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Contact Sensor Force 
and Center  

Dynamic Slip Sensor 

Polymer layers: 

- deflectable knobs - PVDF  

- soft layer - FSR semiconductor - PCB 

a) 

b) 

c) 

d) 
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À*½]Ê?ÃÎÌsÁ)Ê�Ê(¼JÆL¾�Á)Å�Ä<ÌsÛ�Ì�áUõöÊ�ÃÎ½]¿AÛ�Á�¿ÇÁ)Þ�á*Þ8Û�Ìh÷òÅ�¾�Ã�ÁJÄ�õ)øùÅ�Ä<Ã�Û�ÌsÁ�ÃÎú�õ+Å�Ì�¿dû0»�Ís½N¾�Ã�ÁJÌ
Ó�Õ�×�×�Õ�Ý£Å�Ì�¿ü»H¼JÈÒà]Å�Ä5Á)¿ÒÃy¼�Ã�Í{ÁüÊ�¼JÏ�»�Å�¾�¾�Á)¿Ñý�ç�þ*èÎéHî ÿ � é��$ý�ç�ë���åHè���Û�Ìó÷òÅ�¾�ÃÎÁ�Ä
Ó�Õ�×�×�Õ�ÝsÅ�Ì�¿�÷òÅ�¾�ÃÎÁ�Ä$Å�Ì�¿Xû0»�Í{½N¾�ÃÎÁ�ÌÑÓ�Õ�×�×	��Ý\Þ
ß!Í{Á�
 ®�N¬���¸��d�² 
 ®�«��ü³U¬�� Ê�Í�¼qÐÑÊ�Û�ÌÒ»H¼JÌsÃÎÄqÅ�Ê�Ã!Ã5¼�ÃÎÍsÁ_û���ø Ì�¼qÃ]Å��NÂ0Á�¿
áUÄ<Û�¿ôÃy¼Jà]¼q¾�¼)áUâ�À*½NÃ Å���á*Å�Ê�Ï�¾�Û��*Á���õ�¿Aâ*Ì�Å�ÈhÛ�» ¿AÁ��NÌsÛ�ÃÎÛ�¼qÌ ¼JÆ£ÃÎÍsÁ�ÌsÁ�Û�áUÍsÀ!¼JÄ5Ï
Í�¼)¼A¿#Æ�½NÌ{»�ÃÎÛ�¼JÌ{õsÐ�Í{Û�»�ÍÒÛ�Ê-¿AÁJÃ�ÁJÄ<ÈhÛ�Ì{Á�¿ôÀ*âÑÓ�¿Aâ*Ì�Å�ÈÒÛ�»HÝ{ÄqÅ�Ì �*Û�Ì�áÇ¼JÆ�»�¾�¼)Ê?ÁJÏ
ÌsÁ)Ê�ÊöÛ�ÌXÃÎÍsÁ�Û�Ì{àN½NÃ+Ê�à]Å�»�Á�ÓOø�Å�Ä<Ã�Û�ÌsÁJÃ�ú	Å�Ì�¿�û:»�Ís½N¾�ÃÎÁ�ÌhÕ�×�×�Õ�Ý�ÞJßLÍsÛ�Ê{Ä5Á)Ê?½N¾�ÃyÊöÛ�Ì
Å�¿Aã!Å�ÌsÃ5Å�á�Á)Ê*Æ<¼JÄ�Å�àNàN¾�Û�»HÅ�ÃÎÛ�¼JÌ�ÊöÐ�Û�ÃÎÍ_Û�ÌsÍ�¼JÈ ¼Aá�ÁJÌsÁ)¼J½]Ê!¼qÄN½NÌ!�*Ì�¼JÐÇÌ}Ã5¼Jà]¼J¾�Ï
¼)áUâ Ó�Á)Þ�á*Þ àNÄ5Á)¿AÛ�»�ÃÎÛ�¼JÌ ¼JÆ�»�Í�Å�¼JÃÎÛ�»ÒÃ�Û�ÈhÁ Ê?ÁJÄ<Û�Á)Ê�¾�Û���ÁóÃÎÍsÁóø�Å�»��*Á�â*Ï�"_¾�Å�Ê�Ê
Ê?ÁJÄ<Û�Á)Ê_Û�Ìò÷òÅ�¾�Ã�ÁJÄôÓ�Õ�×�×�Õ�Ý(Å�Ì�¿ó¾�Å�Ã�ÁJÄôÅ�¾�Ê�¼ÒàN½NÀ*¾�Û�Ê?Í{Á�¿ÖÛ�ÌòøùÅ�Ä<Ã�Û�ÌsÁ�ÃÎú�Á�Ã}Å�¾�Þ
Ó�Õ�×�×	��Ý�Ý�Þ

