]�2<�& �-�2<r" �N�s&2�#�#L �GLG�#"$��' >0�,� ��� -./�$ ' +H/�&�'45 5 /�a�w © � � �%��� � � a � � � v��



��� � � � ��� � �
� �������+� �
� v � � �g�U�Dm���Y+���!a+^ � �/���=�4���HaK�;" �O���!��� 2�
 � < �-1���&2%I: '�����"5.�*�3
.�* ��L2�2"$%#�!>�.���1��zF�&(3!�!*A&2�

>�1�&2�5����>�� & � 0����F* , � a�v � � � w � � a � � � � �
� v �!© �D#4��m+
?3 �K�6
���"�#4� �����&� Y������U� < /K.��5���-���s&2�I"$.����5�6%#<=&2�;"[&2*+"N�#�!���6"5.��!*6���Y'��G�������#LG�#"5��')�

<V�!%c%#1����2���!3!.��P&2�9%5���5�P&(%5�[1 >��,Q 6�R /�� ���M-./�a © � � ��� � a�v ��� v��
� v � w]�gQ ��mB�4�	3�
U2	2M�Da	� � :I����m<�� �n_a	^ �	�-���6�� ��Aa���"B

�	�&����l?��'���� < ^A%5�2' M\�A&2�#.�>Y��%5.��-�6.���.n" L

"5�T�[1A&2�!� .�*?"51��N� �����!���#�xO\: oR1A&2�Y�2"$.�*��LK\.�.Y%#�P&2�;"$.��!* ��� �A��)4�-�6����.�*�3T&(*��?"$16���!%IL >�� � /Xq �9' �D/
� ��� -./�a�w � � � � ��� a�v � w © �

� v ��� � �I�!mB�4

��E	�	��

�~aX) �1I&��� �6

�SaS�;" � � ��

����� <�� 1A&2�2"5.����!%5.���*+"[&�"$.��2*A&2���Y��1A&POG.��2%��2<J&
*���'?&�"$.��Z��.�MG�6.��?��%#LG�#"$&2���#���-�#���;"$���B"5�^&T�#"5�P&2�6L?�51���&2%�@A�D=�>��X� ���M-./F$ ' +H/	0Ha ��� � �����!© ��� a
� � ��� �

� v � � � 2��G`	�Um���������

� � <4
Z*?��M\�A&�"$.��2*�<V�!%����2*\"5.�*\���!�6�H�[1A&(�!� >���� ��� -./2&�'45/5�/?VNa �!© � ���+© aAv �+© � �
� v � v��g|P� m<�� 	nHa 
P� �����+�4��a�� � ��

� � a��;"�
P� : � ��+  ���

���:
?� �6

�U� <�`SM\��.���.���%#.���' &2*���@A�D=

>�%#�!>Y��%#"5.����)�(<K�#��%#<=&2�;"[&2*+"5�).�*
�5�!���6"$.��!* >��
|J&2*��c) ��`	�!� � 2�

���;"b) � .4�X@ % �����!a~/���.n:
"5����%#��a	M 6�� 5 � 0 . � � � � ,4R 'AQ � 5/57' � [��1680 0 
 *-,4R ,�� � , *�� Z��80 ���F,TNS-AQ '45 �H-45 � � ,4R , 5 � � 0 . � R 683U�
� *��I"$.n"$�6"5�g�(<~QS1+LG�5.����KQS���6��.��#1�.�*63 u � %#.��#"5�!�ryza � � � � �

� v ��� �g|P�Fm<�� �n_aY���	�A�� ������Sa���"A) ��`	�	����2�
?��� < �G>9�!*63!�W>�1A&2�#���d.�*B�5��%I<=&2��"$&2*+"K�#�!���6"5.��!*6�V>0�
� /�� ���M-./!q �9' �D/�a ��� � � v © � a�v ����� �

� v � � �g|P�
m<�� 	nHa ^ �UC ��� ��
U2~a-�;"?2���2P� ��2 �P<&.d1����!���232L]�2<���L2�2"$%#�!>�.��Z��&2'�������&2%S>�1A&2�#���?>��60 * � 6 �
O���� -./ &�'45 5 /�a � � � ��� a�v ��� � �

� v ��� � � � : ���"
 ��� Y+���Sa9�W��G<l
�	 �a � ��� ������
&% �4� ��
�aR�;"-
P���A���=�4�U� <bj}� = &2%#���N���G�P&2�}%516���!���!32L
�2<���'T�����5.��2*��H�6*�����%�� �!���;"5"$�Z@A�D= ���5.�*�3^|ZLG*A&2').��Z��.�3!1+" �-�P&�"5"$��%5.�*�3A>���0 * � /	� ��� -./	� /F0 a
v � � � ��� a � � ��� �

� v �0� � � � : ��� 
 ��� Y+����aM
P� �����+�4��a � � � ������
�% �4��� 
�a���"&^ ���/���=�4����� < /������G��.�" L�QS%#�2tA������.�*
�-16�P&2% : ��&2*6��.�*�3 0��!%5')��. K2��)B.������������?>��!� ���M-./�$ ' +H/�&�'45/5�/�a � � � � � w � � � a � � � � �

� v ��� � � � : ��� 
 ��� Y+����aM
P� �����+�4��a}��"T|P�Xm<�� �nE� <4|ZLG*A&2').��P&(�_�Y��1�&xOG.��!%��2<c&����!')>����;F�@A��.��
*���&2%�&2*]�!�6"I: �2<s: ��M\��.���.��6%5.��6' "$%5&2*��5.n"$.��!*,��
Z>�>�%5�!&2�[1�.�*63N�5.�')>�����%51����!���23!.���&2�-�[1�&2�!�P>��F� ��� -./
$ ' +H/�0Ha ��� � � � v � �0� a � � ��� �

� v �+© � � � : ��� 
 ����Y+���Sa � ��� ������
&% �4� ��
�a 

�,�����=�4�Sa��;")���5�!�� ��=���6�F"�� < 
K*
�!>-"$.���&2�Ht��9��%
�A&(�5����.�*+"5��%#<V��%5�!')��"5��%J"5�B')�P&(�5��%#�TO!�����-��.�" L�>�%5�2t������N.�*��51���&2%5�������!'�>6���;F4@A��.���� >��c0 * � /
� ��� -./�� /	V��Ha � � ��v ��� a � � � � �

� v � w]� � ��
 ���	" ���Aa(|
���V� % �4�	3Sa���"��U� �I� �6
 ���>� <J|ZLG*A&2').������2<Y`S*\"$&2*�3!�����]Q}�!��LG')��%5.��,^�����.�����.�*
j�= ��: %5�2��� )4.����+�#"5����.�����OG.s&Z|ZLG*A&2').��H��.�3!1+" �-�P&("#"$��%5.�*63J&2*��-j =H�(: ���!���2%�@�� =
� .�%5�;<V%5.�*63!��*����T�
�A� �G"5�P&2�-L,@A�D= >���`�: >�%#.�*+"m���!*6�-: '�&("�- � � �����2©�� a � � � � �



� � �������
����� ����� � ���T�

� v ��� � /P� 

�	3�Y-� 2	2~a	^����6
�	� �

 �n_aK
P���!�� �����
�a��;"�|
�6m7�� �nE� <i^���� =�� ��1A&PO-.��!%g&2*�� �-1��P&(%
� *��6�������bj}%$&2*��#.�"5.��!*^*���&2%_&2* � �5�2"5%5�!>6.�� - �Z��'�&("5.��!j}%$&2*6�5.�"5.��!*^.�*)`�M\��.���.���%5.���' Q��!�nL-')��%#��>0�& � 0����F*-, � aRv � � �0��� a�v ����� �

� v ��� � /P�"
?�	3�Y-� 2	2~a9���F) �"� ��� 	� �

�+aY��"A^ ���6
�	� �

 �nE� <��-1���&2%I: .�*��6��������>�1A&2�#�T�5��>A&2%$&�"$.��2*
�2<9���2'�>����;FU@A��.����m�Wjc1��m%5�!�����2<Y@A�D=�: ���!*�����*+"$%$&�"$.��2*)���!��>���.�*�34>��F� ���M-./?$ ' +H/?0Ha � � � � � ��� a
v ���0� �

� v � v��g`	� � � �O��
?3 � 	�� 

3U�4<�QS��%#����LB���s&2�I"$.��W.�*��#"$&2��.���.�"5.���� .�*�O-.��5���!'��;"$%#.��W@A�D=m� >��7V 0909* /�$ ' +H/
� R *-,/.%/�Q 'tN � /�a � w���v ��� a�v ����� �

� v �
� �gQ � 
>�4
?���:��� < 0 � '45 . * N4, - � ,4R4R ' � '4095 -4* � R �hO����H-D'hR ��� ' R4R � , � ' . * - � -45�� � '$
 *�� 5 ' � 0 � , � '
� N45 � 026�R �
M Z+M��U0 � *���� � q�R >�� jc1�X��#�U���W���G��"5�!%$&�"Pa �d*�.�O2��%5�#.�"5/U�H�!%5����&2�-F �[a�v ���0� �

� v ��� �gQ ��
 �4

���;� �;"W|P��m<�� �nE�D< �G"$%#����"5��%5���2<H&,��L!�2"5%5�!>�.��^��&2')������&2%dQS1A&2�5�^�6*�����% �G1��P&2% >0�
� ��� -./�$�' +H/ & '45/5 /�a © w��Rv �%��� aRv ���+© �

� v � � �gQ �!

��� �+�4�	3Sa�^ � ��
�	� �

 	nHa\Q � �Dl �;� �	 �'_a\�;"!) �-`	�U� � 2�

���N<�.d16���!���!32L^�2< �-�2<r"��N�s&2�#�#L
)�&�"$��%#.s&2���?>��!� ��� -./�$ ' +H/�&�'45 5 /�a © w�� � ��� � a�v ���!© �

� v �%� � � �S^ �*

�(
?����2�

�;�Ha]^ ��GV�	 �2M�4��2 ��aW� �(`	� �! ��� a���"P2���� ����

�;��� <A.m1����!���!3(LU�(<9� ��" LG��"5%5.n:
')��"51\LG��&2'�')�!*�.���' >-: j}�!���6��*����5���n<V�!*A&("5�;: 0�&("5��% �GLG�#"5��'�� � �
�Z�!*���.�*���&2%�/J.��5���-���s&2�I"$.���.�" L >0�& � 0����F*-, � aRv � ��v � ��� aRv ����� �

� v � � � �4��

�.
��


��� 
�"Ha!) �H`	�7� � 2�

�!a���"bj-�����H���,�/�"�6
>�4��3U� < �d�!*���.�*���&2%h.d1����!���232L
�2<
0��!%5')��. K2��)B.������������V>��,� ���M-./�$ ' +H/�&�'45/5�/�a © v]� � ��� a�v ����� �

� v �\© �D^ �1�P����

����� <Z|ZLG*A&2').���&2���GLG�#"5��')�~&2*6�-j}��%5���6����*6��� >0�-|J&2*6��|P�Wm�����'���"��W� : � � �a�� �� � a
/���.�"5����%#��a2&�'tN45 * � ' � 6857'S-1, 0iQ � 5 �9' � � 5/,TNS- � 6�/�������� �->�%#.�*�3!��%�a�� ��%5��.�*�a9v � w6v��

� v � w]�D^ �
=������ �4�HaY�U�	G7��� 	� �

2~a:� � : �U�;GV����� ��2~aA��"K�W�FG<

��2�3 �4

� � < �G1��P&2%K���-��&2��.��P&("5.��!*�.�*
&c)4�G����� �N�s&(�5�V>��!� ��� -./�$ ' +H/ &�'45 5 /�a � � � ���0�2© ��� a � � � � �

� v �%� � /P�F=I� ��������� ����"D^ ���6
�	� �

 �nE��< .d�7�#�6O!��*A&("5.��!*�&2*6� 2KO2��%$&(3!.�*�3�.�*�&�� �!�����!.��A&2� �W��&2�5�
��*6����%$�-1���&2%V>��>� ��� -./�$ ' +H/�&�'45 5 /�a�w � � ���0�!© � v!a � � ��� �

� v � � �U��� =��4' ���X� <T���K�[1A&2�!�c�A&(*����s&U%5/P&(��"$.��!*,���J� �����!���5�xO+:poR1�&2�9�("$.�*6�LK+L >���|J&2*��mQ �?G<

� �6l�a
/���.�"5����%�a2& 'cq ���-6 -ts�_ ��� 6 � ,:' '45 'fe(O�� � ,:'40;N 'S- �6`SLG%#�!��������a�Q�&2%#.���a�v � w!w �

� v � v�� � �X� � + ��� � aS|
� �V��% �4�	3Sa~��"?�U� �O� ��
 ���>�	<*jc.�')�;: %#���#�!��O2����O!�����G��.�" L�3!%$&2�6.���*+"5��&(*��
�!>-"$.���&2��&(*�.��#�2"$%#�!>+L,.�*���.�*���&2% @A�D= �+L�>�1��2"5�!*����!%#%5���s&("5.��!*,�#>9����"5%5�!�#���!>+L >��5� ���M-./"�6R * ,/.H-;a
� � �0� v � a�v ��� � �

� v � � � � �R`	�	+ 

� �	3SaF) �;.B�"
U2�

2�*k

�~a �O� �D SaR`	�R���"
>�4�;��2 �_aY��"�� �F#4�F� � � '�*+� �����@< � *\"5��% :
')��'T�6%$&2*��N�#>A&2��.�*�3)&2*���O!�����G��.n" L,>�%#�2tA��.�*�3^�2<�&^�s&2')�����s&2%_��L2�2"$%#�!>�.��K���!')>����zF,@A�6.�����*�����%
@A�D= ���5.�*�3]F\: %$&PL���.n8R%5&2��"5.��!* >��!� ���M-./	$�' +H/�0Ha �0� � � � v � v!v2a � � � � �



��� � � � ��� � �
� �������+� �
� v ��� �g`	�,�I� + 3�
?

��

�SaHQ �2���4���	3�

�~a �;" �I���I�2�5 ���� 

� � </jc.�')�;: >9��%5.��G��.���@�� = .�*����������

�I"$%5�6��"$�6%5���m&(*��,.�*6�#"[&(��.���.�"$.����S.�*�&UOG.��#���G���s&(�#"$.��Z�#��%#<=&(��"[&(*\"��5�!���6"$.��!*9>�� � /��1680��#� '43
576809,�� 0
� R *-,/.hQ 'tN � /�a ©�� ��v � � a�v ��� w=�

� v � � �B

� : � ��+  ���
?� �; ����6

�~a#

�F�A���=�4�SaUj-�F�����=�4�SaA��"Z|P�;m7�� �nE��< �d*�������&("$.��!*�.�*��I"[&2�6.���.n" L
��*6����%��#1��P&(%K�+
 ')�-�����Y"5���zF6>6�s&2.�*�"$16�K��.n8R��%5��*+"c�2%5.���*+"[&("5.��!*����2<}&g�s&2')�����s&2%�>�1A&2�#�J��*�����%
�#1��P&2%� A>0�,0 * � /�� ��� -./�� /�0Ha � � �2©!© a � � � � �

� v ��� �B

� : � � +  ���

� �; ����6

�~a�

�������+�4�SaW� � ��
?� � a�
P�]�&����l
��'��Ha���"S|
��m<�� 	nE� <�2J�5��.����s&("5.�*�3
/K.��5���!�5.n" L7.�*�&���L2�2"$%#�!>�.��]�}&('������s&(%KQS1A&2�#�]��*�����% �-1��P&(%J@A�D= >��a� ��� -./ $ ' +H/
&�'45/5�/�a�w � �
v �!© � a � � � v��

� v � � � '�� �a

34��"5#4��o ���� �Y+Y-�4�����N<N���-��&2��.������T@A��.��^@A�D=m��')�P&2�#��%5��'���*\"5�
=m.�"$1)&�#Z� � �Z�m��&2�5��%
�#>9����"$%#�!')��"$��% >0�5V,O�O?R /�� ���M-./ &�'45/5�/�a � a�v ����� �

� v �!© ���P� : ^ � �9 ���U� <J|ZLG*A&2').������2<Y&J')���[1A&(*�.���&2�-.�*+"$��%I<=&2���H.�*T�#1��P&(%I: ��&2*������]@�� = >��:0 * � 6tO���� -./&�'45/5�/�a � � � � ��� a�v ����� �
� v � w]�B

� �I���M�4� Y����p�;" .B�78&� ����

��� < �Z*��6���s&("5.��!*
.�*��I"[&2�6.���.n" L��2<W��&2')������&2%T>�1�&2�5���,��*�����%

�#1��P&2%W�X
p')���[1A&2*6.��5' <V�!%c�!*�.��!*�<V�!%5'�&("5.��!*. >��!0+* � /�� ���M-./�� / �ma�v2v)� ��� � a�v ����� �


