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{ &TI`K F & /239IC/2B2SX;J.039I MCB , .?/2143657, &TIC.?SC@CF &a;JB2@C1 ��@CICB SC14B2, .0V214B &TS`SC1R3h/�uCB B2KU;
Mc\^BWKRK,&sl9B21 Mc\dQ2F0.?, .?ICB21 F?B2K k 391R/WB2K Mc\ &<MCuCQ2K4.039I �d��@>=A@CM'& ¡W¢ £T¤|¥ � ���9�&¦ � 3&@ Mc\d@X;=.?F0.?KRB21
MCB2K k 3914/2B2K�MCBt, 3iMC@CF0B)K4@CSYQ21R.?B2@C1�� /2B2K k 391R/2B2K}KR@C1 k &</2.0>y@CB2KK&a��I M`BHSY39@XZ&39.01N@X;=.?F0.?KRB21
F0B K,&[Z&39.?1 k &<.014B , &T/21439KR/239SC.0>y@CB � � &<F0.?I ¡E¢t£T¤|¥ � ���9��?�� � � ��BWKR/vu ¡E¢t£<¤|¥ � ���9�@?�� z

§ ICB KRBW/23&ICMCB ;JB2ICM'&<IC/2B � SCF?@CK &</E;=@CB2F?F0B BE; M'&TICK F &<>A@CB2F?F0B F?B2K ;J1�&[Z(&T@ig SC1RQ2K4B2Ih5
;=Q2K M'&<ICK /2BE;4;=B ;JuCV2KRB KW\^.?ICKR/W1R.|Z&B2IL; ��/vuCB214/vuCB � SC143<�C;=B21 MCB /2B ;7lhSYB MCB k 3&14/2B SY3&@`1
1RQÃ&<F0.?KRBW1HF & , &<IC.0SC@CF &6;J.039I � � .�l�&BAÃ&:=y. BE; �;&6;J3�� ���&��? � �?�   3&F?F03<; �>CBDEDFD � z + & MC.HG /2@CF�;JQ
SC1R.?IC/2.?S'&TF?B MCB F & , &TIC.?SC@CF &a;=.?3&I S`1R3�Zh.?B2IP; &<F0391RK B2KRK4B2IP;J.0B2F?F0B2, B2IL; MCB F]\^B2ILZh.?1R39ICICB�5
, B2IL; �<BE;�MC@ /23&IL;=1,I&F?BfMCBx/2BWF0@C. 57/2.¨za§ I F &<1R_9BfS'&TIC391�&<, & MCBj/2B2K�;=1,&[Z(&T@hg BE; MCBxF?B2@C14K
S'&T1U;J.0/2@CF &T14.�;JQ2KfB2Ke; SC14Q2KRB2IL;=Q M'&<ICKwF0B2KwS'&T_9B2KwKR@C.|Z�&<IP;JB2KWz

+ Bw/vuC39. g MCB F & k 391R/WB-Mc\ &TMCu`Q2KR.?3&I /23&, , BxS'&<1�&<, V�;=14BxSC14.0I`/2.0S'&<FCMCB F & , &TIC.?SC@h5
F &a;=.?3&I .0, S:39KRB @`I 1�&<SCSYB2F�SC14Q2/2.0K MCB2K k 3914/2B2K K4@C1 k &</2.?>A@CB2KWzJ;7F�KW\ &<_&.|; Mc\dB�gXSCF?39.�;JB21 F &
SCuPliKR.?>A@CB MCB2K K4@C1 k &T/2B2K M�&TICK @`ICB 39SYQ21�&a;=.?3&I MCB , .0/2143657, &TI`.0SC@CF &6;J.039IczC§ ICB &TI�&�5
F�liKRB MCBWK SY3T;JB2IP;J.0BWF0K Mc\^.?IP;JB21�&</E;=.?3&I`K �rMCB2K k 3&14/2B2K MCB Kµ&TI MCB21 L &%&<F0K ��MCBWK k 391R/WB2K
/Ã&TS`.0F0F &<.014B2KrBE;xQWF0B2/E;J1R39Ke;�&a;=.?>A@CB2K �`BWKe;wMC3&IC/ SC1R39SY3&K4Q2B &a��I MCB /23&, SC1RBWICMC1RB F?B2KfSCuCQ�5
IC3&, V2ICB2Kw>A@C.OB2IP;J14B2IP; BWI �RB2@cz

M N O PRQTSVU QWPXSVU Q QTY Z [*S\P^] _`Z O Y [�a b c*O de[�] Y

fhgif j k"lXmTn o p#qsrutRvBo lhw p�x y z#lX{|p.thw {~}/z#}�tVx }&r>}/n � y j lV� tVrulX{~thp�r>n
� k�� y�{~t�o lX{~p#�'y n � n � n���lhw �-thw

+ B + &T8Y3&1,&a;=39.014B Mc\�� @X;=39, &6;J.0>y@CB MCB �fB2K�&<I>923&I m8��� � qx/239ICK,&T/214B F¨\d@CI MCB K4B2K
;=143&.?Kn&�g�B2K-MCB 14B2/vuCBW1R/vu`B � F & , .0/2143657, &<IC.0SC@CF &6;J.039Icz + \^@CI MCBWK 398A�4B2/E;=. k Kw/23&IC/2BW1RICB
F¨\dQE;=@`MCBxBE; F0BjMCQEZ&BWF039SCSYB2, B2IL;)Mc\^@CI F0.?B2I B2IP;J1RBwF0Bt, &T/2143&, 39ICMCBHB�;)F0Bt, .?/21R39, 3&ICMCB �
MCB k &B9239I � SYB214, BE;4;J1RB � @CI 39S:QW1�&a;=B2@C1wMCB SC.?F03<;=B21t@CI , .0/214391R398Y3T;jMCB2SC@C.?K-F?B , &�5
/21R39, 3&ICMCB<z&; F}K2\ &T_9.�; ��M'&<ICK @CI SC14B2, .?B21 ;JB2, SCK � Mc\dQE;=@CM`.0B21 F & k &<.0K,&T8`.0F0.|;=Q M�\^@CI ;JB2F
KeliKe;JV2, B B2I SC.?F03<;�&<IP; @CICB ;��</vuCB K4.0, SCF0B M'&<ICK F?B , .?/21R39, 39ICMCB � S'&T1U;=.?1 Mc\d@CICB
.0I k 3&14, &a;=.?3&I Zh.?KR@CBWF0F0B m , .0/2143&K4/239SYB�q�BE;�Mc\d@CI 1RB�;=39@C1xM�\^BE��391e;JK m u'&TS�;=.?>A@CB�q�z + B , . 5
/21R39K4/23&SYBrB2KU;�@X;J.0F?.0K4Q�SY3&@C1�F &t/239, , &TICM`B�1RQ k Q21RB2IC/WQ2B�Zi.0K4.039I BE;NF0B�KUlhKU;=V2, B)u'&TS�;=.?>A@CB
SY3&@C1j/239, , &TICMCBW1xF?B2KxM`B2_&14Q2K MCB F0.08YB21U;=Q MC@ , .0/2143&KUlhKU;=V2, B<z
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+ 3&14KR>y@c\^.?F�K2\ &T_9.�;jMCB k &T.?1RB 1RQÃ&<F0.?KRB21fS'&<1t@CI 39S:Q21,&a;=B2@C1j@CICB ;��</vuCB MCB , &<IC.0SC@CF &�5

;J.039I M'&TICK)F?Bx, .?/21R39, 39ICMCB �T/2BWF0@C. 57/2.CIc\ & S�&TK)MC.?1RB2/E;JB2, B2IP;m&</2/2V2Km&T@hg .?I k 391R, &6;J.039ICK
K4B2ICK43&14.0B2F?F0B2K F0@C. SYB21R, BE;R;�&<IP; Mc\dBE��B2/E;=@`B21 /239IPZ9B2I'&T8CF?B2, B2IP; /2BE;4;JB ; �T/�uCB<z ;7F k &T@X;
/W1RQ2B21�@CI F0.?B2I B2IL;=14B F0B , .0/W1R39, 39ICMCB BE; F0B , &</21R39, 39ICMCB �CS'&T1wF?B 8C. &<.0KjMc\d@CI BE��B2/�5
;JB2@C1 �TMc\d@CI KUlhKU;=VW, BjMCBfZh.0K4.039I , .?/21R39K4/23&SC.?>A@CBfBE;rMc\d@CI KeliKe;JV2, Bxu'&<SX;=.?>A@CBj� 14BE;J3&@C1
M�\^BE��391e;JKHM`B , &<IC.?V21RB � M`3&ICICB21j� F¨\d39S:QW1�&a;=B2@C1fuy@C, &<.0I F & SY3&K4K4.08C.?F0.|;=QwMCB 14B2KRK4B2IP;J.01
F?B2K k 391R/2BWK , .0/21439, QE;J1R.?>A@CB2K B�; MCB ;=Q2F?Q239S:QW1RB21 MCB2K ; �T/�uCB2K M`B , &TIC.?SC@CF &a;=.?3&I�z + B2K
;J1,&sZ(&<@hg B2I /23&@`1RK @X;J.0F?.0K4B2IP; @CI F0BEZi.0B21 MCB , .0/21439KR/239SYB � k 391R/2B &a;=39, .?>A@CB m�� ��� q
/W3&, , B BE��B2/E;=BW@C1 BE; @CI �R3�lhKU;=.?/�= � 14BE;J3&@C1 Mc\dBE��3&1U;=K /239, , B KelhKU;JV2, B u�&TSX;J.0>y@CB
�   39@C_9B23T;wBE; � u'&<.0F?F0BE; �>C:DFD�C � z

����� � � b:�ylhKe;JV2, B MCB ;JQ2F0Q239SYQ21�&a;=.?3&I MCB + � �

! 
�"���� ��
 �$#%��&���'(�)
������ �+*,��"-
���&�' �.#�����#�' ��� � �������0/1� ������23"�&��)
������
+ \^398A�4B2/E;=. k � I'&TFfMC@ + � � B2Ke; MCB /W3&IC/2BEZ939.01 MCB2K 3&@X;J.0F?K MCB , &<IC.0SC@CF &6;J.039I B2I

Zi@CB MCB F?B2@C1 .0I`KRB21U;=.?3&I ��I'&<F0B M'&<ICK @CI KeliKe;JV2, B MCQ2, 3&ICKU;=1,&6;JB2@C1 /239, SCF0BE; z + B /23
BW@C1 MC@ KeliKe;JV2, B M`B , &TI`.0SC@CF &6;J.039I B2KU; @CICB , .0/2143657SC.?IC/2B SC.?Q*A23hQ2F?B2/E;=14.0>y@CB � MCB2@hg
M`3&.?_T;JKrMCB K4B21R1,&<_&B m ��_`z~C&q�MC39IP;f/vu�&T>A@`B MC39.0_<;rB2Ke;t@CI @CIC.0, 3&14SCuCBwSC.0Q*AW3hQ2F0BW/E;=14.0>y@CB
M`B � � � D , , MCB F?3&IC_9@CB2@C1WzC§ ICB /239, , &<ICMCB B2I 8:39@C/2F?B k B214, QWB 3T��14B @CICB S`1RQ2/2. 5
K4.039I MCB SY3&K4.�;J.039ICICB2, B2IP;).?I k Q214.0B2@C14B�� � D IC, � F¨\dB�gh;J14Q2, .|;=QwMc\^@`I MC39.0_<; �PSY39@C1)@CICB
8�&TICMCB S'&TK4K�&<IP;JB MCB � DFD 4 A � � =	4 A<z + B2K ;=1,&[Z�&<@hg B2I /239@C14K /239IC/2B214ICB2IP; MCB2@hg
SY39.0IL;=K ��Mc\^@`ICB S'&<1e; ��F¨\d.0IL;=Q2_91�&a;J.039I MCB /Ã&<SX;=B2@C14K MCB MCQ k 3&14, &a;J.039ICK KR@C1 F?B2K MC39.0_<;=K
M`B F & , .?/2143&SC.?IC/2B SY39@C1xF & , B2K4@C1RB M`.014B2/E;=B MCB F0B2@C1jMCQ65�B�g�.039I BE; � Mc\ &T@X;J14B S'&T1U; � F?B
S`.0F03<;�&T_9B MCB F]\^BWICKRB2, 8CF?B S�&T1 @`I �R3�liKe;J.0/ = � 1RBE;J39@C1 Mc\dBE��391U;=K �t&6� I Mc\ &T, Q2F?.0391RB21 F &
M`B�gh;JQ21R.|;=Q MCB F¨\d3&SYQ21,&6;JB2@C1 �^��B2141RB2.?1�& ¡E¢t£T¤|¥ � CBDED � � z
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����� � Cib:� .0/W1R39SC.0IC/2B MC@ + � �

+ \ &TSCSC143h/�uCB &TM`3&SX;JQ2B S'&<1fF0B + � � B2KU;jMC3&I`/ F & , .0IC. &6;J@C14.0K,&6;J.039I M�\^@CI KUlhKU;JV2, B
MCB SC14Q2uCB2ICK4.039I , &</2143&K4/23&SC.?>A@CB�� B2I &<K4KR3h/W. &<IP; @CICB .0IL;=B21 k &</2B u'&<SX;=.?>A@CB �ô&a��I MCB
SYB21R, BE;4;=14BH� F¨\d@X;=.?F0.?K�&a;=BW@C1�F?B�S�&TK4K�&<_&BtMC@ , &T/2143 &<@ , .0/W1R39, 39ICMCB<z � BE;4;=B@&<SCSC1R3i/vuCB
&6;4;=BW.0IP; KRB2KrF?.0, .�;JB2KGF?3&14K�MCBwF¨\d.0IL;=B21UZ&B2IL;=.?3&I MCB k &</E;=B2@`1RKrF?.0Q2K�� F & , .0/2143657S`uPlhK4.0>y@CBtBE;
SCF0@CKtS'&<1e;J.0/W@CF0.?V21RB2, B2IP;y&<@hg k 3&14/2B2KjMc\ &<MCuCQ2K4.039IczC��F0F0B & MC3&IC/ ICQ2/2B2K4KR.|;=Q F & , .?KRB &<@
SY3&.?IP;tMc\d@CICB IC3&@�Z&B2F?F0B QE;=@CMCB Mc\^B�g�SCF0391�&a;=.?3&I MCB2K k 3&14/2B2Kw� F¨\dQ2/vuCB2F?F0B , .?/21R39KR/239SC.?>A@CB
SC1RBWI'&TIL; B2I /239, SX;=B F?B2KwSCuCQ2IC39, V2ICB2K�Mc\ &<MCuCQ2K4.039I SY39@C1-F & , .0/2143a57, &<IC.0SC@CF &a;=.?3&Icz

fhg�� j n x r>t�� n-{ ��� tV� tX{~p#q � p#q r>t�o lhw p�x y z.lX{|p#thw
	 � n z k�� � �^lhw v
qJn/� � p#q r>th�����@{~neo � j lV� tVr>lX{|tVr�

+ \ �xMXZ��<IC/2B2M � .?/21R39KeliKe;JB2, K + �T8Y391��a;=391Ul m8� n �fqrMCB F¨\ § IC.|Z&B214K4.�;JQ MC@ � .?ICICB�5
KR3<;�����K43&@`K F�� MC.014B2/E;J.039I M`@ ��143 k B2KRK4B2@C1 �f1��TMCF?BEl � BWF0K43&I���KW\d.0IP;JQ214B2KRK4B � F�� , .?/21R3a5
, �<IC.0S`@CF��a;=.?3&I���B2I B�g�SCF0391��<IP; Mc\d@CICB S��<1U; F0B SC1R398CF0V2, B MCB SY3&K4.�;J.039ICICB2, B2IP; SC14Q�5
/2.0K B�; � Mc\��T@�;=14B S��<1e; � F?B2K S��T1U;J.0/2@CF��T14.�;JQ2K SCuLlhK4.0>A@CBWK MCB2K /23&IL;��</E;JK � F¨\dQ2/vuCB2F?F0B , . 5
/21R39K4/23&SC.?>A@CB<z + B2K 14B2/vuCB214/vuCB2K �</E;=@`B2F0F?B2K .0IC/2F?@CB2IP; @CICB /W3&, , �<ICMCB 1RQ k Q21RB2IC/WQ2B Zi. 5
KR.?3&I BE; BE��391e;JK��TSCSCF?.0>y@CQ2B �<@hg , .0/214365 ;JB2/vuCI`3&F?3&_9.0B2K)BE; � F�� /23&IC/WB2SX;=.?3&I M`B , .?/21R3a5
SC1RQWuCB2ICKRBW@C1RKWz

§ I , .0/W1R3a57SC1RQ2u`B2ICKRB2@C1 � QE;=Q 1RQ��<F0.?KRQ SY3&@C1 BE��B2/E;J@CB21 MCB2K ; �T/�uCB2K MCB K��T.?KR.?B BE;
MCB MCQ2SY3&K4B m ��_`z��yqE����uC39@ ¡E¢ £<¤�¥ ��CBDEDFD � z1;7F�SY3&K4K4V2MCB M`B2@hg MC3&.?_T;JK b�F0B SC1RBW, .?B21 B2KU;
@CICB Ke;J1R@C/�;=@C14B B2I /��<IP;J.0F?BEZ&B21 Mc\^@CI � � � MC39IP; F�� SY3&.?IP;JB � QE;=Q K4@CSCSC1R.?, QWB BE; F0B
KRB2/W3&ICM BWKe;w, .?K)B2I , 3&@XZ9B2, BWIP;j_&1 �T/2B � @CI �T/�;=.?3&ICICB2@`1HSC.?Q*A23hQ2F?B2/E;J1R.?>A@CB >y@C.cS:BW1 5
, BE;tMC39IC/ F�� SC1R.?KRB B2IP;J1RB F?B2KHM`B2@hg MC39.0_<;=KWz + B KelhKU;JV2, B MCQ�;=B2/E;JB F�� MCQ 5�B�gX.?3&I Mc\d@CI
MC3&.?_T;DSYB21R, BE;4;��<IP;��<.0ICK4.hMCBj/��<F0/2@CF?B21�F�� k 391R/2BtMCBt/239IP; �T/E;�B2I @X;J.0F?.0K��TIL;�F���/23&I`Ke; �TIL;=B
MCB 1��T.?MCB2@C1)MC@ SC1RB2, .0B21)MC39.0_<; z � B SC1RQ2uCB2I`KRB2@C1tKW\^B2KU;��sZ9Q214Q SYB2@ �!�<8CF?B � /��T@`KRB M`B2Kk �</E;=B2@`1RK F?.0Q2K � F¨\��TMCuCQWKR.?3&Icz1�f.?B2I >A@c\d.0F�K43&.|; SY3&K4KR.?8CF0B MCB K��T.?KR.?1 B2I /23&IL;=1,I&F��TIL; F0BWK
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B���391U;=K MCB K4B21R1��<_&B ��F�� MCQ2SY39KRB KW\^BE��B2/E;J@CB MC.HG /2.0F?B2, B2IP; z � Q �TIC, 3&.?ICK �Y/2BE;4;=B QE;J@CMCB
� SYB214, .0Kr� F]\�� � + Mc\��</2>A@CQ214.01r@CICB�8Y3&ICI`B /239ICI��T.?KRK��<IC/2B MCB�F¨\dB2IPZi.0143&ICICB2, B2IL;), . 5
/W1R39KR/239SC.0>y@CB<z

����� � � b ��1R3<;=3<;7lhSYB MC@ , .?/21R3a57SC14Q2uCB2ICK4B2@C1 MCB F]\^Q2>y@C.0SYB ��@ ��uC3&@ BE; � 1��TM`F0BEl �Xz
��B2F0K439I [ ��uC3&@ BE; �<F¨z �`C:DFDED ]

�j/E;J@CB2F0F?B2, B2IL; �GMCB2@ig SC143��RBE;JK B2I /W3&@C14K 1RB2_91R39@CSYB2IP; F?B K��[Z&39.01�5 k �<.014B M`@ � � +
BWI , �6;J.0V214B MCB , �<IC.0SC@CF��6;J.039Icz + B S`1RB2, .0B21 /W3&IC/2B214ICB F¨\��TK4KRB2, 8CF��T_9B MCB , .0/2143a5
/W3&, SY3&K��TIL;=Kw, �<_&ICQ�;=.?>A@CB2KjBE; F?B MCB2@hg�.0V2, B F]\^.?I��RB2/E;J.039I /2B2F?F0@CF��T.?1RB<z

n ������23"�&��)
������ ' ���	' n o n p � ������#�
���� ".��'
+ \^398A�4B2/E;=. k MCB)/2BfSC143��RBE;DB2Ke;DMCB)SC1R39SY3&K4B21G@CI KUlhKU;=V2, B ��;J3T; �TF?B2, B2IP;��T@X;J3&, �6;J.0K4Q �

M�\ �<KRK4B2, 8CF��<_&B MCB2K � �)� � , �<_&ICQE;J.0>y@CB2K2z + B SC1RQWuCB2ICKRBW@C1 @X;J.0F?.0K4Q B2KU; K4B2, 8CF��<8CF?B
�<@ SC14B2, .0B21tSC1R3<;J3T;7lhSYB SC14Q2/2Q2MCB2, , B2IP;wMCQ2/214.�; z + � MCQWS:39KRB K2\dBE��B2/E;=@CB _91 �T/2B � MCB2Kk 3&14/2B2K Q2F?B2/E;=143&KU; �6;J.0>A@`B2K SC1RQ2K4B2IP;JB2K KR@C1 F0B KR@C8CKU;=1��a;[z � Q��<IC, 3&.?ICK � /WB SCuCQ2IC39, V2ICB
>y@C.t1RB2ICM SY3&K4KR.?8CF0B F�� K��T.?KR.?B B2, S	�2/vuCB F0B 8:39I SY39KR.|;=.?3&ICI`B2, B2IL; MCB2K /23&, SY3&K��TIL;=K
m ��_`z �a5 �Pq�zH§ I M`B2@hgX.?V2, B 39@X;=.?F B2KU; �<F0391RK @X;=.?F0.?KRQ SY39@C1 /2391R14.0_9B21 F?B2K B21414B2@C1RK MCB
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N|K }~E�GP�UD VCD 6WK�S VTDUG 7 K�K�RNO$DUO&Z VC\,O8SCLYD DcS[Z�GPD ��{8K��?QCD SCE�DUQCV VBuaQCS OPE�RYLNVCD D�Z

Z�EHQCOj�UDUQ=l VCD Rvu�K�Q*ZMGJD OPEHRNLNVTD�]�t6RYRND OUuD�l*zCGPLNI D VCD }�K��UEHS OJQCL���KXShZ�D r

FV dW =
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6 � D3K��HDU� r
� FV dW

ReK }~E�GP�UD VCD 6WK�S VCDUG 7 KHK�RNO K�zCzCRNLY�?QC\UD DUS ��{8K��UQCS VCDUO SCEsDUQCVCO VTDUO
VCDUQs� OPE�RYLNVCDcOU]

� A
ReK �UE�STO&Z4KXShZ�D VCD ; K�I K��XDUG DUS[ZMGJD RYD �HDUGPGJD D�Z RYD OJLYRNLN�cLNQCI k��

1 � 909 �
10 � 19 J

l
� s

R�uQCSCLfZM\ VCD OPQCG`}�K��UD \URN\UI DUS[Z4KXLYGJD�]
� D

RyK VCLYO&Z4K�SC�UD DUS[ZMGJD RNDUOjSCEsDUQCVCOjVBu�KXzCzCRYLN�dK�Z�LYEHS VCD RyK }FEHGP�UD�]
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� KXSCO RND zCGJDUI LNDUG �dK�O�6RYD zCGP\U{CDUSCOPDUQCG DUO`Z zTReK��U\ �
0 � 4 nm

K�Q VCDUOPOJQCO VCD RyK
OPzC{��UGPD�]�� E�QCGqGP\UVCQCLNGPD RYD Z�DUI zCOqVCD �dK�RN�UQCRBD�Zj_[K�G�K�S[ZMLNG�ReK � K3	CLNRYLfZM\ VCD ReK OJEHRNQ*ZMLNEHS�
RYD I K�LNRYReK�_�D VCD �UDURNRYD����UL6DUO`Z KA� SC\ V8KXSCO QCS G�K��HE�S VCD

500 nm
KXQiZ�EHQCG VCQ z^EHLNShZ

VTD �UEHS[Z4KX� Zd]�� K �8_HQCGJD x�� I EHS[ZMGJD Rvu�K�I zCRYLfZMQCVCD VCD ReK VC\�}FEHGJI K�ZMLNEHS VCD ReK OPzC{��UGPD
K�Q*ZME�QCG6VTQ z^E�LYS[Z VCD �UEHS[Z4KX��Zb] � DUOWGJ\UOPQCRfZ4K�Z�O6I E�ShZ�GPDUS[ZW�gQCD RvuaE
	gwJD�Z�DUO`Z$ua\�ZMLNGP\�uX�HDUGJO
RYD zCGP\U{CDUSCOPDUQCGc]�� u�K�I zCRYLfZMQCVCD$I K �*LYI K�RND�?K�ZJZMDULNShZ�D \��sLYVCDUI I DUS[ZqK�Q OPE�I I D�Z�VCD ReK
OPzC{��UGPD� DcO&Z$VCD R�uE�GPVCGPD VCD

30 nm
]

m�� n p|x�� r � \�}FEHGJI K�ZMLNEHS zCGP\����UEHS[Z4KX��Z

� KXSCO$RND VCDUQ��*L��cI D �dK�O�8ReK OPzC{��UGJD DUO&Z$I E�VC\URNLYOJ\UD DUS �UE�ShZ�K���Z K��HDU� RYD zCGJ\c{CDUS��
OPDUQCGc]
� K �8_HQCGJD x� ��;K I EHS[ZMGJD RND I KXLYRNRyKX_HD \URY\UI DUShZ�O �8STLNO VCQ O!�sO`Z"�UI D D Z ReK � _�QCGPD x# $�
	 RNDUO GP\UOJQCR�Z�K�Z�O VCD ReK OJLYI QCReK�Z�LYE�SB]8� KXSCO �UD �bKXO% RyK VC\�}FEHGJI K�ZMLNEHS �UEHSCO`Z�K�Z�\UD DUO&Z
LYS[�HDUGPOJ\UD z8K�G G�K�zCz^E�G`Z KXQ �bKXO zCGJ\U�c\UVCDUS[Zb]&� uaE
	?wPD�Z��K�Q RNLYDUQ VBu ��ZMGJD \�ZMLNGP\ �HDUGPO RYD
zTGJ\U{CDUSTOJDUQCG%|DUO`Z KXzCRyK�ZML K�Q*ZME�QCG VCQ z^EHLNShZ VCD �UE�ShZ�K���Zd]'�6u�KXI zCRNL�Z�QCVTD VTD RyK VC\�}~E�G(�
I K�Z�LYE�S DcO&Z$VCD R�uE�GPVCGPD VCD

10 nm
]

� DUO6VCDUQs� \�ZMQCVCDUO6I E�ShZ�GPDUS[Z �?QCD�I �cI D z^E�QCG QCS E>	gwJD�Z6GPDUReK�ZMLf�HDUI DUShZ9GPLN_HLNVCD� ReK
VT\�}FEHGJI K�ZMLNEHS ��KXGPLND �UEHSCOJLYVC\UGMK�	CRYDUI DUShZ K�Q*Z�EHQCG VCD RvuaLYSCO&Z4K�S[Z VCD �UEHS[Z4KX��Z DUS ��{8K�S��
_HDdK�S[Z VCD OPDUSCO D�Z K�ZJZMDULYS[Z VCDUO �XK�RNDcQCGJO OJQ�� O�K�I I DUShZ _�GMKXSCVTDUO z^E�QCG I E�VCL)�8DUG RNDUO
}~E�GP�UDUO VBu�K�VC{C\UOPLNEHSB]�� K�SCO RND �dK�O VCD I KXSCLYzCQCRyK�ZMLNEHS VBuE
	?wJD Z zTRNQCO *;I EHQ�+ �UE�I I D
QTSCD �UDURNRYQCRND�8�UDUO VT\�}FE�GPI K�ZMLNEHSCO OPEHS[Z 	^DdK�QC�UEHQCz zCRNQCO LNI z EHG`Z�K�S[ZMDUO D�Z LNS-,8QTDUSC�UDUS[Z
RYD VC\UGPEHQCRNDUI DUS[Z VCDUO zC{8KXOPDUO VCD O�K�LNOPLND D�Z VCD VC\Uz^E�OPD�]/. SCD K�S8KXR0�sOPD V-��S8KXI LN�gQCD
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VCD I KXSCLYzCQCRyK�ZMLNEHS zCGPEHz EHOJ\ OUu�Kd���UGPD K�zCzCRNLY�dK 
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K�zCzCGPE�zCGPLN\cOU]�� K�SCO RYD �dKXOjVCD RvuaDUSh�sLYGJEHSCSCDUI DUS[Z KX�gQCDUQs�  ReK I E�VCL)�8�dK�ZMLNEHS I K�wJDUQCGPD
DcO&Z VTQCD � ReK �sLYOJ�UEHOJL�Z�\ VCQ I LNRYLNDUQ :�� Q*ZPZ� xE=
=*x @ ] t6RNRYD z^DUQ*Z ��ZMGJD zCGPLNOPD DUS �UE�I z*ZMD
DcS LNSC�cRNQ8K�S[Z QCSCD }~E�GP�UD ��LNOP�?QCDUQCOPD zCGPE�z^EHG&ZMLNEHSCSCDURYRND � ReK �sL�Z�DUOPOPD D�Z � RyK Z�GMK�eSC\UD$VCD
RvuaE�
gwJD�Z�D�ZqVCQ zCGP\U{CDUSCOPDUQCG : �2DcD� x�=>=ix @ ]-�2D I E�V��URND$V-�sS8K�I LY�?QCD DUS I LNRYLNDUQ KX�gQCDUQs� 
z^EHQCGqRND �dK�O VT\�Z�K���{C\� z^DUQ*Z VTE�SC� ��ZMGJD }FE�GPI QCRN\ KXLYSCOJL r

mp

	
Yp = F ext 
 F po

adh(D2) cos � 
 Tp

�
Yp


 mpg
k� l

mo

	
D1 = F po

adh(D2) cos � 
 F os
adh(D1)


 To

�
D1


 mog
k�� l

Yp = D1 + 2Ro + D2 �
	

D2 =
	
Yp


 	
D1

k/x�� l

Tp

D�Z
To

GJDUzCGP\UOPDUS[ZMDUS[ZWGPDUOJz^DU��ZMLf�HDUI DUS[Z6RyK ZMG�K�eSC\cD VTQ zCGP\U{CDUSCOPDUQCG6D�Z VCD R�uE�
gwJD�Z
I K�SCLNzCQCRY\�]�� K�zCz^DURNEHSCO��?QCD RYD I EsV��URYD K�ZPZ4KX��{T\ DUO&ZjQCS �dK�Oqz8KXG`Z�LY�UQCRYLNDUG VCQ �dK�OqVC\��
Z4K���{C\�sE�
*Z�DUSgQ z^EHQCG

D1 = Yp
]��6uLNS-, QCDUSC�UD VTD �UD�ZPZ�D$}FEHGJ�UD KXzCz8K�GMK YZ�zCRNQCOWz8K�G&ZMLN�cQ��

RYL��UGPDUI DUS[Z V8K�SCO�ReK �UEHSCVCLfZMLNEHS VCD VC\�Z�K���{TDUI DUShZd] �2D 
CLNRyKXS VCDUO }FEHGJ�UDUO�Ocu�K�zCzCRNLY�?Q8K�S[Z
OPQCGjR�uE�
gwJD�Z  Ocu\U�UGJL�Z �UEHI I D zCGP\U�U\UVCDUI I DUS[Z r

mo

	
D2 = F po

adh(D2 = 0 � 4 nm) cos � 
 F so
adh(D1)


 mo g 
 mo

	
Yp


 To

�
Yp

k/xHx l
� KXSCO RND �dK�O VCD RvuaDcS[�sLYGJEHSCSCDUI DUS[Z OJDU�  RND z8KXGMKXI ��ZMGJD zCGPLNSC�cLNz8K�R �UEHS[ZMG �HReK 
CRYD

z^EHQCG I K�NZMGJLYOJDcG�ReK ZMG�K�SCOJL�Z�LYE�S O�K�LNOPLND���VC\Uz^EHOJD DUO&Z�RyK }FE�GP�UD LYSCDUG`Z�LYDURNRYD � ZMG�Kd�HDUGJO�R�u�K����
�c\URN\UGMK�ZMLNEHS VTQ zCGP\U{CDUSCOPDUQCGU]�� K�SCO RND �dK�O zTGJ\UOPDUS[Z 9ReK }FEHGJ�UD �sLYOJ�gQCDUQCOPD �UEHS[Z�GPL 
TQCD
K�QCOPOJL � ReK VC\Uz^E�OPD�] � D�ZJZMD }FE�GP�UD VC\Uz^DUSCV8K�S[Z VCD RyK �sL�Z�DcOJOPD�2LNR KXzCz8K�GMK YZ VCEHSC� QCSCD
STEXZMLNEHS VCD u �sL�Z�DUOPOJD RYLNI LfZMD�u)�� RvuaLYSCO&Z4KXG�VCD Rvu�K��U�U\URY\UG�K�Z�LYE�S RNLYI L�Z�D�?z^EHQCG VCL" \UGJDUST�ULNDUG
RYDUOqVCE�I KXLYSCDUOqVCD OMKXLYOJLYD D�Z VTD VC\Uz^E�OPD�]

� � � � ��� � !#"$� �
� %�&('9� )��4{�%Xz(*,+.-/)�10(& 2 354�� 67)�%�&�%86)�9+.*Y�:0() 
�%8'<;�'/0(-=0(& )	��)>2 ?(67)A@B%�&(3C&(*N�90()�4()

+ED8@GF() 4() 2 %8&(*7?(0(6H%�+.*73I& ) 'J+ ?(-<3C?K3I'/;8L � ) 2 3M4�� 6N)�O*N&(@ 670�%8&P+ 67) ' ?(FQ%�'/) ' 4() 'R%�*7'<*7)
)S+ 4() 4(; ?K3I'/) 4UTV0(& 3�
:W<)S+ '/?(F(; -/*NX90() ) & 0�+R*N67*N'R%�&Y+ 0(& ?(-/; F() &('/) 0(- ?(6Z%�& '<*72 ?[6N)�
)>'J+ '<*72 0(6N; ) & 0�+R*N67*N'R%�&Y+ 0[&() %8?(?(-<3M@GF() ?�%8' � ?Q%�' &:0(2 ; -/*NX:0[)8L]\�676N) ?^)>-<2 )$+ 4()
4[;$+.) -/2 *7&() -_67) '=@ 3C&(4(*`+R*N3C&('_&[; @ ) '<'R%�*7-<)>'�?K3I0(-�%8'<'/0(-/) -=6N)a'/0(@ @�� 'b4()a@ ) '�3C?K; -.%�+.*73I&[' L
� *  c; -/) &P+R) '�?(-/3I?(-/*N;$+R; '='/3I&Y+b%�673I-/'d3�
('/) -&�C; ) '>L5� T�0[&()e?�%8-J+ 16Z% 'R%�*7'<*7)�) 'J+�?K3C'<'/* 
(67)�'<*



 I� � F�%8?(*,+.-/) ������� �������
	 	��� �������������  � ��		��� �  � � � � ����	 ��� ���

6N) ' @ 3C&(4(*,+.*73I&('b' +G%�+R*NX:0()>'A-/) 6H%�+R*��C) '�%�0�� ; &() -��I*7) '�4UT�*7&P+R) -R%�@$+R*N3C&(' ) &P+R-<) 6N) ' @ 3C0(?(67) '
4() 2 %�+R; -<*Z%�0�� � 3�
9W<)$+ �1?(-/; F() &('/) 0(-! )$+ � 3�
:W<)S+ ��'<0�
(' +R-.%�+" '<3C&P+ �C; -/*�#�; )>' L � T %80�+R-<)
?�%�- +%$ 6Z% 4(; ?K3C'<) ) ' + )! c) @$+R0(; ) ) & @ 3C&P+R- �C6H%8&P+ 6H% & 3C-<@ ) 4UTV*N&[) -J+R*N) '>T %8?(?(67*NX:0Q%�&Y+ '/0(-
6 TV3�
9W<)$+(' +.-R%)�I) -/'b6 T %�@>@ ; 6N; -R%1+R*N3C& & 3C0(-<&(*7) %80 ?(-<; F[) &('<) 0[- L�� ) ?(6N0('*$I67) '�'<*72 0(6H%�+.*73I&('
4(; 2 3I&Y+.-/) &P+ X:0() 6 T %�@ @>; 6N; -R%1+R*N3C& 6N*N2 *`+R) ?K) -<2 )$+<+E%8&P+ 6H% 4(;>?^3C'<) ) ' + '/3I0+�I) &Y+ +R-�, '
; 6N)��C; ) )$+ ?K) 0�+ %1+/+.) *7&(4(-/)

106 - .0/ 2 4�%8&(' @ ) - +E%�*7&(' @ %8' L
1 &() 2 354(;>6N*N'R%�+.*73I& ?�%8-b; 6N; 2 ) &P+R'2#�&(*7'b) 'J+a%80('<'/*K?(-<3C?K3I'/; ) ?K3C0(-b;$+R0(4(*N) -b67) 'b6N*43

2 *,+.) ' 4() '='/*N2 0(6Z%1+R*N3C&('d) & @ 3C-<?(' -<*5�I*74()8L1\�676N)�2 3C&P+R-<)�0(&[)e'/*N2 *N67*`+R0(4()�'R%1+R*N'6&�%8*N'R%�&P+R)
%)�I) @ 6 T %8?(?(-/35@GF() @ 3I-/?(' -<*5�I*74()�$���%86N*74�%�&Y+ %�*7&('<*U@ )$+/+.) 4() -/&(*5, -<)8L

\�&('<0(*,+.)�$ @>) 2 3547, 67) % ;$+R; %�4�%8?�+.; ?K3C0(- *N676N0(' +.-/) - 6Z% 2 %8&(*N?[0(6H%�+.*73I& 4�%8&(' 0(&
2 *76N*7) 0 %8X:0() 0��^L 8�)$+<+R) 2 3M4(*�#�@ %�+.*73I& ) 'J+ -<; %86N*7'<; ) ?Q%�- 6 T %�4 W<3C&(@$+R*N3C& %�0 2 3547, 67)
@ 6H%8'<'/*NX90()�$^4[) 6Z% & 3I-/@ ) �5*7'<X:0[) 0('<) ?(-/3I?(-/) ' @ ) 2 *N67*N) 0 L98A)S+<+R) 4[) -<&(*5, -<) %)�8%8*`+ ;S+.;
&(;:�C6N*;�C; ) 4�%8&(' 6N) @ %8' 4() 6 TV) &<�M*N-/3I&(&() 2 ) &P+ '<) @8L=1 & @GF�%8&7�I) 2 ) &P+ '/*;�C&(*>#�@ %1+R*�& %8?�3
?�%�-R%�?N+a4�%8&(' 67) @ 3C2 ?K3C-J+R) 2 )>&P+a4(0 '6@5' +A, 2 ) B�0(&() &(38+.*73I& 4() �5*,+.)>'<'/) 6N*72 *,+.) '<;>?�%C3
-.%8&P+ 6N)>'e4(3C2 %8*N&()>' 4() '.%8*N'/*N) )S+ 4() 4[; ?^3C'/)8LD8�) ?(F(; &(3C2 , &() ?K) -<2 )$+ 4() '<0[?(?K3I'/) -
X:0() 6Z% 2 %�&(*7?(0(6H%�+R*N3C& ?�%�- %�4(F[; '<*73I& ) & 2 *N67*N) 0 %8X:0() 0E� ) 'J+ )>6N6N) %�0('/'<* -<; %86N*7'.%�F(6N)8L
\�6N67) '<) 2 F(67) 2 G 2 ) ?(6N0(' %�*7'<; ) ?(0(*7'<X90UT�) 676N) &(;>@ ) '<'/*`+R) 4() �C; &(; -/) - 0(&() �5*,+.)>'<'/) -/)�3
6H%�+.*>�I)>2 ) &Y+ &�%�*5F(6N) %80 67*N) 0 4() 2 )$+<+R-/) ) & ?(6H%8@ ) 4() ' %8@ @ ; 67; -.%�+.*73I&[' 4() +R-", ' & 3C-J+R)
%�2 ?(6N*,+R0(4()8L