ßLÍsÁ_»�Í�¼qÛ�»�ÁS¼JÆLÃÎÍsÁ	ÃÎâ*àNÁô¼JÆ|Å�àNàNÄ�¼qÂ:Û�È Å�ÃÎÛ�¼JÌ�Æ�½NÌ{»�ÃÎÛ�¼JÌ�Û�ÌsÃÎÄ�¼)¿A½N»�Á)Ê$#8ìïé��5õ!Å�Ì�¿
ÄtÁ�Ê�Ã�Ä<Û�»�ÃyÊöÃÎÍsÁ�í�éHè5ì éHð*ä\ç�¼JÆ{Ã�Í{Á�¼JÆ{Ã�Í{Á$à]¼AÊ�Ê�Û�À*¾�ÁXÊ�¼J¾�½NÃ�Û�¼JÌ�Ê�ÞAßLÍsÛ�ÊöÛ�Ê|Å[Æ�½NÌ�¿NÅ�ÈhÁJÌsÃ5Å�¾
ÄtÁ�¾�Å�ÃÎÛ�¼qÌ�»HÅ�¾�¾�Á�¿�ÃÎÍsÁ�#8ìïé��%�í�éHètìïéHð*ä\ç�àNÄ�¼JÀ*¾�Á�È Ó�"_Á�ÈjÅ�Ì ÁJÃ!Å�¾�Þ*Õ�×�×	&�Ý�Þ�'�ÊNÛ�Ì�¿AÛ�»HÅ�Ã�Á)¿
À*Á�Æ<¼JÄ5ÁJõ�ÃÎÍsÛ�Ê+À*Û�Å�Ê|Å�Ì�¿�Ã�Í{Á-»H¼JÄ<ÄtÁ�Ê�à]¼JÌ�¿AÛ�Ì�á�ã�Å�Ä<Û�Å�Ìs»�ÁzÄ5Á�¿A½N»�Ã�Û�¼JÌ#»HÅ�Ì À*Á	á*¼)¼)¿h¼qÄ
À!Å�¿Aõ�¿AÁJàNÁ�Ì�¿AÛ�Ì�ád¼JÌdÃ�Í{Á�Ê�½NÛ�Ã5Å�À*Û�¾�Û�ÃÎâÑ¼JÆsÃÎÍsÁ�»�Í�¼JÛ�»�Á)Þ0ßLÍsÁ(Ì{Á�Â0Ã�Ê�Á�»�Ã�Û�¼JÌÑ¿AÛ�Ê�»�½]Ê�Ê?Á)Ê
ÃÎÍsÁ�àNÄ�¼JÀ*¾�ÁJÈ ¼qã�ÁJÄ5Ï�½]Ê�Û�Ì�áÒÃÎÍsÁ#ã!Å�Ä<Û�Å�Ìs»�ÁÖ¼qÆ}Åd»�Í�¼)Ê?ÁJÌ Å�àNàNÄ�¼JÂ0Û�ÈjÅ�Ã�Û�¼JÌ Å�Ì�Ê�Å�ÃÎú�õ
Á)Ê?àNÁJ»�Û�Å�¾�¾�âdÛ�Ì�ÃÎÍsÁ�àNÄ5Á)Ê?ÁJÌs»�Á	¼JÆNÌ�¼qÛ�Ê�Á�Þ

( í�ç�èÎÿ*)$ë�ë\ì�ðUñ�»HÅ�Ìò¼q»�»�½NÄÎõNÐ�ÍsÁJÌhÃÎÍsÁXÆ�½NÌ{»�Ã�Û�¼JÌ,+�á�ÁJÃyÊzÅ�àNàNÄ�¼JÂ0Û�ÈjÅ�Ã�Á)¿#Û�Ì�Ã�Í{ÁS¿N¼JÏ
ÈjÅ�Û�Ì.-$õ)½]Ê�Û�Ì�áÇ¼JÌs¾�âÑÅ Ãy¼)¼�¾�Û�ÈhÛ�Ã�Á)¿#Ì{½NÈhÀ*Á�Ä¥¼qÆ!ÃÎÄqÅ�Û�Ì{Û�Ì�ád¿NÅ�Ã5Å�à]¼JÛ�ÌsÃ5Ê/-1032545687JÞ:9�Æ
ÃÎÍsÁ-ÄqÅ�ÃÎÛ�¼d¼JÆNÆ�ÄtÁ�Á�à]Å�ÄqÅ�ÈhÁJÃ�ÁJÄ]ã*ÁJÄqÊ?½]Ê+Ã�ÄqÅ�Û�ÌsÛ�Ì�á�à]¼JÛ�ÌsÃ5Ê�Û�Ê�Ã5¼)¼_Í{Û�áUÍsõ0ÃÎÍsÁ Å�àNàNÄ�¼JÂ0Û�Ï
ÈjÅ�Ã�Û�¼JÌ;�NÃ5Ê�Ãy¼zÃÎÍsÁ-Ì�¼JÛ�Ê�Á�õNÅ�ÊLÛ�¾�¾�½]Ê�Ã�ÄqÅ�ÃÎÁ�¿ÇÀ*â�<*Û�á*Þ=��Þ >�ÞAßLÍsÛ�Ê+Ä5Á)Ê?½N¾�ÃyÊ+Û�Ì Å Ä5Á�¿A½N»�Á�¿
áUÁ�Ì{Á�ÄqÅ�¾�Û�ú�Å�ÃÎÛ�¼JÌjÅ�À�Û�¾�Û�Ã�âHÞ@?NÁ�Ê�Û�¿AÁdÃ�Í{Á	àNÄ�¼qàNÁ�Ä�Ê�Á�¾�Á�»�ÃÎÛ�¼qÌ ¼JÆ�Ã�Í{ÁôÅ�àNàNÄ�¼qàNÄ<Û�Å�ÃÎÁ	ÌsÁJÃ�Ï
ÐÑ¼qÄA�ôÊ�Ã�Ä<½N»�ÃÎ½NÄ5ÁJõ�Ê?ÁJã*Á�ÄqÅ�¾sÊ?ÃÎÄqÅ�Ã�Á)áUÛ�Á�Ê+»HÅ�ÌdÍsÁ�¾�à#Ãy¼XÅ�ã!¼JÛ�¿dÃÎÍsÁ	¼Jã*Á�Ä5Ï��NÃ�ÃÎÛ�Ì�á_ÁJÆ�Æ�ÁJ»�Ã�B
C �¬D��ES²t«¯³GFHFN±�ºN°JI@K ½NÄ<Û�Ì�áÇÛ�Ìs»�ÄtÁ�ÈÒÁ�ÌsÃ5Å�¾�¾�Á�Å�Ä<ÌsÛ�Ì�áÇÃÎÍsÁÑÅ�àNàNÄ�¼JÂ0Û�È Å�ÃÎÛ�¼qÌjÁ�Ä<Ä�¼JÄ-Û�Ê

Ê?â!Ê�Ã�ÁJÈ Å�ÃÎÛ�»HÅ�¾�¾�â ¿AÁJ»�Ä5Á)Å�Ê?Á)¿Aõ(À�½NÃ	Å�Ã	Ê�¼JÈÒÁhà]¼JÛ�ÌsÃ-ÃÎÍsÁÒÁ�Â0àNÁ�»�ÃÎÁ�¿ÖÁJÄ<Ä�¼JÄS¼qÄ
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Parameter Manifold S 
with array of knots a  ∈ A  

Embedded Manifold  M 
in space X 

continuous mapping 
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CEDGF,HIHKJ7LIMAN%O�CQP�R�S�HUTVLWS�X;CQPYLIZ[T�\�]9^0X;S`_;S�S�P`Z�acb%d?eWf?e f7gihUDGP�J�DjPYTkOmlon pIq?rtsvuxwvnzyx{
hUP�CQD|F,HiTtN;HIJ�C[C,L�CEDGH=TtDGP�^0C�LWN;H}FWO�CQPYLIZ~O�Z[��O��2PYTYJxLIZGCEP`Z�X;P�CQ��hUP`CED|F/H�TYN;H}J�C
C�L�CQD�HkM�O�N;N;P`Z�a����%������,e
� Z��?P`H}h�LI^�CEDGH�N;X;F/H�����N;F4L*��HIJ�CQPYLIZGg7CEDGH�_;Z[O�S�TtC,O7a6H�J7LIX;SY��R�H�P�ZGCEHIF.N;F,H}CQH��
O7T#��C�LIN%LWSYLia6P�J7O�S9�2HI^0H}J�C����vTtHIH���HIJxet�?e f?�0e6��R���PYLIX%TYS���g�CQD�PYT�JxLWZ�TYPY�2H}FWO�CQPYLWZ=P0T
F,HISYO�CQP���H�O�Z[�U�2H}N;HIZ��;TG��HIF.��MAX;J�D LIZ�^vX;F.CEDGH}F;J�P`F,J�X;M�TtC,O�Z�J�HiTtg7Hie¡a�e¢P`Z�^*LIF/£
M�O�CQPYLIZ¤H}MAR�Hi�;�2H���P�ZU^vX;F.CEDGH}F%¥¦JxLIMjN%LIZ�HIZ�C,TVe

§ DGH�JxLIZ[TtCQF.X;J�CQPYLIZ�LI^¨CQD�H©N%O�FWO�MjH}CQH}F.P�ª7Hi�AO7T¢TVLWJ�PYO�CQP���H�M�O�NAX%TYP�Z[aUO�N;N;F4LI«�P�M�O�£
CEP0LIZUN%LIS`�?Z[LIMAP0O�SYTTtD[LIh¬T�P�ZGCEHIF,H�TYCQP�Z�a�O�Z[�mX;Z�X%TYX%O�SiM�O�N;N;P�Z�a�N;F�LIN;H}F.CQP�HiTVe § DGH
D�PYa6DG£*�2P�MjH}Z�TYPYLWZ�O�S�MAX;S�CQP�£.�2P�F,HIJ�CQPYLIZ[O�SiM�O�N;N;P`Z�aJxO�Z�R�H�?P0TtX%O�S`P�ª7Hi�mR���CEDGH�D�HIS�N
LI^�CQH�TYCE£.a7F.P0�;Ttg?TYD�LWhUZUP�Z|TtHI�?HIFWO�S�J7LIZ�TYCEF.X;J�CEP0LIZ®H}«�O�MAN;S�HiTVe

§ D�H=TYCQF.X;J�CEX;F/H=LI^#CEDGH�N;F�LIC,LICE��N;P`JxO�S¨CQFWO�P�ZGP�Z[a¤H}«�O�MAN;S�HiTPYTHIZ�JxLi�2Hi� P�Z¯CEDGH
C�LIN%LWSYLia6P�J7O�S�LWF4�2H}FQg;PYe H�e�CEDGH�JxLWF.F,H�TYN%LIZ[�2H}Z�J�H�C,L�CQD�H�SYLIJ7O�CEP0LIZ°�0±i��P�Z¯CEDGH�M�O�N;£
N;P�Z�acM�O�ZGP�^*LIS0�~²9e § DGPYTP0TCEDGH=TVLWX;F,J�H=LI^#J�X;F.�¨O�CQX;F,HmP�Z�^.LIF.M�O�CQPYLIZ¯X;CQP�S�P`ª7H�� R��
CEDGHU³;���m´ C,LµH}MAR�Hi�~O®TYM�LiLWCED¶JxLIZ�CQP�ZGX%LIX%T�M�O�ZGP�^*LWSY�·P�Z¸¥ e®¹ALIhUHI�?HIFEg9P�Z
J�H}F.C,O�P�Z|JxO7TYH�T%P�Z�N;X;CQ£*LIX;CQN;X;C#M�O�N;N;P`Z�a�T�O�F,HmZ�LIZG£0JxLIZGCEP`Z�X%LIX%T¢e § D�HmN%O�F.CEP`J�X;SYO�F
M�O�Z�P`^*LIS0�=TYD�O�N;HkP�Z�JxLIZx��X;Z�J�CEP0LIZUhUP`CEDUCQD�H�O7T¢TVLIJ�PYO�CQP���H�JxLIMjN;S�HICEP0LIZºO�Z��mP`C�TLIN;£
CEP0LIZ�O�S�N%O�F.CQPYO�S��2PYTYC�O�ZGJ�H|MAHICEF.P`J¬O�S�S0LIh¬T»C�L�TYH}S`H}J�C�TtX;R�£*TYN%O�J�H�TYg#hUD�P`J�D¼H}«�D�P`R?P`C
MAX;S�CQP�N;S`HKTVLWS�X;CQPYLIZ[TVex½µT¾�2H�TYJ�F.P�R�H��2goCQD�H�O�N;N;F4LI«�P�M�O�CEP0LIZ�N%LIS`��Z�LIMjPYO�SYT9�`��HIJxeYf?e �?�
O7T©J�D[LIP�J�H~LI^©CEDGHA³;����´ R¨O7TtP0Tm^0X;Z�J�CEP0LIZ¿J�SYO7T¢TmR�H�O�FWT�CQD�H|N%O�F.CQP�J�X;SYO�FAO7�2�9O�ZG£
C�O7a6H¬LI^�MjX;S�CQP�£*�2P`MAHIZ�TYPYLIZ[O�S�a6H}ZGH}FWO�S`P�ª?O�CQPYLIZ[ej¹ LWhUH}��H}FQg[P`C�S�P�MjP�C,TmCQD�HU³;����´
O�N;N;F4LiO�J�D�P`Z�P�C,T�H}«�CEFWO�N%LIS0O�CEP0LIZ�JxO�N%O�R�P�S�P`CEP`H�T¢e � ZmCEDGH�JxO7TYHKLI^¨O#S0LIhU£*�2P`MAH}Z[TtP0LIZ�O�S
P�Z�N;X;C[TtX;R�£*TYN%O�J�HIg}^0X;F.CQD�HIF�TVLWS�X;CQPYLIZ[T#M�O��=LIJ�J�X;FQg7hUD�P`J�D¬O�F/H�JxLWMAN%O�CQP�R�S�H©C,L�CEDGH
a7P`��H}Z¯P�Z�N;X;C,emÀ¨LIF.CQX;Z�O�CQH}S`��g¨CQD�HI�AJxO�Z¯R�H�HiO7TtP`S��~�2P0TtJ�F.P`MAP`Z�O�CQH��¯R��jCEDGH}P�F©CQD�HIP�F
F,H}M�LICQH�\�]�S0LIJxO�CQPYLIZ[e
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Training data: 3 units 