H#) ' -<; '/0(6`+E%1+R' 4() @ )>' '<*72 0(6H%�+.*73I& @ 3I&(4(0[*N'/) &P+ ' 6H% 4(;$+R) -<2 *N&�%�+.*73I& 4() ' )�� *I3
�I) &[@ ) 'b+.) @EF(&(3I673J�C*7X:0() '�?K3C0(-�6H% -/; %86N*N'R%�+.*73I& 4UTV0(& 2 %8&(*N?(0(6Z%1+R) 0(-=?(-/3�+R38+K@M?K)8L:� %8&('
6N) @GF�%8?(*`+R-/) '<0[*��8%�&Y+)$d6Z% 4(;�#�&(*,+.*73I& 4(0 @ %8F(*N)>- 4[) ' @EF�%�-��C) ' )S+ 6Z% @ 3C&(@ ) ?�+.*73C& 4(0
'<*,+.) )���?K; -/*N2 ) &P+E%�6 '<3C&P+ ?(-<; '/) &Y+.; ) '>L



� ����� �����
	 �����

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

� � � � � � � � �

� 0(-.%8&P+ 6N) 'U@GF�%8?(*`+R-<)>' ?(-/; @ ; 4() &Y+.'*$ 0(&()b%8&�%86�@5'/)�4() ' +.-R%)��%80�� 4()�2 *7@ -<3�3 2 %�&(*7?(0�3
6Z%1+R*N3C& ?(0(*7'=4() 'b2 354(; 67*N'R%1+R*N3C&(' 4 @M&�%�2 *NX90() '�'/3I0('�6 T�F @5?K38+.F7, '/) 4[) @ 3C-<?['�-<*5�I*74() '=)$+
;>6N; 2 ) &P+R' #�&(*7' 3C&P+ ;$+R; ?(-<3C?K3I'/; ) ' L H#) 6N30�C*N@ *7) 6 4() '/*N2 0(6H%�+R*N3C& 4(;��C) 6N3C?(?K; %80�+R3I0(-
4 T�0(&() +GD8@GF() @GF(3C*N'/*N) &UT�) ' + �8%�67*N4(; X:0() '<*O67) ' -<; '/0(6`+E%�+.' ?K) 0 �C) &P+ G$+R-<) �I; -/*�#Q; 'A) ��?K;�3
-/*N2 ) &Y+G%86N) 2 ) &P+BL! 6 ' T %��I*,+ 4(3C&(@�$�4�%�&(' @ ) @GFQ%�?(*,+.-/)�$ 4 T�;$+R0(4(*N) - 6Z% @ 3C&(@ ) ?�+R*N3C& 4UTV0(&
?[-<38+.38+�@5?K) ) &P+R*;,>-<) 2 ) &P+ 4(; 4(*7; ' 6Z% 2 *N@>-<3�3 2 %8&(*N?(0[6H%�+.*73I& ?�%�- %84(F(; '<*73I&UL H T�30F:W/) @�3
+R*�&a4() @ ) 670(*I3 @ *�&UTV) ' + ?Q%�' '/*N2 ?(6N) 2 ) &P+ 4() 2 3I&Y+.-/) - 6H% & %�*7'.%�F(*N67*`+R; 4() 6Z% 2 %8&(*N?(0E3
6Z%1+R*N3C& ?�%8- %84(F(; '<*73I& " @ )$+/+.) F<@M?K3�+RF7, '<) % 4(; WA' ;$+R; 4(; 2 3C&P+R-<; ) ?�%8- � � 3C6N673�+ #�$
%'&)( $+*8�I�-,  /. $ 2 %8*N' '/0(- +.3C0�+ 4() 4(;��I)>6N3C?(?K) - 0(& '6@5' +A,>2 ) #O% F(67) )$+ -<; ?K;$+E%�F(6N) ?K3I0(-
) ��?(673I-/) -e+R3I0�+R) ' 6N) ' ?K3�+R) &P+R*H%86N*,+.; 'a4() @>)$+<+R) %�?(?[-<35@EF()8L

0 #�& 4() -/) &(4(-/) 6N) '6@5' + , 2 ) ;��C3C6N0�+R*�& $=*76 & %�0�+ -/;�1�; @GF(*7- %�+/+.) &Y+.*>�I) 2 ) &P+ ' '<) '
4[*32c; -/) &P+R' @ 3I2 ?K3I'R%�&Y+.'>L 8 TV) ' + ?K3C0(-<X90(3C*b6H% ?(-/) 2 *;, -/) ?�%8-J+R*N) 4() @ ) @EF�%�?[*`+R-<) ) 'J+
4[; 4(*N; ) ' 6H% -/; 4�%8@$+.*73I& 4UTV0(& @ %8F(*N) - 4() ' @GFQ%�-��I) '>L54�0(*7':$c0(&() '<) @ 3C&(4() ?�%8-J+R*N) ?(-/;�3
'/) &P+R) 6N) ?[-<; F() &['<) 0(- %�@$+R*�&K$ 67) @ 3I2 ?K3I'R%�&Y+ ) '/'<)>&P+.*7) 6d4[0 2 %8&(*N?(0(6Z%1+R) 0(->L H % ?�%8- +.*7)
'/0(*>��%8&P+R) ;$+.0(4(*7) 6N) ' @ 3C2 ?^3C'R%�&P+R' 4(0 ?(-/; F() &('<)>0(-:$ 6 T %8@$+.*73I&[&() 0(- )$+ 6 T�3C0�+R*N6d+R) -/2 *43
&Q%�6 $ ) & & 3C&(@$+R*N3C& 4() ' @B%�-R%�@$+R; -/*N' +.*7X:0() ' &(; @ ) '/'.%8*N-/) ' ' 6H% 2 %8&(*N?(0[6H%�+.*73I&UL(\�& #�&9$K6H%
4[) -<&(*5, -<)a?�%8-J+R*N)�'>T�*7&P+R; -<) '/'/) %80 ?(-<38+.38+�@5?K)a-<; %86N*7'<; )$+ 6N)�4(; @ -/*`+=)>& 4(;$+E%8*N6N' %)�I) @a+R3I0('
67) ' ; 6N; 2 ) &P+R'e+R) @EF(&(3I673J�C*NX90() ' L

6 � 7 8 ":9<; = 9 ! >?8 7 ;�@ 9 !

1 & 2 %�&[*N?(0(6Z%1+R) 0(-d4()>'J+R*N&(; %80�� 3JF9W<)$+R'�2 *7@ -/3I'/@ 3I?(*7X:0() ' ) 'J+ 0(& 3C0�+R*N65@>3I2 ?(6N)�� )
@>3I2 ?K3I'/; 4() 4(*)2c; -<) &Y+.' ; 67; 2 ) &Y+.' %8@ @ 3I2 ?(6N*7'<'R%8&P+a@GF�%8@ 0(& 0(&() +GD8@GF() ?(-/; @ *7'<) 4�%�&('
67) @B%�4(-/) 4UTV0(&() 3I?K; -R%1+R*N3C& 4(3I&(&(; )1L?A 0�+.-/) 67) ' @ 3C2 ?K3C'.%8&P+R' 2 ; @ %8&(*NX90() '*$ 6N) ' &(*43
�C) %80�� 4() @ 3I2 2 %�&(4() )$+ 4() @ 3C&P+R-CBC6N) %�*7&('<*�X:0() 6 TV*N&Y+.) -6&�%8@ ) 0�+R*N67*N'R%1+R) 0(- 4(3C*��C) &P+

D ,



D * 8�F�%�?(*,+.-/) ����� ��� ����� �� 	�� ���  	��	����������� 	�� � � � � � � � 	 � 	�
 � 

G$+.-/) ;$+R0(4(*N;>' L
H % # �I0(-/) , -/) ?(-/; '<) &Y+.) 67) '<@EF(; 2 % & 3C&(@$+.*73I&(&[) 6 4(0 '6@5' +A, 2 )�$ '/0(- 67) X:0[) 6 6H%

@ 3I&[@ ) ?�+.*73I& 4[0 2 %8&(*N?(0(6Z%1+R) 0(-a) ' + F�%8'<; )8L98AFQ%�X:0[) @>3I2 ?K3I'R%�&Y+ ) ' + -/) ?(-<;>'<) &Y+.; ) &
& 3C&(@$+.*73I& 4() '/) ' *7&P+R) -.%8@$+.*73I&[' %)�C) @ 6N) ' %80�+.-/) '>L 1 & '<):�C2 )>&P+ 4[) 4(-<3C*`+R) -/) ?(-/; '<) &Y+.)
0(&() 67*H%8*N'/3C& 2 ; @ %8&(*NX90()�$P+G%8&(4(*7'�X:0() 67) ' 1 , @EF() '�-<) ?(-/; '/) &P+R) &P+ 0(&() *N&P+R) -R%�@$+R*N3C& 0[&(*
3I0 F(*N6Z%�+.; -R%�67)8L 8�)$+<+R) 4() -/&(*5, -<) ?K) 0�+�)���?(-/*N2 ) -b'<3C*`+ 0[&() 67*H%8*N'/3I& ?(F<@M'<*7X:0() " @ 3C2 2 )
4�%�&[' 67) @ %8' 4(0 ?(-/; F() &('/) 0(- % �C) @ 6 T�30F:W/)$+ . $('<3C*`+ 0(& ; @EF�%�&7�C) 4() 4(3C&(&(; ) ' " @ 3C2 2 )
6N) @B%�' 4(0 F(6N3M@ 4(; ?(6Z%�@ )>2 ) &Y+ )$+ 4(0 2 354(0(67) 4() @ 3C2 2 %�&(4[) . L
H#) ' 4() '/@ -<*7?�+R*N3C&(' 4[) ' @ 3C2 ?K3C'.%8&P+R'�+.) @EF(&(3I673J�C*NX90() ' 4(0 '!@M'J+ , 2 ) '<3C&P+ 4(3I&[&(; ) ' @>*I3
4() '/'<3C0(' B

BATI
OBJET

BLOC
DEPLACEMENT

DEPLACEMENT
COMMANDE COMMANDE

PREHENSION

ECHANTILLON

����������

INTERFACE UTILISATEUR

EFFORT
CAPTEUR

PREHENSEUR

Pa
rt

ie
 m

éc
an

iq
ue

Pa
rt

ie
 lo

gi
ci

el
le

VISUEL
CAPTEUR

��������,JB��5@GF(;>2 % & 3I&[@$+.*73I&(&()>6 4(0 2 %8&(*N?(0(6Z%1+R) 0(-

 ! "$#&%('*) + ,.-/"102'4365�)
 78) 92#(,.:;).0=<>).5�# )>? +d6A@=@ 3.@ 0(- 4(0 ?6@.?�BA, 2 @b4$@b2 C7@>D/3 3FE GIH$CAJ$K$LMG�BNCPO/H6Q � GRH$?

LP@ SUT1GRJ$CVBNDW@ JXDWY>S>Y>Z$@[H\B%$]K$H E O.Z$@ ZX@ E GRH$CPJ$KXLMG�B^CAO�H G Y_BNY J$D�Y>?W@>H`B^Y @_Ba?NG
&4GRCP?NG F$CALPCbB^Y Y_cRGILAK$Y>@RQ  FLd?>efGIg/CVB Z$@ J$DWO/JhO�?�@>D K$H$@ ?�O�LAKiB^CAO�H B^@>SjT$H$O�LAO/g�CAklK$@
S>O/H &*O�D�E @ GIK.m S>O�HXS>LPK$?�CPO/H$?�Z$@ L	enY_B^KXZ$@ B^T$Y>O/D�CPklKX@RQ

 78) -�"X9�%&).5;# oqpr)\s8t�#&%(< $2CAH\BNY>g�D�Y GRK J$D�Y>T$@>H$?�@>K$D*$uJv@>D�E @_B Z$@ S>O/H\BNDCB/LP@[D
L	en@�2wO�D�B GIJXJ$LPCAklK$Y ' LxeyO0F{zW@_B E GRH$CPJXK$LPYRQ=H|@>? @�2}O/D�B^? E CA? @>H z�@>K LPO/D�? ZX@>?
S>O/H\BUGRS_BN? G~c/@>S Z$@>?�E CAS>DWO�3FOJF{zW@_BN?d?WO/H\B Z$@ L	enO�D�Z$D�@ Z$K ���



��� �������
	 ��� 	�|����� ��� 	� D��

 7 ) ���*t|- o�) o;,l9��*"1-�) + ).0h% � O�K$D�H$CVB LA@>? B^DNGRH$?WL G BNCPO/H$? @_B LP@>? D�OIBjG BNCPO/H$?
H$Y>S>@>?W?NGRCPD�@>? GRK J$D�Y>T$@>H$?�@>K$D JvO/K$D L	efGIS[S>O�E J$LPCA?W?�@>E @>H\B Z$@ L G B��RSUT$@ Z$@
E GRH$CPJ$K$L G BNCPO/H6Q �iG DWY>?�O�LAKiB^CAO�H @_B ?NG J$DWY>S[CP?�CPO/H Z$O/CVc/@>H`B G B^D�@ GRZ1GIJ B^Y>@>? �
L	enY>SUT$@>LALP@RQ 1 H$@ D�Y>?�O�LAKiB^CAO�H ?WK7F�3FE CPS>D�O/E Y_BNDWCAklK$@ @>?�B Z$O�HXS H$Y>S>@>?�?^GRCPD�@RQ

 7 ) 9 t�#&%&) , - :;"10v%('����*th0 Z$Y �1HXCVB2L G"![O�H$@ Z6enCPH`B^@>DNGIS_BNCPO/H CAH$CVBNCMGRLP@u@[H\BNDW@ L	enO0F�3
zW@_B @_B LP@ E GIH$CAJ$K$L G BN@>K$D>Q  FL2Jh@>KiB ?>efG�c/Y>D�@>D KiBNCPLA@ Z$@ LP@ Z$ORB^@>D Z$@ klK$@>LAklK$@>?
Z$@>g�D�Y>?dZ$@ LAC;Fh@>D�BNY>?8?�K$J$J$LPY[E @>H`BUGRCPD�@>?$# � GRS>CALPCbBUGRH\B GRCPH$?�ChL	efGIS>S$%>?�Z$K J$DWY[T$@>H�3
?W@>K$D � L G !>O�H$@ Z$@ B^DNG~cIGRCPLxQ

 7 " &;'4<~5�"'�4'4<>"i%('�tv0 Z$@>? O�JhY>DNG BNCPO/H$? � L	enY>SUTX@>LPLA@ E CAS>DWO/?�S>O�J$CAklK$@ H$Y[S>@>?W?�CVBN@
K$H g�D�O/?W?�CP?�?W@>E @>H\B GRJ$J$DWO/J$D�CPYRQ+ FL � GRKiB Z$O�H$S J$DWY_c/O/CPD K$H CAH$?�BND�K$E @>H`B B^@>L
klK6enK$H E CAS>DWO/?WS[O�Jh@ @_B)( O/K Z$@>? S~GIE Y>DNGI?*� � O�D�B^@ GIE J$LPC+�1S~G BNCPO/H6Q

 ! "$#&%('*) �*t-,h'4-\'*).���*)
 7 " -/th+ + "102o;) S[O�E JvO/D�B^@ J$LPK$?�CP@>KXDW? H$Cbc�@~GRK.mwQ H|@ J$D�@>E CP@>D H$Cbc�@ GIK/#�LA@

J$LPK$? ?�CPE J$LP@0# � O�KXDWH$CbB K$H E O.ZX@ Z$@ S>O/H\B^D B/LP@ E GRHlK$@>L1� L	enKiB^CALPCA?^G�B^@>K$D klK$C
Z$Y_B^@>D�E CPH$@>DNG LMG BND^G&z�@>S_B^O/CPD�@ � GRS>S>O/E J$LACPD[Q 0 J1GRD�B^CAD Z$@ S>@_B�B^@ F1GI?�@0#uZ$C � 3
� Y>DW@[H\B^@[? � O�H$S_BNCPO/H$H1GRLPCbB^Y>? Jv@>K c�@>H`B G_B^D�@ GRZ(zWO/CPH`B^@>? Z$O/H$H1GRH\B GRS>S$%>? GIK.m
GIKiBNDW@>?�H$Cbc�@~GRK.mwQ7H|@ ?W@>S[O�H$Z HXCVc/@~GIK S>O�D�DW@>?�JhO�H$Z GIK E O.ZX@ ?W@[E C43 GIKiBNO�E GC3
B^CAklK$@ "*O32 L	enKiBNCPLACP?NG BN@>K$D � O/K$DWHXCVB L G JhO/?WCbB^CAO�H �1H1GRLP@ . @_B4#2LP@ B^D�O�CA?WC5%>E @ H$C43
c�@~GRK/# Jv@[DWE @_B Z6e GRS>S>Y>Z$@>D GIK E O Z$@ GRKiB^O/E G BNCPklKX@ "*O�2 LP@ E GIHXCPJ$K$L G BN@>K$D
@>?�B S~GRJ1G�F$LP@ Z6en@�2w@>S_BNK$@>D K$H$@ B6�ISUTX@ J$D�Y>Z$Y �1H$CA@ Z$@ � G07>O�H D�Y>JhY_B^CbB^Cbc�@ G~c/@>S
K$H$@ CPH`B^@>D�c�@[H\B^CAO�H E CAH$CPE K$E Z$@ L	enKiBNCPLACP?NG BN@>K$D . JhO/K$D LA@>klK$@>LaCPLaS>O/H\c.CA@>H\B
Z6eyCAH\BNY>g�D�@>D�LA@>?�S>O�E E GRH$Z$@>?aDWY � Y>DW@[H$S>Y>@>?�c CP?�CPO/H @_B @�2wO�D�B^?[Q

 7�pb'40v%&){#�8 "1-�) 5 %('��4'4<>"i%&) 5�# @>?�B K$H LPO/g/CPS>CA@>L.Z$@�BK@ Jh@�J1GRH$H$@~GRK Z$@aS>O/H\BNDCB/LP@0#
klK$C S>@>H`B^DNGILACP?�@ @_B � O/K$DWHXCVB K$H GRS>S$%>? GRK.m � O/H$S_B^CAO�H$H GILACVBNY>? F1GR? H$Cbc�@~GRK Z$K
E GRH$CPJ$K$L G BN@>K$D[Q

H eyY_BNK$Z$@ BNT$Y>O�D�CPk{K$@ J$D�Y~GIL G F$LA@ J$D�Y>?W@>H`B^Y>@ GRK SUT1GRJ$CbB^D�@ J$DWY>S[Y>Z$@>H\B G Z$Y_BN@>D�E CAH$Y
LA@>? S>O/H\BND^GRCPH`B^@>? ZXK E O.Z$@ Z$@ E GRH$CPJ$KXLMG�B^CAO�H J1GRD GRZ$T$Y>?WCAO�H6Q H�G S>O/H$H1GRCP?�?^GRH$S>@ Z$@
S[@>? S>O�H`B^DNGICAH\BN@>?9# @_B Z$@ S>@>LPLA@>? CAE JhO�?�Y>@>? J GID LA@ E O.Z$@ Z$@ E GIH$CAJ$K$LMG�B^CAO�H:#]Jh@>D�E @_B
ZX@ J$D�O/JvO/?W@[D Z$@>? ?�O�LAKiB^CAO�H$? B^@[SUT$H$O/LPO/g�CAklK$@>?[Q H @ BjG F$LA@~GRK , DWY>S GIJ$CbB^K$LA@ B^O/KiB^@>? LP@>?
S[O�H\BNDNGICAH\BN@>? Z$@ S>O�H$S>@[JiB^CAO�H @>H � O/H$S_B^CAO�H Z$@>?�S>O�E JhO�?NGIH`B^?�?WKXD LA@>?Wk{K$@>LP?d@>LALP@>?d?[e GRJ�3
JXLPCPk{K$@>H\B Q

 FL6H$@ ?�@>E FXLP@ J1GR?�KiB^CALP@ Z$@ DWY>ZXK$CPD�@ � L	enY>SUT$@>LALP@ B^O/KiB LA@ E GIH$CAJ$K$L G BN@>K$D$#.L G ?W@>K$LA@
E CPHXCMG�B^K$D�CP?NG BNCPO/H Z$K J$D�Y>T$@>H$?�@>K$D @[?�B ?�K<; ?^GRH\BN@RQ H|@ F$LPO.S Z$Y>J$LMGRS>@>E @>H\B4#vG~c/@>S K$H$@
S[O�E E GRH$Z$@ zWK$Z$CAS>CP@>K$?�@ @>H FhO�K$S>LA@ � @>DWE Y>@ @_B J1GRD BND^GRCVBN@>E @>H`B Z6eyCAH � O/DWE G�B^CAO�H c.C43
?�K$@>LALP@0# � O/K$D�H$CVB L G JXDWY>S>CA?WCAO�H ?WK7FE3FE CAS>DWO/E Y_BND�CPklK$@ GRK ?!@ ?�B=%>E @RQ H;G Z$Y_B^@[S_B^CAO�H Z$K



D�� 8�T1GIJ$CbB^D�@ ����� � ������� 	��	���
��� 	�� �	� ��
� ������
��� �	� � � ����� 
 � 	

� th0v%&#("1'40h%&) � th+ 9 th<>"10v%
����� $�� %�� � $ #�� $ #���� ��� & ��� �� "! #��
# CPH$C G�B^K$D�CP?NG BNCPO/H 4 D�Y>T$@>H$?�@>K$D
4 D�Y>S>CP?�CPO/H ?�K%$'&FE CAS>DWO/E Y_B^D�CPk{K$@ (�LPO.S Z$Y>J$LMGRS>@>E @>H\B4# S~GRJiBN@>K$D

c.CA?WK$@>L # S[O�E E GRH$Z$@ Z$Y>J$L GIS[@>E @>H`B
� Y_BN@>S_BNCPO/H Z$K S>O/H\BjGIS_B @_B ) GRJiB^@>KXD�@�2wO/D�B4#
Z$@ Lxey@�2wO/D�BaGRJ$J$LPCAklK$Y � L	enO*${zW@ B S>O/E E GRH$Z$@ J$D�Y>T$@>H$?�@>K$D
����� $�� %�� � $ #��,+�� �.- # � % � $0/ # &2143 $ ! / # $5� 3 � � �� "! #
�iGRCP?�CP@ 6
0 Z$T$Y>?�CPO/H J$DWY>T$@[H$?W@>K$D

>
0 Z$T$Y>?�CPO/H ?WK%$X?�BND^G�B 4 D�Y>T$@>H$?W@[K$D$#hJvO/D�B^@&FY>SjT1GIH`B^CALPLAO�H

� Y>JhO/?W@ ?�BUG�BNCPklK$@ 6
A KiBNCPLwB^@[DWE CPH1GRL}CAH$S>LACPH1G7$$LP@ 4 D�Y>T$@>H$?�@>K$D
� Y>JhO/?W@ Z98 H1GIE CAklK$@ 6
:1O�D�BN@>?�GRS>S>Y>LAY>D^G�B^CAO�HX? 4 D�Y>T$@>H$?�@>K$D
;=<?>u��,*6@)dGIT$CA@>D ZX@>? SUT GID�g�@>? 6A)�O/H\BND^GRCPH`B^@>?a@_B S>O/E JvO/?NGIH\BN?aS>O�D�DW@>?�JhO�H$Z GIH`B^?

S>O�H`BUGRS_B4# O�K Z$@ � G07>O/H JXLPK$? Y>L G�$hO/DWY>@ LA@ S>O�H`B^D B�LA@ Z$@ L	en@�2wO�D�B GRJ$J$LPCAklK$Y � LxeyOB$'&
zW@_B E GRH$CPJ$KXLPY0#1DW@>JhO/?W@ ?�K$D LA@>? CAH � O/DWE G BNCPO/H$?dB^DNGIH$?�E CA?W@[? J1GRD LP@ S~GIJiBN@>K$D Z6en@�2wO/D�BN?
Z$K J$DWY>T$@[H$?W@>K$D[QDC H<�1H/# CAL � GRKiB G&zWO/KiBN@>D LP@>? S>O�H`B^DNGICAH\BN@>? Z$K E O.ZX@ Z$@ E GRH$CAJ$K$LMGE&
B^CAO�H J1GID GIZ$T$Y[?WCAO�H6Q 42O/K$D L G J$T1GR?�@ Z$@ ?^GRCP?�CP@ J1GRDa?WCAE J$LA@ S>O/H\BUGRS_B4#]LA@>? E G BNY>D�CMGRK.m
S>O�HX?�BNCVBNKiB^C � ?9#lZ$Y_B^@>D�E CPH1GRH\BdLMG � O�D�S>@ Z6efGIZ$T$Y[?WCAO�H/#i?WO/H\B�K$H$@ J$DW@>E C %[DW@ @ miCPg/@>H$S>@RQ%F;G
?W@>S[O�H$Z$@ S>O�H`B^DNGICAH\BN@0#\klK1GRH$Z � @[LPLP@�#�@>?�BdLACPY>@*� L	enO�JhY>DNG BNCPO/H Z$@ Z$Y>JhO/?W@ Q � eyK$H$@ J1GID�B4#
LP@�?G8 ?�B=%>E @ J$D�O�JhO/?WY Z$O�CbBIH_B^D�@ S~GIJ1G7$$LP@aZ$@ J$DWO.ZXK$CPD�@ LA@>? � O/D�BN@>? GIS[S>Y>LPY>DNG BNCPO/H$?8JhO�KXDLMG ZXY>JhO�?�@ Z98 H1GIE CPk{K$@RQ
� efGIKiBND�@ J1GRD�B4#�K$H Z$@>g�D�Y Z$@ LACJ$h@>D�BNY ?WK$JXJ$LPY>E @>H\BjGICADW@ @>?�B
H$Y>S>@>?�?^GRCPD�@ JhO�K$D�CAH$S>LPCAH$@>DdLP@ J$D�Y>T$@>H$?�@>K$D JvO/K$D�LMG Z$Y>JhO�?�@ ?�BUG�B^CAklK$@RQ

F @ J$D�O.Z$K$CbB c.CA?WY @>?�B K$H J$D�OIBNOIBK8.Jh@0# CAL @>?�B Z$O�H$S KiB^CALP@ Z1GIH$? S>@_B�B^@ J$DW@>E C %>D�@
J$T1GR?W@ Z$@ Z$Y_c/@>LAO�J$Jh@>E @>H\B Z$@ � GIS[CPLPCbB^@[D LxeyCAH\BN@>D�c/@>H\BNCPO/H Z$@ LxeyKiBNCPLACP?NG BN@>K$D�GIK $ GI? HXCL&
c�@ GIK Z$@ S>O/E E GIHXZ$@ @_B Z$@ LAK$C|Jv@>D�E @_BWBNDW@ K$HX@ ?�K$D�c�@>CALPL GIH$S[@ CPH$Z$Y>Jh@>H$Z1GRH\BN@ @_B ZXCL&
DW@>S B^@ Z$K ?G8 ?�B=%>E @ @[H J$LMG07~GIH`B�LP@ E GIHXCPJ$K$L G BN@>K$D9# Z$K E O/CPH$?�L G J GID�B^CA@ J$D�Y>T$@>H$?�CPO/H/#
?WO/K$? K$H E CPS>D�O�?�S>O/Jv@ O/JiB^CAklK$@ QM) @ SjT$O�C m S>O�H`B^DNGICAH\B � O�D�BN@>E @>H`B L	enO/JvY>DNG�B^CAO�H @>H LPCN&
E CbBUGRH\B LMG !>O/H$@�ZX@�E GIH$CAJ$K$LMG�BNCPO/H GIK SUT1GRE J c.CA?WK$@>L1ZXK E CPS>D�O�?�S>O/Jv@�#�E GRCP? Jh@>D�E @ B
� L	enKiB^CALPCA?^G�BN@>K$D Z$@ J$DWO.S[Y>Z$@>D GIK.m Z$C)2wY>DW@>H`B^@>? E CP?�@>? GIK JhO�CAH\B BN@>SUT$H$O/LPO/g/CPklKX@>? @_B
LPO/g�CAS>CP@[LPLP@[?$# � GRS>CPLACVBjGIH`B�GICAH$?WC6LMG J$T1GR?W@ Z$@ Z$Y_c/@>LPO/J$Jh@>E @>H`B~Q

F @ S~GRT$CP@[D Z$@>?aSUT GID�g�@>?aE O/H\BNDW@ S>LMGRCPD�@>E @>H\B�klK6enCPL � GRKiBaCPH\BNDWO Z$K$CPD�@ Z$@[?�CAH$H$O&cIGE&
B^CAO�H$? CPE JvO/D�BUGRH\BN@>? Z1GIHX? JXLPK$?�CP@>K$D�?8Z$O/E GRCPH$@>?9#\H$ORBUGRE E @>H\B8@>H S>@ klK$C�S>O/H$S>@>D�H$@ LMG
S~GIJ GIS>CbB^Y � J$D�O.Z$K$CADW@�Z$@ � O/D�BN@>?8GRS>S>Y>LPY>DNG�B^CAO�H$?=B^O/KiB @>H DW@>?�Jh@>S_BUGRH\B L G S>O/H\BND^GRCPH`B^@dZ$@
E CAH$CMG�BNK$DWCA?^G�B^CAO�H6QC H D�@_cRGIH$SjT$@0# JhO/K$D�LA@O$$LPO S Z$Y>J$L GIS>@>E @>H\B4# LA@>? @ miCPg/@>H$S>@>?�Jv@[Kic�@>H`B



� ��� � � � 	 �	� � �	� ��	 � �	 �(� D��

H B^D�@ B^DNGICbB^Y[@>?�Z1GRH$?aLMG J$T1GI?�@ Z$@ J$D�OIBNORB 8 J1GIg/@ G~c/@>S Z$@>? ?�O�LAKiBNCPO/H$? @ miCP?�BUGRH\BN@>?9# BN@>LP?
k{K$@ Z$@[? ? 8.?�B %>E @>? Z$@ Z$Y[J$LMGRS>@>E @[H\B CPH`B^Y>g/DWY>? � G(mi@>? G~c/@>S Z$@>? D�Y>?WO/LPKiBNCPO/H$? ?�K%$'&
E CPS[DWO/E Y_BNDWCAklK$@[?$# S>O�E E @[DWS>C GILA@>E @>H`B Z$CP?�JhO�H$C $$LP@>?[QIF @ BND^G~cRGICAL�Z$@ S>O�H$S>@[JiB^CAO�H ?�@
S[O�H$S>@>H`B^D�@ Z$O/H$Sa?WK$D8LA@ JXDWY>T$@>HX?W@>K$D9#lK$H$@a?WO/LPKiBNCPO/H GIZ1GRJiB^Y>@ GRK.m Z$C32wY>D�@>H\BN? GI?�Jh@>S_B^?
ZX@ LMG E GRH$CAJ$K$LMG�B^CAO�H @>?�B J$D�Y>?W@>H`B^Y>@ @_BaZ$CA?WS>KiBNY>@ Z1GRH$?�L G ?WK$CbB^@ Z$@ S>@ Z$O.S>K$E @>H\B Q

� � �	� = 9 = � 
 ;�� 8 9� � 9�� ;

F|@ E O.Z$@ Z$@ E GRH$CAJ$K$LMG�B^CAO�H J1GRDdGIZ$T$Y>?�CPO/H D�@>JhO�?�@ @>H`B^C5%>DW@[E @>H`B ?�K$D�LP@ J$DWY[T$@>H'&
?�@>K$D[Q  FLd@>?�B L G J1GID�B^CA@ L G JXLPK$? ?�@>H$?WC $$LP@ Z$K E GRH$CAJ$K$LMG�B^@>KXD @ B Z$O/CVB H_BNDW@ S~GIJ G�$$LA@
Z}ey@�2w@>S_BNK$@>D ?�Y>J1GRDWY>E @>H\B LP@[? B6�ISjT$@>? ZX@ ?^GRCP?�CP@ @_B LA@>? Z$@>K.m Z$C)2wY>DW@>H`B^? E O Z$@>? Z$@
ZXY>JhO�?�@RQ��.O/H Y_BNK$Z$@ @>?�B Z$O�HXS J$D�O�JhO/?WY[@ ?�O�K$? S>@_B GRH$g�LA@0#v@>H � O/H$S_BNCPO/H Z$@>? J$T1GR?W@>?
ZXK E O Z$@ Z$@ E GIH$CAJ$K$LMG�B^CAO�H}Q

� H GRKiBNDW@ GR?WJh@>S_B CAE JhO/D�BjGRH\B ZXK JXDWY>T$@>H$?�@>K$D @[?�B L G Z$Y_BN@>S_BNCPO/H Z$K S>O�H`BUGRS_B @_B
ZX@ L	en@�2wO�D�B~QDC H � O/H$S_B^CAO�H Z$@>? LPCAE CbBUG�B^CAO�H$? Z$K BND^G~cRGICAL ?WO/K$? E CAS>DWO/?WS[O�Jh@ @_B Z$@ LMG
S[O�H\BNDNGICAH\BN@ ZX@ E CAH$CMG�B^K$D�CP?NG BNCPO/H/#iL	enK$H$CPk{K$@ E O 8/@>H Z$@ E @>?WK$D�@ Z$CP?�JhO�H$C $$LP@ Z1GIH$? S>@
S GI? @>?�B LMG E @>?�K$DW@ Z$CPD�@>S_BN@RQ
 FL8@>?�B Z$O/H$S CAE JhO/?W?�CJ$XLP@ Z$@ ?�Y>J1GRDW@>D LxeyO/KiBNCPLuBN@>DWE CPH GIL
ZXK S GIJiBN@>K$D Z6en@�2wO�D�B ?�CuK$H$@ E @>?WK$D�@ S>O/H\B^CAHlK$@ @>H BN@>E JX? DWY>@[Lu@>?�B Z$Y>?�CPD�Y>@RQ  FL � GIKiBZXO�H$S CAE JhY>DNG BNCVc/@>E @>H\B�J$D�O�JhO/?W@>DaK$H$@ ?�O�LAKiB^CAO�H JhO/K$D�LP@ J$D�Y>T$@>H$?�@>K$D CAH\BNY>g/D^GRH\B K$H
S GIJiBN@>K$DaZ6ey@�2wO/D�BN?>Q

����� ����������� ��! " # $%�&# ��"('*)*" # ��� $ ��+ # , +�"() - ) "(+�� "(� )
F|@>? S[O�H\BNDNGICAH\BN@>? ?[e GRJ$J$LACPk{K1GIH`B LAO�D�? Z$@ LMG J$T GI?�@ Z$@ ?NGICA?WCA@ ?�O�H`B L G E CAH$CMG�B^K'&

D�CP?NG�B^CAO�H/# LMG cIGRLA@>K$D J$LAK$? Y>LA@_c�Y[@ Z$@ Lxe GRZ$T$Y>?�CPO/H � L	enCPH`B^@>D � GRS>@ O*${zW@_B)(�J$DWY>T$@[H$?W@>K$D
S[O�E J1GID�Y>@ � L	enCPH`B^@>D � GRS>@ OB$lz�@_B�(�?WK%$$?�BND^G�B @_B LP@ S GIJiBN@>K$DaZ6ey@/.wO/D�BN?�CAH\BNY>g�D�YRQ

F eyY_BNK$Z$@ ZX@>? � O�D�S>@>? Z6efGIZ$T$Y[?WCAO�H/#.J$D�Y>?W@>H`B^Y>@ Z1GIHX? LA@�JXDW@>E CP@>D8SjT1GIJ$CbB^D�@0#lJh@>D�E @_B
ZX@ LPCAE CbB^@[D LMG S>O/H\BND^GRCPH`B^@ DW@>L G BNCVc/@ � L G � O�D�S>@ Z}e GRZ$T$Y>?�CPO/H ?WKXD L G J1GID�BNCP@ Z$K J$D�Y&
TX@>H$?W@>KXD E CA?W@ @>H S>O�H`BUGRS_B G~c/@>S LxeyOB$lz�@_B E GIH$CAJ$K$LPY Q10FL ?WK ; B Z$O/H$S Z$@ Z$Y_B^@>D�E CPH$@>D
KXH E G BNY>DWC GIK S>O/H$?�BNCVBNKiB^C � JvO/K$D L	enO/KiB^CALiB^@>D�E CPH1GRL	Q.�iGRSUT1GRH\BdklK6enK$H Z$@>? � GIS_BN@>K$D�?�CPE &
JhO/D�BjGRH\B^?�k{K$C}CAH�21K$@>H$S[@ L	efGIE J$LACVBNK$Z$@ ZX@>? � O�D�S>@>?dZ6e GRZ$T$Y>?�CPO/H @>?�B�LMG D�K$g�O/?WCbB^Y0#.CAL�@>?�B
HXY>S>@>?W?NGRCPD�@ Z6e G~c/O�CAD K$H Y_BUG�B Z$@ ?WK$D � GRS>@ LP@ JXLPK$?�J1GID � GRCVB�JhO�?�?WC $$LA@RQ

F;G � G7$$DWCAS~G BNCPO/H Z6eyKXH E CPS>D�O�&F? 8.?�B %>E @�Z$@>E GRH$Z$@�Z$@>? E O 8/@>H$?8CAE JhO/D�BjGIH`B^? @ B K$H
?NG~c�O/CAD & � GRCPD�@�S>O�HX?WCAZ$Y>D^G7$$LP@RQ43�cRGIH`B Z6enO�JiBN@>D JhO�KXD K$H$@d?WO/LPKiBNCPO/H O�H$Y[DW@>K$?�@�@[H S>O65iB8@_B
@[H BN@>E J$?2Z$@ ?�O�K$?�& BND^GRCVBjGIH$S>@�# O/H G � GRCVB;K$H$@ D�@>SUT$@>D�SUT$@dJ1GRDWE C\LA@>?�S>O/E JhO/?^GRH\BN?2@�m CP?�&
BjGRH\B2Z GIH$?=Z$@>?2Z$O/E GRCPH$@[? ?�CPE CPL GICADW@>?9#_JvO/K$D|c�Y>D�C �1@>D;?[eyCALP?|Jv@>K c�@>H`B H_BNDW@ Z$Y_BNO�KXDWH$Y>?=Z$@
LA@>K$D � O/H$S_BNCPO/H J$D�@>E C5%>DW@ @_B�GIZ GIJiBNY>?�GIK ?G8.?�B=%>E @ JXDWO/JhO�?�YRQ(3 CPHX?WC # LA@>?�E CAS>D�O�?�S>O�Jh@>?
� � O/DWS>@ G�B^O/E CPklKX@0# GRJ$Jh@>LPY 7/3 :O# 7 Z$@ L	efGIH$g/LMGRCP? 7/3 BNO�E CPS :1O�D�S>@ # CPS>D�O�?�S>O/J 887
JXDWY>?�@>H\BN@>H\B Z$@>?�S GIDNGIS_BNY>DWCA?�BNCAklK$@>?aCPH\BNY>D�@>?W?NGIH`B^@>? 9;:aO�LALPORB </=?>A@CB #8D�E6EGF7$�H



��� )�T1GIJ$CbB^D�@ ����� ��� ����� 	��	���
��� 	����
	���
� ������
��� �	� ������������ 	

��� < <���������� � � oqp�� ���
F �"! #%$\c&�"!(')#Pg+*�',#%-�$.! -�$/' 0"-�$$Z21.#�' � 3	enY�',1$Z.� Z.� 4 #50"67-�&98:-&1;',67�"! 8.#%<$!"-&6=<"!7#5!�',#?>&�"!