15 units 65 units 
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34 PSOM 

54 PSOM 

(3-of-5)4 L-PSOM 

Target mapping 
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¯
°+±;²O³-´f¯
´Aµ"±[¶�²>µ�µ,·�¸?¹»º�¼3µ%½�³7¯
·,¾�¿�´>³%±1µ,´Aµ,²�À4¾ °�µF´J¼�µ9Á�²O³-Á�µ,²+¿�¼3¾�¶�´3¯
°+±;´AÂ2¾�¿�´Ã¯
°+½N·�µ
Á)¯
²-¯
À6µ,´Aµ,²-¿ÃÂ2¼3µ�°Ä¯
´�·�µ"¯�¿�´�´JÂk³}¾�ÀU¯�½Nµ%Á)³�¾�°3´>¿g¯
²�µL¿Eµ�µ,°�¹�Å�Æ�²�´A¼3µ,²�ÀC³�²>µ�Â2µL±1µ�Ç
¿E¾�²>µF´>³FÁ�²�µ"±1¾�ÈM´�´J¼�µF·�³�È?¯
´A¾�³-°+¿9³-¶'´A¼3µF¼�¾�±�±1µ�°HÉ�ÀU¯
¸�Ê�µ[³�È
ÈM· Æ)±1µ7±2³�²�È?³�°3È
µ"¯
· µ7±�É
¶�µ"¯
´AÆ�²>µ7¿G¹�Å8³�²�µ�ËP¯
À4Á�· µ�Ì-´A¼3¾�¿�È?¯
°WÊ�µ9¼�µ,·�Á�¶�Æ�·�´f³}¯
ÈM´A¾ Í8¯
´Aµ_¯
°�±H±1¾�²>µ�ÈM´Ã¿�Á�µ,ÈM¾�¯
· ¾ Î�µ7±
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Ù-Þ<ó6ÛmÝ�ØÚÙ-ØÚÖ
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óK×>Ö
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Å�¾�½'¹�Ñ�¹vÒ%±1µ�Á�¾ ÈM´>¿P´J¼�µgµ�ËP¯
À4Á�· µ"¹���´8¿E¼�³�Âr¿�´A¼3µ�Á)³7¿�¾ ´A¾�³�°�¿9³�¶�´J¼�µ ¿Eµ�Í'µ�°HÁ�²M³�À6¾�Ç
°3µ,°�´[¿�´f¯
²-¿b¾�°�´A¼3µ#È?³�°�¿E´Aµ,·�·�¯
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· ·�µ"±r´J¼�µ
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¾ °K´A¼3µS¾�ÀU¯�½Nµ[³�¶<´A¼3µ"¿�µg¿Eµ�Í�µ,°V¿�´>¯
²-¿ Ï47�5'895":;5�<�5>=?5>@A5CB Ð
¯
²>µS´f¯.*�µ�°K¶�²M³�À µ7¹v½�¹M¯R·�¯
²M½�µ=Á�¼+³�´>³7½N²-¯
Á�¼+¹-ºP³7½Nµ�´J¼�µ,²�Â2¾�´J¼�´J¼�µ9ÈMµ�°3´Aµ,²>Ç�³�¶�ÇI½N²-¯
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Á)³7¿E¾�´J¾�³�° 3ED'5�6�D ¯
°+± ´J¼�µF²O³�´>¯
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Ë<¾�¿ ÏJ8 Ç @ Ð»´A¼3µ�¸V¿�Á)¯
°W´J¼�µ
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] ¿W¿G³1³�°{¯�¿�´AÂr³B¿�´>¯
²-¿W¯
²>µ2Í�¾�¿�¾ Ê�·�µ,Ì9´A¼3µ_^�`Va�b °3µ�´JÂr³-²�*BÈ?¯
°\Á�²>µ"±1¾�ÈM´�´J¼�µ
·�³�È?¯
´A¾�³-°Ä³�¶�´A¼3µFÀ4¾�¿/¿E¾�°+½W¿�´f¯
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²-¯
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¼3µ,²�µ ¿E¼�¾ ¶�´8¯
°�±}²M³�´f¯
´A¾�³-° Ï43RDI5C6�D"5 F�Ð�¹ ] ±�±1¾ ´A¾�³�°�¯
· · ¸k³�´J¼�µ,²�È�³�²�²>µ�·�¯
´Aµ"±�Á)¯
²-¯
À4µ,´Aµ,²-¿
³�¶3¾�°3´Aµ,²>µ7¿E´�È?¯
°2Ê�µF´A²-¯
¾ °3µ7±1Ì�µ7¹v½�¹�¯
Î�¾ À4Æ�´J¼�Ì�µ,· µ�Í8¯
´J¾�³�°B¯
°+½N· µ�Ì'³�²�´A¾ À6µ;ÍR¯
·�Æ�µ"¿/¹

c ¼�¾ ·�µW´JÂr³_Á)³�¾�°3´>¿}¯
²>µKÁ�²�¾�°3ÈM¾�Á)¯
· ·�¸kµ,°+³-Æ)½�¼4´f³_¶�Æ�·�· ¸4²>µ,È�³�Í�µ,²F´A¼3µp¿/³�· Æ�´A¾�³�°
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°3¸k²�µ"¯
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Ê�· ¸l¾�¿s¶I¯
ÈMµ7±kÂo¾ ´A¼
°+³�¾�¿Eµ7¹�dHµ�²>µ#´J¼�µH¶mÆ)¿E¾�³�° ³-¶9ÀU³-²>µ#¾ ÀU¯�½NµW¶�µ7¯
´JÆ�²�µ"¿b¾�¿b´A¼3µ�²>µ,¶�³�²>µp¯
°l¾ À4Á)³�²�´f¯
°�´
Á�²O³�Ê�· µ�À6Ì�Â2¼3¾�ÈM¼ È?¯
°{Ê�µkµ�· µ"½�¯
°�´J·�¸^¿G³�·�Í�µ"± Ê�¸ ´A¼3µ ¯�¿G¿/³�ÈM¾�¯
´J¾�Í'µ\È?³�À6Á�·�µ,´A¾�³�°
À6µ,È
¼+¯
°3¾�¿EÀ ³�¶3´A¼3µG^�`Aaeb ¹
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<7= 1�>�>�3@?A/CB7,ED�FHGJILK�1�>�>�- = 1�MNBO/ = /PBRQ5SR/T1�SVU�-T,XW�(�Q'-T,XS21ES5,Y/ =[Z 3�1�:\,Y3@,X]A/C-[1�Q@^RK