1;',#%35#%!=<@�"! AB*C$.! 35�"! ! 8D!�' %"4 �"! 3 :O# E 3F')-�4 #50 :G-�670"� # #50"67-&!=0"-&8 82H 9JIK-&6(')-�$.�"!7� </=
>A@CB #*D�E6E D H 9 # #%$.$.� </=�>A@CB #*D�E6E � H 9
# *C$B*C3%#5! </= >4@CB # D EGE � HML�)N�"! !G8�!('=%"4 �"! 8.67<"!=�"$+',�"$+'
8.351.!7#5�@1.6=!O*�>P*C$/'Q*PR��"! 6

S #53%!T!7-�$+' A.� 'U*P#53%35� 67<"A.1.#?',�WV
S #53%! 8:�"674 ��'7',�@$/' #XA.1 � *P#�' A.� 35�"1.6 $G*Y')1.67� 82#5<$!"-&6=<"!7#5!�')#�>&�0#NA.� 4 �"!=1.67�"6 A2�"!�/.Z-�6�',!O*�>��"0 1.$.� 6=<"!7-�3%1;')#5-&$ A.� 3\[]-&6=A.67� A.1 $G*P$.-.&9$.��^_')-&$ V
S 3`* 8a-&1;')6=� <�'Q*C$+' �"$ !=#%35#%0"#5124 4 -�$.-�0"6=#%!('Q*C3%35#%$ ��' � *�$.67#5bc1.<"� 8G*P6 8.67-D0"<"A.< A.�7 $.1.3%d 4 #50"67-�&94 *P0Ue.#5$2#5$.R 7Yfg0"�"! ! 8D!�')h"4 �"! 826=<"!7�"$/')�"$/' 1.$ <i'U*�' A.� !=126(jM*P0"�
�lk;0"�"8;')#5-&$.$.�"3m��'n1.$.� $:-�$.$.� <"$.�"6=R&#5� Ao[p*PA.e.<"!7#5-&$ V

S #53%!q8:-�!7!=h"A.�"$+'�1.$ jM*P#J$.3%���"$.0"-�4 $.67�"4 �"$/'F��'F1.$.�OjM*C0"#%35#?',<�A.� 4 #%!=�O�"$ -D�@1;>D67�PL
)N�@! ! 8D!�',h"4 �"! #5$+',h"R&6=�"$+' 1.$ 8:-�$+' A.� r e.��*�',!�',-&$.� A.-&$/' 3%�"! <@35<"4 �"$/')! 67<"!7#5!�',#?js!@f
R�6)*�>�<"! *C1 $.#?>���*P1 A.� 3
[t�"$.0�*P!(')6=�"4 �"$/'ufv8:�"674 ��'7')�"$/' A.� bc1G*C$+',#?wG�"6 A.� ')6=h"! jx*C# $.35�"!
2G�lk;#%-�$2! A.� 3`* 8:-&1;',67�PL Fm� !G8�!(')h"4 � *Y'7')�"#5$+' A.�"! 67<"!=-&351y',#%-�$.! <"35��>&<"�"! ��' �@!(' A.-&$.0
',67h"!n*Y'7',6)*C0�')#�jz8:-�1.6�0"� 8.67-*$235h"4 � A.� 4 *C$.#%8.1.3`*�')#5-&$oL
3 #%$.!=#\f 35� 0Ue.-&#{k !@[]�"!�' -�67#5�"$+',< >��@6=! 3
[t1;')#53%#5!)*Y')#5-&$ A.� 0"� !G8�!(')h"4 � 0"-�4 4 � 8.67<"e.�"$'&
!=�"126"L F|[]<"3%<"4 �"$+' 6=�i',�"$c1 �"!�' 8.6=<"!7�"$/')< !71.6 3}* wGR�1.67� ~Df�#%3 �"!(' 0"-�4 8:-�!7< Ao[t1.$.�
8:-�1;')6=� A.� !=#%35#%0"#51.4 4 -&$.-�&90"67#%!('Q*C3%35#%$ Ao[]-&6=#%�"$/'Q*Y')#5-&$

< 100 >
f ��' A.� A.#%4 �@$.!=#%-�$.!

600
k
140

k
10 �o� 3 L Fq[t�"$.!=�@4 $235� 8:-�1;')6=�&98:-&$/' A.� r e2��*C!�',!�',-&$.�Pf�Ao[t1.$.� 4 *P!7!=� ')-�&

'U*P35� A.�
mp = 0 � 1 g

fa�@!(' w;ky< � 1.$ !=1.8.8:-&6(' �"$ *P351.4 #5$.� E
5
k
8 mm2 H !=1.6 3%�"b�12�"3

!=-&$/'nR�6)*�>�<@�"! 3%�"! $:-&6=$.�"!nA.� 0"-&$.$.�lk;#%-�$ A.1 8:-�$+'�L

�K-&#5$+',�
Fm-�$2R�1.�"1.6 �&��� �o�F�*C67R&�"1.6 D�� � �o�� 8B*C#%!=!7�"1.6 D � ���:G67<"b�12�"$.0"� A.� 67<"!=-&$G*C$20"� �

40 kHz�K-&$/'nA.� r e.��*�',!�',-&$.�
:O<"!7#5!�'U*P$.0"� A.1 8:-&$/' E

R � H D&Lp� d��
� #5!7!=#%8G*Y')#5-&$ A.� 8.1.#5!7!,*P$.0"� 4 *�kaL

1 mW

�X�����/~ 6*)T*P6)*C0�')<"6=#%!(')#5bc1.�"!�A.�F3}* 8:-�#%$/')�X8.#5<"�"-&6=<@!=#%!(')#�>&�X1;',#%35#%!=<"��0"-&4 4 ��8.67<"e.�"$.!7�"1.6
Ex8.67-DA.12#�')� 8G*C6O3`* !7-D0"#%<�',< � *C$.-&!7�"$.!=-&6=! � 4 �.e�H

� �"! 8:-&1;',67�"! 8.#%<"�"-�67<"!7#5!�',#?>��"! !=-&$/' -&6=#%R�#%$.�"353%�"4 �@$/' A2<"A.#5<"�"! � 3
[t<�',1.A2� A.� 3`*
4 #%0"6=-���')-�8:-&35-&R�#%� A.�"! !=1.6�jM*P0"�"!"fX3
[t#5$+',�"6)*C0i',#%-�$ 8:-&1;',67�l�9!71.6(jM*P0"� !@[]�/.Z�"0�')1.� *C1 ')6)*��
>��@6=! Ao[t1.$.� 8:-&#5$/')�Pf�0"-&353%<"� !71.6 3`* 8a-&1;')6=�PfKbc1.#X*C1.R&4 �"$+',� *C#%$.!=# 3`* 8.67<"0"#5!7#5-&$ A2�"!
4 �"!71.67�"!"L?3 wG$ A.� A.#5!78:-�!7�"6 Ao[t1.$.� !71.6(jM*P0"� 8.3`*P$.� !71.6 35� 8.67<"e.�"$.!7�"1.6@f�35� 0Qe.-�#¡k



���������
	��	�� ���
	�� ���
����� � ���
!@[t�"!('X-&6=#%�"$/')<T>&�"67!�A.�"!�8:-�1;')6=�"! 7l')#58.3%�"!=! 7YfPA.<"8:-�1.6�>D1.�"!XA.�O0"��'7',�O8:-�#%$/',�YL�� $ A.<"8��C'
Av[]1.$.��8:�"353%#50"1.3%��Ao[t-�6qA.�

50 nm
Ao[]<"8G*P#5!7!7�"1.6qb�1.#.�@!('�*P8.8.35#%b�1.<"�F0"-&4 4 �X',6)*C#?',�@4 �"$+'

A2� !71.6(jx*C0"� � 3`* 8:-&1;',67� A.-&#?' 8a�@6=4 ��'=')6=� Ao[t-��;')�"$.#%6 1.$.� !71.6(jx*C0"� � 0"-�$2!('Q*C$+',� A.�
� *C4 *PdC�"6g<@35��>&<"����'qA.-�$20T1.$2�Nj-�6�',��*CA2e.<"!=#%-�$ � 3\[]#%$/')�"6(jx*C0"�X-&���7��'(�98.67<"e.�"$.!7�"1.6@L�� �"!
<i'U*P8:�"! A.� ')6,*P#�')�"4 �"$/' ��' A.� A.<"8��C' -&$/' <�')< � .v�"0i',1.<"�"! � 3\[;0��� � ��' 0"-&$.!=#%!(')�"$/'
�@$ 1.$ A.-�1.�235� A.<"8��P' 8G*P6�<i>C*P8:-�6)*Y')#5-&$ ��1.$ A.<"8��C' A.�

25 nm
A.� I�#�'Q*C$.� Es0"-&1.0Ue.�

Av[p*P0"0"6=-�0UeG*PR���HO8.1.#5!n1.$ A.<"8��P' A.�
50 nm

Ao[t-�6@L ��* wGR&1.67� � #%353512!(')6=� 3}* 8:-&1;')6=� �"$
wB$ A.� 8.eG*P!=� A.� 4 <�'Q*C3%35#%!,*�',#%-�$oL

�X���T�a�!�G�K-&1;')6=� 8.#%<"�"-&6=<"!7#5!�',#?>�� A.1.6,*P$/'n3`* 8.eG*P!=� A.� 4 <�'Q*C3%35#%!,*�',#%-�$
��* 6)*C#%A.�"1.6

k
A.� 3}* 8a-&1;')6=� �"!�' �@!(')#54 <"� � �

k =
ELe3

4l3
= 21 � 06 N " � *�>��"0

4 -DA.1.3%� Ao[$#�-�1.$.R
E = 1 � 3 % 1011 Pa3%-�$.R&1.�"1.6

l = 600 �o�3}*C67R��"1.6
L = 140 ���<"8G*P#5!7!=�"126

e = 10 �o�& wG$ A.�nb�1G*P$/')#�wG�"6�3%�"!�A.<('G�lk;#%-�$2! �i'X35�"!�')�"$.!=#%-�$.!�A.� !=-&6(')#%�Pf/3`* wGR&1.6=�n� A.-&$.$.�
12$ �lky�"4 8.3%� A.� 0"-&1.67�a� -&�;',�"$c1.� 3%-�67! Ao[t1.$ �"!=!)*C#�A.� 'G�lky#5-&$ !71.6 1.$ !=128.8a-&6�' �"$
�)�)�+* L

� ��' <"3%<"4 �"$/' 8.6=<"!7�"$/')� A.-�$.0 ')-�1;')�"!n35�"! 0�*C6)*C0�')<"67#5!�',#%b�1.�"!n�lk;#%R�<"�"! A.1 8.6=<@e.�"$D�
!7�"1.6 8:-�1.6 �/.Z�"0�')1.�"6 3\[]-&8:<"6,*�',#%-�$ A.� !,*P#5!7#5�Yf 0"-&$;js-&6=4 <"4 �@$/' � 3\[p*P8.8.67-D0Ue.� ')e.<"-��
67#5bc1.� 8.67-�8:-�!7<"� *P1 0QeG*C82#�')6=� 8.67<"0"<"A.�"$+'�L,�m�"! !7-�3%1;',#%-�$2!�')�"0Ue.$.-&35-&R�#%b�1.�"! 6=�"3}*Y')#�>&�"!
� 3}* 8.eG*P!7� A.� A.<"8:-�!7� !7-�$/'nA.-&$.0 �/.Z�"0�')1.<"�"! � 8G*P6(')#56FA.� 0"� 0"-&4 8a-&!,*P$/'uL

-/.�- 0/1)24365!7�1)8 9 5!:<;>= 8 1)2�1)?)7�@A3 :<9 B C>1DB 1)9FE,:<9 B 1+3 C 2�G B = G)9F: - :
- EHB 1)9I:

� �"1Dk 4 -DA.�@!qA.�_A2<"8a-&!7��-&$/'q<�')<�826=-&8:-�!7<"!qAG*C$2!q35�F0UeG*P8.#�')67�_8.67<"0"<"A.�"$+' �GE4J�HK3%�
4 -DA.�O!�'U*�',#%b�1.�PfD�/.Z�"0�')1.< �"$ #5$.0"3%#5$G*P$/'�3%��826=<"e.�"$.!7�"1.6F��' E
~�Hq3%� 4 -DA.��ALKD$G*P4 #%b�1.�Pf



��� � eG*C8.#?',67� ����� �����(�	�4��
�����(� ������������ �� ���� � 	�� 
��� �� ����
 �

−3.5 −3 −2.5 −2 −1.5 −1 −0.5 0 0.5
−3500

−3000

−2500

−2000

−1500

−1000

−500

0

500

Tension pont de Wheaststone (V)

D
ef

le
xi

on
 d

e 
la

 p
ou

tr
e 

(n
m

)

Caracterisation Tension/Deflexion

�X�����|� � � *P6)*C0�')<"6=#%!,*�')#5-&$ A.� 3}* 8:-�1;')6=� 35-&6=! Ao[t1.$ �"!7!,*P#FA.� 'G�lky#5-&$ 8G*P6 0"-&$/'Q*P0�'
*�>��"0 12$ !=1.8.8:-&6('O�"$ �)�)�)*
�"$ 1;',#%35#%!,*P$/'O1.$.� js-&6�',� *P0"0"<"35<"6)*�',#%-�$ A.1 8.67<"e.�"$.!7�"1.6@L � �"! A.�"1Dk 0�*P! !7-�$+' <�')1.A.#%<"!
!=<"8B*C67<"4 �"$+'�L

� ������ "!  $#&%'#�(*),+-!

�/.�021 3"4 5 K7684 9:4 9:;"6�.�<�4Pf>=@?A<�0'B 5 9DCE=@F:3"?G=@F:4"1 ?@4 621H;"e:4"F:<�4"0:1 6JIK1 1LIM6:6�.N1O5 IK0
<H0.�2<O5L1PI	5�Q � 4$5�5P4 =@F:3"?@=GFJIK=G<�.�FofD9DCR0:F IMF:SN?G4 TGf/1H;"9:0:=U5 ?G4V< jW.�1�3"4"< 9DC�IM9.e:;"<�=G.NF 4"FX5L1H4
?G4 6:1H;@e:4"F:<H4V0:1 4$5 ?YCR.&� �H4$5 Z IMF:=@6:0:?G; 9DCE0:F j*IM3$5L4"0:1 [�\	]$T 4"F 6:1�. �H4"3$5L=G.NF <�0:1 ?YC^I�k'4
_ 4V1O5L=G3�IK?Q 0`?a<H0'B 5 9:.NF:3 9DC^I���.�0'5L4"1 0:F 9:4"SN1H; 9:4 ?G=%�84V1O5L; IM0 6:1�;"e:4"F:<�4"0:1"f>6�4"1�Z 4b5(�
5cIKFX5 IK=GF:<�=d0:F Z .N0 _ 4"Z 4"FX5 9:4 ?G=eIM=@<H.NF 62= _ .M5fQ � 4"?@?G4 �g3"=h4"<O5 6:?eIM3";"4 � ?C�IMZ .NFX5 9:0
6:1H;@e:4"F:<H4V0:1 6�.N0:1 j*IM3"=@?G=U5P4"1 ?eI Z =@<H4 4"F .i4"0 _ 1H4KQD�jC^I�k'4 9:4 1H.K5cI	5P=@.�F I ;$5P; 3Ue:.N=G<�=
e:.�1�=5�V.�Fk5cIK?l4b5 6�4"1�6�4"F:9:=G3"0:?eIM=@1�4 � ?mI 6�.�0'5L1H4 9:4 ?C & n � IYwJF 9:4 �:=@4"F _ =@<H0JIK?G=@<H4"1
?C�IMF:SN?G4 9DCR=@F:3"?@=GFJIK=G<�.�FDQ

� ������ "! oqp�r-%Js (�)D+�!

�>4"<�1�;"<H02?t5uIv5L<A5,e2;".�1�=Gwx0:4"<�9:4y<H=@Z 02?mI	5P=@.�F:<-9:4"<hZ .79.h"?G4V<A9!KiFJIKZ =Gw�0:4V<�.�Fk5�Z .NFD�
5P1�; ?mI F:;"3"4"<�<H=U5P; 9:4 6:1H.79:0:=G1�4 0:F:4 ?mIK1HSN4 SXIKZ Z 4 9DC^IK3"3";"?@;"1PI	5P=@.�F IK?G?eIMFk5 9:4

100
�

106 � " ] 2 Q.� 4 6:?@0:<@fz0:F Z =@3"1H.N<H3V.�6�4 .N6'5P=@w�0:4 4"<O5{0'5L=G?@=G<�; 6�.N0:1l?eI _ =@<H0JIK?G=@<PI	5P=@.�F 9:4
?CE.�6�;"1LIv5L=G.NF 6JIK1y?CE0'5P=@?G=@<PI	5P4"021"Q � 4"< 9:4"0Dk 3".NFX5P1LIK=GFX5L4"<{1H4"F:9:4VFX5 ?@4"<y<�K7<O5)h"Z 4"< 9DC^IK3l�
5P=@.�F:F24"Z 4"Fk5�eJIC�2=t5L0:4"?G<@fM5P4V?G<h?G4V<�Z .K5P4"021H<h4$5h5L1PIKF:<�?mI	5P4"0:1�<h3"?mIK<�<H=@w�0:4"<@fX=GFx0'5P=@?G=@<PIP�:?G4"<
� 3�IM0:<�4 9:4 ?G4"0:1|SN1PIKF:9 4"F:3".NZ �:1�4"Z 4"Fk5�Q�0g?DIM6:6JIK1PI	}G5|9:.NF:3 3".NZ Z 4 =GF:;"?@0:3$5cIP�:?@4 9:4
<"CE.�1�=G4VFX5L4"1 _ 4"1H< 9:4V< 5P4V3Ue:F:.N?G.NS�=@4"< 9DC�IM3$5L=G.NF:F:4"Z 4"FX5 IM?U5P4"1�FJI	5P= _ 4"<@f83".NZ Z 4 ?G4V< Z I��
5P;"1�=mIK0Dk IM3b5P=?jW<"Q �q4"< 9:= .~;"1�4"FX5L4"< 68.N<H<�=5�2=G?G=U5L;"< <H.NFX5 �A?G4"< Z Iv5L;"1H=eIK0Dk .N6'5L=Gw�024"<"f�?G4V<
IM?@?G=eIMSN4"<�Z IMSNF:;$5P.N<�5P1�=G3$5L=�j�<"f�?G4V<�IK?G?@=mIKS�4V<�� Z ;"Z .�=@1H4�9:4 j�.�1�Z 4Pfi?@4"<|S�4"?@<l6�.N? K7Z h"1�4"<@f
?G4"<yZ Iv5L;"1H=eIM0Dk 6:=@;"�".i;"?@4"3$5P1�=Gwx0:4"<VQ



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

� IM1�Z =�5L.�0'5L4"< 3"4"< 6�.N<H<�=5�:=@?G=U5P;"<@f ?@4"< 3";"1PIKZ =Gw�024"< 6:=G;"�".7;"?G4"3$5L1�=Gw�0:4V< 6:1H;"<�4"FX5L4"FX5
02F I _ IKFX5uIMSN4 3"4"1�5cIK=GFDQ�� 0'5L1H4 wx0DCR4V?G?G4V< .NFX5�?G4"<{3�IM6 IM3"=U5P;"<{9!KiFJIKZ =Gw�0:4V< 4$5�3"=GF:;VZ I��
5L=Gwx0:4"< 1�4"w�0:=@<H4"<���4"?G?@4"< F:4 F:;"3V4"<H<�=t5L4"FX5 6JIK< 0:F:4 jW.N1�3"4 9:4 1PIK6:6�4"?d6�.�0:1 1�4$5P1�.�0 _ 4"1
?@4"0:1 3".NF;wJS�0:1LI	5P=@.�F =GF:=U5P=eIM?@4 � ?YCR=@F _ 4"1H<�4 9:4"< Z Iv5L;"1H=eIM0�k Z IMSNF:;$5L.�<�5P1�=G3$5L=?jW< .�0 ?G4"<
IK?G?@=mIKSN4"<T� Z ;"Z .N=G1�4 9:4 j�.�1�Z 4KQ

�q4"< Z I	5P;"1�=eIM0Dk 6:=@;"�".i;"?@4"3$5P1�=Gwx0:4"< 6:1�.i9:0:=@<H4"Fk5 0:F:4 wx0JIMFk5P=U5P; 9:4 3��JIM1�SN4"< 6:1H.��
6�.N1O5L=G.NF:F:4"?@?G4 � ?mI 3".�Fk5P1LIM=@FX5L4 IK6:6:?G=@w�0:;"4 �*!
	h!X# (�r���!�	 "!�� .�0 0:F:4 9:;���.�1�Z I	5P=@.�F
621H.N6�.�1�5P=@.�F:F:4"?@?G4X� ?eI 5L4"F:<H=@.�F ;"?@4"3$5P1�=Gwx0:4{IM6:6:?@=Gwx0:;"4 �*!�	 !X# o/(�� !��M#�� Q 0g?G<�<�.NFX5h9:.NF:3
0z5P=@?G=@<PIP�:?G4"<D3".NZ Z 4�3�IM6z5P4"0:1��*4/.~4$5 =GF _ 4"1�<H4���.�0 IK3$5L=G.NF:F:4"0:1��W4/.~4$5 9:=G1�4"3$5�� Q � 4"<A6��:;l�
F2.�Z �"F:4"< <�.�FX5 .��:<�4"1 _ IP�:?G4"< 9JIMF:< ?@4"< Z .�F:.i3V1H=@<O5uIM0�� 5L4"?G< w�0:4 ?G4 w�0JIK1O5)� �

SiO2
���

9 IMF:< ?@4"< 6�.�? KiZ �"1H4"< 5P4"?@< w�0:4 ?G4 6�.�? K _ =GF�K7?G=@9:=GF:4 'J0:.N1H=@9:4 �
PV DF

� .�0 9JIKF:< ?G4"<
3V;"1PIKZ =@w�0:4"< 5L4"?@?G4"< wx0:4 ?@4"<

Pb(ZR � T i)O3
��6:?G02< 3".�Z Z 0:F:;"Z 4"FX5 IK6:6�4"?G;"<

PZT
Q

�q4"< Z .�0 _ 4"Z 4"FX5L< SN;"F:;"1H;"< <H.NFX5 IK<H<�4"� ��IK=5�:?@4"< � �
l "�! < 10 " 4 � Q$# F24 1�4 _ 0:4 9:4"<

0z5P=@?G=@<PI	5P=@.�F:< 9:4 3"4"<d3";"1LIKZ =@w�0:4"<h4"<�5|6:1H;V<H4"Fk5P;"4 6 IM1&%'# 3(�2=)��J ���
*,+ Q��>4"<d6�.N0'5P1�4"<d6:=@;l�
�V.i;"?G4V3$5P1�=Gwx0:4"< <H.NFX5 3".NZ Z IMF:9 IC�:?@4"< 6JIM1 <�4"0:?@4 IK6:6:?G=@3�Iv5L=G.NF 9DCR0:F:4 5P4"F2<H=@.�F 4$5 F:4
92;"6�4"F:9:4"FX5 6JIM< -.�W.N1�5P4"Z 4"FX5/- 9:4V< ��IK3$5P4V0:1H< 4"F _ =@1H.NF:FJIKFX5L< 5L4"?G< ?mI 5P4"Z 6�;"1PI	5P021H40�
?YC1�x0:Z =G9:=U5P;0��?eI ?G0:Z =GF:.N<�=t5L;0��4$5P3vQ�2 ?YCR=@F _ 4"1H<�4 9:4V<lSN4"?@< 6�.N? K7Z �"1�4"<d4$5 9:4"<|Z I	5L;"1H=eIM0��
.N6'5L=Gwx0:4"<"Q�� 4 6:?@0:<3�/4"?@?G4"< <�.�Fk5 0'5P=@?G=@<H;"4"< =@F:9:0:<�5P1�=G4"?@?G4"Z 4"FX5 9:4"6:0:=@< 62?G0:< 9:4 _ =@F:SM5
IKF:<{4$5 <�.�Fk5 IK=GF2<H=D1H4"?eIv5L= _ 4"Z 4"FX5{Z =@4"0�� Z I	}G5L1H=@<H;"4"<VQ

4 IM1 ?eI <�0:=t5L40� 3"4$5�5L4 <�.�?@0'5L=G.NF 4"<O5 IK9:.N6'5P;"4 <�.�0:< 1H;"<�4"1 _ 4 9:4 ?mI _ ;"1�=65J3fIv5L=G.NF 9:4
?@4"0:1�< 3�IK6JIK3"=t5L;"< 6 IM1{9:4"< Z .i9:;"?@=G<LIv5L=G.NF:<|4$5�9:4"< <�=GZ 0:?eIv5L=G.NF:<|F�0:Z ;"1�=Gw�0:4V<"Q

7 ��� ���� �( #�(W��r o�! 8 ����s �X#9�	(W! o/+ s %Jr/(W� +;:W%'#&!7+<�
�-I S�;".NZ ;$5L1�=G4 9:4 ?YCR.N1HSkIMF:4 5L4"1HZ =GFJIK?h9:0 Z IMF2=G6:0:?eIv5L4"0:1 4"<�5 5��';"4 I _ 4"3 ?YCR0z5P=¡�

?@=G<LIv5L=@.�F 9DCE0:F:4 3";"1PIKZ =@w�0:4 6:=@;3=".i;"?@4"3$5P1�=@w�0:4 3".�Z Z 4 IK3$5L=G.NF:F:4"0:1 4$5 9DCR0:F:4 6�.�0z5P1�4
62=G;3=".N1H;"<�=G<�5L= _ 4 3".NZ Z 4 6:1H;��:4"F:<H4"021"Q ��?G?@4 4"<O5 6:1�;"<�4"FX5L;"4 <�0:1 ?mI 5JSN0:1�4 * Q;4AIK1 <H4"<
92=GZ 4"F:<H=@.�F:< 1�;"9:0:=U5P4"<���4"?G?@4 4"<�5 IK9JIK6'5P;"4 2 0:F24 Z IKF:=G620:?mI	5P=@.�F <H.N0:< Z =@3"1H.N<�3".�6�4KQ
4 IM1{?mI <�0:=t5L40� ?YCR;b5P0:9:4 4"<�5n�JIM<�;"4 <�0:1 3"4$5�5L4 6:1H.N6�.�<�=t5L=G.NFDQ

�q4 1�4"F:9:4"Z 4"FX5 Z ;"3�IKF:=Gwx0:4 6JIK1 1PIK6:6�.N1O5 2 ?YCR4��z3"=t5uIv5L=G.NF ;"?G4"3b5P1�=Gw�024 9DCE0:F:4 3";l�
1LIKZ =@w�0:4 6:=@;3=".i;"?@4"3$5L1H=@w�0:4 9:;"6�4"F:9 924 <PI <H0:1>��IK3"40�d=G?y4"<O5 9:.�F23 6:1H;���;"1PIP�:?G4 924 ?mI
Z I?�'=GZ =G<�4"1A9:4@��I0A".NF 2 3V.�0 _ 1H=@1�5P.N0'5�?@4�3"=@1H3V0:=t5 & n � Q���I 3V;"1PIKZ =@w�0:4 4"<�5|IM=@F:<H=z3".�?¡�
?@;"4 IK0 �CB	5P=D2 <LI �*IM3"4 <�0:6�;"1�=G4"0:1�40� 6�4"1�Z 4$5�5uIMFX5{9:4 5L1PI _ IK=G?@?G4"1 4"F Z .i9:4 ;"6JIK=G<�<�4"0:13�
92.�F:3 <H0:1 ?C�I,�z4 _ 4"1O5L=G3fIM?YQL�-I ?G=eIM=@<H.NF 6:= _ .M5 6�4"1HZ 4$5 9DCE=GF:3"?@=GF:4"1h5L.�0'5y?@4 6:1�;3�:4"F:<�4"0:13�
IK3$5L=G.NF:F:4"0:1 3".NZ 6:1H=@<3�>I�5JF 9DCR4/.~4"3$5L0:4"1 ?eI 9:;"6�.�<�4 <O5uIv5L=Gwx0:4KQ �>4V< 3�IM1LIM3$5L;"1�=G<�5P=@w�0:4"<
4E�:IM3b5P4"<�924l?eI 3";V1PIKZ =@w�0:4 �WZ I	5P;"1�=mIK0F�&;"6JIM=@<H<�4"0:1��v4$5L3KQG�-<H4"1�.�Fk5�9:;$5L4"1HZ =GF:;V4"<H2 ?YC^IK=G924
924"< <�=GZ 0:?eIv5L=G.NF:<|F�0:Z ;"1H=@w�0:4"<VQ

� 4$5�5P4 3V.�F�5JSN0:1LIv5L=G.NF Z =GF:=@Z =@<H4 ?@4 _ .�?@0:Z 4 5P.K5uIM?@4 9:0 6:1H;3�24"F:<H4"0:1VQD�>4"< 9:4"0��
5 K7684V< 9:4 9:;"6�.�<�4 <�.�Fk5 ��IM3V=G?G4VZ 4"Fk5 1H;�IK?G=@<PIP�:?G4"< <�;"6JIK1H;"Z 4"FX5 <LIMF:< F:;"3"4V<H<�=t5L4"1 0:F:4
=@FX5L4"1 _ 4"Fk5P=@.�F 5L4"3(�2F:=Gw�024 68.N0:1��26 IM1 4��'4"Z 6:?@40� 0:F 3(�JIKF:S�4"Z 4"Fk5 9DCE.�0'5L=G?YQ(0`?~4"<�5{;"SXI��



��� � �JIM6:=U5P1�4 ����� �����(�	�4��
�����(� ������������ �� ���� � 	�� 
��� �� ����
 �

���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� Poutre piézorésistive

Face encastrée

Circuit AFM

Céramique piézo

Liaison pivot

���	��
 * � 4�1H.N6�.�<�=t5L=G.NF 9:4 S�;".NZ ;$5L1�=G4 9:0 621H;3�:4"F:<�4"0:1

?G4"Z 4"FX5 6�.�<�<H=%�:?G4h924l3".NZ �:=GF:4V1�?@4"</9:4"0�� 5 K7684V<A9:4d9:;"6�.�<�4|4"F 0'5P=@?G=@<PIKFX5-?C�IM3$5L=G.NF:F:4"0:1
I _ 4"3 0:F:4 =GF:3V?G=GF IM=@<H.NF 9:.�F:F:;V40�>6:0:=G<�w�0:4 3"4"?@0:={�g3"= 4"<O5 5P.N0 �H.N0:1H< 6�4"1�6�4"F:9:=G3V0:?mIK=G1�4 2
?mI 6�.�0z5P1�4 9:0 <�Ki<O5 �"Z 4 & n � Q

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

$�F IK9:.�6z5cIKFX5 ?eI SN;".�Z ;$5L1H=@4 6:1�.N68.N<H;V4 6�.N0:1 ?G4 6:1�;3�:4"F:<�4"0:1�� 0:F:4 ;b5P0:9:4 9:0
3".�Z 6�.�1�5L4"Z 4"Fk5 9!K7FJIMZ =Gwx0:4 <"CE=GZ 68.N<�40�l9DCE0:F:4 6JIM1�5 �|6�.�0:1 %H0:<O5L= 5J4"1 ?G4 3��:.�= � 9:4
?C�IM3$5L=G.NF:F:4"0:1 6:=G;3=V.i;"?G4V3$5P1�=Gwx0:4 4$5 �,9DC�IK0'5P1�4 6JIM1�5 �D68.N0:1 9:;b5P4"1�Z =@F:4"1 ?@4 <�K7<O5 �"Z 4 9:4
3".�Z Z IMF:9:4KQ

# F:4 ;$5L0:9:4 5 �:;".�1�=Gwx0:4 9:4"<{3";"1LIMZ =Gwx0:4"< 62=G;3=".i;V?G4"3$5L1H=@w�0:4"<y4"<�5 6:1�.�6�.N<H;"4 2 ?YC^IKF'&
F:4��'4 & %)( =G4"0:?@4"<LIM=@FX5�4$5+*{.�K�4"1���J �-,/. + Q�4AIK1�?eI <H0:=U5P40� 2 6JIK1O5L=G1�9:4y?eI ?G.N=i9:4y3".�Z 6�.�10&
5P4"Z 4"Fk5 6:=G;3=".7;"?G4"3$5L1�=Gw�0:4 �,0:F:4 IMFJIK? K7<H4 9:4 ?C�IM3$5L=G.NF:F:4"0:1 4V<O5 4/.~4"3$5L0:;"4KQ�1jCR.324%�4"3$5P= �
9:4 3"4$5�5P4 ;$5L0:9:4 ;$5uIMFk5 9:4 9:;$5P4"1�Z =GF:4"1{?G4"<{3�IK6JIM3"=U5P;"<{9!KiF IMZ =Gw�024"< 9:0 621H;3�:4"F2<H4"0:1��
?G4 3".NZ 6�.N1O5L4"Z 4"Fk5 9:4 ?mI 68.N0'5L1H4 9:0 <�Ki<�5 �"Z 4 & n65 4"<�5 4��'6:?@.�1�;KQ71q4"< 9:4"0�� IMF I8&
? K7<H4"<{9:;$5L4"1HZ =GF:4"Fk5 ?@4 3".NZ 6�.N1O5L4"Z 4VFX5y9!KiFJIKZ =@w�0:4 SN?G.32JIK? 9:0 6:1H;3�:4VF:<H4"0:1VQ

96.;: < 1�- =<2�: - >/8 G@? 7�@A3 : - : 24G ; E C>G@? 7�@A3 : B 7�EBA 1/E,2�:<; 5IC>7�@ 3 :
( IMF2< ?@4 3fIM< 9:0 <�K7<O5 �"Z 4 9:;"3"1�=t5 6:1�;"3";"9:4"Z Z 4"Fk5 2 ?mI 5JSN0:1�4 * � ?@4 6:1H.32:? �"Z 4

6�4"0'5 Cb5P1�4 <H0:6:6�.N<H; 02F:=G9:=@Z 4"F:<�=G.NF:F:4"?YQEDi.�0:<{3"4$5�5P4 � Ki6�.M5 � �"<�40� ?eI 92;��W.�1�Z Iv5L=G.NF 9:4
?mI 3";"1PIKZ =@w�0:4 <�0:= _ IKFX5�?YC^I?�'4 F

z
4"<�5h9:.NF:3�=@F:9:;"6�4"F:9JIKFX5L4 9:4V<h3".i.N1H9:.NF:F:;"4"<

x
4$5

y
9:0

6�.�=@FX5 3V.�F:<�=G9:;"1�;KQ #�F:4 1�4"6:1�;"<H4VFX5cI	5L=G.NF <�3(�:;"Z I	5P=@w�0:4 9:0 6:1H.32:? �VZ 4 4"<�5 6:1H;V<H4"Fk5P;"4
<H0:1{?mI 5JSN0:1�4 � Q

uz(t)
92;"<H=@S�F:4 ?G4 9:;"6:?eIM3"4"Z 4"FX5 9:4 ?mI ��IK3"4 =GF��W;V1H=@4"0:1H4 9:4 ?eI 3";"1LIMZ =Gwx0:4 IK=GF:<�=

w�0:4 ?@4 9:;"6:?mIK3"4"Z 4"FX5 9:0 3"=G1�3"0:=U5 & nG5 � 9:=@1H4"3$5L4"Z 4VFX5 3".N?G?@; 2 3V4$5H5L4 ��IM3V4KQ F
F

4"<�5 ?eI
�W.N1H3"4 621H.i920:=t5L4 6JIK1 ?eI 92;��W.�1�Z Iv5L=G.NF 9:4 ?eI 3";"1PIKZ =@w�0:4 IMSN=G<�<PIKFX5 <H021 3"4$5�5P4 ��IM3V4KQ
T

4$5
S

��1�4"<H6�4"3$5L= _ 4"Z 4"FX5 ?G4"< 5L4"F:<�4"0:1H< 9:4"< 3".NFX5L1PIK=GFk5P4V< 4b5 924"< 9:;��W.N1HZ Iv5L=G.NF:< 9:4
?mI 3";"1PIKZ =Gw�024 �W4��'62?G=G3V=t5L;"< 4"F IKF:F:4��'4 & �E� <�.�Fk5 9:4"< ��.�F:3$5L=G.NF:< 9:0 5L4"Z 62< �

t
� QH1q4"<



�������v� �^���
	����� ���������	���� 
������	����
	���� , J

uz (t)

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

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

F

BATI

PZT DEFORME

PZT INITIALE

CIRCUIT AFM

���	��
 ��� Di3(�:;VZ I <H=@Z 6:?@=65J; 9:0 6:1�;3�:4"F:<�4"0:1 6�.N0:1 ?YCR;$5L0:9:4 9!K7FJIMZ =Gwx0:4

6�.N=G9:<y9:4 ?eI 3V;"1PIKZ =@w�0:4 4$5{9:4 ?YC! n65 <�.�FX5�F:;"SN?G=@S�;"<VQ

( IMF:< ?@4 3�IM< .#" F
F

4"<�5 ?mI <H4V0:?G4 �W.N1H3"4 IKS�=@<H<LIMFk5 <�0:1 3"4$5�5P4 �*IM3"40�|5P.N0'5P4"< ?G4"<
3V.�Z 6�.�<LIMFk5P4"< 9:0 5P4"F:<�4"0:1 9:4"< 3".�Fk5P1LIK=GFX5L4"<

T (t)
<�.�FX5 Fx0:?G?@4"<3�/<LIM0��{?@4 5L4"1HZ 4

T3
�

wx0:4"?@w�0:4 <�.�=U5
t
Q 1-I 3".�F:9:=U5P=@.�F ?G=@Z =U5P4 2 ?mI �*IM3"4 =GF��W;V1H=@4"0:1H4 9:4 ?eI 3";"1PIKZ =@w�0:4 4"<O5

92.�F:3 9:.NF:F:;"4 6JIK1 �

A T3(t)
F
z = $

F
F (t)

I _ 4"3 A
?eI <H0:1>��IK3"4 9:4 ?mI ��IK3"4 =@F��W;"1�=G4"0:1�4KQ

( 4 6:?@0:<3�K4"F IK6:6:?@=Gw�0 IMFk5�?G4 6:1�=GF:3"=@6�4 ��.�F:9JIKZ 4"FX5uIM?i924�?eI 9!K7FJIMZ =Gwx0:4$2 ?C% n65 �
.NF .32'5P=@4"FX5 �

F
F (t) = &uz(t) M

F
z

I _ 4"3 M
?eI Z IK<H<�4 9:0 3"=@1H3"0:=U5' n65 Q

( 4"< 924"0�� ;"wx0JIv5L=G.NF:< 6�4"1�Z 4b5H5L4"FX5{9:4 9:;"9:0:=@1H4 ?CE4��'6:1�4"<H<�=G.NF 9:4
T3(t)

�

T3(t) = $
&uz(t) ) M

A

��J,�
Di.N0:< ?YC1��K76�.M5 � �"<�4 wx0:4

S3

4"<�5 0:F:= �W.�1�Z 4 <�4"?G.NF ?CE;"6JIK=G<�<H4"0:1�� ?@4 5L4"F:<�4"0:1 9:4"<
92;��W.N1HZ Iv5L=G.NF:<

S
�~684V0'5 C$5L1H4 1H4V?G=@; 2 ?CE;"6JIK=G<�<H4"0:1

e
9:4 ?eI 3";"1LIKZ =@w�0:4 6JIK1 %1#�3(�:=@F:. �

J � �-,?+��

e ) S3(t) = uz(t)
�+*��

( 4 Z C"Z 40�i?mI 9:=-,~;"1H4"F:3V4 9:4 6�.K5P4"Fk5P=@4"?
v(t)

IK6:6:?@=Gw�02;"4 IK0�� 2�.N1HF:4"< 9:4 ?mI 3";"1LI8&
Z =Gwx0:4 4"<�5 ?@=G;"4 IM0 3��JIMZ 6 ;"?@4"3$5P1�=Gwx0:4

E
6JIK1 ?eI 1H4"?eIv5L=G.NF �

(e + uz(t)) ) E3(t) = v(t)



, * ( �JIM6:=U5P1�4 ����� ����� �	� 	�
 � ��� � 	 � ����������� � ��� � ��� 
��� � � � ��
 	

� 13��?G4d9:;"6:?eIM3"4VZ 4"Fk5
uz(t)

4"<�5A5L1 �"< 684$5L=t5 9:4 _ IMFk5�?YCR;"6JIK=G<�<H4V0:1 e
9:4|?mI�3";"1PIKZ =@w�0:4

�
e + uz(t) � e

� Q 1-I 1�4"?mI	5P=@.�F <H0:= _ IMFk5P4 6�4"0'5{9:.NF:3 C$5P1�4 .32'5P4"Fx0:4 �

e ) E3(t) � v(t)
�����

1�I{?G.N=�9:4h3".NZ 6�.N1O5L4"Z 4"FX5/62=G;3=".7;"?G4"3$5L1H=@w�0:4 % ( =@4"0:?G4V<PIK=GFX5-4$5 *{.�K�4V13��J � , . + 9:.NF:F:4
?mI|1�4"?mI	5P=@.�F 4"FX5L1H4

S
�W?G4A5L4"F:<�4"0:1�924"<�9:;���.�1�Z I	5P=@.�F2<(�E�

T
�W?G4A5L4"F:<H4V0:1�9:4"<q3".NFX5P1LIK=GFX5L4"<��

4$5
E

�*?@4l5L4"F:<�4"0:1h9:4y3(�JIKZ 6 ;"?@4"3$5P1�=Gwx0:49�E�M5P.N0:<�?G4V<A5P4"1�Z 4V<�9:4
T (t)

;$5cIKFX5hFx0:?G<��M<LIM0��
T3(t)

�

S3(t) = s33T3(t) + d33E3(t)

s33
4$5

d33
<H.NFX5 1H4V<H6�4"3$5L= _ 4"Z 4VFX5 ?eI 3V.�Z 6:?G=eIMF:3"4 ;"?mIK<O5L=Gwx0:4 4$5�?G4 3".74$B 3V=G4"Fk5 9:4

3(�JIK1HSN4|6:=G;3=V.i;"?G4"3b5P1�=Gwx0:4KQ ( 4"<�9:4"0�� 5P4"1�Z 4"< <H.NFX5�924"<A3�IK1PIK3$5P;"1�=G<�5L=Gw�024"<A=GFk5P1�=GF:< �"w�024"<
9:4 ?eI 3";"1PIKZ =Gw�0:4 6:=G;�=".i;"?G4V3$5P1�=Gwx0:4 ;$5L0:9:=G;V4KQ $�F Z 0:?t5L=G6:?@=mIKFX5 3"4$5�5L4 ;"w�0JI	5P=@.NF 6JIK1
?CE;"6JIK=G<�<H4"0:1 -

e
- 9:4 ?eI 3";"1PIKZ =@w�0:40�:.NF 6�4"0'5 4VF 9:;"9:0:=G1�4 �

e ) S3(t) = s33 (e ) T3(t)) + d33 (e ) E3(t))
� . �

$�F 1H4VZ 6:?eI A�IKFX5 9JIKF:< ?CE;"w�0JI	5P=@.�F . ��?@4"< 4E�'6:1�4"<H<�=G.NF:< 9:4
e ) S3 � T3

4$5
e ) E36:1H. _ 4"FJIKFX5 1H4"<�6�4"3$5P= _ 4VZ 4"Fk5 9:4"<{;"w�0JI	5P=@.�F2< *��HJ 4$5����J=G? _ =@4"FX5 �

uz(t) = $
&uz(t) ) M

A
e ) s33 + d33v(t)

� * �
( 4$5�5P4 ;"w�0JI	5P=@.�F 4"<O5 ?@4 Z .i9 �"?@4 9!KiF IMZ =Gwx0:4 9:0 3V.�Z 68.N1�5P4"Z 4"FX5 9:4 ?C�IM3$5L=G.NF'&

F:4"0:1VQ $�F 0'5L=G?@=G<LIMFk5 ?mI 5P1LIMF:<>�W.N1HZ ;"4 9:4 1-IM6:?eIM3"40�q?mI ��.�F:3$5L=G.NF 924 5L1PIKF:< ��4"1O5 924 ?mI
3";"1LIMZ =Gwx0:4 6:=G;3=V.i;"?G4V3$5P1�=Gwx0:4 6�4"0'5 Cb5P1�4 9:;"9:0:=U5P4 �

U(p) = H(p)V (p)

I _ 4"3

H(p) =
d33

1 + M � e � s33

A
p2

� � �
( 4$5�5P4 �W.NF:3$5P=@.�F 9:4 5L1PIKF:< ��4"1O5 ��9DCR.N1H921H4 924"0�� ��9:.NF:F:4 ?CE=GF �W.�1�Z Iv5L=G.NF 9:0 3".�Z &

6�.�1�5P4"Z 4"FX5 9:0 <�Ki<�5 �VZ 4KQ@1>4 5L4"1�Z 4 9DC�IKZ .N1O5L=G<�<H4"Z 4"Fk5 4"<�5 Fx0:?Q ( 4$5H5L4 6:1�.�6:1�=G;$5L;
4"<O5�3�IK1PIK3$5P;V1H=@<H;"4 <�0:1{?G4 9:=eIMSN1PIKZ Z 4 924 �l.79:4 ��5 S:Q , �|6JIK1 ?@4 6:=G3 9:4 1H;"<�.NFJIMF:3"4vQ

	 
 ��(�� o-! :� %C�M#�(��8r r�!7+<�
1�CE;$5P0:9:4 9:0 Z .i9 �V?G4 9!K7FJIMZ =Gwx0:4 6�4"1HZ 4$5 9:4 9:;$5P4V1HZ =GF:4"1{?G4"<{3�IK1PIK3$5P;"1�=G<�5L=Gw�024"<

9:4 ?YC^IK3$5P=@.�F2F:4"0:1 4"F �W.NF:3$5L=G.NF 9:4"< 6�4"1 ��.�1�Z IKF:3"4"< 4��'=@S�;V4"<"Q� =@F:<H= �A68.N0:1 Z I?�'=@Z = &
<H4"1 ?C�IK3"3";"?G;"1LI	5P=@.�FF�A?@4 1PIK6:6�.�1�5 d33

s33

9:.�=U5 Cb5P1�4 ?G4 62?G0:< S�1LIMF29 68.N<�<H= 2:?G4KQ6( 4 6:?@0:<��
?G4"<|3";"1LIKZ =@w�0:4"< 6:=G;�=".i;"?G4V3$5P1�=Gwx0:4"<|<H.NFX5y?G=@Z =U5P;"4V<h4"F _ IM?@4"0:1�<lZ I,�z=GZ IM?@4"<h9:4 3��JIMZ 6



�������v� �^���
	����� ���������	���� 
������	����
	���� , �

���	��
 , � ( =eIMSN1PIKZ Z 4 9:4 �|.i924 9:4 ?mI 3";"1LIMZ =Gwx0:4 6:=@;3=".i;"?@4"3$5P1�=Gwx0:4

;V?G4"3$5L1H=@w�0:4KQ  =@F:<H= � ?eI 3";"1PIKZ =@w�0:4 3��:.�=@<�=G4 9:.N=t5 C$5P1�4 3�IK6JI�2:?@4 9:4 <�0:6:6�.�1�5P4"1�?mI 5L4"F'&
<�=G.NF IK6:6:?G=@w�0:;"4 6�.�0:1y6:1H.79:0:=G1�4 ?YC^IK3"3";"?@;"1PI	5P=@.�F =GF:=U5P=eIM?@4KQ

1q4"< =@F _ 4"<O5L=GSkI	5P=@.�F:< 4 ,~4"3$5P02;"4"< IK0:6:1 �"< 9:4 6:?@0:<H=@4"0:1H< ��I 2:1�=G3�IKFX5L< 9:4 Z Iv5L;"1�=G4"?
62=G;3=".7;"?G4"3$5L1H=@w�0:4 .NFX5 6�4"1HZ =@< 9:4 3��:.�=@<H=@1 0:F:4 3";"1LIMZ =Gw�024 4���� 9:4 5 K76�4 4�� & � � Q
1q4"< 3�IM1LIM3b5P;"1�=G<�5P=@w�0:4"< 9:4 3V4 5 Ki6�4 9:4 4���� <H.NFX5

s33 = 13 � 24 ) 10 " 12 m2 � N 4$5

d33 = 240 ) 10 " 12 m2 � N QC# F:4 5P4"F:<�=G.NF 9:4 ?YCR.N1H921H4 9:4
300 V

4"<�5�9:.�F:3 F2;"3"4"<H<LIM=@1H4
6�.N0:1�6:1�.i9:0:=@1H4 ?mI 9:;��W.N1HZ Iv5L=G.NF 9:;"<H=@1H;V4KQ41�I 5L.�?@;"1LIMF:3"4y;"?@4"3$5P1�=Gwx0:4 924 ?eI 3";"1LIMZ =Gwx0:4
;b5cIKFX5 9:4

400 V ��� � �&0:F:4h;"6JIK=G<�<H4"021�9DC�IM0 Z .�=@F:<
1 mm

4"<�5/F2;"3"4"<H<LIK=G1�4KQ ( 4h6:?@0:<�<LI
<�0:1>��IK3"4 4"<O5{9:=@1H4"3$5L4"Z 4"FX5y6:1�.�6�.�1�5L=G.NF:F:4"?G?@4 2 ?mI 6�4"1>�W.N1HZ IMF:3"4 9
	iFJIKZ =@w�0:4 9:4 ?C�IK3 &
5L=G.NF:F:4"0:1VQ Di.NF ;"6JIM=@<H<�4"0:1�4"<�5�9:.NF:3�5��';"4 2 3"4b5H5L4 _ IK?G4"0:1 4$5�<LI <H0:1>��IK3"4 4"<O5j9:4�Z C"Z 4



, . ( �JIM6:=U5P1�4 ����� ����� ��� 		� ��
 � � 	 ���������
 � � ��
 � � ��� � � � � � ��� � 	

9:=GZ 4"F:<�=G.NF w�0:4 ?G4 3"=@1H3"02=t5  n65 3".N?G?@; <�0:1 <LI �*IM3"4 =@F��W;"1�=G4V0:1H40�:<H.N=U5
8 mm

�
5 mm

Q

9���� � G���� � G"!#� $�% � & ')( $��+* � , �.- G�'/!#� $�% % ,0&21
 35476	8:9;6 <)=?> 3)6A@?BC@?<)=?DE8F=?> @?GIH54�8F9KJLD)> =.8 <)H M JN<)O"?;= <
	ND54PM 9;GIH)=PQRH)D ?KJLS�9;B?9K="?

>A9;M H:?T4PDE8 ?K= B?J�M 3�J�6	8F=?M =?DU8 <)= ?T4 B?@?6:4PM 9;GIH)= 4 @.8F@ 6A@V4K?K9;>A@PW 10=?> <)@.8X4P9G?;> <)= ?�Y�4M? &
S�JL6A9Z8:[\M =]DIH)M @?6A9;GIH)= 3547>@2 354P>?Q�2 ?^Y_JL6A9;S�9;D)=`<)= B?= >A9;M H2?T4�8:=?H)6CQE>AJLDE8`<)@?B?6�9a8F>b<54PD)>
?�Y�47D)D\=�c#= � W

( = ?KJLS�9;B?9K="?d3e=C6AM =.8 <)= BV4K?KBCH:?K=?6CQ=?D 3:?;H)> <)= ?T4 fg9a8F=?>A>�= =.8 <)= ?�Y�47B?B?@V?K@?6F4h8F9KJLD
9KD)>	8X4PDE8i4PD)@?=j<)={?T4 B?@?6:4PM 9;GIH)=hQX?T4 <)@.k�J�6�M 4�8:9;J�D 9;D)<)H)9a8F=]=?D k�J�D)B.8F9KJLD <lY_H)D)=�B?JLH)6 2�=
<)= 8F=?D)>A9;J�D mn<)@.8F=?6�M 9;D)@?= 35476y?^Y_H#8F9G?;9K>F4h8F=?H)6iop4P3)3:?;9KGIH\@?= 2 >A=?> 2eJL6�D)=?>?W
 q5D <)= fP4M?;9K<)=C6 ?;= M JN<)O"?;= < 	ND54PM 9;GIH)= <\= ?T4 B?@?6F4PM 9;GIH)= 3)9;@?r?JN@V?K=?B.8F6A9;GIH)= =.8 ?K=
?KJLS�9;B?9K=V?e<)= >A9;M H:?s4�8:9;J�DlQNH)D)= B?JLM 35476F479;>AJLD 4VfL=?B ?K=?>]6�@?>AH:?Z8X4�8:>�=�c#3�@?6�9KM =?DE8i4PHNc =?>	8
479;D)>A9l3)6�J�3�JL>A@?=PW

14 k�J�D)B.8F9KJLD <)= 8:6F47D\>tku=?6	8 <)@v8:=?6�M 9;D)@?= =?>	8 <)H <)=?HNc#9;O?M = JL6A<\6A= =.8 >�J�D 8F=?6AM =
<lYw4PM J�6	8:9;>A>�=?M =CDE8�=?>t82DIH:? �

H(p) =
K

1 + p2x 2

4Vf�=?B y 2 =
A

M ) e ) s33

( J�D\B ?T4 ku6�@?GIH)=?D)B?= <\= 6A@?>�J�Dz47D)B?= =.8�?T4 3�@?6�9KJN<)= 3)6AJL3)6�= >AJLDE82J 2#8F=?DIH)=C> 354P6 �

fr =

y
2 { Tr =

1

fr( 47D\>jB?= BV4P>?QJ?T4 ku6�@?GIH\=?D)B?= <)= 6�@?>AJLD547D\B?= =?>t8 4M?;J�6�> �

fr =
A

M ) e ) s33
)

1

2 {
14 B?@?6F47M 9KG|H)= Bi[)J�9;>A9;= 3�JLH)6 ?�Y�473\3:?K9;BV4h8F9KJLD =?>t8 H)D)= }�� � <\= 8 	N3�= }�� & ~L��WGD�4

ku6�@?GIH)=?D)BC= 3)6�J�3)6�= =?>	8 <)= ?�Y�J�6�<)6A= <)=
1 MHz

=.8 >F4 3�@?6�9KJN<)= 3)6�J�3\6A= =?>	8 <)J�D\B <\=
1 ��� W

� W�� BX[\9KD)J <)@?BC6A9Z8 <547D)> ��� Bi[)9KD)J\Q����L� ,�� ?;=?> M =?>�H)6�=?> = ,R=?B.8:H\@?=?> >AH)6 H)D)= B?@ &
6:4PM 9;GIH)= 3)9K@?r?Jg@"?K=?B.8F6A9;GIH)= <)JLDE8 ?T4 ku6�@?GIH)=?D)B?= 3)6�J�3)6�= =?>	8 <)= ?�Y�JL6A<)6�= <)=

100 kHz
W

DNJ�D Bi[)J�9�c <lY�H)D)=`B?@?6:4PM 9;GIH)=�<)=b>�9Ik�4P9 2:?;=�ku6�@?GIH)=?D\B?=�3\6AJL3)6A=b>CY_=�c�3:?K9;GIH)=`354P6/?T42<)9a� �
B?H:?a8F@]<lY_= ,R=?B.8FH)=?6�<)=?>�M =?>�H)6A=?>�<)9;6A=CB.8:=?>�>�H)6�H)D > 	g>t8FO?M =�8:6�O?>�6F473)9;<)=PWE�2@V47D)M J�9;D)>CQ
J�D 3�=?H#8 ?KJLS�9;GIH)=?M =?DE8 >CYw4�8A8F=?D)<)6�= 4PH M C?M = 8 	N3�= <)= B?J�M 3�J�6	8:=CM =?DU8 3eJLH)6 H)D)=
B?@?6F47M 9KG|H)= <\= 8 	N3�= }���� ~���W�}�J�H)6 BCJ�M 35476�=?6 ?;=?> 6�@?>AH:?Z8X4�8F> 3)6A@?>�=?DU8:@?> 354P6 �2BX[)9KD\J
4Vf�=?B B?=?HNc JL�#8:=?D|H)> 35476 ?;= ?KJLS�9;B?9K="?�<)= >�9KM H:?s4h8F9KJLDlQ ?;=?> M �?M = 8 	N3�=?> <)= >�9KSLD54PHNc
<lY_=CDE8:6�@?=?>2>AJLDE82>A9;M H:?K@?>CW ( =?HNc|��B?9>�J�DU8 �



������� � �w� �
	����� �	��
 ����	���� � ��� ��	����
	�� � ���

��WjH)D >�9KSLD54M?56�=?B.8i47D)SLH:?T4P9K6�=`<)= ?s476�S�=?H\6�>AH)3�@?6�9K=?H)6�= 2 ?s4 3�@?6�9KJN<)=]<)=�6A@?>�J�Dz47D)B?=PQ
*NWjH)D >A9;S�D54K?R6A=?B.8i47D\S�H:?s479;6A= <)= ?T4P6ASL=?H)6`9KD#k�@?6A9;=?H)6�= 2 ?T4 3�@?6A9;JN<)= <)= 6A@?>�J�Dz47D)B?=PQ
�#WjH)D >A9;S�D54K?�6�=?B.8i47D)SLH:?s479;6A= <)= 3e@?6�9;JN<)= @?SU4M?;= 2 ?T4 3�@?6A9;JN<)= <)= 6A@?>�J�D54PD)B?=PQ
� WjH)D >�9KSLD54K? =?D 6F47M 3�= <)= 8:=?M 3)> <\= M JLDE8:@C= >AH)3�@?6�9K=?H)6�= 2 ?s4 3�@?6�9KJN<\= <)=

6�@?>�J�D54PD)B?=PQ
� WjH)D >�9KSLD54M? =?D 6F47M 3�= <)= 8F=?M 3\> <)= M J�DU8:@C= 9;D#ku@?6�9K=?H)6�= 2 ?T4 3e@C6A9;JN<)= <)=

6�@?>�J�D54PD)B?=PQ
� WjH)D >�9KSLD54M? =?D 6F4PM 3�= 4Vf�=?B H)D 8:=?M 3)> <)= M J�DU8:@?= @?SU4M? 2 ?T4 3�@?6�9KJg<)= <)=

6�@?>�J�D54PD)B?=PW
� =?> 6�@?>AH2?a8i4h8F> <)= B?=?> >�9KM H:?s4h8F9KJLD)>b>AJLDE826A=?3)6�@?>�=?DE8F@?> >�H)6 ?s4 q5S�H)6�= �#W
� 4 q5SLH)6�= ~ 6A=?3)6�@?>�=?DE8F= ?K=?> 6A@C>AH:?Z8X4�8:> JL�#8:=?D|H)> 3z476 � BX[\9KD)J 3�J�H)6 ?;=?> M �?M =

>�9KSLD54PHNcRW�� D)= 6F4P3)9K<)= BCJ�M 35476F479;>AJLD <\= B?=?> <)=CHNc q5SLH)6A=?> =.8 ?T4 B?JLD#kuJL6AM 9a8F@ <)=?>
BCJ�H)6���=?>�8:[)@?JL6�9KGIH\=?>�=.8�=�c#3�@?6�9KM =?DE8i4M?;=?>�3�=?6AM =.8�<)=]fP4M?;9K<)=?6 ?K=]M Jg<)O"?K=`<
	gD547M 9KG|H)=
>�9KM H:?;@jM 9K>�=CD 3:?s47B?=PW �g?/=?>	8 2 D\J78F=?6�GIH)= ?T4 B?@?6F47M 9KG|H)= H#8F9G?;9K>�@?=�35476b�2BX[)9;D)J 4 H)D)=
3�@?6�9KJg<)=�3)6�J�3)6�=�<)=

10 ms
8i47D)<)9;>0G|H)=d?T4`B?@?6F47M 9KG|H)=�>A9;M H:?K@?=�4�H)D)=�3�@?6�9KJN<)= <)=

1 ���

�	��
��~���� @?3:?s47BC=?M =?DU8
uz(t)

<)= ?T4 k�4PB?= 9KD#k�@?6A9;=?H)6A= <)= ?T4 B?@C6:4PM 9;GIH)= 3�J�H)6 <\9 ,R@��
6�=?DE8F=?>2=?DE8F6A@?=?>

e(t)
��B?JLH)6��e=?>2=�c#3�@?6�9KM =?DE8i4M?;=?>

[
�2BX[)9;D)J)Q ���L� �

]



� � ( [5473)9Z8:6�= ������� ��� � ���	� ��
 � � � ���������
���� ��
 � � �	� � � � � � ��� �
�

�	��
 ��� � � @?3:?T4PB?=?M =?DE8
uz(t)

<)= ?T4 k�47B?= 9KD�ku@?6�9K=?H)6�= <\= ?s4 B?@?6F47M 9KGIH\= 3�JLH)6 <)9 ,R@��
6A=?DU8:=?>2=?DE8F6�@?=?>

e(t)
� B?J�H)6���=?> 8F[)@?JL6A9;GIH)=?>



� ��� � � �w�	� � � ��� �	��
�� � � �	� � ����� � � � � � � ���

�g? k�47H#8 M 4P9;DE8:=CD547DU8j<)@.8F=?6�M 9;D)=?6?Q/=?D H#8F9G?;9K>F47DE8{?;= ?KJLS�9;B?9K="?R<)= >�9KM H:?s4h8F9KJLDlQ#>A9-?T4
BC@?6:4PM 9;GIH)= Bi[)JL9K>�9K= =?>	8 BV4P354P�:?K= <)= kuJ�H\6AD)9;6�?;=?> 4PB?B?@"?;@?6:4�8F9KJLD)>�= c#9KSL@?=?>CW

� D <)@?>�9K6�= H)D <)@?3:?T4PB?=?M =?DE8�<)= ?�Y�47B.8F9KJLD)D)=?H)6CQ�<lY�H)D)= B?=?DU8X4P9KD)=2<)= Dz47D)JLM O.8F6�=?>?Q
BCJ�H)3:?;@ 4VfL=?B H)D\=jkuJL6t8F=247B?B?@"?;@?6F4h8F9KJLDlQ�J�D BX[\J�9;>A9Z8�<)J�D)B2H)D 3)6AJPqJ?5=?D 6F4PM 3�=]3eJLH)6�?;=
>�9KSLD54K?<)= B?JLM M 4PD)<)=PW � Y_JL�
	A=?B.8F9ak"3)6�9KD\B?9K354K?0@.8i4PDE8 <lY�JL�#8:=?D)9;6 H)D\= SL6F47D)<)= 4PB?B?@"?;@��
6F4�8:9;J�D 9KD\9a8F9T4K?K=PQ J�D H#8F9G?K9;>A=�H\D)= 9;M 3)H:?;>A9;JLD <\= � 9K6F47B`<)=]S�6F47D)<)=]4PM 3:?;9a8FH)<)=b4�	AJLH#8F@?=
4PH >�9KSLD54M?l<)= B?JLM M 4PD)<)= 4PH M JLM =CDE82473)3)6�J�3\6A9;@PW

� f�=?B B?=.8A8F= 3�=?6�>A3�=?B.8F9afL=PQ H)D 3)6AJPqJ?�<)= 8F=?D)>�9KJLD <)= 8 	g3�= � 9;6:4PBPQ�<lY�47M 3:?K9Z8:H)<)=
���

V
=.8 <)= <\H)6A@?= ��

ns
Q <547D\> ?K= �)H#8 <lYw4PM 3:?;9aq5=C6 ?T4 6�@?3�J�D)>�= 8F6:4PD)>�9a8FJ�9;6A= =.8VQ

3z476 B?JLD)>�@?GIH)=?DU8VQ�<lY�47H)SLM =?DE8F=?6 ?T4 f74K?;=?H)6 <)= ?�Y�47B?BC@"?K@?6F4h8F9KJLD 47H <)@?M 476�6:4PSL=PQ B?JLHN�
32?K@ 2 H)D)= 6F47M 3�= <)= 8:=?M 3)> <)= M JLDE8F@?= @?SU4M?;= 2 H)D)= 3�@?6�9KJN<\= <)= 6A@?>�J�Dz47D)B?= <)=
?s4 B?@C6:4PM 9;GIH)=PQ�< Yw4PM 3:?;9a8FH)<)= ���

V
3�J�H)6 J��#8F=?D)9;6 ?T4 <)@.kuJL6AM 4h8F9KJLD D)@?B?=?>�>:4P9K6�= <)=

��� D54PD)JLM O.8F6A=C> m q5S�H)6�= ��#W�4Eo�=?>	8jH#8F9G?;9K>�@?=PW �4 q5SLH)6A= ���W_� M JLDE8F6A= ?^Yw4PB?B?@"?;@?6:4�8:9;J�D
JL�#8F=?DIH)= =?D H�8:9@?K9;>:4PDE8`B?= 3)6�J7qJ?^W

m^4Uo ��=?D)>A9;J�D <lY_=?DU8:6�@?= =.8�<)@?3:?T4PB?=?M =?DE829KD)<)H)9Z8 mu�/o � B?B?@V?K@?6F4h8F9KJLD
�	��
 �0�� � � 	gD547M 9KG|H)= <)= ?s4 BC@?6:4PM 9;GIH)= 3)9;@?r?JN@"?;=?B.8F6A9;GIH)=

� f�=?B B?= 3)6AJPqJ? <)= 8:=?D\>A9;J�DlQjH)D)= 4PB?B?@"?K@C6:4�8:9;J�D 9;D)9a8F9T4K?K= <)= ?�Y�J�6�<)6�= <)=
1 � 4 )

106 ms � 2 =?>t8 J��#8F=?DIH)= m q5S)W ��Uo�W �4 BC@?6:4PM 9;GIH)= Bi[)J�9;>A9;=PQ�B?JLM M 47D)<\@?= 35476 B?=
>�9KSLD54K?�Q�=?>	8 <)JLD)B BV4P354P�:?K= <)= kuJ�H\6AD)9;6 ?T4 3�=?6	kuJL6AM 47D\B?= <
	gD54PM 9;GIH)= =�c#9KSL@?=PW}�J�H)6
JL�#8F=?D)9K6�<)=?>`4PB?B?@"?;@?6:4�8:9;J�D)>�32?KH)>�k�4P9K�:?;=?>CQE9G?5>�H#� 8`<)= 6A@?<)H)9;6A=23)6�J�3�JL6t8F9KJLD)D)="?G?;=?M =?DE8
?^Yw4PM 3:?K9Z8:H)<)= <)H >�9KSLD54M?R<)= B?JLM M 47D)<\=PW

����� � $]� � �������"!���$�% � , ��� � $���%�!#, � ��� ���
� Yw4PB?B?@"?;@?6:4�8:9;J�D <)=�<)@?3�J�>�=�<)JL9a8l�.8:6�=�4P3)3:?K9;GIH)@?= 2 ?^Y_9;DE8:=C6tk�4PB?="3)6�@?[)=?D)>�=?H)6��hJL� 	�=.8VW

� Y_JL�
	A=.8]=?>t8�>�H)3)3�J�>�@ >F479;>A9�354P6�?^Y_=�cg8:6�@?M 9a8F@ ?K9;�)6�= <)= ?s4 3�J�H#8F6A=PW"!g?R>A=?M �:?;= 9;DE8:@C6A=?> �
>F4PDE8"<)=`B?JLD)D54$#;8F6A=�>F4 fP4M?;=?H)6�=.8d>AJLD @vf�JN?KH#8F9KJLD 2 B?=`3�J�9;DE8 Wh}�JLH)6 3�JLH#fLJ�9;6�6�@?3eJLD)<)6�=



� ~ �b[5473)9Z8:6�= ����������� ��� �
	��� � � ������������ � ���� � � �	� 	�� � � � ����	
�

2 B?= ��=?>�J�9;DlQ H)D)= M Jg<)@"?K9;>:4�8:9;JLD <)= ?s4 3�JL9KDU8:= =?>	8 3)6�J�3�J�>�@?=PW � 4 3�JLH#8:6�= =?>t8 >�H)3N�
3�J�>�@?= 4Vf�JL9K6]H)D)= SL@?JLM @.8F6A9;= 354P6tkn479Z8:=PQ#<)= <)9;M =?D)>�9KJLD)>]<)@.q5D)9;=?> 2 ?T4 q5SLH)6A= �NW

� 47D\> H)D)=�3)6�=?M 9;O?6A=�4P3)3)6�JNBX[)=hQh=?D 6A@?<\H)9K>F47DU8A?K=�3\6AJL�:?KO?M = 2jH\D)=�<)9KM =?D)>A9;J�D Q ?T4
8:[)@CJ�6�9K="<)=C>3�J�H#8F6�=?>0=?>	8�4P3)3:?;9KG|H)@?=PW��2@V47D\M JL9KD)>CQ B?=v8A8F=�473)3)6�JNBi[)=�D)=�3�=?6�M =.8 3547>q?T4
<)@.8F=?6AM 9KD54�8:9;J�D <)H 6�@?S�9;M = 8F6F47D)>�9a8FJ�9;6A= =.8jD\@?B?=?>A>�9a8F= <)JLD)B H)D 4P3)3)6AJPkuJLD)<)9K>�>�=?M =?DU8
<)= ?�Y�@.8FH)<)=PW/� D)= 4PD54M?��N>�= 354P6j@"?;@?M =?DU8:>`q5D)9;>j=?>	8 <\J�D)B 3)6�JL3eJL>A@C=PW

 !#"�$&%�'�(*),+�'-!�. /0$1!�2 $3+�4�'�576�8 "96 :94�!0;<%-=>2 8

? J�H)>A@^Y_[B�N3�JP8:[)O?>�=]GIH)=C@T4 @;J�D\S�H)=?H)6�<)=D@s4 3�JLH#8:6�=`=?>t8�SL6:4PD)<)=`<)=.fP4PDE8E@K=C>�47H#8F6�=?>
<)9KM =?D)>�9KJLD)>?Q H)D)=`M Jg<)@*@K9;>:4�8:9;J�D H\D)9K<)9;M =?D)>�9KJLD)D)=*@F@K=�=?>	8�4P<)J�3#8F@?= m�q5S\W#�L��o WHGA@F@K=�=?>	8
>AH)3\3eJL>�@?= =?D)BV47>	8F6A@?= 2 H)D)= =�cg8:6�@?M 9Z8:@ =.8I@;9K�)6�= 2 @�Y�47H#8F6�=PW

� � 
 �0�L���0J JN<)@*@;9K>F4h8F9KJLD <)H >
�N>	8:O?M = @.8FH)<)9K@

��Y�473)3K@;9KBV4�8:9;J�D <)=?>]8:[)@?JL6AOCM =?>2S�@?D)@C6:4PHNc <)= @s4 <,�ND54PM 9;GIH)= B?JLD)<)H)9Z8 2 �

LNM
O

2uz( PRQ t)O
t2

= S
O
TO
x

+ Fext

m � o
4 fL=?B L @T4 M 47>�>�= fLJ�@;H)M 9;GIH)=PQ

S
@T4 >A=CB.8:9;J�D <)= @T4 3�JLH#8:6�=PQ

T
@�Y�=UTRJ�6	8b8:6F47D)Bi[547DU8

=.8
Fext

@T4 kuJL6AB?= =�cg8:@C6A9;=?H)6A= 354P6]H)D)9a8F@ <)= @;J�D)SLH)=?H)6CW
��Y�@?GIH54�8:9;J�D 4PHNc <)@?6A9Zf�@?=C> 354P6t8F9K=*@F@K=?>`<)H M J�H�f�=?M =?DE82=?>	8 <)JLD)B <)@?<)H)9Z8:= �

EI

O
4uz( PRQ t)O

x4
+ LNM

O
2uz( PRQ t)O

t2
S Fext = 0

m^~Uo

V $3+�8W4�2 '�.X),+�'-!�. "�8&( YZ!�.["9'\+�'-!�.[( )]6_^ %�'�2 '\+�8&( 83+ `a!04b2 69%-),+�'-!�. "[6 :94�!Kc
;<%-=&2 8

��Y�J��
	A=?B.8F9ak =?>t8 <)= <)@.8F=?6AM 9KD\=?6 @;= M JLH#fL=?M =?DU8 <\= @�Y�=�cN8F6A@?M 9a8F@ <)= @s4 3�JLH#8:6�=
@KJL6A>�GIH)= >:4 �54P>A= =?>	8 >�J�H\M 9;>A= 47H M JLH#f�=CM =?DU8 <\= @�Y�4PB.8:9;J�D)D)=?H\6 3)9K@?r?Jg@*@K=?B.8F6�9KGIH)=hW
� 4PD)>"H)D)=b3)6�=?M 9;O?6A=`4P3)3)6�JNBX[)=PQd@T4�3eJLH#8F6A=bDlY�=?>t8�>�H)3)3�JL>A@?=]>AJLH)M 9K>�=@2 47H\B?H)D)=bkuJ�6�B?=
=�cN8F@?6A9;=?H)6�=PW � 4 >�=?HK@;= <)J�D)D)@?= <\H 3)6AJL�K@KO?M = =?>	8 <)JLD)B @;= <)@?3K@T4PB?=?M =?DE8 <)= @T4 �54P>A=
<)= @T4 3�JLH#8:6�=PQ >�J�D =�cg8:6�@?M 9Z8:@ =?D)B 47>	8:6�@?=PW[�b= <)@C3K@T4PB?=?M =CDE8 4P9KD)>�9 GIH\= B?=*@;H)9 <)= @T4
k�4PB?=e@K9K�\6A=�<)=f@T42B?@?6F47M 9KGIH\= 3)9;@?r?JN@g@K=?B.8F6A9;GIH)=

uz( hWQ t) Qjiuz(0 Q t)
=.8 k

uz(0 Q t)
>�J�DU8�<)J�D)B



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

BCJ�D)D|H)> GIH)=*@bGIH\= >�J�9Z8
t
W�� = 3K@;H)>CQ;2 BV47H)>�= <)= @T4 D54h8FH)6A= <)= @�Y�=?D)BV47>	8F6A=?M =?DE8 Q[@T4

6�JP8X4�8:9;J�D <)= @T4 3)6�=?M 9;O?6A= >A=?B.8F9KJLD =?>	8 >�H)3)3�J�>�@?= DIHN@ @K=hQz>�J�9Z8 �
O
uz( PRQ t)O

x x=0

= 0
�
t

� 4 6�@?>AJZ@KH#8F9KJLD <)= @�Y�@?GIH54�8:9;J�D ~�Q�<)= G|H54h8F6A9;O?M = JL6�<)6A=PQ`=?>t8 4PD54d@ �I8F9;GIH)=?M =?DE8
9;M 3�JL>A>�9K�N@K= 4VfL=?B @;=?> <)JLD)D)@?=?> <)9K>�3�J�D)9;�K@K=?>CW � 47D)> @K= BX[54P3)9Z8:6�= B?9KD)G Q >AJLD @.8FH)<)=
>�=?6F4 3)6�J�3�JL>A@?= 3eJLH)6�<)@.8:=?6�M 9KD)=?6C@T4 ku6�@?GIH\=?D)B?= 3)6�J�3)6�= <)H >
�N>	8:O?M =PW

�2D)= 47H#8F6A= >AJZ@KH#8F9KJLD 3�JLH)6A6F479Z8 �.8F6�= <lY_=UTR=?B.8FH)=?6 H)D)= 47D54d@��N>A= M JN<54d@;=PW � 47D)>
8FJLH)> @K=C> BV4P>?Q�BC=?> @?GIH54�8:9;JLD)> B?JLD)<)H)9K>�=?DE8 2 H)D)= >�J�@;H#8:9;J�D >	8X4�8F9KJLD)D5479;6A=PQ�GIH)9 D)=
3�=?6�M =.8 3547> @K= BV4d@KB?HK@ <)= @s4 fP4H@;=?H)6 <)= @^Yw4PB?B?@*@K@C6:4�8:9;J�D 9;D)9a8F9T4d@K= @;9K@?= 4PH 6�@?SL9KM =
8F6F47D)>�9a8FJ�9;6A=PW�� D)= 6�@?>AJZ@KH�8:9;J�D 354P6 @s4 M @.8:[)Jg<)= <)=?> @*@;@?M =?DU8:> q5D)9K> >A=?M �K@;= @T4 3K@KH)>
>�H)>�B?=?3#8F9K�K@;= <lYw4P��J�H#8F9K6CW

 !#"�$>%�'�(*) +�'-!�. :[)K4 %-) 2 $3+��X!_"X8 "�8>( $>%-$&2 8&. +�( � .9'�(
� D <)9K>�3�J�>�= <)H @KJLS�9;B?9K=*@ <lY_@*@;@?M =?DU8:> q5D)9;> � ) (U+�8>2 ���	�	� <)@vf�=*@;J�3)3�@ 35476 @;=

� W�G]W � W �b= @;J�SL9KB?9;=*@�3�=?6AM =.8 @T4 M JN<)@*@;9K>F4h8F9KJLD 
�� <lY_H\D J�H 3K@KH)>�9K=CH)6A> >�J�@;9K<)=?>CQ<@T4
<\@.q5D)9a8F9KJLD <)=?>A@K9s479;>AJLD)> B?9;D)@?M 4h8F9KG|H)=?>?QP<)=?>�B?J�D\<)9a8F9KJLD)><@;9KM 9a8F=?> 4P9KD)>�9)GIH)=]<)=?>�Bi[5476 �
SL=?M =?DE8F>"4P3)3K@K9;GIH)@?>�8:=*@;><@K=?>�<)@?3K@s47B?=?M =?DE8F>"JLH @K=?> = T JL6	8:>CWHG�D 3K@KH)>CQ�9F@I<)9;>A3�JL>A=b<lY�H)D
M JN<)HN@K= <,�NDz47M 9KG|H)=PQeGIH\9 =UTR=?B.8FH)= H)D B 4H@;B?HK@�354P> 2 3z47> >�H)6 3N@KH)>�9K=?H)6�> 9Z8:@?6F4h8F9KJLD)>
3�=?6�M =.8A8i47DU8�<lY�J��#8F=?D)9;6[@T4]6�@?3�J�D)>�=b<,�ND54PM 9;GIH)=�<)H >
�N>	8:O?M =b=?D kuJLD)B.8:9;J�D <)H 8F=?M 3)>?W

� Y_H#8F9 @;9K>F4h8F9KJLD <)= @s4 M @.8F[)JN<)= <)=?> @*@K@?M =?DE8F> q5D)9K> DlY�=?>	8 3z47> >:4PD)> 6A9;>AG|H)= �[@;=
Bi[)J�9�c <)H M 479F@ @s47SL=PQh<)=?>b@*@;@?M =?DE8F>p=v8�<\= @T4 <\9K>�B?6A@.8F9K>F4h8F9KJLD >AJLDE8`<lY�H)D)= 9;M 3�JL6t8i47D)BC=
3\6A9;M JL6A<)9s4H@;= =.8 3�=?H#fL=?DE8 kn47B?9F@K=?M =?DE8 B?JLD)<)H)9K6�= 2 @^Y_=?6�6A=?H)6CW_G�D =UTR=.8 Q�H)D M 4P9 @F@T4PS�=
4P3)354P6:4P9K>�>:4PDE82B?JL6A6�=?B.8 3�=?H#8�8:6�O?> �\9K=?D k�J�H)6�D)9K6�H)D 6�@?>AHK@Z8X4�8jkn47HNc <)J�DU8 @s4 fL@?6�9aq5BV4 �
8F9KJLD =�c#3�@?6�9KM =?DE8i4H@;= >�=?6F4 <)9a� B?9 @;= �3@T4 3)9;@?r?J�6�@?>�9K>	8:9ZfN9Z8:@`3�=?6AM =.8�=?D =UTR=.8�<)=j6�=.8FJ�H)6 �
D\=?6 H)D >�9KSLD54d@0@*@;=?B.8:6�9KG|H)= 9;D)<)H)9a8�354P6I@s4 �5=�c�9KJLD <)= @s4 3�JLH#8:6�= =.823)6AJL3�J�6	8:9;J�D)D)=g@ 2
@s4 B?JLH)6A�)H)6�= <)= B?=.8A8F= <)=?6�D)9;O?6A=PQNM 479;>�B?= >�9KSLD54H@/<)@?3�=?D)< 3)6A9;D)B?9;354H@;=?M =?DU8�<)= @s4 6AJ��
8i4�8:9;J�D <)=?>b>A=?B.8F9;J�D)>`3)6�JNBX[)=?>b<)= @�Y�=�cN8F6A@?M 9a8F@�=?D)BV47>	8F6A@?= <\= @T4 3�JLH#8:6�=PW � 4PD)>e@K=2BV47>
<\= @T4 3)6�@?>A=?D\B?= <)= 3K@;H)>A9;=?H)6�> M JN<)=?>`>AH\3e=C6A3�J�>�@?>CQ 9F@�D)= 3�=?H#8��.8:6�= <)9K6�=?B.8F=?M =CDE8C@K9;@
2 @s4 �5O?BX[\= 2 @�Y�=�cN8F6A@?M 9a8F@PW ! @/B?J�DUfN9;=?DE8`<)JLD)B <)= B?J�M 35476�=?6 @K=C>�ku6A@?G|H)=?D)B?=?>]<)=?>b3)6�=��
M 9K=C6A> M JN<)=?> J��)>�=?6	f�@?> =�c�3�@?6A9;M =?DU8X4d@K=CM =?DU8 4Vf�=?B B?=*@F@K=?> 9K>�>AH)=?> <\=?> >A9;M HK@T4�8:9;J�D)>CW
� Y_JL�
	A=?B.8F9ak�<)= B?=?>]>A9;M HK@T4�8:9;J�D)>�=?>	82479;D)>A9 @s4 fP4d@K9;<54h8F9KJLD =�c�3�@?6A9;M =?DU8X4d@K= <)H M JN<)O*@;=
@g@K@?M =?DE8F> q5D)9;>?W