Q@^`_a]�1�/T1�%'Q�4 ,b4 c Q@*L1�_�,XS!d�Q'/PBeU\^ = d�^LfhgJK�Q'^`]�,.i�j�^`_�,.-k/CQ@>lM =X= -N]�Q@^m1�/P,XSn;`/PBm1�/
-T,bS5(�3@/ Z - = *oSp1�*�>�3'Q@^m_q/PBR,E>�1�-[1�*�,Y/C,Y-�S5>�1�MN, =.Z /CB7,!M = ^R/PQ'^7( = (�SrQ@*L1�_�,E,Y^`S5,Y*+K
:�3', = ^s1tfhg�K�351�/C/PQ'MN,b4vu�^L/CB7,w>�-T,XSV,.^7/xM�1�SV,.c�dy,�MNB = SV,w/CB7,zSV(�:2S5,Y/ =.Z Q'*$1�_�,bS
= :\/{1�Q'^7,b]ydyB7,Y^y|�Q',Yd�Q'^`_},b1�M�B =[Z�Z�= (�-~]�Q�SVM�-T,Y/C,JBm1�^`]y> = S5/C(�-T,bSE% Z (�3@3'?�MN3 = SV,X]�c
Z (�3@3'? = >�,Y^7,X]O1�^`]q/Cd = Q@^7/C,Y-0*+,b]�Q�1�/P,E> = S5/C(�-T,bSp; Z - = * = ^R, =.Z S5,Y|\,Y^�|�Q',Yd�]�Q'-T,.MNK
/PQ = ^`Sm%�M = -0-T,XSV> = ^`]�Q@^m_!/ = - = /{1�/CQ = ^mSrQ@^��.�Y�5K�S5/P,.>�S21�: = (�/H/PBR,k1�-0*o1�iHQ5Sp;XS5>�1�^7^7Q'^`_
/PBR, Z (�3@3m�N�Y���"K�-[1�^`_�,b4 < B7Q�S�?\Q@,.35]�S�/CB7,!|\,Y-0?O*$1�^m1�_�,b1�:\3@,!^7(�*+:�,.- =.Z f��kQ'*$1�_�,bS
Q@^�/ = /{1�3'c Z�= -!d�B7Q'MNB�/CB7,O3 = M	1�/PQ = ^ =.Z /PBR,OQ@^`]�,.i�j�^`_�,.-)/CQ@>ad�1�S Q�]�,Y^7/CQ@j�,X]L1�^`]
*$1�-0U\,b]�:\?v1 BR(�*$1�^ = :2SV,.-0|\,Y-T4

u0]�,b1�3@3'?Ncx/CB7,�]�,Y>�,Y^m]�,Y^RMN? =.Z /CB7,���Kk1�^m]���K�M =X= -N]�Q@^m1�/P,XS =.Z /PBR,�j�^`_�,.-k/CQ@>
SVB = (�35]$:\,�S5* =�= /PB Z (�^7M�/PQ = ^`S =.Z /PBR,�-T,XSV(�3'/PQ'^`_�8�Q@*L1�_�, Z ,b1�/C(�-T,bSp4a� = -�-T,X1�3
Q@*$1�_�,XSVc�|21�-0Q = (�SES = (�-"MN,bS =.Z ^ = Q5S5,�%�S5(�- Z 1�MN,!Q@^7B = * = _�,.^7,.Q@/CQ@,bS5c�S5*$1�3'3�S5>�,YM�(�351�-
-T,Y��,.MN/CQ = ^mSVc�^ = Q5S5,�Q'^�/PBR,OQ@*L1�_�Q'^`_�S5?2SV/C,Y*+c73@Q'*�Q'/P,X]�1�M�MN(�-[1�MN?�Q'^�/PBR,O351�:\,Y3'Q@^m_
>�- = MN,XSnSp;r3@,X1�]+/ = M = ^mSVQ�]�,Y-[1�:\3@,�]�,Y|\Q51�/CQ = ^`S Z - = *�/CB7Q�SE,.i�>�,.MN/T1�/PQ = ^�1�^m]w*L1�U\,
/PBR,�M = -0-",bS5> = ^`]�Q'^`_�Q'^7/C,Y-0> = 3�1�/PQ = ^�/T1�SVU Z�= -h/CB7,A^7,./Pd = -0UO*�(�MNBwBm1�-�]�,Y-h/CB`1�^�Q'/
d = (�35]�:\,tQ Z /CB7,�,.i�>�,.MN/{1�/CQ = ^ =.Z S5* =�= /PBR^7,XSnSqd�,.-T, Z (�3@j�3'3@,X]�4y�J3@/CB = (�_�B�/PBR,
/PBR-T,bS5B = 35]�Q@^m_�1�^m]�/CB7,JSV(�:2S5,bW�(�,Y^R/X:\Q@^`1�-0Q'��1�/PQ = ^�BR,Y3@>t/ = -T,b]�(�M�,E/PBR,)Q'^7��(�,Y^RMN,
=.Z /PBR,bS5,�, ZPZ ,.MN/TSVc�M = *�>�1�-T,X]+/ = M = *+>�(�/PQ'^`_�/PBR, Z ,b1�/C(�-T,O|\,.MN/ = -�]�Q@-",YMN/C3@? Z - = *
/PBR,k-[1�d�Q'*$1�_�,bS5cX/CB7,�-",bS5(�3@/CQ@^m_O*L1�>�>�Q@^m_�SV/CQ@3'3�/P(�-0^mS = (�/�/ = :\,�|\,Y-0?y^ = Q�SV?	4 <7=
_�Q'|\,y1�^+Q@*+>�-T,bSpS5Q = ^ =.Z /CB7,�]�,b_�-T,., =.Z ^ = Q5S5,Yc\�\Q5_\4X��4 �OSVB = d�S�/CB7,�]�,Y>�,.^`]�,Y^RMN,
=.Z B = -0Q'� = ^7/T1�3r%���K0;.j�^`_�,Y-�/CQ@>�3 = M	1�/CQ = ^�%�>�3 = /C/P,X]�|\,Y-0/CQ@M	1�3'3@?2; = ^�/Cd = ,Y3',Y*�,.^7/TS =.Z
/PBR,k8hg�K Z ,b1�/C(�-T,q|�,.MN/ = -~%'>�3 = /C/P,X]yQ@^�/CB7,AB = -0Q@� = ^R/{1�3m�\��¡�>�351�^7,X;�4 < B7,�-",bS5(�3@/CQ@^m_
*�,bS5B�S5(�- Z 1�MN,hQ�Sm1�>�- =�¢ ,YMN/CQ = ^ =[Z /PBR, Z (�3'3�fhgJK�*L1�>�K�*$1�^RQ Z�= 3�]q/PBm1�/XQ5Sb,Y*+:\,b]�]�,b]
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Z ,b1�/C(�-T,XSESV>�1�MN,�£+¤¦¥{c21�^`]�1!/Cd = ]�Q'*�,.^`S5Q = ^m1�3 = (�/C>�(�/xSV>�1�MN,�£�§V¨0©Eª¬«���0�b® Z�= -
> = SVQ'/PQ = ^`4 ;!��S�M�1�^v:\,�S5,Y,.^7cX/CB7,A(�^m]�,Y-03@?\Q'^`_w¯�SV(�- Z 1�MN,b°A] = ,XSh^ = /�1�>�>�,b1�-h|\,Y-0?
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,Y^`]�Sh%¶µ~·Y�.�0; =.Z /PBR, Z (�3'3 = -0Q@,Y^R/{1�/CQ = ^v-[1�^m_�,Yc�>�3@(�S�/PBR,),.Q5_�B7/\>�Q@M�/P(�-",bS�:\,.3 = ^m_�Q'^`_
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JLK�M?NO�P�Q$RES9M?PUTWVXQ$VYK ZUT�Z\[VY]�P^PUM?_`Pbaa=K�TcSCJdNEQ$efPhgjiCK�Vk]CPUlmVkn\Q$TWPoZUREJBe3ZUMpNEZUq
TWPrT�VsJ�t�T�ZUVYPUuWVk]WPUvwaZhT�ZUVxQ$[k[ PrefVVk]WPyT�ZUnzM�Q$O�ZUNPrn\Q$VkKdZ\Tc{"|.}�]cZ=JLP.e3Q$T~_`P^REJdPba
VsZ�[7ZUnzMpROdQ$VkP;Q*aa=K�VkKdZUT�Q$O�e3ZoJdV�[ RTWe$VYK ZUT�VYPUnzM�J�Q$T�a�e3Q$T�_%P?Q$efVkK���Q$VkPbawiC]�PrTWq
Pr�`Prn�a=PbJdK�n�Pba{=}�]WP�e*ZoJLV[5RTWefVkKdZUT�VkPrnzM�J�e3Q$TC_`P�[ nXPUPrO�v�e3Z\TcJdVYnzRefVkPba�K�TC��Q$nzK ZUREJ
[ RTWefVkKdZ\TcQ$O%a=PrNPUTca=PUTWefK�PbJ�Q$T�a�Q$n�P�JdRNNO�K�PbaCa=RnzK�TcS�Vk]WP�O�PoQ$nzTWK�TcS�N]cQ*JdP�ZU[=VY]�P
��m�.� {

}�]WP�_`PbJdVYq5M�Q$Vkef]COdZ\e3Q$VYK ZUT��$��KdJBRT�a=PrnXq5e3ZUTcJdVkn\Q$K�TWPoa=u�JdK�T�efP;�����*���C�������
t�K�Tye3Z\TWVkn\Q*JLV`VXZ�Vk]WP�e3Q*JLPoJ�a=PbJdefnzK�_%Poa.K�T � Pre3{7�%{"�*{"|���PUnzVsQ$K�TWO�v$umVk]WP^JdVsQ$T�aQ$n�a._`PoJLVkq
M�Q$Vkef]'JLPoQ$nXef]?Q$OdS`ZUnzK�VY]�Mji K�O�O¢¡Tca ZUTWP�NEZoJ£JdK�_`O�P�J�Z\O�RVkKdZUT�¤¥_%RV=K�V`e3Q$Ty_`P^Q$TWv
e3ZUM?NEQ$VkK�_`O�P�J�Z\O�RVkKdZUT¦Q$TcahK�VWiCK�O�O�a=PrNPUTca�ZUT§VY]�P�K�T�K�VkKdQ$OcJdVXQ$nzV%e*ZUTca=K�VYK ZUT���¨�©mª£{

« Prn�Pru�Vk]WP ��¢��� ZU[k[ PUn\J�Qh�`Prn\J£Q$VYK�O�P�i;Q$v¬ZU[�[7ZUnzMpROdQ$VkK�TcS�Prl¢Vkn\Q'S`ZoQ$O JyZUn
e3ZUTcJdVkn\Q$K�TWVXJdu�iC]�K�ef]~e*Q$T¦_`PyVkRnzTWPbaZUT¬Q$Tca�Z\[Y[ u�a=PrNPUTca=K�T�S~ZUTVY]�P'JLK�VYREQ$VkKdZUT
Q$TcahVY]�P�REJdPrno®�J¯a=PbJdK�n�Pb{9°�ZUn�PUl�Q$MpNO�Pru%Z\[WNEQ$nzVkK�efRO Q$nEK�TWVkPrn�PbJdVcQ$nXPo±