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

�2D M J�D&%('PS�= =�c*)�@,+.-;M =?D&%('H@#)�=,+AM =/%0%1'PD&% <)= <\@/%:=,+�M -;D)=,+ @K=C> M JN<)=?> )2+�J3)2+A=?>
<\= @4' )eJLH*%5+A= m q5S�H6+A= ����o' @/%F@ +A@7'd@8-;>A@hW �9' )�JLH*%:+�= =?>;% M JLD&%F@?= >�H2+ H)D @?M =/%.%F=?H2+
HN@<%5+:'P>AJLD)J=+�=PQ/<)J�D>% @4' k�+�@?GIH)=CD)B?= <)= +A@?>�J�D�'PD)B?= =?>?% <)= @^Y_J3+A<2+�= <)= � A@CB2r mD)2+�JNBi[)=



~� �b[�'A)2- %:+�= ����������� ��� �
	��� � � ������������ � ���� � � �	� 	�� � � � ����	
�

<)= @ ' f 'd@K=?H6+ <)H )2+A=CM -;=,+ M JN<)= <)J�D\D)@ )�' + @;= B?JLD)>;%5+�H)B/%:=?H6+Xo W G�D 'A)2)K@ -KG|H�'7D>%�<\=?>
=�c#B,- %1' %5-KJLD)> [�' +AM J�D6-KGIH)=C> >AH2+ )K@KH)>0-K=CH2+A>2k�+A@CGIH)=?D)B?=?>CQ0=/% =?D <6-K>0)eJL>5'7D&% <)H +A=/%FJ�H6+
<lY_@ %1' % @ -K@ � @ ' �5= c*-KJLD ��� @4' )eJLH*%5+��PQ�@���� M J	�
��� )2+�J=)2+���� ��� ���/%0%� ��� +��2-��,+�� �����>%
+��*@���������� ������� 'H@����2+����L�*%����������������&% @��������2-�� ' �>%�� �

! " �#��� � � 
3
$� 
=

kHz

! " �#��� � � �&% � �('
kHz

�	��
 ���� �0J ')�2-8)��K@ ' %5-���� )*���2+��
�/%��,+ " -����,+C@���� " �#������)2+��3)2+��+�

� ')�;%� " )2+��������&%�e@4'�),�����0-;�2- @ -<%�-���.���/%�,+ " -����,+X@���� " �#�����")2+��3)2+����/�102��� �?%:+������
%��2+�� " �	�
�*@8-�������)�' +3�*@�� " ���&%�345�2-��+�768���2+.���/%0%����/%������:9&@ ' )*���*%5+�� ' �/%� " �	���*@ -������
��� �*%:-F@8-��:')�&% @���� �g@�� " ���&%� ���)�2-�;7����� � �  ���	�������+9 '<���+� ����� �������0-<%� �102�*@�� " ���&%�
��� � �>= �>= ��� �?���.����� = )2+�� " -��,+�� " �	����� )2+��3)2+��+�@�L�*%���7���.��� �*%:-F@8-��:')�&%A�+�/%.%� �����$4#�
B �2+5' %:-���� �����&% +����0)*���/%:-���� " ���>% 
3
$�C'3�

kHz
�/% �N�L��� � 


kHz�D��� +������K@<%(' %�E��� " �K@����>%E���#� �:' " " ���&% )2+��#�GF����-���+� +������K@ %1' %��/� = )*�,+0- " ���&%(' � = �
� � )K@����+91@���%�� " )��.��� � 'H@����K@5���;%�')������H +������2- % ),���2+3���/%0%�� �������0-<%� �10I�*@�� " ���>%��+� �J�
" ' - @F@4' B �K���?% ������� �GF��3-��0- ),���2+ @4' ���6-<%� ��� @L0I�/%�����)�

��NM O �?� � � ��������� � � � P �#� � �AQC��!"� ! �#� � R�� �#� �TS � ! � � � Q �,U
V ! � �C! � Q

������� " )*�=+?%�� " ���&%3� �	��' " -�;7���K��� " )K@�� %.��� )2+���F����������2+ )*���*%��/%:+�� �
�/%��,+ " -������� ��� " �2-���' �>% @��+� " �#���*@����W�,�	��' " -�;7�����X��� @Y0 ')�/%5-����������2+ )2-���H��	�*@����/%5+.-�;7���J�/%A���C@4'
)*���*%5+�� � Z J � � ' �
�[�������*%\9 @ ' ),���*%5+��A���?% " �	���*@ -������ '<�����3�����E@8- ' -������ @ -���� 'A- +�� � @4'
��' ���)9 ��] @��J���,)K@ ' ��� " ���>%-���f@4' ^D' ��� -��$^_�,+0-����2+��J���e@4' �+�,+:' " -�;7���`6.acb 9 �L�*%���7� )�' +
@�� @�� B -��,-��*@*��� �0- " �K@ ' %5-���� ��� @Y0 ' �/%5-����������2++9
�+�;% - " ),�����)� GA� ���3+;%5-��)9������ = B +5'A)�F
���
�����&% � = %5+:' -<%� � @�� )2+�� " -��,+ -����2-�;7��')�&% �.- " �N@<%(' ��� " ���&% @��+� ���,)N@4')��� " ���>%�� ��� @4'
��' ��� � % ��� @Y02� = %:+�� " - %��:9_@L0 ' �*%5+�� " ���&%5+5' �>% @L0 ' �����*@��,+5' %5-���� ��� @L0I� = %5+�� " - %�� de��] @��
�����>%1')�/%'<����� @L0I���
	��/% � " ')�2- )��K@��,+.��� �0-<%���&fg� �?���J4 B �2+����`���2-�� ' �>%�����- @F@����?%:+����>%.�����



� ��� � � � � � � � ��� �
�� � � � �	� 	���� � � � � � � � '��

B +5'A)�F����#)*���2+A�2-�T �,+����&%�#)2+�� 4]@��A��� %�����0-����1� ���K���	���K��� )6+�� B +5' " " � � ' �?%� " ���;%
)6+��������&%� ��' ��� @Y0 ')����� = � � �

� �,)*������� ��� @ ' ),���*%5+�� ')� )2+�� 4]@?���
��� de�6-8+5' � � ����� � +5' " )*� �10��	��
 f

��d  9 % fD�
�,)K@4')��� " �+�&% -������2- %
� d �X9 % f`���,)K@4')��� " ���&%K� = %5+�� " -<%� � �����*@��,+:' %:-���� -����?%1')�&%(' ���+�

� � 
 ��� 
 �� �,)*������� �
� @4' )*���*%5+�� ' � )2+�� 4 @����
� � d�+:' " )*� �10�� ��
 f

6/���2+9@�� )2+�� 4]@ ���
����9 @��3�.- B ��'d@�;��2- ')*�,+ " -��?���A� 'H@ -����,+7@Y0 ')�/%:-������
���2+�9<���?%E�*%5- @8-����d 4 B ���� f � �X0 ')�����*@��,+:' %:-���� ' %0%��,-��&%� ���;% ���
1 � 5 � 106 � � 
 2 d 4 B ��� 
 f � �J� �.- B � 'H@?���;%

@Y0 ')���2- %:-���� �10I��� � -8+5' �����
100 V

� ����� +:' " )*�K��� 1
��
����9' )6+������������ ������� � -8+5' �

')� B " ���>%����������.-����,+:'P�K@�� " ���>%E@L0 ' ���+�*@��,+5' %5-���� -��2- %:- 'H@��)9 ��� " ) 'A+���� � @4' +5' " )*�`�����K@��d�)2+�� 4]@#�����d�	9 4 B ��� 
 fg��� ')���E���J�7')��9H@Y0 ')�����*@��,+:' %:-���� ���;%A���e@Y02�3+��6+��.���
0 � 5 � 106 � � 
 2 �

6/���2+ ���/%�,+ " -����,+ @4' B ' " " � �10 ')�����*@��,+5' %:-������ +��7'd@8-��5'P�K@�� '<����� ��� � �#�;%� " �)9
)N@����0-����2+�� )2+�� 4]@�� ��� �.- B � ' � = ��� ��� " " ' �
��� �����&% �*%5- @ -��������#�D��� )6+��)4]@�� �����&% �����
+5' " )*���-�10 ' " )K@ -<%����� 300 V

�/%A���C@4' + B ���2+/�A' +.- '7�N@��)��� -����0-L9 ������+:' " ),��� ��� %� " )��



'3� �JF�'A)2- %:+�� ����������� ����� 	��� � � � ����������������� � � �	� 	�� � � � ����	 �


 �
	 � � � ����� � � 	 � � ��� � � � 	�� �� � � ����� � �a��� 	 ���	�����������


 �
	 � � � ����� � � 	 � � ��� � � � 	�� �� � � ���� � �a��� 	 ���	��!��������


 �
	 � � � ���	� � �e	 � � ��� � � � 	 � �� � � ��� ! � �a���f	 �"�	�#���$���%�$�

&('*)#+��-,/.� �,)*������� �
� @4' )*���*%5+�� ' � )2+�� 4 @ ���
�10 d�+:' " )*� ��� �3242 ��
 f



����� � � � �	� � �-� �f�
���� � �"�	� 	������ � � � � � � '=


�
� " ���&%��� ���
10 Q 50 Q 100

�/%
200

��
 �����&%�%���;%�����+� �J�����0- " �K@ ' %5-������J�����&%)2+����������
%���������2+ @4' 4 B �2+�� � ,
�

�9' �.- " -F@8- %����
� ����� �����Z@��*%:-������ �
� @Y0 ')�����*@�� +:' %:-���� ���?% +�� " ' +�;���'7�K@��)�_GA� �UTc�/%<9
" -�� � )�' +;% @�� )6+��)4]@ ��9*%����*%����C@���� ')�*%:+����' �����g@��,+5' %5-����������&% � )*��� )2+��+�I@ ' " � " �
'd@ @��2+��)9 '<�����J����� ' " )K@ -<%�������?�2- Tc�,+����&%����9A-�� ���,+���� " ���&% )2+��3)*�=+?%:-��������g@ @�� � @4'K���2+����
�
� @4' +:' " ),�)�6/���2+A@���� )2+�� 4]@�� ��93� �/% 
$9H@Y02� = %:+�� " -<%�@�
�D@ ' )*����%:+�� �+02�g@������ ' )2+����"�/%5+����������������
�
��� ��� ;����*@�;������`��' �
� " �/%:+����+� �J� )�F��+��� " ����� ���?%��
	 ')� �7' +:')�/%�,+�� � )
F�' ��� �����
" -��6- " 'H@�� ��� �
�	�?%�� " �)� ! @3���;% ^_�3+?% )2+��L��'7�N@�� ;7��� ��� )�F������ " ����� ���>%:+5'$# ��� @Y02�+���
�
� " " ' B � " ���&%���� @ ' )*���*%5+�� � �7' ����� ��� � F��	� )*�����0-K�K@�� '<����� @�� ���\���;%5+:' %<� �J�/%.%�
�0-<%��' %:-���� ���3-<% �/%5+�� ���C- %����:9 ���3-<% ��� �����K@����A')�&% @4' ),�3-��>%�� )2+��7'd@4'P�K@�� " ���&% � @ ' B ���
�
�,+:' %:-���� �
�E@L0 ' �����*@��,+5' %5-����19\���3-<% ��� �*%:-F@8-��:')�&%?����� )6+��)4]@��?����)K@��
��^ ' -K�K@�� ' " )K@ -<%�����)�

�J���3�0- " �K@4' %5-������ " ���&%5+����&%3;��10 '<����� @Y02�*%5- @ -��5' %5-���� �10I����� �+� " " ')�����J��� �,�����*@��
���$���,+;%� �*%5- @ -��5')�&%E@��+��)2+��)4]@��#)2+�������45�2-���9>@�� �
�	�?%�� " � ���?%J�7' )�'7�K@�� ��� )2+��#���2-8+��K�����
@ 'A+ B � B ' " " �K�10 ' �����*@��,+5' %5-����19C'H@F@4')�&%3���

2 � 103 � � 
 2 � ����;��10 � 1 � 5 � 106 � � 
 2 �,�D�/%
-��&%�,+ �A'd@ @�� �������?%:- %���� �
��� B ' " " � ���� �:')�&%� )*���2+ )2+��	�������,+ ')� = � = ),� +.- " ���>%1'��
%5-������+�

& ' )#+ ��� .0J �#���*@8-��:' %5-���� G Z ��� @ ' ),�3-��>%�� ' ����� @Y02�L� � �/% " ' �6-8)��K@��

�?��� +������K@<%(' %� )2+��������>%���� �����&% �L�*%��+�7��� ��� �������0-����,+5' �>% @ ' )*���*%5+�� �����K@��)��� +
� ' ��� @4' )2+:' %:-�;7���)90@L0I��� � �/% " ' �2- )��K@�� �+�;% ����@F@�� � @L0I� = %5+�� " -<%� @ -K�2+��)������� ���,+��6-��,+��
�0- " �K@ ' %5-����198��� ' � ���*%(' �>% ����� �0)�F��,+�� ��� ��242 � � ��� �2- ' " �/%:+�� ')� �*���*% ��� @4'
)*�3-��>%�� ���;% )2+��3),�������)� Z ' �*%� ��� )*���$���3-8+ " �	���*@ -����,+ @���� ^ �=+������ �10 ' ��F����0-���� ��' ���
@�� @�� B -��,-��*@L91����� @ -4' -������ ��� " )K@��/%�� ���;% �����*@ 'A+���� �+�&%:+�� ����� = ����@ -������+�E68���2+ �+�/%.%�



'3, �JF�'A)2- %:+�� ����������� ����� 	��� � � � ����������������� � � �	� 	�� � � � ����	 �

�.- " �K@4' %:-����19>@�� )2+�� 4]@ 0$9	'<����� �
��� @4' + B ���2+���� +:' " )*� ��� �3242 � � 95���?% �*%5- @ -���� �����
����� ���*@F@�� ^ �=-�� d 4 B ������f �

�D�/%0%�� �0- " �K@ ' %5-���� )*�,+ " �/%K�10 ' �����2+��,+ ;7��� @L0 ' � ���*%K��� @L0I��� � �/% � @L0I� = %5+�� " -<%� ���
@4' )*�3-��>%����10 -��*�5�����
���I@������ " )*�3+;%� " ���&%3���K���/%0%��K���,+��2-��,+�� ;���� ����^ '������ " -��2- " �)�
�����+��+���K@ %1' %��K����%�������� )2+���������� " " ���&% �����&%�������� � 'd@8-��������

���� � �#� � ��� � ! � � � Q	� V ! � 
C! � Q

�A0I�/%������ )2+������������>%�� ' ��� " ���>%:+�� � ' �������+���0-<%� �10I��� �2-��0)*���0-<%5- ^ �7' )�'P�	��� ���
)2+��#���2-8+�� ����� %��+���.-������ � 'A+0-4')�&% ��� �	2 2 �

400 V
� ' ��� ��� -��>%��,+ � '����� ��� %�� " )����� ;7������;7�
��� " -��,+����������������������J�/%.%� �����&%5+:' -��>%�� ��� %� " )�� ���?% )2+��	� F�� ����� ���#� �

%�� " ��� ��� ��� " " ' ������� �
� )2-���H��	�������/%:+0-�;���� ��' ��� ��� ��� " ' -���� ��� " " � �Y0 ')��'����	���
����� " ' %��,+0-4')� = )�' +K�	�<%5+:')�������+��� ' -��+9 ����� ���#�;%� " �+� ���&% �
��� )��2-����:')����� ��� ���=+?%5-��
���/%0%�� " ���&%#-��$^_�,+0-����2+��' � = � = - B ���������.�����L0 'A)2)	� -��7' %:-����1��� �)	�����+9&-�����;%#- " )*�����0-K�	����102�L�*%���2-8+.����� %�����0-������ ')�����.-c�������������`�2- +���� %�� " ���&% � �4' ���=+?%5-�� � 02��� 6�� ���"' ���������
%:-���� ')���3)*%����J���?%A���������4'K���2-�� ' �&%� .:�����J�7' +;%�J���J��� " " ')�����.�	� %:+5' �����
�������! #"%$'&�����;%.�+��������� %���� � ��� ' " )(�8- 4 �7' %���2+-����%����
�.-����19 ��� B ' -�� ) * +42$9���� �*���������`^_��, " �+�)�
�.- �/-�,�0� �1-�2�F(34,�2*��, " �50�6 �L0I�7083�4398-:08;+�	,=<	; 0><	;�9?9@3��(;�,�07�4; 9?3 B �#-��A<���9@34,�� 2#-�,B2C-�9�<	;
0 � 25

��
��ED=F	9��	3G08;)9EH�; 9@3 B F#-��Y9I<���FJ0 �L0K- " 2	�43G0�	<	; ;�9�0 H�� " 2	,@349@; ;�FL01,?; 2 ;50 ��2
V
9

;�9�0M;�F ���N��� 6 �Y0O- " 2	�3 4#HP-Q01;��	,�9R<	3,?;�HS08; " ;�FL0M,?;��3�� 6 �T- H+��,8- " 3�;7�	;)�
UV�W;�9X0E6YF���01;�,?;7�	;=H�;50Z- " 2	�3 4#H/-:08;��	,[;�9X08�(F 9��%9�0� " ;3���;�H501,��WF	3�;��	;\<	;]<	;�� = 3�� " ;

��,@<	,@;)9I98- 9��W,�0134; F10>;�9�0 2#-�9 ; = -�H501; " ;�FJ0 H���F ^_��, " ; 6 �T- H��WF	9?3 B F(; <	; �^- H/-�,X08; <	;
98-�2�F	3,�9A�4;�9���-�,?3T-Q013���F	9�34F$^ ��,?3;��	,?;�9 6

1
��
 9��WFL0 4#�G08,���;�9+� �_- ;7�#-��43G0�� <�� 9@3 B F#-��.<	;

9��W,�0134; ;�9X0 <10K- �70`-�FJ0 2	���	9 <�� B ,8-�<���; ;7�	; �^- ��-�,@3^-:083���F <	; 08;�F	9?3���F <	; �^- H���F	9@3 B F	;
;�9�0 3 " 2*��,X0a-�FL01;)�A�B;�9���-�,@3^-:083���F	9YF	; 9���FJ0 - 2	,?3���,@3I2C-�9M2	,����%349@3K�	�;�9b2C-�,M�^- 0�F����W,@34;
;50�F���H�;�9@9?3G08;�FJ0 �	F -�2	2	,?;�FL0839?91- B ; 2#-�,Y; = 2*��,@3 " ;�FL0`-Q013��WF1�

�.- 4 B �(,?; �	0 " �WFL01,?; �Y02�50`-:0 4#FC-���<�� 2	,���F	;�F	9@;��	,+9c,��/-��349�� H��WF$^_�W, " � " ;�FJ0 6
�L0I�50��(<	; ;5d�;�H50����;)� �.- H���,1- " 3�;��	; ;�9X0YH��������;M9��(,B91- ^e-�H�; 9��	2*��,?3;��	,?; 6 �	F - = ; ,@;�H��
0a-�F B �	�^-�34,@;)9 " �WFL0� <	34,@;�H501; " ;�FJ0 9��	,b�; �	���RH <���2	�T-�H�; " ;�FJ0 2#-�, �	F	; �3^-�349���F 2	3 ����0
B �349@98-�FL0\� �I; <	39?2*�W9?3G083�^�� Z � ;�9�0MH��W�4��� 6 �T- 9��	, ^e-�H�; 34F$^ ��,?3;��	,@; <	; �^- H���,1- " 3�;��	;)�

f g h�i.j�kml5n o.l5p q r s t u q j h�v n w�kml�x hbq oEu y h�o r s n kmp z
o.p oA{ n h

� 2	,@|�9 �^- H/-�,8-�H508}�,@3491-:083~�F 08;�H`�	F	~��~��W3���	; <(� 2	,@}��	;�F	9@;��	,��=3�];�9�0 2[~�9@9?3�	�; <	;
H�~ " 2	�}508;�,��T- 2#-�,�0134; " }�H/-�F	34���	; -/�W;�H <	;�9 9@~W�4�70134~WF	9�;!�7349X0`-�FL01;�9�����;50?01; -�2	2	,?~%Ha�	;
;�9�0 -�<(~�2701}�; 2[~��	, �4; �	�~RH <	}�2(�^-�H�; " ;�FJ0/���4; 2[~W,�01;���}�Ha�#-�FL0134��4~WF ;50 �4;�9 H/-�2701;��	,@9



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

AFM

Ceramique

Ceramique

AFM

.0/2143)5�687:9I; 2	,@}��	;�F	9@;��	, -�H5013<;Z,?}/-��439?}

�%349@�	;��9��=9_- 2#-�,�0134; �4~W�W34H�3;��4�; ;�9�0 <	}5��;��4~W2	2�}�; -��708~W�	, <	; H�;�9 }��} " ;�FL019�� ;50 ;�9�0
H�~�F	9X08,@�	3�01; 9@�	,b�;�9Y2	34�~�01;�9 �~��W34H�34;��9>; ~��	,@F	39 2#-�, �;��	,@9bH�~WF	9X08,@�	H508;��	,?9M,?;�9@2[;�H5083?; 9��

@BA C D E
FHG I � � E � GKJ)L JNMPO
9_- 9@~RH�34}501} Q R(S TVUXW�Y Z []\^W_U`\aUcbcY�W�Ucd=H�~ " " ;�,@H�3^-��439?; <	;�9 9?~W�4�70134~WF	9 <(; 2[~�e

9@3�0134~WF	F	; " ;�FL0�2(,?}�H�39��f9 ; 9X�R9X08| " ; Ha�(~�39?3A;�9X0�H�~ " 2[~�9@}b<	;M08,@~�39 " ~�01;��	,?9��34F	}/-�34,@;�9
" ~WFL01}�9 9?�(, �	F	; 2	�^-:083F	; + - �7;�9��E���#-�H��	F <	;�9 -�H50134~WF	F	;��	,@9 2[~�9@9@|�<	; �	F(; ,@}�9@~���fe
0134~WF <	;

50nm
2�~W�	,M�	F	; H�~��	,@9@; <	;

2 g 5 cm
�AU��49M9?~WFL0 H�~ " " -�F	<	}�9M2#-�,M�	F	; H/-�,X01;

H�~�FL01,�h��;��	,�i���U`�^9I;�9 2	34�~�01;�9E�~��W34H�3;��49j; ~W�	,?F	39E3F	H��4�(;�FL0\�	F	;�H�~ " " -�F	<	;�;�F ��~W�	H��;
; ;�, " }�;��.U��=9@�8k 0 <10>;5d�;�H501�	;�, �	F ,@}��W�^-���; i=U
l 2[~W�	, -�<#-�2701;�, �; ; ~�F	H50134~WF	F	; " ;�FL0
<(;�9 -�H5083~�F	F(;��	,?9�6 �^- 0nm�Ha�	;��

��; 9��R9X01| " ; 2[;�, " ;50 <10>~�� 08;�F	3, �	F 08,@|�9 �[~�F 2[~W9?3G083~�F	F	; " ;�FJ0 <#-�F(9 �L0>;�9?2C-�H�;��
iZ-�, H�~WFL01,?;Q�Z91- 2	,@}�H�349@34~WF �IH�~ " 2#-�,@}�; -��R� <	3 " ;�F	9@34~WF	9 <	;�9 ~W�po?;S089 6 " -�F	32	�	�4;�,��
F 0 ;�9X0 2#-�9 9@�8k 98-�FL01; 2[~W�	, ���#-�FL013<q#;�, �T- <	}r; ~W, " -:083~�F -�2	2	�43���	}�;��IH�; ���(3];�9�0 ;�9
e
9@;�FL013;���6 �^- �[~WF	F	; " -�s401,?39?; <	;�9 ; ~�,@H�;�9 <10K-�<	�	}�9@3~�F ��tM~�01~�F	9 ���	; 2[~W�	, 2[~�� ��~W34,
" ;�9@�	,?;�,_H�;�9N; ~�,@H�;�9 - �W;�H�2	,@}�H�349@34~WF �/34�W;�9�0 F	}�H�;�9@98-�34,@;�<	;]<	349@2[~�9@;�, <10 �	F	;=01,@|�9E�[~�F(F	;
,@}�9@~���7083~�F �73F8; }�,@34;��	,@; 6

50 nm
� 9@�	,��L0K-��7; ��;�,X0134H/-�� �

i ~��	, 01~W�708;�9 H�;�9 ,1-�39?~WF	9��A�	F 08,1-�F(9?�T-Q01;��	, 2	3}$u�~RHP-�2#-�H�3�013<; ;�9�0 -�o?~�� 08} ;�F 9@}�,?3;
9@�	, �Y0O- �7; v

z
� ��;50 -�HS083~�F	F	;��	,�� ���	3 ; ~WF	H5083~WF	F	; 9?�	, �; 2	,?3F	H�342[; <	;�9 �R34�	,1-:083~�F	9

-�9X� " }508,@34���	;�9�-�2	2	�34���	}�;�9�6 �	F H�~ " 2�~W91-�FL0�2	3}$u�~R}��4;�H501,?3���	;���2[~W9?9@|�<	; �	F(; H�~W�	,?9@;
<(;

120 wjx ;50 ;�9X0 H�~ " " -�F	<	} 2	,@~�2[~W,�0134~WF	F	;���4; " ;�FL0 6 �	F 9?3��F#-��m<10>;�FL01,?}�; <	; y
6 5�y z]~W��019��.U���;�9�0 �70134�349@} ;�F -�9?9@~RH�3T-Q0134~WF -/�W;�H �	F	; H/-�,X01; H�~WFL�W;�,�01349@9?;��(, <	3��3G0a-��
-�F#-��4~W��3���	;Y<	; 5�6 �	3�019��{9_- ,@}�9?~W�4�70134~WF <(� 01,8-�F	9?�T-Q01;��	,];�9X0�<	~�F	HM<	;

120000 | 216 =
1 g 83 nm

�(9.- q#���	,@; 5�} ,@;�2	,@}�9?;�FJ08;��4;�9@Ha�	} " - H�3F	} " -:0134���	;�<	� �	�~RH�<	}�2	�^-�H�; " ;�FL0P�



'^6 ���#-�2	3G08,@; ����� ���c�r��� � ������r� �
�)	�����&� ���n������ ��� �_	�������� *,���

. / 143`5_}f7:9 ; 9?H`�	} " - H�34F(} " -:083���	; ;S0 �; �	�4~%H <	; <	}�2	�T-�H�; " ;�FJ0

@BA�� � F��fO8J
	 � G�� � MPO�
E
E F M 

9I;�2[~�,X08;�e�}�Ha�#-�FL0134�4�~�F(9.;�9X0\�^-�2#-�,�0134;�<	;�9X083F	}�;�6 ,@;�H�;5�W~�3,m�4;�9@�	�	9X08,1-Q0 9?�	,Z�4;����(;��

�L0>~�� o?;50 ;�9�0 3F	3�013^-��4; " ;�FJ0 2	�T-�H�}�� 9_- H�~W�	,?9@; <	� " -�F(342	�	�T-Q01;��	, }50`-�FL0 �43 " 3�01}�; 6
2 g 5 cm

2#-�, �4; �	�~RH <	}�2	�T-�H�; " ;�FL0P� 3� 9@; " �(�4; �70134�; <(; <(349@2�~W9?;�, <	; <	;��W,?}�9 <(;
" ~W�	34�3�01} 9@�	2	2	�4} " ;�FL0`-�34,@;�9 2[;�, " ;50@0a-�FL0 <	; <	}�2	�T-�H�;�, �4; 9?�	�(9�01,8-:0 ~�� <	; Ha�#-�F	�W;�,
<	; 9@�	�	9�01,8-:0M;�FL01,?; �;�9 2	�C-�9@;�9 <	; 91-�349@34; ;50M<	; <	}�2[~W9?; <10>�	F	; " -�F	32	�	�T-Q0134~WF �

. / 143)5&'87:9 ; 2�~W,X08;�e�}�H`�#-�FJ083�4�~�F	9
9I; 2�~W,X08; }�Ha�#-�FL0134��4~WF q#FC-��; " ;�FJ0 ,?}/-��349@} ;�9X0 �	F 2	�^-:08;/-�� " }50`-���43���	; " ~�FL01}

9?�	, <	;��R� �3^-�349@~�F	9 �W�4349@9@34|�,@;�9 " -�F��	;��4�;�9.<	;��W,1-�F	<	;�H�~W�	,@9?;�H�~W�	2	�4}�;�9 6 <	;�9 " ~W�4;50@08;�9
" 3H�,?~�e " }508,@34���	;�9�2[~��	,Y�	F 2[~�9@3�0134~WF	F	; " ;�FL0M-�k F	}��



� ���������
	����������� ��� ���������
����� 	��!"�#�$�%�'&(�
�)��� ��	��'�����+*,�-� '(}
@BA�� � F4I � E
J I J O ��� %O8J L JNM O � 	�
� J`E

i ~��	, �; ��~WF ; ~WF	H5083~�F(F	; " ;�FJ0 <10>�	F	; ~�2[}�,1-Q0134~WF <	; " -�F	342(���^-:083~�F �#3�� ;�9�0 3 " e
2[}�,1-:083?; <	; " -�s401,@349@;�,�^- H�~WF8q#�W�	,8-:083~�F 3F	9�0`-�FJ0a-�F	}�; <(� 9��R9�01| " ;��89I;�9�-�H5083~�F	F	;��	,?9
� 083��439?}�9�; ~��	,@F	349@9@;�FL0��;��	,?9 }50a-:089 -�H501�	;��49 ;�F 01; " 2	9\,?}�;�� ����;��R� e�H�3#2�;�, " ;50?01;�FL0 -�3F	9?3
<(; H�~�F	F#-�s401,?; �4;�9MH�~R~W,?<	~WF	F	}�;�9 <	� " -�F	342	���^-:08;��	,Y<#-�F	9 �	F ,@;�2[|�,?; ���4~W�#-��IH�~WF	F�� �
tM}/-�F " ~W34F	9����^- 2[~W9?3G083~�F <	; �L0>~�� o?;50 ;50 <	� 9?�(�	9�01,8-:0 H�34���; F(; 9@~�FJ0 2C-�9 H�~WF	F��	;�9
- 2	,@34~W,?3�� iE~W�	, ;5d�;�H501�	;�, H�~�,@,?;�H501; " ;�FL0 �T- H�~ " " -�F	<	; <	� 9��%9�01| " ;Q� 3��N;e-��70 <	~WF	H
�(F	; -��701,@; 9?~W�	,?H�; <10 3F8; ~W, " -Q0134~WF �

9_- 9@~���7083~�F �^- 2��4�	9�9@3 " 2��4; ;�9X0 �Y0 � 083��4398-:083~�F <	; H/- " }�,1-�9�����;50@08; 9@~���7083~�F ;�9�0
01,@|�9]2	,8-:083���	;Y2[~��(,\�	F 2	,@; " 34;�,\F(3��W;/-�� <10K-��701~ " -:08398-:083~�F 7��Y0 �7013��3491-Q01;��	, H�~�FJ08,�h��;
�T- 2��4�	2#-�,�0M<	;�9M~�2[}�,1-Q0134~WF	9��#34F(H��4�#-�FL0��4;�9�08,1-�o?;�H501~W34,@;�9��ciE~��(, �;�9 F	3G��;/-��R� <10K-��708~�e
" -:08398-:083~�F 2���	9\}��;5��}�9���3��p;e-��70\<	39?2[~W9?;�, <10 �	F 08,1-�3�01; " ;�FJ0�4~W�W34H�3;��L3 " 2[~W,�0`-�FJ0\-�q#F
<(; <	~�08;�,��;b9��R9X08| " ; <	;M,?;�H�~�F	F#-�349@98-�F	H�; <(;=; ~W, " ; ;S0B<(; ��}�F	}�,8-:083~�F -��708~ " -:0839?}�;
<(; 08,1-�o?;�H501~�3,?;�9��

i ~��	, <	349@2�~W9@;�, <10>�	F	; 34F8; ~�, " -:083~�F H�~ " 2��4|S08; ;�F 01,?~W349 <	3 " ;�F	9@34~WF	9 <	� 9��R9
e
01| " ; ;�F 01; " 2	9 ,?}�;�� �]<	;��R� H/- " }�,8-�9 9@~�FJ0 �7013��349@}�;�9��>9_- 2	,@; " 34|�,@; ;�9�0 34FJ08}��W,@}�;
<(34,@;�H508; " ;�FL0M-�� " 3H�,@~�9@H�~�2[;��f; ~W�	,?F(349@98-�FL0��	F	; �R�(; <	; <	;�9@9?�	9�<	; �T- u�~WF	; <	; " -_e
F(342	���T-Q0134~WF � 9_- <	;��R�734| " ; H/- " }�,1- 2��T-�H�}�; �T-Q01}�,1-��; " ;�FJ0 H�~ " 2��4|501; �L0>34F8; ~W, " -:083~�F
;�F 2[;�, " ;50@0a-�FL0 �	F(; �R39?�C-��3491-Q0134~WF ;50 �	F	; ;�9X013 " -Q0134~WF <(;�9 <	3�d�}�,@;�FL01;�9 <	349X0a-�F	H�;�9
�W;�,X083H/-��;�9��

9 ;�9 <	;��R� H/- " }�,1-�9 �7083��439?}�;�9 2[~�9@9@|�<	;�FL0 <(;�9 �W,?~W9?9@349@9?; " ;�FJ089 3 " 2�~W,X0a-�FL019 ;50
�(F	; 2	,@~�; ~�F	<	;��(, <	; Ha�#- " 2 08,@|�9 ,?}�<(�	3�01;����43 " 3G08}�; 6 ���	;�����	;�9 " 34H�,@~ " |501,?;�9���9.-
HP- " }�,8- 3FL01}���,@}�; -�� " 34H�,@~�9@H�~�2[; �7083��439?;��4; 9��R9X01| " ; ~W270134���(; <	; H�; <	;�,?F	3;�,�� i ~��	,
2[~W�7�W~�3,B3FL01}���,@;�,��	F	; H�~ " " -�F	<	; ,@}r; }�,@;�F	H�}�; �%349@34~WF �
�4; H�~�FJ08,�h��; <	; H�;50?01; Ha�C- sTF	;
~W270134���	; ;�9�0 F	}�H�;�9@98-�34,@;��! F " ~�01;��	,M2#-�9 6 2#-�9��[H�~ " " -�F	<	} 2#-�, �T- " "�" ; 34FL01;�,
e
; -�H�; ���	; �;�9 " ~�01;��	,?9 �34F	}/-�34,@;�9 <	� ���~RH <	}�2��^-�H�; " ;�FL0P� ;�9X0 <	~�F(H " ~WFL01} 9@�	, �^-
" ~��4;50@08; <	; " 39?; -�� 2[~W34FL0Y<	� " 34H�,@~W9?H�~W2[;�� 9_- �W,1-�F	<	; ,@}�<	�	H50134~WF " }�H/-�F(34���	; <	;
H�;50?01; �43T-�39?~WF 2[;�, " ;S0b<10>~�� 08;�F	3, �	F(; 2	,?}�H�349@34~WF 9?�(�fe " 3H�,?~ " }S08,@34���(;��#��;50@08; 2C-�,X083 e
H����^-�,?3G08} -��701~�,@39?; <(;�9 " ;�9?�(,?;�9Y<	; <	39�0`-�F	H�;�9���;�,X083H/-��4;�9�<	; ;e-�$�~WF 01,?|�9�2	,@}�H�349@;��7;�F
;Sd�;�HS08�#-�FL0M<	;�9 " 39?;�9�-�� 2�~W34FJ0Y9?�	H�H�;�9@9@3��W;�9 9@�	,%�; 2	,@}��	;�F	9@;��	,��&�L0>~�� o?;50 " -�F	32	���4}
;S0 �; 9?�	�(9�01,8-:0/�

@BA+@ ' � ( ���fO�
J E
F�) 
G  JNE
E J
9_- 2#-�,�0134; �4~W��3H�34;����4;M<	~�3G0 01,1-�3G08;�,Y;50MH�~R~�,@<	~WF	F	;�,*�4;�9M<	3�d�}�,@;�FL01;�9 3F8; ~W, " -Q0134~WF	9

2(,?~N�W;�F#-�FJ0�<	; 01~W�	9+�4;�9 H�~ " 2[~�91-�FJ089\<	� 9��R9X08| " ;���D+���;P; ~W�	,?F	3G0=-��	9?9@3#�	F	;Y34FJ08;�, ;e-�H�;
6 �Y0 � 083��4398-:08;��	,���2[;�, " ;50@0a-�FL0 �Y0O-�H�H�|�9 6 01~W�708;�9 �;�9 ; ~WF	H5083~�F	FC-��3�01}�9 <	� " -�F	342	���T-�e
01;��	,�� 9_- qC���	,@; 5 % ,@;�2	,?}�9@;�FJ08; �L0>34FJ08;�, ;e-�H�; �7013��3491-Q01;��	,���,1-�2	�	34���	; ,?}/-��439?}�;��

9 ; �~��W34H�3;��7<	;�H�~ " " -�F	<	;4; ~WF	H5083~�F(F	; <	;��^- ; -�$�~WF 9@�	3G��-�FL01; 7L�	F 9?~W�	9�2	,@~RH�;�9
e
9@�	9�2[}�,@34~R<	3���	;,�43G0\<10K-��[~W,?< �4;�9]3F8; ~W, " -:083~�F	9m2(,?~N�W;�F#-�FJ0�<	;-�T- 2#-�,�0134; " }�HP-�F	3���	;��



'�' ���#-�2	3G08,@; ����� ���c�r��� � ������r� �
�)	�����&� ���n������ ��� �_	�������� *,���

.0/2143`5&%87X9A0>34FJ08;�, ;e-�H�; �7013��4398-:01;��	, �W,1-�2	�	3���	;

2	�	349��;�9�-�H5083~�F	9]<(;-�Y0 �7013��3491-Q01;��	,��^9I;�9�3 " -���;�<	;�9�H/- " }�,8-�9���;�FJ��~ �W}�;�9�<	34,@;�H501; " ;�FJ0
6 �L0>}�H�,1-�F <#-�F	9 �	F	; ; ;�F " 01,?; �R3<	}�~	�E,@;�2	,@}�9?;�FJ08;�FJ0 �	F �W,8-�F	< �W~��4� " ; <10>34F8; ~�, " -_e
083~�F	9��:im-�,bH�~WF	9?}����	;�FL0P��;����4;�9YF	; 9@~�FJ0b01,8-�3G08}�;�9����	; 9@3 �L0>�7083��4398-:08;��	,�<	; " -�F	<	; �	F	;
-�H50134~WF 2#-�,�0134H����34|�,@;���2#-�,\;!� ; " 2��;����	F	; " 349@;�-�� 2[~�3FL0=-��701~ " -Q0134���	;�~�� �	F <	}�2��T-�e
H�; " ;�FL0\<	; �T-b2[~W�708,@;�<	}508;�, " 34F	}�2#-�,E�	F	;Y-�H5083~�F <	; �T-b9@~��	,@349Z9?�	, �^-4; ;�F " 01,?;��R3<	}�~(�9I;�9Z2�~W9@3�0134~WF	9.<	;�9 + " ~�01;��	,?9 �43F	}/-�3,?;�9��N<	� 08,1-�F	9 �^-:08;��	,EF#-�F	~ " }501,?3���	;���<(; �T-b�#-��fe
08;��(, <	; �Y0 ~W� o?;�H5013<; <	� " 3H�,?~W9@H�~�2[; ;50��^- 9@~�,X083; <	; �T- 2�~W�701,?; � ��� 9?~WFL0 - k Ha�(}�;�9
-/��;�H �	F	; 2[}�,@34~%<	; <	;��L0>~�,@<	,?;M<	;��^- " 3����349@;�H�~WF	<	;�� ��;�9�H�~ " 2[~�91-�FJ089��76 �L0>;!�7H�;�270134~WF
<	� 2	,?}��	;�F	9?;��	,��Q9@~WFL0mH�~ " " -�F	<	}�9.9@�	3G��-�FL0 �4;�9_34F	<	3H/-:083~�F	9 <	;��L0>�7083��4398-:08;��	,�2C-�,E<(;�9
�[~��	H��;�9 i=U
l ; ;�, " }�;�9�� l 3Gd�}�,?;�FJ08;�9 ; ~�F	HS083~�F	F#-��43G08}�9*�34}�;�9 6 �Y0O-�H����	39?3G083~�F �%349@�	;����4;
9?~WFL0 -��(9?9@3.-�H�H�;�9@9?3���4;�9�� H�~ " " ; �T- 2[~W9?9@34�(3��43G08} <10 ;�F	,?;��W349X08,@;�,*�L0>3 " -��W; 3F	9�0`-�FJ0a-�F	}�;
- k Ha�	}�; <#-�F	9 �^- ; ;�F " 01,?; �R3<	}�~ ~W� �; �T-�F(H�; " ;�FJ0 ;50 �Y0O-�,?, " 0 <	; �L0>;�F	,@;���39�01,?; " ;�FJ0
<10 �(F q � " �

9I;�94; ~WF	H5083~�F	9Y2	,@~�2[~W9?}�;�9M2#-�,%�; �4~W��3H�34; ��9@~�FJ0 �;�9Y9?�	3G��-�FL01;�9 7
� H�~ " " -�F	<	; ;�F �R3G08;�9@9?; � 5��c;
	��:~�� �F 	�����o����	1~����� ���������� " ~ 	������� ���"!	}#�$�"����

�	-�"��%� k �a�&���'��(	� " ) �*�?}+����%�$���?~,���4}��� �.- �0/1�
� ��~ " " � !���2�32	�����o����	1~'�"��+�4�! -(��� " �!����4~�!��4�/������L0>�5	����"�����6	��4~�! ����7�0;8�! " 	����9�"�	}�~ � �L0>�5	����"�����6	�����:��������� �@���*�� ) ~���!;	*< �6	�	�+��!�����=�!�
� ��~ " " � !��� �! 	�����o����	1~����� �	� 	���� !�� �7�6	�����(!&�$!	~ " }�	����4���� ��>�� �
� ��~ " " � !��� +! 	�����o����	1~'�"�� �� �?� " �"�� ��� ) ~���!@	A�� �7� �B� " }���� ����C	����#���� �	

) ~'����������"�D	1} �� �@�����,�4���5	1~ " �6	��4���� �	� ) �@}����!������� � 6@�!�
� � k �a�&���' �� �7� 	��!����4~�! �� E&!�5�~'! �	 ) �?~ 	����	��4~�! �� �?� ) ~'�"!;	� � ��� �!

���4~%���&� !;	.�3!������"�����	��4~�!�������F �!;	 ��+�4F ~$	�������G�&� !����"��#�$�H�10>��! �	} ) �$�����F �!@	
�10 ��!3 �$��������I��������4�	}�	����F �"!	}� ) � �%�Y0 �5	����"�����6	����� ��}'� �

� F �"�� ��� ) ~���!@	 ���5	1~'F �J	������ �� �?� �#� F }+��� ����K	��"�#���" �	 F ��@���� ���5	8~�F �_e
	������L��,�?� �3���K	M� !�����'��K	��"�#����L�!;	���,��L�@�	���C	����6	N�	��7� ) ~���!;	� ) �$�O�����F �"��+�



� � �c�r��� &��� ��r� ���

��� ) ~'�"!;	*�@�������������������
� ���5	1~'F �6	������6	��4~�! �� �7� ) �&�$�� �� ��� ��������1< ) � �K	��"�N�� �Y0 �"!������#�J	��~'! �� �?� �~9�#�_e
�"�����6	��4~�! �� �L0>~W�po�
	�< F �$!�� ) ���"�� ) � ���Y0 �5	����"�����6	����� �! � ������&� !;	 �@�����7�=; �! " 	����,���	}�~(�

� ��~�F F � !��� ����!&� ���� �� �L0 � ��	��~'!�!����� ) �}$u�~R}��"���	����4���� �	� ) �?}����!������� ) ~����
�7� �	} ) ~'�� ���@�!�

� �"��(��~'!@	���h��"�� �,���	}�~ ���;� �
�: �~��������"�� � ) �$�N��� !&�6	1���� F ~9�	���?� �"���� ) �@}����!;	� ��!� �&�$�� �@~��"���� ) ~������Y0 �5	����"� e

���J	��~'! �	� F � !�� ) ���7�6	��������� � ) ���F �	 �7� ���?}#�J	��4~�! �� ; ~�!���	��~'!3!&���"�D	1}��L�?� )�) �}�F �!fe
	 � ������I�� ; ��$�~�! ����F ) ���?q#}� ��� m �� < �L0 �$�+��|�� ��� �&� �A!��G�'B��� �� ) �?~W�'���$F F �J	��4~�! �

� 	 p q j�y�s iIl5p q

.0/2143 �-y87:94 ���D	� !� ) }����"F �!@	M���4�	��� F � !�� ) ���?�J	����� ) �@~$	1~$	 � ) 

l �$!�����%�a�&� ) �D	�������"��N��~�!�����'!�+� ) ~W���+�7� �?}#�����"���J	��~'! �	� ) �@~$	1~$	 � ) *�� F �����@~�e
F � !�� ) ���7�6	��4~�! ~�!;	 }�	1} ) �?~ ) ~'�@}��� < ) �$�K	��"� �� �Y0 }�	1���� 	8�(}�~'���4���� �3 �7� 	 m$�`�� ��
F � !�� ) ���7�6	��4~�! ��
R���G� �$!@	 �+ �#�������� ���� �a� �$�@�'��������:� }�	8} �	}����"�	} �� �� ; ~9�#���"������
�@��� �7� ��~�!��C	��@����	��~'! �	� ) �@}����!������� � ��	��?; ������� ��K	/� ) �$� ��� !&�J	8������ ��� ��~9���� �	�
F ~9��*�� F � !�� ) ���7�6	��4~�! ) �?~ ) ~'�@}���� � ) �?}����!;	� ) ����������������!�!	~N� �J	��~'!����;��~'!3�����!&� !;	
�7� F ��@���� �3�� ; ~�����������?� �	}�	����	��~'! �	� ��~'!@	M� ��	 
	 ��� ����� !��� �#� ) �$��� 	1} � �9!&�_e
F �4������ � ) �@|��-�7� ��~'!3�� ) 	��~'! �	-�7� ��~'!��K	��?����	��4~�! �� �� ����� ) ~����D	��<; ) ~����L�@} ) ~�!�����



�^y ���&� ) � 	��� ����� ���c�r��� � ������r� �
�)	�����&� ���n������ ��� �_	�������� *,���
���R� !�5��'�!3����I	���a��!3�4����+� �	(	8�	}�~����4����+� �� �Y0 �5	����"�����J	��~'! ����H; ~'������A� 0 � �	�	}����4~�! �
�?� ) � �K	��"AF }��#�$!3�4���3 ��~�F ) �}�F +!;	M� ����(��C	:�@}#���"���@}�*�! � �&� ) 	 � !;	:�������~�F ) ~���� !;	��
��~'F F ������7���"�F +!;	 !� ���K	M� !;	P�p94(F ~9�	����:��(��~�F F �$!3�� �~��������"��5� ��!����5�@}#���"���@} ) +� e
F �	O< �Y0 �5	����"�����6	�����_��! � ����|���; �$�������<%	8~W�5	��� �����; ~'!��
	��~'!�!&����� 	8}��H�	� F � !�� ) ���?�J	�����
�	 ���R� 	���� �D	��F �!@	�� �10 �"F ������ ) ~��3� ��!� ��~�F F �$!��� �@}r; }����!���}� �,�����4~�! �����	~�� ���
���
	 � ��yay85�� � l  ) ������ �?~�! �$���a��� 	���
	8���� F ~9�(���?� ���� �	 ~W�7����C	� ; � �����"�D	� �	 ) �@} ) � ��
����(�	}5����4~ )�) �F �!;	��=; �5	1�������

9G� q#�W���� ��y F ~'!@	��� �" ���D	� F �"� �! ) �7�$�� ) ~���� ) �@~9��}��3�� ���R� !� ) }�����F �!fe
	M�J	��~'!3��� � � ��K	 ) �7�$��} �&� !�� ��!3 �������� ���?� !��a�� < ����F ����� 	8} ��~'!@	���h��}��� l �$!�� ��
�a�&� ) �D	��� �?���G� �$!@	/� ��+� ���
�}����!@	���L!� ) }+���"�!�����Y�9�����$!@	*< �	}
	����F �"!��� ����L�#� ) �$�+�D	1}��
�	� F �$!�� ) ���?�J	�����:�	 �	� F ~9�� �� F � !�� ) ���?�J	��~'! �?~�!;	 }�	8���3�4}�����



� ����� /��	��
 ��
� � � � � ��� � � � � � � � � � � ��� � � ��� � � � �

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

$ %'&)(��+*,(�-/.0%21)354768*,(�1)689,-,9;:)*,&<47(,=��Y0>9?4A@):)*B47.)9,CD6E3+FG@)* :)*���%IH 3J-,6ECLKMH %'&)3+1)@��N%L473JCO&P=
�N% -,CO&)-,*,1Q473JCO& *?4 ��% 6E9R%��+3J(7%L473JCO& :10>@S& 1)6EC'47C24 �T1U* CO&<4 9V479 1)6E9,(E*,&<479,*,(,WYXZ* 1)6EC24AC[K4 �T1\* *,(]4^-,CO&)(]4A6E@)354_%2@Q4ACO@)6`:10a@)& H 3J-,6ECLKM1S689,.)*,&)(E*,@)6_%2-V4A3cbd=<-R%210%'e��+* :10a*Vfg*,-V47@)*,6 �J*,(4/h2-i.)*,( :)* (7%'3+(83+* 10%26 %':).)9;(83+CD& jlkVmon'mqpqr,sutAv *V4 :)* :)9,1UCD(E*,( 10%'6 3J&S-��J3+&0%'3+(8CO& jwkVmwn2xmypqr,s0tAv_CD@ 10%26I*Vfg*V4 3+&)*,6473J* �BjEz'{[|Un'} pqr,sutAv~W

� *�-/.0%'1S354768*�*,(4 -,CO&)(7%'-,6E9 � ��% :)*,(E-,6E3J1Q473JCO& :)**�Y0>9V47@):)*I*~�Q1U9,6E3JH *,&<4/%��+*�6E*���%[4A3c�O*� -,* 1)68C��E*V4RWB$ %2&)( @S& 1)68*;H 3+*,6 47*,H 1)(,=+�J* 1)689;.)*,&)(8*;@)6 *,(]4 (ECO@)H 3+( � :)3cfg9,68*,&�4A(*;(8(7%'3+( %[�0& :)* :S9V4A*,6EH 3+&)*,6 (8*,( -R%267%'-V479,683+(473JF�@)*,( 1S68CO1)68*,( 1\*,6EH *V484/%'&�4 �N% H 3J(E* *,&1���%2-,* :)*,( *~�Q1U9,6E3JH *,&<4/%[4A3+CD&)(;W\��C'4/%'H H *;&<4R= �J* H C�:)* :)* :)9,1UCO(8* : �T&0%'H 3JF�@)* &)9~K-;*,(8(E3547* �N% -,CO&)&0%23J(E(A%2&)-,* :S@ -,CDH 1UCD6]47*,H *,&�4 : ��&0%2H 3+FG@)* :S* ��% 1UCO3J&<47* � �"� *V4:S* �L0�%'-?4A3+CD&)&)*,@S6 1S3J9,�,C�9 �J*,-V47683+FG@)* %'(E(8CT-,3J92WY$ %2&)( @)& :)*,@T�Q3J�,H * 47*,H 1)(,=�:)* &SCDH KeS68*,@)(E*,(_*~�Q1U9,6E3JH *,&<4/%L473JCO&)( (8CO&<4_1)6E9,(8*;&<479,*,(�1UCO@)6 H *V4E4768*�*,& %R�2%'&�4 �+*,(`%R�2%'&�4i%2�D*,(:S@ 1).)9,&)COH �,&)* :10�%2:).)9,(E3JCO& -,CDH H * (8@)1S1\CO64�:)* H %'&)3+1)@��N%L473JCO&PW

� � � ��� ���	�_���, 	� ���V¡ ¢ £¥¤ ¦ �^���,§ £�¢ �¨� ©V£ ª «  ¬  �	®�§ £ ª £
¦ ����¯ £�¢  °�V¡ ¢

XZ* 1S689,.)*,&)(E*,@)6 *,(]4 �N% 10%26473J* �N% 1��+@)( (E*,&)(83+e��J* :)@ H %'&)3+1)@���%[47*,@)6,W`X°CO68( :)*
�Y0>9?4A@):)* :)* -,CO&)-,*,1Q473JCO& H *;&)9,* %'@ -i.u%'1)3c4A6E* ±8±E±/=\(7% �O9,CDH 9V4A6E3+* % 9V479 :S9V4A*,6EH 3+&)9,*2W± �U(E* -,COH 1UCO(8* : 0>@)&)* -,9,6A%2H 3JFG@)* 1)3J9,�;C�9��J*;-V4A6E3JF�@)* :)* :)3JH *,&)(83+CD&S(¥²��0³

cm2 =�-,C����J9;*� @S& %��Q* :)* (E*,-V473JCO& -R%2686E9,*2=�@Q473��+3J(E9,* -,CDH H * %2-V4A3+CD&)&)*;@)6 *V4 68*��+3J9,* %2@ e0h[473B10%'6@S&)* �J3N%'3+(8CO& 1)3c�DC24 ���J3+(8(7%'&�4RW ´ & :)3+(81UCO(83c4A3cb � �"� =�1UCO@)6�T@ :10a@)&)* H 3+-,68C[KM1UCD@Q4768*1S3J9,�,CO689,(E3J(]4735�O*2=�@Q473��+3J(E9,* -,COH H * CO68��%'&S* 4A*,6EH 3J&0%��µ=�*,(]4 -,C����+9 (ECD@)( ��% -,9,67%'H 3JF�@)*j¶�0�SWu±E±8±/Wc·¹¸�v~W � * 1)689;.)*,&)(8*,@S6 *,(]4 @Q473��+3J(E9 1UCO@)6 º
» ·



»�� � .0%'1)3c4A6E* �������
	����������������������� �!�!"��#���$����%&�'��(��)"*�,+-�*�.��% /0+1� �!���!2!"*�$����%3�

4 576 896
:;8<:7= 83>�6?>!:;@�AB= ºG10%26B(83+H 1��+*�-,CO&<4/%'-?4¥:S*-�Y0>COeG�E*V4`%R�D*,- ��% 1UCO3J&<47*�� �"� C
4 576 DBEGF)HI89= 83>�6?>!:;@�AB= º�10%26 3J&)-��+3J&u%'3+(8CO& :S@ 1)6E9,.)*,&)(E*,@)6,WYXX0>@Q473��+3J(7%L473+CD& :)*
��% �J3N%'3+(8CO& 1)3c�OC'4 689,:)@)3c4 :10>@)& by%'-V47*,@)6

cos J �N% b CD6E-,* :10�%':).S9,(83+CD& *,&�4A6E* �J*1)689,.S*,&)(8*,@)6 *V4 �Y0>COeG�E*V4 *,& 1)6EC��8*,-V473JCO& (8@)6 �L0�% � * �D*,6]4A3+-R%��µ= %2(E(8@)67%'&�4 %23J&)(E3 ��%:)9,1UCD(E*KC
4 576 DLEMF)HI89= DONLPB6
Q :;@�AB= º 10%'6 1)68CT:)@)-V4A3+CD& :10>@)&)* 4768�;( b CO647* %'-,-;9��J9,67%L473JCO&%'@ &S35�O*R%'@ :S* �L0a3J&�4A*,6]bq%2-,* 1UCD@Q4768*SRLCOeG�E*V4RWUT+���+* %2H 1��+35�0* �L0a*Vfg*V4�3+&)*,6]4A3+*��(+0�%21�K1��J3+FG@0%2&<4I(8@S6-�Y0>COeG�E*V4�:)* H %2&)3J�,6E* � �2%'3+&)-,68* �Y0�%2:).)9,(E3JCO& 1)6E9,.)*,&)(E*,@)6$R[COeG�E*V4RW$ * 4ACO@Q47*,(Y-,*,(YCO1U9,6A%[473JCO&)(,= ��%�:)9,1UCD(E*^: �T&0%2H 3+FG@)*`*,(4 ��%�1��J@)(�:)9��J3+-R%L47*2W'T+���J*B&)9;-,*,( K(83c4A*I*,& *Vfg*V4B@)&)* eUCO&)&)*IH %�VJ47683+(8*`:)@ -,COH 1UCO647*,H *,&�4B: ��&0%2H 3JFG@S*�:)**�L0�%'-V473JCO&)&)*,@)6*V4 :)* �N% 1\CO3J&�4A* � �"� -,CO@)1��J9,* � :)*,( .u%'@Q47*,( �2%��J*,@)6E(�: 0�%2-,-,9��J9,67%[4A3+CD&PW ´ &)* 9V47@):)*4A.)9;CD6E3JF�@)*¥1u%'6 (E3JH @��N%L473JCO&)(¨% 1U*,68H 3J(¨:)*`1)689?�DCO3J6�-;*¥-;CDH 1\CO6]4A*,H *,&<4 W ± ��(+0�%2�D3c4�:)CO&)-:)* �O9,683c�0*,6�*V4 :)* �2%��J3+:)*,6_-,*,(�6E9,(E@��54/%L47(�1u%'6I*~�Q1U9,6E3JH *,&<4/%L473JCO&)(,W

WYX�W Z []\ ^ [)_a`cbB\ bed]` f ghd i]\ j�kml b f b n&opiYqU`?j.[Yd d bel _
$ %'&S(�@)& 1)68*,H 3J*,6 47*,H 1S(,=?rL0�%'-?4A3+CD&)&)*,@S6¥(E*,@srP*,(4�9V47@):)3J92W)$ *;(�*~� 1U9,683+*,&)-,*,(ICD&�49V4A9 689R%�rJ3+(89,*,( � rL0a±.T � � :)* X°3trur+* *V4 %'@ X�%2e\CO6A%[47CD3+68* : 0#v &):)*,( �I-,CD@)(]4A3+FG@)*;( :)*

rL0�T]w?x � ±iW�X�%�H 9V47.)C�:S*"@Q4A3trJ3+(89,*"*;(4�rL0a3J&<47*,6]b 9,6ECDH 9V4A6E3J*�10%'6Lr�%2(8*,6Z.)9V479,68CT:?y�&)* z{x CD@S*V4tVm n}|�~J= · »O» ²��qW � *V4E4A* H 9V47.)C�:)* -,CD&)(E3J(]47* � b CT-R%}r+3J(E*,6 @)& 67%<yDCO& rN%'(E*,6 :)* -R%'67%'-V479~K683+(473JF�@)*,( -,CO&)&G@S*,( (8@)6 r�% (8@)6]bq%2-,* 9V4A@):)3+9,*2WXX0>COe)(E*,6�2%[4A3+CD& :)@ 67%SyOCO& 6E93�09,-/.)3"10%26-,*V4E4A* (8@S6bq%2-,* *V4 (ECD& :)9,1).0%2(7%'�O* 10%26 67%'1)1UCO64 %'@ 67%<yDCO& CO6E3J�O3J&)*9r¨1\*;68H *V4 :)* :)9~K:)@)3J6E* rN% �2%2683N%L473JCO& :)* :)3J(]4i%2&)-,* *,&�4A6E* r�% (8CO@)6E-,* :)@ 67%SyOCO& *V4 rN% (8@)6]bq%2-,* -,3Jesr+*2WX�%_�0�D@S68*�·BH CO&<4768*)r+*"(E3547*"*~�Q1U9,6E3JH *,&<4/%}r W¹X	%�-,9,67%2H 3+FG@)*"*,(]4 -,C�rur+9,*Y(E@)6�@)&)* 1�r�%2FG@)*H 9V4/%�rur+3JFG@)* 6A%2-,-,CO68:)9,* � @)&)* H C�r+*V4847* H 3J-,6ECDH 9V47683+FG@)* -;* FG@)3�1U*,6EH *V4 :10a*Vfg*,-V47@)*,6
r�% b CT-R%}r+3J(7%L473JCO& :)@ 6A%<yOCD& rN%'(E*,6,W±�r�*,(]4 � &SC'47*,6 F�@)* -,* (�yT(47�,H * :)* H *,(E@)68* 1UCO(8(E�,:)* @)&)* 10%26473J-,@�r�%2683c4A9 &SCLK4i%2esrJ* º�r+*�(E3J�O&0%}r):S* (ECD6]4A3+*�*,(]4`(ECD@)H 3J( � @)& �
r5476E*�10%2(8(E*~KM.0%2@Q4`:)*

20 kHz
*,& 1UCO(4]K4A67%'3c4A*;H *,&�4RW � * �
r5476E* 99rJ3+H 3+&)*�:)CD&)- r�% ��3+(8@0%�rJ3+(A%[4A3+CD& :)* rN% -,CDH 1UCD(7%'&�4A* -,CD&�4A3+&G@)*:)@ (83+�O&0%}r W ±�r�*;(4 %�r+CD6E(�3+H 1UCO(8(E3Jesr+* :10aCDeQ47*,&)3+6 :)3+68*,-V47*,H *,&<4 r+* :)9,1srN%'-,*,H *,&<4 :)* r�%bq%2-,*�(E@)1U9,683+*,@)6E* :)*�r�% -,9;6A%2H 3+FG@)*2W�� %�rJ�O689I-,*9rN%Q=�r+*�(E3J�O&0%}r �
r547689I*,(]4¥(E@?� (A%2&<4_1UCD@S6:)9,:)@)3+68* %2(E(8*,� 1)6E9,-,3+(89,H *,&<4�rJ* H CO@Q�D*;H *,&�4�:)* rY0�%2-V473JCO&)&)*,@)6;WS$ * 1srJ@S(,=srL0a3J&Qb CD6EH %�K4A3+CD& rN% 1�rJ@)( 3+H 1UCO64/%2&<4A* *,(4 1)689,(E*,6]�D9,* º�rN% �2%�rJ*,@)6 :)* rL0�%'-;-,99rJ9,67%L473JCO& 3+&)35473�%�rJ*2W� *?4847* �2%}r+*,@)6 1U*,@Q4 �V4768* COeQ4A*;&G@)* *,& COe)(E*,6�2%2&<4 r+* :)9,e)@Q4 :)@ (E3J�O&0%}r =Y:)* .0%'@ 4A*b 6E9,FG@)*,&)-;*2= :)CO&)- &)CO& �
r547689 *V4 -,CO&Qb CO68H * %2@�� :)9,1�r�%2-,*,H *,&�4A(�:)* rY0�%2-V4A3+CD&)&)*;@)6,W

x)rJ@)(E3J*,@)6E( *,(E(7%'3+( (ECD&<4 *Vfg*,-V47@)9,( :)* H %'&)3+�,6E* � :)9V47*,6EH 3+&)*,6 rN% :?yT&0%'H 3JF�@)* :)@(�yT(47�,H *2W\$ %2&)(�rJ* 1)6E*,H 3J*,6I*,(8(7%23µ=srJ* (E3J�O&0%�r@Q473ur+3J(E9 *,(]4 r+* (8@S35�2%'&�4 º
4 @)&)* H CD&<479,* *,&

1 ��� :)* � �
300 V

=
4 @)&)* 47*,&)(83+CD& :)*

300 V
1U*,&):u%'&<4

100 ��� =



� ��� � � �3��������*��� ����%3� �.	��������+m���9� � "��)(�2 �����7����+m�)(��)�!����!�����;� %&� »
	

�������·Oº � CD&<4/%2�D* :)* rY0�%2-V473JCO&)&)*,@)6I1UCD@)6hrL0a3J&�4A*,6]b 9,6ECDH 9V47683+* r�%2(E*,6
4 @)&S* :)*,(8-;*,&<47* :S*

300
�

0V
*,&

50 � � WX	% �0�D@)6E* � j %�vYH CD&<476E* r+*�(E3J�O&0%}r :)*�-,CDH H %'&):)*�*V4,rJ*�(83+�D&0%�r0:)* H *,(E@)68*2Wax¨CD@)6@S&)* H *,3trur+*,@)68* �T3J(E@0%}r+3J(7%L473JCO&P=
r�% �0�D@)6E* � j e v�*;(4 �;C�CDH 9,* (8@S6 rJ* :)9,eS@Q4 :)@ (83+�D&u%}r%[�0& :)* e)3J*,& %21)1)6E9,.)*,&):)*,6 rN% 6E9,1UCD&)(E* 3J&)3c4A3N%}r+* :)* r�% -,9;6A%2H 3+FG@)*2W � *V4E4A* 6E9,1UCD&)(E**;(4I@)&)* 47*,&)(E3JCO& :)3+68*,-V47*,H *,&<4I1)6ECD1UCD6]473JCO&)&)*9rur+*�%2@ :S9,1sr�%2-,*,H *;&<4_(8*9r+CD& r�% 6E*9r�%[4A3+CD&
r+3J&)9 %'3+68*

10 ��� ���

j %�vhw�3J�O&0%}r jye v�� CTCDH
������ � º � *,(E@)6E*,( :)* rY0�%2-V473JCO&)&)*,@)6_1)3J9,�;C�99rJ*,-?4A6E3JF�@)* 10%'6I3+&<47*,6b 9;68COH 9V47683+* rN%'(E*,6
�	�D*,- r�% -,CD@S68eU* jye v =^CO& -R%}r+-,@srJ* r+* :S9,1sr�%2-,*,H *,&<4 6E*9r�%[4A3cb :)* r�% (8@)6]bq%2-,* :)*



»�� � .0%'1)3c4A6E* �������
	����������������������� �!�!"��#���$����%&�'��(��)"*�,+-�*�.��% /0+1� �!���!2!"*�$����%3�

r�% -,9,67%'H 3JF�@)*2W¥XX0>3+&Qb CO68H %L473JCO& -,CO&)-,*,6E&0%2&<4 rY0�%2-,-,99r+9,6A%[4A3+CD& 3J&)3c4A3N%}r+* *,(]4 -,CO&<47*,&G@)*:0%'&S( r+*,(�1)6E*,H 3J*,6E(�3+&)(4/%'&�4A(�:)@ (E3J�O&0%}rP:)* H *,(8@)6E*2WIw�CD@)(�rL0a.�yT1\C247.)�,(8* F�@)* rJ* 1)6E*~KH 3+*,6 1)3+- *,(]4 :)* b 689,F�@)*,&)-,* (8@)1U9,6E3J*,@)6E* � rN% b 6E9,FG@)*;&)-,* :)* -,CD@)1S@)68* :)@ �
rc4A6E**V4 :)CD&)- FG@10a3ur_:)9,-,6E354 10%26bq%23547*,H *,&<4 rJ* :)9,1sr�%2-,*,H *,&<4 :)* rY0�%2-V4A3+CD&S&)*,@)6,=�rN% �'%�rJ*,@S6:)* rL0�%'-;-,99rJ9,67%L473JCO& 3+&)35473�%�rJ* j �0�SW � =�*;&<4A6E* r+*,( 1UCD3+&<47( �d��� *V4 �����]v *,(]4 *,(]4A3+H 9;* �
50 � 10 	 9 � (2 � 10 	 6)

2
= 2 
 5 � 104 � ��� 2 W

� �0& :)*B-R%�rJ3+e)68*,6er�%I��%'H H *Y: 0�%2-,-,99rJ9,67%[4A3+CD&)(	:)3J(E1UCD&)3+esrJ*,(;=,1srJ@)(E3J*,@S68(	*,(8(7%'3+( (ECD&�4*Vfg*,-V4A@S9,( %R�O*,- :)*,( (E3J�O&0%2@�� :)* H �,H * 1)6EC'�
rPH %23J(I:10�%'H 1srJ3c4A@):S*,(^:S35fg9,68*;&<4A*;(,W

������ 	 º � %�rJ3+e)6A%2�O* :)* rL0�%2-V4A3+CD&)&)*;@)6^1)3+9,�,C�9 rJ*,-V47683+FG@)* 1u%'6�3J&<47*,6]b 9,6ECDH 9V4A6E3J* r�%2(8*,6
� *,( *~�Q1U9,6E3J*,&)-,*;( :)9,H CD&<476E*,&<4 rN% - %'10%2-,35479 :)* rL0�%2-V4A3+CD&)&)*,@S6 1)3+9,�,C�99r+*,-V47683+FG@)*� 1)68CT:)@)3J6E* @)&S* ��%'H H * :10�%2-,-,99r+9,6A%[4A3+CD&S( %�rurN%'&�4_�8@)(EFG@10�� �

5 � 104 � ��� 2 WKx CO@)6:)9V47*,68H 3J&)*,6 47C'4/%}r+*,H *;&<4 rJ* -,COH 1UCO647*,H *,&<4 :?y�&0%2H 3+FG@)* :)@ 1)689;.)*,&)(8*,@S6,=¥3tr_bq%'@ 4%'@)(E(E3�1)6E*,&):)68*`*,& -,COH 1Q47*,r�%�1UCD3+&<47*�:S@ :S3J(E1\CO(E354735bQ� �"� W}T"& *Vfg*V4 ='rJ*,(¨(83+H @sr�%[4A3+CD&)(%R�D*,-YrN%_H 9V47.)C�:)*":)*;(�99r+9,H *,&�4A(Z�0&)3J(	%R�2%'3+*,&<4Z1)689,:S354	@)& -,CDH 1UCD6]4A*;H *,&�4�T3Je)67%L47CD3+68*2WX°* :)9,1srN%'-;*,H *,&�4 j *V4 3JH 1srJ3+-,3547*,H *,&<4�rL0�%'-;-,99rJ9,67%L473JCO& v =\� rY0>* ��4A6E9,H 35479 :)* r�% 1UCO@Q4A6E*&10>*;(4�:)CD&)- % 1)6E3JCO683P10%2(�3+:)*,&<473JF�@)* %'@ :)9,1sr�%2-,*,H *,&<4�:)* rL0�%2-V4A3+CD&)&)*;@)6,W

WYX� � [Yj.d `cb � � �

±�rB*;(4 4768�,( :)3�� -;3urJ* :10a@Q4A3trJ3+(8*;6 @)&)* H 9V47.)C�:)* :)* H *,(E@)68* :)3J6E*,-V47* 1UCO@)6 :)9V47*,6 KH 3+&)*,6 rJ* :)9,1sr�%2-,*,H *,&<4 :)* rY0>*~�T4A6E9,H 3c4A9 :)* rN% 1UCO3J&�4A* � �"� %R�O*,- @)&)* 1)6E9,-,3J(E3JCO&



� ��� � � �3��������*��� ����%3� �.	��������+m���9� � "��)(�2 �����7����+m�)(��)�!����!�����;� %&� » ³
(E@?� (A%2&<47* 1UCD@)6hrL0�%21)1srJ3+-R%L473JCO& 9V47@):)3+9,*2W X	% H 9V47.)C�:)* :10>3+&<47*,6b 9,68COH 9V47683+* rN%'(E*,6I@Q4A3 K
r+3J(E9,* 1UCO@)6 rY0�%2-V473JCO&)&)*,@)6 &10>*,(]4 1�rJ@)( %'1)1sr+3J-R%2esr+* :0%2&)( -,* -R%2( º�rN% (E@)6by%'-,* :S* r�%1UCO3J&�4A* � �"� 9V4i%2&<4 4768�,( 1U*V473547*2= r�% b CT-R%}r+3J(7%L473JCO& :)@ 67%<yDCO& rN%'(E*,6 (8@)6 -,* :)*,6E&)3J*,6:S*V��3+*,&<4B.0%2(A%268:S*,@)(8*2W<$ *�1sr+@)(;='� -R%2@)(8*I:)*_(A% -,CD@sr+*,@)6Y&)CO3J6E*2='rN% 1UCO@Q4A6E*^*;& (E3ur+3J-,3+@)H&S* 6893�09;-i.)354�10%2(�(E@?� (A%2H H *,&<4�rJ* rN%'(E*,6;W

x¨CD@)6 47CD@Q47*,( -,*;( 6A%23J(ECD&)(;=3trY% 9V479 :)9,-,3J:)9 :10a@Q4A3trJ3+(8*,6 rJ* 1UCD&�4 :)* � .)*R%L47(]4ACO&)*3+&<479,�O689 %2@ :)3+(81UCO(83c4A3cbI� �"� 1UCO@)6 :)9V4A*;68H 3J&)*,6 r+* -,COH 1UCO647*,H *;&<4 :)* rN% 1\CO@Q4768*2W� *V4E4A* H 9V4A.)CT:)* % @)& 3J&)-,CO&<�O9,&)3+*,&<4 H % �8*,@)6 º rL0a3J& b CD6EH %L473JCO& b CO@)68&)3+* 10%'6 -,* :)3J(dK1UCO(83c4A3cb):)9,1U*,&): :)*mr�%��0*~�Q3+CD& � rN% e0%2(8*_:)*mrN% 1UCD@Q476E*¥*V4 &)CD& � (ECO& *~�T4A6E9,H 35479�r+3Je)6E*2WX	% 47*,&)(E3JCO& r+@)* *,(4 :)3J6E*,-V4A*;H *,&�4 1)68CO1UCD6]4A3+CD&S&)*9rur+* � r�% �0�,-i.S* (E3Y*V4 (E*,@srJ*;H *,&�4 (83
r+* H C�:)* CDe)(E*,6]�D9 *,(4hrJ*�1)68*;H 3+*,6`H C�:)*�:)* �T3Je)67%L473+CD&PWG±�r bq%2@Q4_:)CD&)-��D9,6E35�u*,6�rN% b 6E9~KF�@)*,&)-,* :)@ (E3J�O&0%}r :)*�(8CO6473J*�1UCD@)6 :)9V47*,6EH 3+&)*,6]rJ*�H CT:)* :)*���3JeS6A%[4A3+CD& :)* rN% 1UCD3+&<47**?4 *,& :)9;:)@)3J6E* r�% �0�,-/.)* � (ECO& *~��47689,H 354792W

$ %'&)(�@)& 1)6E*,H 3+*,6`4A*,H 1)(;=>@)& *;(8(7%'3P(4/%[4A3+FG@)* *,(]4�689R%�rJ3+(89 %L�0& :S* :)9V4A*;68H 3J&)*,6,r+*67%21)1UCD6]4 �0*~�Q3+CD& R 47*,&)(83+CD& :)@ :)3+(81UCO(83c4A3cbB� �"� WOT"& @Q473ur+3J(7%'&�4 rJ* &0%2&)C24A67%'&)(�r�%[4A*;@)6,=: 0>@)&)* 1)689,-,3+(83+CD& :)*
2 
 6 nm

= rN% 1\CO@Q4768* *,(]4�%'1)1)@cyD9,* -;CD&<476E* rJ* (E@)e)(]4A67%L4 W X°CO68(EFG@)*
rN% 47*,&)(83+CD& :)@ 1UCO&<4`%[4847*,3J&�4 �

4 V
=Mr+*I1)689,.)*,&S(8*,@)6_*,(]4`99rJCO3J�O&)9¨�8@)(8F�@10�� rN% 6E@)1Q4A@)6E*:S@ -,CD&�4i%2-V4RW X�% -,CO@)68eU* COeQ47*,&G@)* *,(]4 1S689,(E*,&<479,* (8@)6�r�% �0�O@)68* � W

������ � º � %�rJ3+e)67%'�O* :)* rN% �u*~�Q3JCO& :)* rN% 1\CO3J&�4A* � �"�
� *V4E4A* -;CD@)6EeU* H CD&�4A6E* rN% 4A*,&)(E3JCO& :)@ 1UCO&<4 :)* � .)* %L47(47CD&)* *,& b CD&)-V473JCO& :)@:S9,1sr�%2-,*,H *,&<4I:)@ &0%2&)C'4767%'&)(�r�%[4A*,@S6,=G1UCD@S6-r+*,(`1).0%'(E*,(I:10�%21)1)6EC�-i.)* *V4I:)* 6E*V4A67%'3c4`:)*

rN%�1UCO3J&�4A*2W[X°*B:)9,- %}rN%'�O* :)*
7 � � *,&<4768* -,*,(�:)*,@�� 1).0%2(8*,(�*,(4�:�� %'@I�E*,@ :)*`H CO&<4/%'�O*:S@ :)3+(81UCO(83c4A3cbdW}T"& *Vfg*V4R=<1UCO@)6"-,*V4E4A*�*~�Q1U9,6E3J*,&)-;*2=MrJ*I:)3J(E1UCD(E354735b &10a*,(]4 10%'(B-,C�rur+9_H %23J(H %23J&<47*,&G@ *,& 1srN%'-;* 10%26¥@S& -9r+3J1 H 9,-R%2&)3JF�@)*2WQX°* H �,H * -,COH 1\CO6]4A*,H *,&<4 =�%R�D*,- @)&)*�2%�rJ*,@S6�:)* :)9;-R%}rN%'�O* (E*,&)(83+esrJ*,H *,&<4�3J:S*,&<473JFG@S* *,(4 CDeS(8*,6]�D9 (E@)6�1srJ@)(E3J*,@)6E(I*,(8(7%'3+(,W



» ¸ � .0%'1)3c4A6E* �������
	����������������������� �!�!"��#���$����%&�'��(��)"*�,+-�*�.��% /0+1� �!���!2!"*�$����%3�

±�r�*,(4 ��&)C24A*,6¨FG@)*,rN%�:)9Vb CD6EH %[4A3+CD& :S*]rL0a*~��47689,H 35479B:)*,r�%I1UCD@Q4768* (+0>*Vfg*,-V47@)*_:0%2&)(
rJ* (E*,&)(�3J&��D*,6E(8* :)@ :)9,1sr�%2-,*,H *,&<4�:)* (A% e0%2(8*2WUX°* 67%'1S1\CO64�:)* 47*,&)(E3JCO&UR��0*~� 3JCO& *,(]43J:)*,&�4A3+FG@)* :0%'&)(mrN% 1).0%'(E* :10�%'1)1S68C�-/.)* *V4_:)* 6E*V476A%2354 WQX�% 68*9rN%L473JCO& *,&<4768* rN% 4A*,&)(E3JCO&*V4 rN% �0*~�Q3+CD& *,(]4 rJ3J&S9R%'3+68*2W"X	% 1U*,&<47* :)* rN% -,CO@)6Ee\* *,(4 *,(473JH 9,* � º��

= 	 4
5

=
� 0 
 8 V ��� � W� *V4E4A* -,CO@)6Ee\* 479,H CD3+�D&)* %2@)(8(E3�:)@ 1).S9,&)CDH �,&)* :10�%':).)9,(E3JCO& *,&<4768* r+* (8@)e)(]476A%[4*V4hr�% 1UCD3+&<47* º)� r�% �0& :)* r�% 1).0%2(8* :S* 68*?4A67%'3c4R=�@)&)* �u*~�Q3JCO& &)9,��%[4A3c�D* :)* r�% 1UCO3J&<47**,(4ICOe)(8*;6�O9,* j¶�0�)W � K �M� �]v~W � 0a*,(4]Kd� KM:)3+68* FG@)* rL0a*~��47689,H 35479 :)* r�% 1UCO3J&<47* 6E*,(47* -,C�rur+9,*%'@ (8@)e)(]476A%[4 e)3+*,& FG@S* rJ* &0%2&)C24A67%'&)(�r�%[47*,@)6I%'3c4�:)9,1u%'(E(89 rN% 1\CO(83c473JCO& C�� rJ* -,CO&<4/%2-V4*,(4�9V4/%'esr+3*;&<4A6E* rN% 1UCO@Q4A6E* *V4�rJ* (E@)e)(]4A67%L4�*,& 1).0%2(8* : 0�%21)1)68CT-i.)*2W