² 0 80 >�2$/�³7690 84`>�69´�@$>�@$847µ9¶*·f2*A�4 ¸�69¹�¶*/72$º*»`¸�¹�69HE6947¼ � TWPyNn\Q$e$VYK�e3Q$O�S`ZoQ$Oe*Q$T
_`Pb±�nXPoQ$ef]WK�TcS�VY]�PCTWPUlmV½VsQ$nfS*PUV¯NEZoJLK�VYK ZUT¬i K�Vk]�M?K�TWK�MpRM M�ZUVXZUn�Q$efVkKdZUT�{
}�]�KdJ½Vkn\Q$TcJdOdQ$VkPbJxK�T�VsZ�¡Tca=K�T�S VY]�P�Jd]cZ\nzVYPoJLV¯NEQ$Vk]~[ n�ZUM¾Vk]WP§efRnzn�PrTWV%¿�ZUK�T�V
e3ZUT�¡ES*Rn\Q$VkKdZ\TÁÀÂÄÃ�ÅzÆ Æ VsZyQ�TWPUi ÀÂ e3ZUMpNEQ$VYK�_`O�PGiCK�Vk]CVk]WP�a=PoJLK�nXPoa§�^Q$nzVkPbJdKdQ$T
NEZoJdK�VkKdZUT ÀÇ {
� K�TWefP�Vk]WP ��¢��� KdJ�e3ZUT�JLVknzRefVkPba�ZUTÈQh]Wv`NPUnXq O Q$VYVkK�efP�K�T Â u¯¡Tca=K�T�S�VY]�P
JL]�ZUnzVkPbJdVEnfZURVkP'��K�T�É?KdJ�PbÊ9RK��BQ$O�PrT�VEVXZ§¡T�a=K�T�S VY]�P'JL]�ZUnzVYPoJLV¯NEQ$Vk]~K�T Â {
}�]�REJLuQ$O�OWi P^T�PrPoa VsZCaZ^KdJcVsZCJdVXQ$nzVVY]�P�_`PbJdVYq5M�Q$Vkef]¦JLPoQ$nXef]¦Q$V�VY]�P^_`PoJLVkq
M�Q$Vkef]§NEZoJLK�VYK ZUT;� �Ã�ÅzÆ5Æ _`PrO ZUTcS9K�TcS�VXZ�Vk]WP�efRnznXPUTWVoNEZoJdK�VkKdZ\TWuWQ$Tca.Vk]WP�JLVkPrPUNq
PbJdV�S*n\Q*a=K�PrT�Vca=PbJdefPUTWVWNnfZUefPoa=RnXP�iCK�O�OËJ£ZUO��%PGVk]WP�Nn�ZU_`O�PrM�{

Ì ¹�07@$8472$4 07698C-¹f@$·�@$¹f@$813@*µ=4 DE@½¶*4 ¹f2*Í=0 4 07698E2$/�Af69/ Î4 0z6*8¸%¼�Ï [�Q½efPrnzVXQ$K�T§PrT�ahPr[k[ Prefq
VsZ\n^Q$NNn�ZoQ$ef]�a=K�n�PrefVkKdZUT�u[7ZUn½PrlWQ$M?NO�PCQ�VsZ\NÐ%aZUiCT�Z\nzK�PrT�VsQ$VkKdZ\TWuKdJENnXPrq
[ Prnzn�Pba=uVk]WP§Nn�ZU_`O�PrM¥VYn\Q$T�JL[7Z\nzM�J�K�T�VsZ Vk]WP;JdVXQ$TcaQ$n�a�MpK�l¢Pba�NEZoJdK�VkKdZUTÈÑ
ZUnzK�PUTWVXQ$VYK ZUT�VsQ*JdÒ`ubQ*J½a=PbJdefnzK�_`Pba�Q$_�ZU�`Pb{

² 2$<*0 >?Î>Ó>�69H0 / 0 4 »G¹f@*Af@$¹X´�@*µ¢¶*1*6*>p·�69¹X4z2$H/7@½13698ÔÕ`Î¹�2$4 0z6*8¸%¼ÓÏ [�TcZ�[ RnzVk]WPUn
ZUnzK�PUTWVXQ$VYK ZUT�e3Z\TcJdVYn\Q$K�TWVXJ�Q$nXP'S9K��%PUTWu�K�V½M?KdS9]�VE_`PyREJdPr[ RO�VXZ?S`Q$K�T¬Q.OdQ$nfS9P
¿�ZUK�TWV�M�ZU_`K�O�K�Vkv?n�PbJdPrnz�`PG¤ Q�nXPoJLPUnz�`P^[zZUnÖ[ RnzVk]WPUn�Q$efVkKdZ\TcJ�Q$Tca nXPUq7Q$efVkKdZUT�J
VsZ�RT�[7ZUn�PbJdPrPrTyPU�`PrTWVXJ£{

« Prn�PruVk]WPyO Q$VYVkPrn�e*Q*JLP§KdJGZU[¯NEQ$nzVkK�efRO Q$n�K�T�VYPUnXPbJdVX{�×Ø]WKdS9]M�ZU_`K�O�K�Vkv~nXPoJLPUnz�`P
M?PbQ$T�J�VsZwJLVXQ$vÈQ$i;Q$v�[ nfZUM e3ZUTW¡ES9Rn\Q$VkKdZUT�JGe$OdZoJdP~VsZwQ$TWv�n\Q$T�S*P�O�K�M?K�VsJ£{�Ù~P
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