X�% :)9?4A*,6EH 3+&0%L473JCO& :)@ -,CDH 1UCD6]47*,H *,&�4 :?y�&u%'H 3JF�@)* :S@ 1)6E9,.)*,&)(E*,@)6 *,(]4 *Vfg*,-~K4A@)9;* *;& b CD&)-?4A3+CD& :)* -,*V4E4A* -R%267%'-V479,683+(A%[473JCO& �0*~�Q3+CD&UR�4A*;&)(83+CD& :)@ :)3+(81UCO(83c4A3cb�� �"� WXA0�%'-V473JCO&)&)*,@)6 1)3+9,�,C�9 rJ*,-V47683+FG@)*�*,(4I%�rJCO68(B*~� -,35479 10%26`:)35fg9,6E*,&<47(`1)68C2�
rJ( :)* (83+�D&u%'@��\WX�% 4A*;&)(83+CD&P=srJ3+9,* � r�% �0*~� 3JCO& :)* rN% 1UCO@Q4A6E*2=0*,(4�CDe)(E*,6]�D9,* (E3JH @src4i%2&)9,H *,&<4�%2@�� (E3 K�D&0%2@�� *,&<�OC�yD9,(;W0X°* 1)68*,H 3J*,6B(E3J�O&0%�r *,(4_@Q473ur+3J(E9�1UCO@)6 :)9V4A*,6EH 3J&)*,6]rN% (8*,&)(E3Je)3trJ3c4A9I:)@:)3J(E1UCD(E354735b�%'@�� :)9,1srN%'-,*,H *,&<47( r+*,&<47( :)* rY0�%2-V473JCO&)&)*,@)6;W T"& *Vfg*V4 = (ECD& -,CO&)(]4A6E@)-V47*,@)6-,CD&S(8*,3trur+* @)&)* 1)689,-,COH 1)68*,(E(83+CD& 1UCO@)6 *,H 1I�,-i.)*,6 rN% by%L473J�O@)* 1)689;H %[4A@)6E9,* :)@ -,CDH K1UCD(7%'&�4�*V4�1)6E9,-,3J(E* FG@S* -,*V4847* H %'&)CT*,@Q��6E* %'H 99r+3JCO68* r+*,(I-R%'10%2-,3c4A9,(I:?y�&0%2H 3JFG@S*,(,W)±�rbq%2@Q4":)CO&)-1�V476E*�-R%210%2esrJ*_:)*I-,CDH 1)68*;(8(E*,6)r�% -,9,6A%2H 3+FG@)*_(7%'&)("-,6E9,*,6":)*I1U*,6]4A@)6Ee0%L473JCO&(8@)6�r�% 1UCD@Q476E*2W\X	% �0�O@)68* ³ H CO&<4768* rJ* (E3J�O&0%}rZ:)* -,COH H %'&):)* :)* -,9,6A%2H 3+FG@)* *?4 r�%4A*,&S(83+CD& :)* 1\CO&<4�:)* � .)*R%[4A(]4ACO&)* :)* rN% 1UCO@Q4768* 1U*,&):0%2&<4 rL0a*~�Q1U9,6E3J*,&)-;*2W

������U³�º � %267%'-V479,683+(A%[473JCO& :?y�&0%2H 3JFG@)* :)@ 1)6E9,.)*,&)(8*;@)6 jd· v
� *V4E4A* *~�Q1U9,6E3J*,&)-;* H CO&<4768* FG@10a@)& (E3J�O&0%�r`% �O*,- @S&)* 1U*,&<47* 0{rJ*,&�4A*)0Ij :)*

280 V*,&
200 � � v =�- %'@)(E* :)* 4A6E�,( by%'3+esrJ*,( CO(8-,3trurN%L473JCO&)( � rN% 1UCO@Q4A6E*2W�T"& 6E*V�2%'&S-i.)*2=,r�%:)*,(E-,*,&<47*2= *Vfg*,-V47@)9,* *,&

10 ��� =Q3J&S:)@)354`:)*,(ICO(8-,3trurN%L473JCO&)(B:)* rY0>CO68:)6E* :)*
0 
 5 V

=Q9,FG@)3 K



� ��� � � �3��������*��� ����%3� �.	��������+m���9� � "��)(�2 �����7����+m�)(��)�!����!�����;� %&� »��
�2%�rJ*,&�4"� @)& :)9,1�r�%2-,*,H *,&�4"6E*9r�%[4A3cb0:)*

0 
 4 � � W � *_1)68C2�
rQ:)*_1U*,&<47* 0 r+*,&<47*)0'(8*;6A% :)CO&)-@ 4A3trJ3+(89 1UCO@)6�1S689,-,COH 1S68*,(E(8*,6�rL0�%'-?4A3+CD&)&)*,@S6,W
XX0>COeG�E*,-V4A3cb"*,(]4 :)* 1UCO@Q�DCO3J6�1)68CT:)@)3J6E* @)&)* 4768�,( �D67%'&S:)* %'-,-,9 rJ9,67%L473JCO& 3J&)3c4A3N%}r+* �

rY0>* ��47689,H 35479 :)* r�% 1UCD@Q476E*2W XZ* 1)68C2�
rBr+* 1srJ@)( %':u%'1Q479 � -,*V4 CDe��8*,-?4A3cbY*,(4 @)& (83+�D&u%}r:S* 4�yT1\* $ 3+6A%2-2W°$ *;@�� *~�Q1U9,6E3J*,&)-,*,( (ECO&<4 6E9R%}r+3J(E9,*,( %R�O*,- -,* 1)6EC'�
r W°X	% -,9,67%'H 3JF�@)**;(4 1)689 %}rN%'esr+*,H *,&�4 -,CDH 1)6E*,(8(E9,*2W]x CD@S6 rN% 1)68*,H 3J�,6E* *~� 1U9,683+*,&)-,*2="@)&)* 3+H 1)@sr+(83+CD&: 0�%2H 1sr+3547@):)*
80 V

*,(]4 *;&<�OC yO9,*2WPX�% �0�D@)6E* ¸ H CO&<4768* r+*,(I-,CD@)6EeU*,( COeQ47*,&G@)*,(;W

w�3+�D&0%�r � CTCDH
������\¸ º � %26A%2-V4A9;683+(A%[4A3+CD& :cy�&0%2H 3+FG@)* :)@ 1S689,.)*,&S(8*,@)6 j � v

X	% 4A*,&)(E3JCO& :)@ 1UCO&<4 :)* � .)*R%L47(47CO&)* 1U*,6EH *V4B:)*�68*;-,CD&)(]4A6E@)3+68*�r�% :)9Vb CD6EH %[4A3+CD&:S* r�% 1UCO@Q4A6E*2W
v & COe)(8*,6]�O* 4ACO@Q4_:10�%'eUCO68: @S& �D67%'&S: 1)3+- *,& 6E9,1UCD&)(E* � rY0>3+H 1)@sr+(83+CD&:S* rY0�%2-V4A3+CD&S&)*,@)6,W�x"@)3J(;=�%'1S68�,( @)& e)6E*Vb`689,�O3JH * 4A67%2&)(83c4ACO3J6E*2= rN% 1UCD@Q4768* CO(8-,3trur+* (8@)6(7% b 689;FG@)*,&)-,* 1)6ECO1)68*2W$ 0�%21)68�,(hrJ*;(¥(E3JH @srN%L473JCO&)(B10%26^9 rJ9,H *,&<47( �0&)3J(;=S@S& -,COH 1UCD6]47*,H *,&�4_� 1S.0%'(E* &)CO&H 3J&S3JH %}r+*B:)*V��67%'3c4Y�V4768*ICDe)(E*,6]�D92W�$ *�1sr+@)(,=�rY0>*;(8(7%'3):)*�-R%26A%2-V4A9,6E3+(A%[4A3+CD& 6E9R%}r+3J(E9^1S689R%�K
rN%'e�rJ*,H *,&<4 % H CO&<47689 F�@10>@)&)* �0�;-i.)* �O*,68( rJ* .0%2@Q4 jy:)CO&)- @)&)* �0*~� 3JCO& 1UCD(E354735�O* v-;689R%2354 @)&)* 4A*,&)(E3+CD& &)9,��%L4735�O*2W v & 1U*,@Q4 :)CD&)- *,& :)9;:)@)3J6E* FG@)* rJ* 1)3+- -,CO686E*,(81UCO&):� @)& %'e0%23J(E(8*,H *,&<4 :)* rY0>*~�T4A6E9,H 35479 :S* rN% 1UCD@Q476E* :�� � (7% 6E9,1UCD&)(E* 3+&)*,6]4A3+*9rur+*2W � *-;CDH 1UCD6]4A*,H *,&<4�*,(]4 *~� 1srJ3+-,35479 (E@)6 rN% �u�D@)6E* � W

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

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

�������������������������������������������������������������������������������������������������������������������������
UO

UZ = 0.4µs �������������������������������������������������������������������������������������������������������������������������

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

t = 2 � � t = 2 
 8 � � t = 3 
 6 � �
� � ��� � º � CDH 1UCD6]4A*;H *,&�4 � 1).0%2(8* &)CO& H 3J&)3+H %�rJ*�:)* r�% 1UCD@Q476E*

XX0�%2-,-,99r+9,6A%[4A3+CD& &S9,-,*,(8(7%23J6E* 1\CO@)6 :)9V4i%2-i.)*,6 rL0aCDe��8*V4 :)CO354 �V4A6E* :)3+683+�D9,* �O*,6E( r+*



» ² � .0%'1)3c4A6E* �������
	����������������������� �!�!"��#���$����%&�'��(��)"*�,+-�*�.��% /0+1� �!���!2!"*�$����%3�

.0%'@ 4RW"±�r�bq%2@Q4 :)CD&S- -R%}r+-,@srJ*,6 rY0�%2-,-,99r+9,6A%[4A3+CD& � rY0>*~�T4A6E9,H 35479 :)* rN% 1UCO@Q4A6E* FG@0%2&):-,*V4E4A* :)*,6E&)3+�,68* -,COH H *,&)-,* � (+0>99r+*V�O*,6,= (8CO354�%2@Q4ACO@)6�:S* rL0a3J&)(]4i%2&<4
t = 2 
 8 ��� WXA0�%'H 1sr+3547@):)* :)@ 1)3J- *,(4�:)*

0 
 5V
=Q:)CD&S- r�% �0�,-/.)* *,(]4�(E*,&)(E3Jesr+*,H *,&�4I:)* � 0 
 4 � � WX�% �2%}r+*,@)6 H 3+&)3JH %}r+* :)* -;*V4847* �0�,-i.)* *;(4 %L4E4A*,3+&<47* �

t = 2 � 8 ��� WBX�% �2%'6E3�%[4A3+CD&*,&<4768* rJ*,( 3+&)(]4i%2&<47(
t = 2 ��� *V4

t = 2 
 8 � � 9V4/%'&�4 F�@0%'(E3JH *,&�4 rJ3J&S9R%'3+68*2=�CO&1U*,@Q4 -,CD&S(83+:)9,68*,6 F�@)* rN% ��3547*,(E(8* :)* :)9,1srN%'-;*,H *,&�4 *;(4 -,CO&)(4/%'&�4A*LW T)rtrJ* *,(4 9,��%�rJ*�
	 4 � 10

� 7

8 � 10 � 7 = � 0 
 5 � ��� W � *V4E4A* �T3547*,(8(E* *;(4 3+:)*,&<473JF�@)* 1UCD@)6 rN% 1).0%2(E* :)* :)9,-,6ECO3J(dK(A%2&)-,* :)* 47*,&)(E3JCO& jy(ECO354�rL0�%'-,-,6ECO3J(E(8*,H *,&<4�:)* rN% �0�,-/.)* v =\*,&<476E* rJ*,(�3J&)(]4i%2&<47(
t = 2 
 8*V4

t = 3 
 6 � � WX�% ��3547*,(E(8* 10%2(8(E* :)CO&)- :)* � 0 
 5 � ��� � 0 
 5 � ��� W T"& -,CO&)(83+:)9,67%'&�4 F�@)* -,*-i.0%2&)�D*;H *,&�4�:)* ��3547*,(E(8* 3+&<47*,6�T3J*,&�4�:u%'&)(I@)& 3+&<47*,6�2%�rur+* :)*
1 ��� %2@Q4ACO@)6_:)@ H % � 3 KH @)H :)@ 1)3+- :)* 47*,&)(E3JCO&P=Q@)&)* �2%}r+*,@)6_%'1S1)68CR�Q3+H %[4735�O* :)* rY0�%2-,-,99r+9,6A%[473JCO& 1U*,@Q4h�V4768*CDeQ47*,&G@S* º

�
uz

�

�
V

�
t

=
1 � ���
1 � � = 106 � ��� 2

� *V4E4A* �2%�rJ*,@)6 *,(]4 &)*?4847*,H *,&�4 (E@)1U9,683+*,@)6E* � rY0�%2-,-,99r+9,6A%[4A3+CD& b CO@)68&)3+* 10%26 rY0�%2-~K4A3+CD&)&S*,@)6"(8*;@srµW<XZ*�-,COH 1UCO647*,H *,&<4B� 1).0%2(E*�&)CO& H 3J&S3JH %}r+*2= :�� � r�% �0*~�Q3+e)3ur+35479¥*?4`�
r�% 689;1\CO&)(E* 3J&)*,6]4A3+*9rur+* :)* rN% 1UCO@Q4A6E*2= 1\*,6EH *V4 :)CO&)- :10�%'H 1srJ3c�0*,6I-,CD&S(83+:)9,6A%2esrJ*;H *,&�4-,*V4E4A* :)*,6E&)3+�,68*2W

� *V4E4A*B* �Q1U9,683+*,&)-,*B*,(]4 6E*,&)CO@Q�D*9r+9,*2= *,& %'@)�OH *;&<4i%2&<4erY0�%2H 1sr+3547@):)*�:)*)rY0>3+H 1S@srJ(E3JCO&�8@)(EFG@10��
200 V

W0X�% �0�D@)6E* ² 68*,1)6E9,(E*,&<47* rJ*,(I-,CD@S68eU*,(�CDeQ47*,&G@)*,(;W

w�3J�O&0%}r �gC�CDH
������ ²Qº � %267%'-V479,683+(A%[473JCO& :?y�&0%2H 3JFG@)* :)@ 1)6E9,.)*,&)(8*;@)6 j 	 v

x CD@S6�-,*`(83+�D&0%�rµ=!rL0�%'H 1srJ3c4A@S:)*Y:)@ 1)68*;H 3+*,6 1)3+- *,(4":S*
1 
 25 V

WL±�rGbq%2@Q4�6E*,H %'6EFG@)*,6FG@)* :0%2&)( -,*V4 * �Q*,H 1srJ*2=mr�% 47*,&)(E3JCO& :10>*,&�4A6E9,* *,(4 :S*
200 V

=^:)CO&)- rJ* 67%'1)1UCO64*,&<4768* r+*,( H % � 3JH % :)*;( 4A*,&S(83+CD&)( :)* rL0a3JH 1)@srJ(E3JCO& *V4 :)* r�% :)9Vb CO68H %L473JCO& *,(]4 :)*
200 � 1 
 25 = 160

W $ %2&)( rJ* -R%'( 1)6E9,-,9,:)*,&�4R=Kr�% 4A*,&)(E3JCO& :)* :)9Vb CO6EH %[4A3+CD& H *;(8@)6E9,*9V4i%2354 :)*
0 
 5 V

1UCO@)6 @)&)* 47*,&)(83+CD& :10a*,&<476E9,* :S*
80 V

W_X°* H �,H * 67%'1)1UCO64 *,(4



� ����� �*�;���K�.� (���}% �;�)�7� �$�����92!��� ��� +m��"�����2 �;� � »D»
6E*V4768CO@Q�O9 º

80 � 0 
 5 = 160
W±�r (E*,H esrJ*�:)CD&)- 1UCD(E(83+esrJ*�:10aCDeQ47*,&)3J6B@S&)* 6E*9r�%[4A3+CD& rJ3+&)9R%23J6E*�*,&�4A6E* r+*�(E3J�O&0%}ru:10>*,&�4A6E9,**?4 rN% �0�;-i.)* º

uz = A � Kd
%R�D*,-

Kd = 128 � � ��� j ·�v
%R�O*,-

uz
j � � vLr�%h�0�,-i.)*�� rY0>*~�T4A6E9,H 3c4A9B:S*-rN% 1UCD@ 4A6E*2=

A
rY0�%2H 1�rJ3547@):)*":)*,rY0>3+H 1)@�rJ(E3JCO&j

V
v = *V4

Kd

%'1)1U*9r+9,* r�% -,CO&)(4/%'&�4A* :S* :)9,1sr�%2-,*,H *,&<4 W
T"& @Q4A3trJ3+(A%2&<4]rN% H �,H * %21)1)68CT-i.)*2=Q@)&)* 68*9rN%L473JCO& 9,F�@)35�2%�rJ*,&�4A* *,(4I:)9,:)@)3c4A* 1UCD@)6

rY0�%2-,-,99r+9,6A%[473JCO&PW�X�% �2%�rJ*,@)6 *,(]4A3+H 9;* :)* -,*V4847* :)*,6E&)3+�,68*2=�(E*9rJCO& r+* H �,H * H C�:)* :)*- %}r+-,@srµ=[*,(4B:)*
2 
 5 � 106 � ��� 2 1UCO@)6Y@)&)*I3JH 1)@sr+(83+CD& :)* 200 V

W<X�% 6E*9rN%L473JCO& CDeQ47*,&G@)**;(4�:)CD&)- :)* r�% b CO68H * º
�
uz = A � Ka

%R�O*,-
Ka = 12500 � �
� s2 j � v

%R�O*,- �
uz

rL0�%'-,-;99rJ9,67%L473JCO& 3J&)3c473�%�rJ*"� rY0>* ��4A6E9,H 35479B:)*mr�%�1\CO@Q4768* j � ��� 2 v~= A rL0�%'H 1srJ3c4A@):S*:S@ $ 3J67%2- j
V
v = *V4

Ka
%'1)1U*9r+9,* rN% -,CO&)(]4i%2&<47* :10�%2-,-,99r+9,6A%[4A3+CD&PW

� *,(�*~�Q1U9,683+*,&)-,*,(�H CO&<476E*,&<4�FG@)* r+* 1)6E9,.)*,&)(E*,@)6 %2-V4735b	689R%�rJ3+(89 *,(4�e)3J*,& -R%'1u%'esr+*:S*B1)68CT:)@)3J6E*Yr�%_�<%2H H *Y:10�%2-,-,99rJ9,67%L473JCO& :)9,(E3J6E9,*2WL$ * 1srJ@)(;=¹@)&S*B68*9rN%L473JCO& 1U*,6EH *V4E4i%2&<4: 0>COeQ4A*,&S3J6 rN% �2%}r+*,@)6 :)* rL0�%2-,-,99rJ9,67%L473JCO& *,& b CD&S-V4A3+CD& :)* rL0a3JH 1)@srJ(E3JCO& *,&��DC�yO9,* �
rY0�%2-V473JCO&)&)*,@)6 *,(]4 :)9,:)@S3547* :)* -,*V4E4A* 9V47@):)*2W � *V4847* 3J&Qb CO68H %[4A3+CD& *,(]4 1)6E9,-,3J*,@)(E* -R%'6* rurJ* 1U*,68H *V4 :S* 1)689V�OCO3J6I*V4 :S* 1)68CT:)@)3J6E* 1)6E9,-,3J(E9,H *,&<4�rL0�%'-,-,99r+9,67%L473JCO& &)9,-,*,(E(A%23J6E*2W±�rg*,(]4 � &)C24A*,6IFG@S* rJ*,(_:)*,@�� 68*9rN%L473JCO&)(`COeQ4A*,&�@)*,(�(ECO&<4I3J&):)9,1U*,&):u%'&<47*,(�:)@ 67%'1)1UCO64
�u*~�Q3+CD&UR�4A*,&)(E3JCO& :)*mr�%�1\CO@Q4768*2=[FG@)3Q*,(]4"(E@��8*V4B� :)*,(��2%'6E3�%[4A3+CD&S(BºL*,& *Vfg*V4 ='-,*_:)*,6E&)3J*,6:S9,1U*,&): :)@ 689,��rN%'�O* :)@ 1)6E9R%'H 1srJ3c�0-R%[4A*,@)6 :)@ :)3+(81UCO(83c4A3cb � � � W � * 689,��r�%2�D* *,(46E*,&)CO@Q�O*9rJ9 %R�2%'&�4 -i.0%2FG@)* -R%2H 10%'�O&)* :10a*~�Q1U9,6E3JH *,&<4/%L473JCO&PW¥XZ*,( 6E*9r�%[4A3+CD&S( · *V4 �1U*,6EH *V4847*,&<4 :S* :)9?4A*,6EH 3+&)*,6 r+* :)9,1sr�%2-,*,H *,&<4 *?4 rL0�%'-;-,99rJ9,67%L473JCO& FG@)* rJFG@S* (ECD3c4 r+*6E9,��r�%2�D* :S@ 1)689 %'H 1srJ3c�0-R%L47*,@)6;W

� � � �, °�V£ £_� ª �I¦ ¡  Z£  �¨� ����� « £�  £�¢ § �V©V�?£�«  Z£��
´�&)*�1)6E*,H 3J�,6E*_*~�Q1U9,683+*,&)-,*I*,(]4B1)68CO1UCD(E9,*I1\CO@)6 �E@)(4735�0*,6 rL0a@Q4A3trJ3+(A%[4A3+CD& :S*,(Yb CO68-,*,(: 0�%2:).)9,(E3JCO& 1UCD@)6mrN% H 3J-,6EC[KMH %2&)3J1)@srN%L473+CD&PW'XX0>COe��8*,-V4735b¨*,(4�:)* 6E9,@)(E(83+61rN% (A%23J(E3J* 10%'6@S& (E3JH 1srJ* -,CO&<4/%'-?4 :10>@)& COeG�E*V4 1)689R%�r�%2esr+*,H *,&�4 1srN%'-,9 (E@)6 @)& (8@)e)(]4A67%[4R=°1)@)3+(,=P:)*6E*9rNh'-/.)*,6^-;*V4�COe��8*V4�(8@)6_-,* H �,H * (E@)e)(476A%[4 W XZ*,(�-,CO&):)3c4A3+CD&)( (]4i%[473JFG@)*;(�� (7%L473J(]bq%23J6E*1UCO@)6�%'-,-,COH 1�rJ3+6^-,*V4E47* 4ih2-i.)* CO&<4�9V4A9 :)9V4A*,6EH 3J&)9,*,(�%'@ -i.0%21)354768* � º
4 F)HIA
	 576 896
:;8<:7= � rN% b CO68-,*�:10�%2:).)9,(E3JCO& � rY0>3+&<47*,6by%'-,*�CDe��8*V4 RL1S689,.)*,&S(8*,@)6_:)CO354

�V476E* (8@)1U9,6E3J*,@)6E* � -,*9rur+* � rL0a3J&�4A*,6]bq%2-,* CDe��8*V4 R[(8@)e)(]4A67%[4eC
4 F)HIA
	 576 DBEGF)HI89= =OrN% b CO6E-,* :10�%2:).)9,(83+CD& � rY0>3+&<47*,6by%'-,* COeG�E*V4 R[(8@Se)(476A%[4 :)CO354

�V476E* (8@)1U9,6E3J*,@)6E* � -,*9rur+* � rL0a3J&�4A*,6]bq%2-,* CDe��8*V4 R[1)689,.)*;&)(8*,@)6;W



· ��� � .0%'1)3c4A6E* �������
	����������������������� �!�!"��#���$����%&�'��(��)"*�,+-�*�.��% /0+1� �!���!2!"*�$����%3�

� COH H * rJ* H �;H * (8@)eS(476A%[4 *,(4 @Q473ur+3J(E9 1\CO@)6 rN% (A%23J(E3J* *V4 r�% :)9,1UCD(E*2= 3urB*,(]4 -9r�%23J6FG@10a3urQ& 0>*,(]4 10%'( 1\CO(E(83+esrJ*_:)*I(A%[4A3+(by%'3+68*`-,*,(B:)*,@�� -,CO&):)3c4A3+CD&)(;W'±�r0% :)CO&)-I9V4A9I1)6ECD1UCO(89:10>3+&)-9r+3J&)*,6 r+* 1)6E9,.)*,&)(E*,@)6 1\CO@)6 6E9,:)@)3J6E* rN% b CO68-,* :10�%2:).)9,(E3JCO& *,&�4A6E* rY0>COeG�E*V4 *V4 rJ*1)689;.)*,&)(8*;@)6,=°*,& 1)6EC��8*,-V473JCO& (8@S6 rL0�% � * �O*,6]4A3+-R%}r =\1UCO@)6 rN% 1).0%2(8* :)* :)9,1UCD(E*2W � *V4E4A*H 9V47.)C�:S* *,(4�@Q473urJ3+(E9,* :0%2&)( rY0>*~� 1U9,683+*,&)-,*2WX°* (8@)eS(476A%[4 -i.)CO3J(E3 *,(]4 *,& 1UC�r�y�(4�yT68�,&)*LW T"& @ 4A3trJ3J(7%2&<4 rY0�%21)1)6EC � 3JH %L473JCO& :)*X°3+1Qb (E.)3547�2=(7% -,CD&)(]4/%'&<47* :)* � %'H %��2*,6 *,(]4 *,(473JH 9,* �
7 
 29 � 10 	 20 J

W����0& :10a99r+3 KH 3+&)*,6 r+*,( -i.0%268�O*,( 99r+*,-V4A6ECD(]4i%[473JFG@S*,(,=�-,* (8@Se)(476A%[4 *,(4 4767%'3c4A9 %R�D*,- :)@ H 9V47.0%'&)C�rµWXA0aCDe��8*V4 � H %2&)3J1S@srJ*,6 *,(4 @)&S* (E1).)�,6E* *,& �O*,686E*2=�:)* :)3N%'H �V4A6E* �
40 � � =-i.)CO3J(E3J*1UCD@)6�(A% �O9,CDH 9V4A6E3J* *V4 (ECD& 9V4/%[4 :)* (E@)6]bq%'-;* 1)68*,(EFG@)* 10%26by%'3c4RW0$ * 1sr+@)(,=
r�% �O9,CDH 9~K4A6E3J* (E1).)9,6E3JFG@S*2=10%26 CD1)1UCO(83c4A3+CD& %2@�� b CO68H *,( 1)6E3J(EH %[473JFG@S*,(,= 1U*,6EH *V4 rL0a@Q473urJ3+(7%L473JCO&:10>@S&)*^3+&)-9r+3J&0%23J(ECD& F�@)*9rJ-,CO&)FG@S*2WGX�% -,CO&)(]4i%2&<47*�:)*�� %'H %��2*,6Y:)*mrL0aCOeG�E*V4Y*,(]4B*,(473JH 9,*�

6 
 20 � 10 	 20 J
WDX°*`1)6E9,.)*,&)(E*,@)6BCO@ 1sr+@)(�10%26]4A3+-,@srJ3+�,68*,H *,&<4 r�%�1\CO3+&<4A*`:)@ :)3+(81UCO(83c4A3cb� �"� FG@)3`(E*,6A% *,& -,CD&�4i%2-V4 %R�D*,- rL0aCDe��8*V4 *,(]4 *,& (E3ur+3J-,3+@)H =:S* -,CO&)(4/%'&�4A* :)* � % KH %��2*,6

25 
 80 � 10 	 20 J
WsT"& @Q473ur+3J(7%'&�4mrJ*,(_68* r�%[4A3+CD&)(`:)* -,COH e)3J&0%23+(8CO&P=ar�% -,CD&S(4/%'&�4A*:)* � %2H %��'*,6 :S* rY0>3+&<47*,6by%'-,* COeG�8*?4 R[(8@)e)(]476A%[4 *V4 :)* rL0a3J&<47*,6]bq%'-;* COe��8*V4 R[1)6E9,.)*,&)(E*,@)6(8CO&<4 *,(473JH 9,*,( 6E*,(E1U*,-V4A3c�D*,H *,&�4 �

7 
 17 � 10 	 20 J
*V4 �

10 
 10 � 10 	 20 J
W XZ*,( b CO68-;*,(:10�%2:).)9,(E3JCO& (ECD&�4 :)CO&)-

F so
adh = 4 
 70 ��� *V4

F po
adh = 6 
 80 ���XA0aCDe��8*V4 9V4/%2&<4 :)* b CO68H * (81).)9;683+FG@)*2=OrY0�%23J6E* :)* (A% (E@)6]bq%'-,* :)* -,CO&<4/%'-V4 %R�O*,- rJ*1)689;.)*,&)(8*;@)6�*V4�-,* rur+* % �O*,-,rJ*B(E@)e)(]4A67%L4�(8CO&<4�9,�<%�rJ*,(;W � :S3J(]4i%2&)-,* :10>3+&<47*,67%'-V473JCO& 9,�<%�rJ*L=*,& 10%26473J-;@srJ3+*,6 �

D = D0 = 0 
 4 nm
= r+* 67%'1)1UCO64 :)*,( b CO68-;*,( :10�%':S.)9,(83+CD& � s
	,xkVm��En'm0R�������0tV|Qk t;s�� :S9,1\*;&): @)&)3+FG@)*,H *,&<4 :)*,( -,CO&)(4/%2&<47*,( :)* � %2H %��2*,6 :)*,( :)*,@��H %[4A9;683N%'@�� *V4�*,(4�9,��%}rP� º

RA = As

Ap
= 0 
 7

W T"& 1)68*,&0%2&<4�*,& -,COH 1 4A* rY0>3+&)-9r+3J&0%23J(ECD&
J =)1UCD@S6�6E9,@)(8(E3J6�r�% :)9,1UCO(8* rY0>3+&)9,��%}r+35479 (E@)35�2%2&<47* :)CD3c4h�V4A6E* �D9;683c�09,* º

F so
adh > cos J � F po

adh F so
adh = RA � F po

adhXA0a3J&)-9r+3J&0%23J(ECD& J &)9,-,*,(E(7%'3+68* � rN% :)9,1UCO(8* :)CO354 :)CO&)- (7%[4A3+(bq%23J6E* rN% -,CO&):)35473JCO&
cos J < RA

W x�%'6�-,CD&)(E9,FG@S*,&<4 =@)&)* 3J&S-9rJ3+&0%'3+(8CO& *,(]4A3+H 9,* �
45 � :SCD3c4 1U*,6EH *V4E4A6E* r�%:)9,1UCD(E* (]4i%[4A3+FG@)*2W

X�% �0�O@)6E* » 6E*,1)6E9,(8*;&<4A* rJ* :)9;68CO@srJ*,H *,&<4 :)* rY0>CO1U9,6A%[4A3+CD& =\CDe 4A*,&�@)* (E@)6 r+* (E3547**~�Q1U9,6E3JH *,&<4/%}r�º
4 X°* 1)689,.)*;&)(8*,@)6;=Y10%'67%}rtrJ� rJ* %'@ (8@)e)(]476A%[4R=�*,(]4 1sr�%2-,9 %2@ :)*;(8(E@)( :S* rL0aCOeG�E*V4 �(A%23J(E3J6 jq%<v
4 X°* 1)6E9,.)*,&)(E*,@)6 *,(4�H 3+(�*;& -,CD&�4i%2-V4 %R�O*,- rL0aCOeG�E*V4 j e v~W
4 XA0aCDe��8*V4�%':S.)�,68* %2@ 1)6E9,.)*,&)(E*,@)6 *V4�*,(]4 (7%'3+(83Z*,& (ECD@sr+*V�2%'&�4��O*,6]4A3+-R%}r+*,H *;&<4�rJ*1)689,.S*,&)(8*,@)6 j - v~WX�%�H 3+(8*B*,& -,CO&<4/%'-V4�:)*]rL0aCDe��8*V4�%R�D*,-,r+*B(8@)eS(476A%[4Y(7%'&)(¨3J&)-9r+3J&)*,6er�%I1)6E9,.)*,&)(E*,@)6&)* 1U*,68H *V4�10%'(�r�% :)9,1UCO(8*2W
4 X°* 1)6E9,.)*,&)(E*,@)6 *,(4�3J&)-9r+3J&)9 :10>@)& %'&)��rJ* :S*

45o j : v



� ����� �*�;���K�.� (���}% �;�)�7� �$�����92!���O���3� � �����(�%3+m����� ����� ��� �!��"�"*� ����� ·��Q·

j %�v j e v jy- v

jy: v jy* v j b/v
� � ��� » º\� %2&)3J1)@srN%L473JCO& 1u%'6I(A%23J(E3J* *?4 :)9,1UCO(8* (]4/%L473JFG@S*

4 XX0>COe��8*V4 *;(4�H 3+(^*;& -,CD&�4i%2-V4 %R�O*,- rJ* (8@)e)(]4A67%[4 j * v
4 X	% :S9,1\CO(E* *,(4�*Vfg*,-V47@)9,* *,& 68*?4A3+6A%2&<4I�D*,6]473J-R%�rJ*,H *,&<4�rJ* 1)689,.)*;&)(8*,@)6 j b/v
x¨CD@)6�9V��3c4A*,6_:10a*,&):)COH H %'�O*,6mrL0aCDe��8*V4I*V4�(8@)6]4ACO@Q4�r�% 1UCD3+&<47* � � � =S4768�,(_b 67%'�O3ur+*2=@S&)* ��3c4A*,(E(E* :)* :)*;(8-,*,&�4A* r+*,&<47* *,(]4I@Q4A3trJ3+(89,*�1UCD@)6,rN% 1).0%'(E* :)* :)9,1UCD(E*2W $ * 1sr+@)(,=ar+*

r+CD�O3+-,3J*9rP:)* -,COH H %'&):)* %'6E6 �V47* %'@Q47COH %[4A3+FG@)*,H *,&<4�r�% 1)6ECD�O68*,(E(E3JCO& :)@ 1)689,.)*;&)(8*,@)6(E3)rN% �0*~�Q3+CD& :)* r�% 1\CO3J&�4A* :)9,10%2(8(E* @)&)* �2%�rJ*,@)6 (8*,@)3trµW � *V4E4A* 1)6ECD1)6E3J9V479 *,(4 @ 4A3trJ3 K(E9,* % �O*,- @)&)* by%'3+esrJ* �2%}r+*,@)6 j
1 V

v 1UCD@)6 :)9V47*,-V47*,6 rJ* -,CD&�4i%2-V4 :)* rL0aCDe��8*V4 %R�O*,- r+*(E@)e)(]4A67%L4 W
X	% 6E9,@)(E(83c4A* :)* -,*V4847* *~� 1\9,6E3J*;&)-,* :)9,H CD&<476E* r�% �2%}r+3J:)3c4A9�:)@ H C�:)* (]4i%[473JFG@)* :)*H %2&)3J1)@srN%L473JCO& 10%26 %':).)9;(83+CD&PW�XZ*,( rJ3+H 3c4A*;( :)* -,* H C�:)* :)* H %2&)3J1)@�r�%[4A3+CD& (E*,68CO&<4* �Q1sr+CD6E9,*,(�:0%2&)(�r�% (8@)3c4A*LW

� � � �, °�V£ £_� ª ��¦ ¡  Z£  P� � ��� � « £�  ��� £�� ¦ ����ª ¡ § �,¢ � ¢ �`£
�_� ¦ �?©V©,� �~��£

$ %'&)( r+* :)COH %'3+&)*2=10%26 *~�Q*,H 1sr+*2=°:)* r�% H 3J-,6ECLKM9 rJ*,-V4768CO&)3JF�@)*2= C � rJ*,( %21)1srJ3+-R%�K473JCO&)( &)9,-;*,(8(E354/%'&�4 r�% H 3J-,6ECLKMH %2&)3J1)@srN%L473JCO& (ECD&<4 &SCDH e)6E*,@)(8*,(;=�rJ*,( -,CDH 1UCD(7%'&�4A( �H %2&)3J1)@sr+*,6"(ECD&<4_67%'6E*,H *,&<4_:)* b CD6EH *�(E1).)9,683+FG@)* CD@ -3yar+3J&):)6E3JF�@)*2W � * (8CO&<4_(ECD@Q�O*,&<4:S*,( 1)3+�,-,*,( :)* b CO6EH * 1u%'67%}rtrJ99r+9,1)3J1U�,:)3+FG@)* CD@ 1)683+(8H %L473JF�@)* � (E@)6by%'-,* 1�r�%2&)*2W $ *1�rJ@)(;=1UCD@)6 @)&)* CD1U9,67%L473JCO& :10�%2(8(E*,H esr�%2�O* :)* H 3J-,6EC�-,3+68-,@)3c4A(�10%26 *~�Q*,H 1sr+*2= r�% :)9~K1UCO(8* (+0>*Vfg*,-V47@)* (E@)6 @)& (E@)e)(]4A67%L4 :)3cfg9,68*;&<4 :)* -,*9rJ@)3BC � rY0>COe��8*V4 *,(]4 3J&)3c4A3N%}r+*,H *;&<4



· � � � .0%'1)3c4A6E* �������
	����������������������� �!�!"��#���$����%&�'��(��)"*�,+-�*�.��% /0+1� �!���!2!"*�$����%3�

1sr�%2-,92W
x CD@S6 47CD@Q47*,( -,*,( 6A%23J(ECD&)(;=Kr�% :)*,@�� 3J�,H * *~� 1\9,6E3J*;&)-,* 1)6ECD1UCO(89,* -;CD6E68*,(E1UCD&): �@)&)* %21)1srJ3+-R%L473JCO& 3+&):)@)(]4A6E3J*9rtrJ*2W�±�rZ(�0�%'�O354�:)* H %'&)3+1)@srJ*;6^:)*;(�:)3+(8F�@)*,( *,& 9?4i%23J& :10a@)&:)3�%2H �?4A6E* :)*

300 � � =U@Q4A3trJ3+(89,(�1UCD@)6�rJ* (ECD@):u%'�O* :)* H 3+-,68C[KM:)3JCT:)*,(�1u%'6�r�% (EC�-,3+9V479
��.SCDH 1)(8CO&PW<XZ*�(E@)e)(4767%L4 -,3+esrJ*_*,(]4 @)&)*�1S3J�,-,*�H 9V4/%}rtrJ3+FG@)* j������[n��8v�(E@)6Yr+*,FG@)*9rsrY0>*,H K1sr�%2-,*,H *,&<4I1)6E9V��@ 1UCO@)6-r+*,(_:)3JCT:)*,(�:)CO354m�V476E* 1)689R%�r�%2esr+*,H *,&�4_-,CD@Q�O*,6]4 :)* :S3J(EFG@)*,(;W� *V4E4A*`CO1U9,6A%[4A3+CD& :S35fg�,68*B:S*�rN%�1)6E*,H 3J�,6E*BH %2&)3J1S@sr�%[4A3+CD& *Vf *;-V4A@)9,*_(E@)6�1sr+@)(83+*,@)6E(%'(E1U*,-V47( º

4 rL0aCDe��8*V4 9?4i%2&<4 1srN%L4 *V4 :)* :)3JH *,&)(83+CO&)( 68*9rN%L4735�O*,H *,&<4 �D67%'&):)*;( 1\CO@)6 %2(8(E@)6E*,6
r�% 1)6E9,:)CDH 3J&u%'&)-,* :)*,(�b CD6E-,*,(_:10�%2:).)9,(E3JCO&P=sr�% 689;@)(8(E3547* :)* rN% 1).0%'(E* :)* (7%23J(E3J*1U*,@Q4 �V4768*B-,COH 1)68COH 3+(8*2W�T"& *Vfg*V4 = -,*V4E4A*B*~� 1U9,683+H *,&�4i%[4A3+CD& %L4E4A*,3+&<4LrJ*,(LrJ3+H 3c4A*,(:)3JH *,&)(E3JCO&)&)*9rur+*,(`1UCD@)6hr�% 1)6E9,:)CDH 3J&u%'&)-,* :S*,(�b CD6E-,*,( :10�%':S.)9,(83+CD&PW

4 rL0aCDe��8*V4 H %'&S3J1)@sr+9�*V4,r+* (E@)e)(4767%L4_-,3+esrJ*�(8CO&<4_:)* &u%L47@)68*�H 9V4/%�rurJ3+FG@)*2W�$ 0�%21)6E�,(
r�% 1)6E9,(8*,&�4i%[4A3+CD& :)*;(�b CO6E-,*,( :10�%':).S9,(83+CD& *Vfg*,-V47@)9,* %2@ -i.0%21)35476E* ·D=0@)&)* b CO647*%':).)9;(83+CD& *,&<4768* -,*,( :)*,@�� H 9,:)3N%'( *;(4 1)6E9V��3+(83+esrJ*2W X	% 1).0%'(E* :S* :)9,1UCO(8*(8*,H esr+* :)CO&)- (83+H 1sr+35�09;*2WXA0a*,(473JH %L473JCO& :)*,(	b CD6E-,*,(�: 0�%2:).)9,(E3JCO& *;&<4768*,rJ*,(	:)35fg9,6E*,&<47(�-,COH 1\CO(A%2&<47(�*,(]4Y:)CO&�K&)9,* -,3 KM:)*,(8(ECO@)( º

4 r�% 68@S�DCO(83c4A9 :S* rL0aCDe��8*V4�*,(]4 *,(]4A3+H 9,*L= 10%26�COe)(E*,6�2%[4A3+CD&P=0�
0 
 1 � � W4 �9PI>�= 	!6	�}>!:7HIP F 	!E�
B= P 89= A 	�?H����9= > º

4 rL0�������� ��� r�� ��� �� �!� "�� $#%��"&#(')�� rY0*�,+�+����-"�.	�, $# +/��� 0� �1��"2#��, �3�r4� ���
r4� �30���0��65�3$��r4� ��0 ������7 82#9�1�:��0 ���4;1<=0�� �2#>��� r����13?�@0��65�3$��r4�BA rC� r����13?��0��
��� r�� +D�0E#9�1�,'���;F#B��� º
Sp

cont = 300 G 140 = 42000 HJI 2 K
L M � "��-�2N "����� $# ��� � �,7 ������� ��� M 0O�4 P#9������"2#��4� 52#%���� �QR;1� M �4"���0�7 '/�SE#9�� T0 �VU=W

+D5�����7 �� P#�� M �@7 �� P# �2# +	��� M ��; ��� M ��#9���? �; ��� "��7 S!�4 	�,�4;1�? J'X�@;F# ��� �
53 �

10 	 20 J KYZ� [\�?�1"�� �10*�,��.�5�;1�4� J'X�� +����� 	�, $# �@ "��7 +E#�� M � �10�3�?;1�]#�5,'X��;^# ���? �" ���
272 H`_ K

L ��aDbdc=egf	��bghjiDa k(lm�`k2bdegfEb,�Ei��J��c$b º
L M 0�������� ��� M � ��� �� ��� "�� $#%��"2#B��;^# 5�3P� M � A M � ;�0!+n���^o	"���� ��� M 0O�?STp��2# º

Ss
cont = 1502 G q = 70650 HJI 2 K

L M � ;10�S�;^#9���R# "�.���4;1�r��;^# M � 7 s�7 �,'t�� +D� M]u ;^# u �18� �� K Yv� "����2N "��4�� P# ��� w �xW
7 �,y,���z�!� M 0O�4 P#9������"&#9���? +n� M]u ;F# u ��8� ��dQ�52#%���� J'/�SE#��� =0 �VU{+D5�����7 �� P#�� M �@7 �� P#
�2#B+	��� M ��;|�1� M ��#9���? �;}��� "��7 S��4 	�,�4;1� J'!��;^#B��� ~

30 � 10 � 20 J KYZ� [j���"�� �10*�,��.�5�;1�4� ��;F#��47 5�� ��;^#B��� ���? �" ���
261 H`_ K�  +!����7 �4������;1;����D���B7 �, ��4+�0 M �R#��4� 0E#�� M ��;�� M �)7 �����|�?+D5����R#��?��������5�"��1�]#}�,0 +/�xW

�9�,3?���,+�.�� +!��5�"�5����@ $# K�� �� �; "@� "(�,;�' M � +�.	�,;�� ��� ;9�,�4;1�4�  10O��;F# +	�,; �15�0�;�;1�4� Km� hjc-a
� lmc ����f/�r�Z�-k(hjiDa c�k2bgh�� �=c � ���]h�aDbdc=eg��f	�?c �reg���mc�ark�c-lZe�Ei��J��c$b k�iDh�b k(lZ����
e�hjc�lZegc � �c����jc �mc ���]h�aDbdc=eg��f	�?c k(lm�`k2bdegfEb,�Ei��J��c$b ' M � ����;�<T0��  10�����.�8��1� +	�,;:;10E[CW
o	;9�,7 7 �� P#>A M � +D��4 $#��|�2#>����;^#9� ��"�"��1��"%.�5 �,0 ;10�S�;^#9���R# KE� �2#>5�"%.���" ��;^#>+��1�4 �"���+	� M �VW



���������
	����������������	���	��������
� �!�"	#�%$&�(')�+*��"���&,-�./��./'0�1'2���!�33
���*�� 4�576

7 �� P#��98 A 0� ��}7 �,0;:,����;��>��;^#9��7 ��#9���? �!� M � [j���"��}�10����!.�5�;����? �� P#9�1� M �>+���5�.��@ �;���0���&# M 0O�S=p1�2# K=<  �&> �2#(' M ��;|����0�U ;10��^[���"@��; 52#%�� P# + M �� ���;@'	� M ��;F#B#9�18�; ��� N "�� M � �10 �SE#��VW
 !�4��0� "��? P#��,"2#6+	�,�F[ ��� #��� $#���� M ��; �!��0�U 7 � M �4�@0�U K�� � M 5�3?���1; ��52[��,0E#�; �10 ������� $#%�R#��4� �;�!0 +���5�.��@ �;���0�� ���47 �4 T0��� $# "�� �;�����5��9�,S M ��7 �� P# M � ;10��^[���"�� �!� "��? P#��,"2# K}� � +!.�5VW
 !�?7 8� ��,'t� UE+D�?;15 ��0 "%.	��+�� #���� 4 't7 �? P#9�1� <=010O0� �� M 5�3?8��1� ���?> 5��1�� �"�� �10O�?�1�4�@ $#���#��4� 
�15���0�� # M 0*�,��.�5�;1�4� ��� [ ��@��  ��  �5�3 M �43�(�,S M � K
A M ��;F# ���? !"  �5�"���;1;9�,�4�1� ��� #9�1�?0;:��� 0� �� B �,;F#�0�"��CB +D�?0�� "��?�1�1�43��� M 0 ������� $#%�R#��4� J'�!��0�U �,+�+����-"�.���;|;�� $# +D�?;1;���S M ��; º

L M � +��1��7 ��8�����"�� �;���;F#�� A �,0�37 �� P#9��� M ��; ����3��5�;6��� M ��Sn�@�F#�5)��0 +��15�.��� �;1��0��>�� 
�dp1�?0E#%�� P# ����; ���,#���#9��� �; ��"2#��?:��; ;�0�+!+ M 5�7 �� $#%��������; ��o	 ��� "��?�1�1�43��� M � ��5VW
[ ��0E#}�10O�?�1�4�� P#���#9���? K!� �2#1#9� ;�� M 0E#��4� ��7 + M �4<T0�� 0� !� "��?7 + M �4"(��#9���? �,0  ��?:�(�,0
��� M � "��7 7 �� ��!� �&# 0� �� 5&:?�@ $#�0�� M4M � +D���^#9� ��� +��15�"��4;1�4� K�� � + M 0�;@' M 0��� �3 M ���0 ��52[��,0E#|52#��, $#}#9�18�;�+D�2#9� #('�� M ��;^#�#9�18�;)�!�]N "�� M � ��� +!��5&:�?���}0� �� "��7 7 �� ��!�
�,"2#��?:� ��52#���"2#��, $#B�2# "@�?�1����3?�(�, $#|"��2#1#9� ���1���@0�� K

L M � ����0�U{�48�7 � �,+�+����-"�.��B+����+D�?;1� �10��dp��0E#����6����;>����3?�15�;>��� M �4SD���^#95|�,0 +D�?�^#��VW
5�"%.	�� P#9� M4M �? K �  �� "�����1��"2#9���? �,"2#��?:�  10O��;^# #9�0gp��0���; +	��; +n�;1;���S M � +D�?0�� M ��;������;�� �; ��5 p9A "��]#�5���; KED 5(�, �7 �?�� �;�' M 0*� p��?0E# ��� ����3?�15�; ��� M ��Sn�@�F#�5 +/��;1;�� [j; �,0
+D��F#��VW 5�"�./�� $#�� M�M � ;1��7 S M � s&#9�1� M � ;1��0 M � ;1� M 0E#��4� �� F:-�4;���3�(��S M � K

� �2#1#9� ������ ���8��1� ��;^# 7 5�"(�, ��4<T0���7 �� $# �,;�;1��� ��� N "�� M � A 7 �2#1#9�1� �� ����0;:-��� ºZ� M[ ��0E# �dp��0E#9�@� �,0 7 ��4 �;|����0�U �1��#%�R#��4� �;|��0E#��0�� ����; �xU{��; .���������? P#��,0�U KD� � + M 0�;�';1� 0! �� �15�������� $#%�R#��4� ��0{#9�7 ��#9��<=0�� ��� M � +���8�"�� �� [j� �"2#��4� ��� M � ;�0��^[��,"�� ���
M � +D��4 $#�� �� "��? P#��,"2# ��;^# ��5�;1�4�15��,' M ��; �xU{��; ��� ���,#���#9���? ��� "���; M �C�,�4;1�? !; ����?:�� $#
"@��G� �"��������-HI:?��" M 0O�?STp��2#}+D�?0!� <T0�� M � 7 �?0;:��7 �@ $#}��� "�� ������ ������>;���]#}0� �� ���,#�H�#9���? 
;1�47 + M � ;JH, �; #9�%H, �; M HR#��4� K Yv��; ��� N "�0 M #�5�; ;1�? $# �47 +D�?�^#�H, $#���; +D�0�� ��5KH M �4;1��� ����;
+!�48�"���; 7 5�"IH, ��4<T0���; A "��2#�#�� 5�"�.�� M�M � ;JH�#9��;F[LH���;JH, $# "���; "�� �;1�43 ���; K`� 0O��;F# +D�0���<T0��?�
0! �� BKH,;F#�0�"��CB ��� "��0�;�;1�4 ��&# +MH,;�;1�][ ��;F#B+��1�?+D�?;15�� K

A M ;�0H�3�]# �10O0E#9� M ��;���� 0� !� 3?�0E#�#�� �10O�IH,0 ��� #NH�� M4M � 7 �4"��1�?;1"��+��4<T0�� K �B �� +D�2#��]#��
<T0MH, $#9� #95 �10O�IH�0 ��;F# + M H�"�5@� ;10�� M � ;�0�S!;F#��JH�# A M 0H������ � 0 0� �� ;����1�4 �30�� K Yv� ����;�<T0��
�@ 52#�H,�4 ;10��1 MH�3� H M �?�1; A M H ;10��F[LH�"�� ��� "��&#�#�� 3?�0E#�#�� �10O�IH�0 K YA0O�?STp��2# 52#NH� P# M ��S��1��!� #�H, �3FH,3� �2#B��� ���0 M ��;}�MH� �;|0� �� "����^#NH��� �� 7 �@;�0��1�,' M � ��52[LH�0E#|�10O�?�1�4�� P#�H�#9���? ��;F#
H,0E#��?7 HR#��4<T0���7 �� $# M �&:5 H,0 7 �7 �� P# ��� M H 7 ��;�� �� "�� $#NH�"2# �!0 +��15�.��� �;1��0�� K YEH3�0E#�#�� ;1��7 S M � ��� �" �1��7 + M �4�>+MH,�F[LH�� #9��7 �� $#|;�� �,N "�� ��� "��?0!;�;1�4 ��2#B+MH�;1;1�][ K

A M [LH�0E#  ���#���� <=0!� "��2#1#�� ;1� M 0E#��4� "�.MH, �3?� �%H�����"IH M ��7 �@ $# M ��; "�� ���� #9���? �; ���
;%H,�4;1�4� K�<  �&> �2#('r� M  �� ;+0OH,3?� # + M 0!; � 0 0� �� H���.!5�;����? �� $#���� M 0O�?STp��2# �2# M � ;10�S�;^#9�%HR#
7 H,�4;B�� $#���� M 0O�?STp��2# �2# M 0 �IH,0 K � H� �; "�� # u +n� �10O�4 P#9���^[�H,"��,' M ��; [j���"��@; "IH�+�� M4M H������@;:�2#
M 0 �P> �&#Q:-�4;1<=0���0�U ;1�? P#z�!�?7 �4 MH, $#�; K=� � + M 0�;�' M H [j�?�17 HR#��4� �10O0� 7 5� ���;�<T0�� H,<=0���0-U
;1�0�; M 0O�?STp��2# ��;^# 0� H�0E#���� [�H,"2#���0�� " M �&[z+D�0�� M H ;JH,�4;1�4� K YX0 ��;^#��47 HR#��4� �!��; [j���"���;
� 0OH,��.�5�;1�4� 7 �-���]o	5���;�+MH,� M H +���5�;1�� �"�� ��� M 0 �IH,0 ��;^# ��� � �5�� "�� W ����;1;��0�; º



4�5�� � .MH�+�� #���� �
	 ������ �2*����./'0�"	 �0� ���!�!3� '�������P.�	 ����3
� , �
'�*���� , ��.!��!�!3
������&.

L ��aDbdc=eg��f	�?c � ex�-�Zc-ark�c�lme�!i�����c$b �YEH ������;��NH������  �� w H"! H,y"���
Ap � eau � o = 11 # 28 � 10 � 20 J $ F adh

p � eau � o =
57 H`_ %L ��aDbdc=eg��f	�?c k(l&�`k2bdegfEb,�Ei�����c$b �YEH ������'��NH������  �� w H"! H,y"���

As � eau � o = 5 # 74 � 10 � 20 J $ F adh
s � eau � o = 43 H _ K( ) H"�*���+�  �� ����' �-,�����U $ M H '%H��.'��.� ) ��/0� s1���2� �&>3���1��/�45� K76 �8�  �4����8/ M ��! �5��� ��'*�

) �245'2���9��4 '�/�� M H o;:8/���� 4�5 K

< H9= < S�= < �>=
?A@
BDC 4�5FE 6 H��.'��.� G ) H������+�H 10I/���� :��8/0�����  10J�IH�/

6 /�� M H o�:�/��2� 4�5 W�H $ M 0I�?STp2�1� K��"����� '�/�� M H :��8/0�����  10J�IH�/ Kz� H"��' /�� ) �2��! �.�5�
����! ) ' $ ) �8/�� ) ��/;:8���.�L�&>M�5�1��/���� M H 'JH��.'��.� $ � M [LH"/0�N'+0OH�'�'2/������O �� M H '�/ ) 45�2�+�8���P��4H �� M H[Q���2���  10OH� �,�4�'��.��� ) ��4�,�����'���/��%QR�S=p��1� ) H�� �%H )�) ����� G M 0I�.�9�����^[�H���� �?STp2�1� QR'�/�S�'*���%HR� $
F adh

p � eau � o > F adh
s � eau � o

K � �1����� ������ ��P���.��� 41��H���� '%HR���.'^[�H��P��� $ M H ) ���.�9��� ��'*� ! �+'2� ���
���8�9��H��1� H :���� M 0I�?STp2�S� K YEH :���/0�2���  10J�KH"/ ����! ) M �P�T'JH [Q�����1���.���  �� ���8/�'�'��.���1� ) H"'�'2� [
�1� M � �������NH"�S� ���9����� M �  ��.'�UV/�� �S� M � ) ��4�,�����'���/�� ��'*� H"! 4 M �+�8��4 K YA0H" �,W4�'2�+�8� �S�W
p2�1� QR'�/�'1S0���%HR� ��'*� H M �8��' : H"�+����/�� ) H"� M 0OH� �,�4�'��.��� �STp2�1� Q ) ��4�,�����'���/�� K�D 4IH"��! �8�+��' $/�� ����/;:8�IH�/ ) H"�%H�! X1���2� H )�) H��JHZY.� E HI:����A/���� :[�\����'�'2�A ��O! �8�9��4��]����X�' M �5����� $ M 0I�S=p2�S��2��'*��� H"���5�2�[�^,�4 G M H ) ���.����� �1� M H [_�8��! HZ���+�8�  10I/�� ! 4����.'�UV/�� H�UV/��5/�U '��8/�' M 0I�S=p2�S���'��T�S�'2����:�4�� `badc ! H��.' M H '%H"�+'2�+� ����'���� ) ��'2'��4S M � $ �NH��� ��.'eUV/�� ) ��/��e/�� :f�P����'2'�� ) M /W'4 M �&:�4�� $ M 0I�?STp2�1� '��  �41��H��-,��  W/ ) �24�,W����'2��/W� �1� �2��'*��� G M H '�/��F[LH"���  �� M H :8��/0�2���
 10J�KH"/ K

� H"�W' ���1����� ) ,MH�'2� $ ) ��/�� �24�/�'�'2�+� ����! ) M X1����! ���9� M H '%H"�+'2�+� $ � M [�H�/0� ) ��/;:��8�+�
0J�IH�'�'2���+0g��� ! 4����+'2Uh/�� K Yi��' [LH"�1����/���' ���.��41���.Uh/���' �1�  u �MH"! �.Uh/���' $ UV/��N������������� ���
p2��/  MH���' M Hz[_�8��! HZ���+�8� �1� M 0J4&:�� M /0���.���  �/ ! 45���.'�UV/�� $ '2�����j! H M �������V/�' K"k H��l�5�8������� $M 0I�&>3�1�N ���! �+�MH"�9�7'���! S M �|s1����� M H [Q���2�5� :[�+'�UV/���/�'�� G M 0J�+����4��2�+��/��7 �/ ! 4����.'�UV/��T�1�N ��
M H :��8/0�����  10J�IH�/ KD� �1����� [Q���2��� 4S��H����T ��.�����1����! ���9� ) ��� ) ���*���+�8����� M�M � G M H :[�\����'�'2� $ � M'2/EN �  �� ���������.�h/���� G M �&:���� M � ) ��4�,�����'���/�� ��� ����'��NH"�9� ���  ���'�'2��/�'  10I/���� :[�P����'�'2�
'2��/W� M K	� � ) ,�4�����! X5��� ��'��m�&>3���1���?:���! ���9� �S�'����2:�4 H"/ ���8/���'n �� M H ! H���� ) / M HZ���+�8� KYEH 'JH��.'��.� �5'��m�24�/�'�'��.� `*opc G ���8�� ��\���+�8�  10J/F��� M �.'����e/���� :f�P����'2'��  ��  �4 ) M H"�5��! ���9�
! �+���.! � $  �41������! �+��4�� ��! ) �.���.Uh/���! ����� E M H :[�\���5'2'�� ��'*�  �� :[�+'24�� ) H"� q G M H '�/��P���
 �� �-,MH�UV/�� ��'�'JH��  �� '%H��.'��.� �+�E[Q�2/W�1��/���/�U K Y H : H M ��/��  �� M H :[�\����'�'2� '���/�� M ��'*�  ��
50 H�I r8s K



� �������
	����	������ � � �!����� ���2� � 	�� ���I./��,-�
� �+� 4�5��

Y H  �4 ) ��'2� '�0I�&>3���1��/�� $ ����! ! �  �4������P� ��� W  ���'�'2��/�' $ '2/�� /�� '2/�S�'*���%HR� ��� o����
	�� $ W�8��� ! 41�NH M�M �+UV/�� K YEH [Q�������  10H" �,�4�'��.��� ���9����� M 0I�?STp2�1�D�1�m��� '�/�S�'����%HR� $ ��� ) �2���MH����
�5� �5�8! ) ��� M H '�/ ) 4����.���2�\��4  �� M 0OH��.���  �� M H ������  �� ���8�9��H��1� $ ��'*� '2/ ) 45�2�+��/��2� G
M 0OH� �,�4�'��.��� ) ��4�,�����'���/��%QR�S=p��1� K YEH o�:�/���� 474 ! �8�9����� M �  �4����8/ M ��! �5���e �� M H ) ,MH"'��
 W�  �4 ) �8'�� K

< H9= < S�= < �>=
? @ BDC 4 48E � 4 ) ��'2�  �/  W�.'�UV/�� '�/�� M � '�/�S�'����JHZ�m! 41�NH M�M �+UV/��

Y � ) ��4�,�����'���/��A��'�� ) M H"��4 H"/  ���'�'2/�'e �� M 0I��! ) M H"�5��! ���9�N�-,����.'�� ) �8/�� M H  �4 ) �8'��
`�	Sc K A M �5'��A����'�/��P��� SMH��.'�'24 p2/�'�UV/10 G M H ! �.'��D��� �������NH"�1�e �� M 0I�?STp2�1� HI:���� M �n'�/�S�'*���%HR�`padc Kik �8/�� ��! ) s��-,���� M 0OH )�) H��2�\���+�8�  �/ ) ���?S M X�! � M �.4 H�/  �42[LH"/0�  0J���2�+�����NHR���.��� $ M � W�.'�UV/�� ��'*� H )�) / u 4 [Q��������! �����T���8�9����� M � '2/�S�'*���%HR� K YEH '2��/ ) M �5'2'��  �� M H ) ���.����� $ M H:��%H"�� ���/W� ��� M HZ���?:��  �� M H '�/��F[LH"���  �� �������NH"�1�e'�/�S�'����%HR� QR�S=p��1�D�1� M H [Q������� H� �,�4�'��.���
G ���1����� �+�������F[LH"��� '2�����m'2/EN '%H"������' ) ��/��T�&>M�5�1��/���� M H  �4 ) ��'2� `dopc K

Y H ��4�/�'�'2�\���  �� ���S�2��� �VU ) 4����.������� ! ��������� M H : H M �+ ��P��4  �/ ! �[ ��  W� ! H���� ) / M HxW���.��� ) �2� ) �8'�4 ) ��/��]/���� H )W) M �+�IHR���.��� �.�� �/�'*���2�+� M4M � K YEH  ��]N ��/ M ��4D! Hdp���/��2�DUV/���4S��H��P�
 W� :CH��JH������.� /�� �������NH"�S� ) H��F[�H��P� �������2� /�� �S=p��1� ) M HR� �S� M � ) ��4�,�����'���/�� $ ��'�� '2/���W
! ������4�� ) H�� M 0I/0��� M �+'JHZ���+�8�  10I/���� :��8/F�2���  10I�IH"/ ���8! ! �n����/�'2'��+���1� ) H"'�'2� [ K�� � �-,�����U
H H�/�'2'�� ) ���2! �.'A 10I41��/� W�.��� M � ) �2�S M X�! �m �� 'JH��.'��.� HI:8��� /���� �.�9�����^[�H���� H�UV/���/�'�� K YEH
:f�P����'�'2�  ��  W4 ) M H�����! �����  �/ ) ��4�,�����'���/�� $ ���8�9���%H"�+�2�5! ���9� H�/ �IH�'  �� ! H���� ) / M HxW���.��� ��� ���C:[�.���8�W����! ���9� '���� $ ��'*� /�� [�H��1����/��  �41������! �+�MH"�9� G �IH"/�'��  �/ �IH"�%H"�S��X����
 W�8! �.�MH����D ���'|[Q�8������' :[�+'2UV/W��/�'2��'  MH"�W' M 0J���C:[�.����������! �5��� H"UV/W��/�U K
� � � ������� ����� ����� � � ��� �  "! # ��� � $ % � & �'� � �

Y ��' �VU ) 4����.�5������'  �� ! H���� ) / M HZ���+�8� ) �24�'�������4���' ) ��4���4� ���! ! ���9� ����� ) ��/�� �S�W
p����1���][  10I4&: H M /���� M H [�H��.'%H�S�� M �\��4  ���' �)("�^,���'  W� 'JH��.'��.� �1�  ��  �4 ) ��'2� ��� /0��� M �+'JH����/W���.Uh/���! ���9� M ��'}[Q�8������'T 10OH� �,�4�'��.��� K+* � $ /�� H )�) �8�*�D�.! ) �����NH����e �/ ! �[ ��  �� ! HgW
�W� ) / M HR���.��� ) ��� ) ��'24 ��'�� M 0I/0��� M �.'%HR���.���  W� M H  u �MH"! �.Uh/��  �/ ' u '*��X�! � $ ���"�NH�! ! �����
) ��/�� M H ) , H"'��  ��  �4 ) �8'�� K A M  W4�! �������2� H�/�'2'��j����! ! �����m/��  ��+' ) ��'2�\��� [l�����-,���� M ��W:��.Uh/���! �����O'��.! ) M � ) ��/0� ) ���2! �1�������n 10HR�������.�� ����n W��' , H"/0����' H"���54 M 4��%HR���.����'N'�/��O/������! ) 'H���2X5' ����/���� $ ������ �/��+'JH���� G M 0OH�! ) M � o��IHR���.���  �� M 0J�P>M�1�m�.�W�������.� M ) �8/W� : H"�+�������



4�5�� � ,MH ) �\����� �
	 ������ �2*����./'0�"	 �0� ���!�!3� '�������P.�	 ����3
� , �
'�*���� , ��.!��!�!3
������&.

M 0H" �,W4�'2�+�8� K Y � ����! ) ��������! �����  u �MH"! �.Uh/��  �/ ) �245,�����'2�5/�� H 4S��4 4S��/� ��+4 $ ��,�45�RW�2�+UV/���! ����� ) H�� M H ! 41��,��[ ��  ���' 4 M 4�! ������' o����.' $ ) /��.' �VU ) 4��2�+! ���9��H M ��! ���9� K � ��'41��/W ���' ����� �5�8��� M / G M 0OH ) ���\��/W ��  �/ ) ��4�,�����'���/�� G ) �2�[ W/��.��� M H :FH�! ! �  10H"����4 M 4VW�JHZ���+�8�W' ��45����'2'%H"�+�2�5' K
k �8/W�7����'*����� M �6[Q�����1���+�8�W����! ���9�] �/ ! H���� ) / M HZ����/W� ) �8/�� /���� �)(��-,��D ��  W4 ) �8'�� $M 0I�VU ) 4����.�����5�H'�/��?: H������H��'*�N �42o����+� E � M '+0OH�:��P�] ��D'JH��.'��.� /�� �?STp2�1�N' ) ,�4����.UV/W� G ) H������.�

 10J/W� '�/�S�'����JHZ�D�1�D �� M � �2�VW  W4 ) �8'���� '�/��A���  ��5�2���+��� K	� �8�9���%H"�+�2��! �����eG M H ) �2��! �.X����
�VU ) 4����.�����5�  �� ! H���� ) / M HZ���+�8� ��� M H  �4 ) ��'2� ��'*�T�&>M�5�1��/�4�� ) H"�e/���� H )�) �2�f�-,�� '*�NHxW
���+UV/�� < ��� /0��� M �.'%H"�9� M 0J���2�+�����NHR���.���  �/ ) �24�,W����'2��/��^=7�)0I��'�� M H  �4 ) ��'2�D u �MH�! �.UV/W�HUh/��
'2���%H /0��� M �+'24�� KYA0I�?STp2�1�N�1� M �e'2/�S�'*���%HZ�O/0��� M �+'24�' ) ��/��7���1�����T�VU ) 4����.�5�����n'��8�9�O�. ����9���+UV/���'OG ����/�U
 �� M H ) ����! �.X���� �VU ) 4����.�����5� E M 0J�S=p��1�n��'*�m/���� ' ) ,WX��2� ��� :������2�  �� �F5 G

50 HJI  ��
 �� H�! XS����� �1� M � '�/�S�'*���%HR�m��'*�n��� ) � M]u '�� u ��X���� KD� � �-,�����U ��'��m! �����?:�4 ) H�� M H S �������
�24�/W'2'��P��� �1� M H ��4 ) 41�NH�S�� M �\��4D �� M H ) ,MH�'2�  W� '%H"�+'2�+� $ ) �5�2! �1�2�NH"�9�-H"�+��'2�� �� ��� ������'%HxW
���2�5�n���1����� ) H"�*���+�  �� M 0J41��/� �� Uh/10 G M H ) ,MH�'2�  ��  �4 ) �8'��  u �MH�! �+UV/�� K

< H9= < S�= < �>=
? @ BDC 4 q E 6 H"�+'2�+� '*��HZ���+UV/��  W/ ! �+���2��W ' ) ,�X��2�

YEH o�:8/W�2� 4 q ! �������2� M �  �45�2��/ M ��! �����D �� M 0J� ) 4��JHZ���.���  �� '%H"�+'2�+� K YEH ������ ��P���.���
'��NHR���.Uh/�� H�/ �W�?:��IH"/  �� M 0OH� �,�4�'��.��� ) ��4�,�����'���/��%QR�S=p��1�n41�NH����e'JHZ���+'F[LH"�\��� ` 	�c $ M H '%H���W
'2�+� '+0J�&>3���1��/�� [�H���� M ��! �����D��� ! �1�2�NH"�9� M � ) ��4�,�����'���/�� �5� ���8�9��H��1� H :���� M 0J�S=p��1� `padc
) /��.'D��� M � ���1���+�JH���� :8�5�����.�IH M ��! ����� `*opc K

k �8/W�n! �8�9������� M H  ��]N ��/ M ��4  �� M H  W4 ) �8'�� $ M � ) ��4�,�����'���/�� ��'*� SMH��.'�'�4>p2/�'�UV/10H"/
���8�9��H��1� ���9����� M � '2/�S�'*���JHZ� �1� M 0J�S=p��1� K Y H ! �.�����RW ' ) ,�X���� �2��'*��� H������2�f�-,�4�� G M H) �8�+����� ! s�! � H ) ��X�'  ���' ���8�9��H��1��' �?STp2�1��'�QZ'�/�S�'����JHZ� ��4 ) 41��4�' < o�:�/��2� 4�6 W�H9= K A M ��'*� ��8�W� �+! ) ��'2'��4S M �  10I�&>3���1��/W��� M H  �4 ) �8'�� '��NHR���.Uh/�� $ ����! ! � ) ��4&:[/�� ) H�� M 0J41��/� ����,�45�8���.Uh/�� $ '%H"��'T�.�W� M �+����� M � ) ��4�,�����'���/�� K

k �8/W�j�VU ) 4����.! ��������� M �O! �[ W�N ��  W4 ) ��'��  u �MH"! �.Uh/�� $ �S�7'2/��*���8/0� HRo��  ��AUV/ H"��W
��� o���� M H : H M ��/��  �� M 0H"���54 M 4��%HR���.��� M �.! �P��� ) �5�2! �1�2�NH"�9� M H  �4 ) ��'2� $ M � ) ��4�,�����'���/��
��'�� �VU0�5�P��4 ) H"�T ���' '��.:��MH�/�U  ��  �� >34��2���9����' H"! ) M �\��/� W��' K�k �24KH M H�S M ��! ���9� G M 0I�VU0�5��W



� �������
	����	������ � � �!����� ���2� � 	�� ���I./��,-�
� �+� 4�5��

< H9= < S�= < �>=
?A@
BDC 4�60E � 4 ) ��'2�  u �MH�! �+UV/��  �/ ! �+���2��W ' ) ,WX��2�

�NHZ���+�8� $ M � ) ��4�,�����'���/�� $ H :���� M 0J�S=p��1� ��� M4M 4 G '��8� �VUf����4�! �\��4 M �4S���� $ �5'�� ) ��'2�\���+�8���W4
M 4�:�X��2��! ����� H"/�W  W��'2'�/�'  �/ '2/!S�'����JHZ� Kv� �1����� ! H"���f��/;:[��� H ) ��/�� S�/0�  0J��! ) s��-,����
M 0J�5�� ��8! ! H�:���! ���9�l �� M H ) �8/0�����  MH���' M �O�IH"'  10J/�� �^,��[�-HI:8��� M �O'�/�S�'*���%HR� E M 0I41��/W �� W� �5�8! ) ���*����! �����  u �MH�! �+UV/��  �� M H ) �8�+����� ( ��� HI: H"�\� ) ��4� ��P� /���� ����! ) �8�*���VW
! ���9� G ) , H"'�� ���8� ! �.���+! H M � $ Uh/��j'�� ���%H" �/��\� ) H�� /W� H,SMH��.'�'2��! �����  �� M H ) �8�+�����
p�/�'���� H ) �2X�' M 0I�.! ) / M '2�+�8� K�� � ����! ) ��������! ����� H H�/�'�'2� 41��4 �?S�'����2:�4 ) ���� MH���� M H �IHgW
�%H��1��4����.'%HR���.���  u �MH"! �.Uh/��  �/ ) ��4�,�����'���/��

� �2���.'e�VU ) 4����.! �����NHR���.����'e'2�����T��4IH M �.'�4���' K Y � ! s5! � � u ) �  10J�VUF���P�NHR���.��� ��'*�T/0��� W
M �.'�4  MH"��' �-,MH���/��  W��' �IH"' K YEH �24 ) ����'2�  �� M H ��45�JH�! �+UV/�� ��'*� ) M /�' �&N �IH����  MH"��'
M � �IH�' � � � M�M � ��'*� ) ��4�����! ) ����'2'�4�� K k �8/�� ��� M H $ /���� �%H"! ) � M ���9��� ) ��4 M �+! �+�MH"�+�2�
Uh/�� �+! ) ��'2� /���� ����! ) ����'�'2�+�8� UV/ H"'���W '*��HZ���+UV/�� ��'*� Hdp2��/0��4�� H"/ '��.:��MH M  �� �5�8! W
! H��� �� K�� �1����� ) H������.�  �/ '��.:��MH M �10J�5'�� ) H"' :f�.'��4S M � '2/W� M ��' ���8/W��S ��' K YA0I�VU0���\��HZ���.���Uh/�� ) �2�f �/��P� M 0OH�����4 M 4��JHZ���+�8� ��'*� /���� �.! ) / M '��.��� UV/��e'2�  �4�� M �5���-,�� G

t = 90 H s Kk /W�.' $ M H ��4��%H"! �.Uh/�� ��'��  �4����8! ) ����'2'�4�� M ���9����! ����� p2/�'�UV/10 G '%H [Q���2! � �.���\��� H M � <  ��
t = 180

G
280 H s = K

�m� H�/0����� [LH"�1����/�� �.! ) �8�*��H���� ) ��/�� M H S ������� �+������� ) ��41�NHR���.���  �/ ����! ) �8�*���VW
! ���9�  �/ ) ��4�,�����'���/�� ��'*� M H �������MH��.'�'JH������  �� M H [Q��4�UV/�������� ) ��� ) ���  �/ ' u '*��X�! �
[_�8��! 4 ) H�� M � ) ��4�,�����'���/�� HI:���� ��/ '%H���' M 0I�?STp2�1� K 6 /�� M ��' ����/��1S ��'  �� ������'��.���
 W/ ) �8�9�  W� � ,��IHZ��'*������� $ ) M /�'��.��/���' [Q��4�UV/������5��' '�/ ) ��� ) ��'24��5' '��8�9� :f�.'��4S M ��' K Y �) �2��! �.��� ! �[ ��  �� ��4�'2���MH������  �� M H ) ���.�����  �/ ) ��4�,�����'2�5/�� �5'��  ��

40 kHz K Yi� W��/�U0�+X�! � ! �f �� '2� '2�\��/�� H�/�U �5�F:[�+�2����'  ��
200 kHz K 6 � M 0I�8� ������'2�+ �X���� M � ' u '�W��X�! �]���8! ) M �1�X[_�8��! 47 �� M H ) ���.�9��� HI:���� M 0I�S=p2�S��H������2�f�-,�4OG M 0I�VU[���24�! �P��4 $ M � ) ����! �.���

! �[ ��e ��D�245'2���MH"���5�n'��H'��P��/�� H"/�U ���C:[�+�2����'] �� ~
20 kHz K A M ��'*�N ��8��� ) �8'�'��4S M �  �� W41�����1�����D�.! ! 4� W� HZ����! ����� M H �24�/�'�'2�\���  �� M 0I� ) 4��%HZ���+�8�  ��  �4 ) ��'2� ) H��A�?S�'�����: HR���.���

 W� M H [Q��4�UV/������5�  �/ '2�+:8�MH M  �� �2�1����/��H �/  ��.' ) ��'��P���][ ( ��� K
� H"��' M � ) �2�5! �+��� �IH�' $ M 0H"! ) M �\��/� W�  �/ '2�+:8�MH M �^,��8�+'2�+� ��'*�  ��

40 V K YA0H"����4 M 4VW�%HZ���+�8� �24�'�/ M �NH"�9��� $  10H ) ��X�' M H �2� M HZ���+�8� q ! �.'�� ��� ) M H���� H�/ ) ����! �+��� ) H"�%H":��JH ) ,�� $
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��'�� ��'����+! 4�� G
5 � 105 I r�s 2 K � �1����� : H M ��/��m'2��! S M � �.�E[_4��2�+��/��2� G M 0H"���54 M 4��%HR���.��� M � W! �\��� K Y � '2�+:8�MH M  W� K��VU0�+�8�  �� M H ) ���.�9��� H��.��'�� UV/�� M � '2�+:8�MH M  �� ���8! ! H��� �� '��8�9�

�2� ) �24�'�������4�' '�/�� M H o�:8/���� 4 � K

6 �.:��MH M � �[��!
?A@
BDC 4 �WE � ��! ) ��������! ���9�n u �MH�! �+UV/��  �/ ) �24�,�����'���/�� ) �8/�� M H 4 X��2� �VUF���P�NHR���.��� K

k �8/W�n���1����� : H M ��/W� $ M �  W4���� M�M ��! �����D�10H ) H"' M �+��/ �1� M H  �4 ) ��'2� �10I��'��m ������ ) H�'
�&>3���1��/W4�� E M H [Q���2�5�  10I�.�����*���.� ���2454�� ) H�� ���1����� H"�5��4 M 4��%HR���.��� �10J�5'�� ) H�' '2/EN '%H"�9���
) �8/��-: H"�+������� M H [Q���2���  10OH� �,�4�'��.��� KYA0I�8'���� M�M HZ���+�8�m�24�'�/ M ��H������] ��N���1�����]�+! ) / M '2�+�8� ��'�� ����! ) ��'24��7 W� ) M /�'��.��/���'�! �[ W��' K� ��� H��MH M]u '��N �� � ��/��2���.���� ��N���N'��.:��MH M H ) ����! �+'� ���:[�+'2/MH M �+'2��� M ��' :[��S��JHZ���.����'i 10I/����[Q��4�UV/������5�  �� ~

0 # 2 MHz K � ��� '2�+! / M HZ���+�8� ) H�� 4 M 45! ���9��' o����+'  �4�! �8�9����� Uh/��
���1�����6[Q��4�UV/����W���H�������2��' ) �8�� H�/ ) �2��! �.���&! �f ��O ��O�����2'��.���  �� M H ) ��/0���2� K� �A! �[ ��
'2���%H��P� ����:8�5�� ��24 ) H�� M 0J� U0�����������.���\��4] �/ ) ���.�9�i ��N�5�8���NH��1�l���9����� M 0I�?STp2�1�&�1� M H ) �8�+����� K
D 4IH���! �8�+��' $ M 0OH�! ) M �\��/� ��  �� ��� ! �[ ��  �� �����2'��.��� ��'�� �+! ) ��'2'��4S M � G  �4� �/��+�2�  �/
' u '���X�! � ( ��� $ G �IH�/�'2�  �� M H �MHR��/��2�  �� M H pJH�/�:8�  �/ ) �8�9�  �� � ,��IHR��'�������� K (SMH"'�'��)[Q��4�UV/W������� $ M H [_�24�Uh/��������m 10J��'2��� M4M HR���.��� �?S�'�����:84��m��'*�O��� M4M �H �/ ) ����! �+���7! �[ ��
 �� K��VU0�+�8�  �/ ' u '���X�! � ) ��/0������� �S=p2�S� KZ� �1����� [Q��4�UV/������5� �����Eo���! � M 0I4��-,����  �� M H �4 ) �8'��

� H"�W' M �  ���/�U0�+X�! � �IH�' $ M 0OH�! ) M �P��/� ��  �� M 0J�+! ) / M '��.��� ��'*� H�! ) M �]o�4�� p2/�'�UV/10 G
80 V

< o�: K 4 � = K YA0H"���54 M 4��%HR���.��� ��4�'2/ M ��H������ ��'*� ��'*���+! 4�� G ~
106 I r�s 2 KD� �S�2��� : HxW

M ��/�� ��'��tp2/�'*��� H"/�W  W��'2'�/�'] �� M H M �.! �P���] ��e �4 ) ��'2� K=� ��! ! � ) �24&:f/�� $ M 0I� ) 4��%HR���+�8� ��'*�
�24�/W'2'��.� �1� M �  �4���� M�M ��! ����� ��'�� �&>3���1��� [ K YX0J�S�'����2: HZ���+�8�  �� M H '2�������.�  �/  ��+' ) ��'2�\��� [
( ��� ! �������2� UV/�� M � ' u '���X�! � �8'���� M�M �  10H�S �8�� G M H [Q��4�UV/������5� � ) �8/0���2��� �?STp2�1���< K�� U0�.��� �1�T�����2'��.����= Kt� ��' :f�4S��%HZ���+�8��' ) �2��:��[Uh/������ M H  �4 ) �8'�� G

t = 140 H s K k /��+' $M � ' u '*��X�! � ��'���� M�M � '�/�� M H [Q�24�Uh/��������  �/ ) �2��! �.�5� ! �f ��  �� K;�VU0�+�8�  �� M H ) ��/0�����
'2��/ M � $ ���8�Eo;�2! H"�9� H��.��'�� M � '�/�����X�'  �� M 0I� ) 4��%HR���.��� K



� �������
	����	������ � � �!����� ���2� � 	�� ���I./��,-�
� �+� 4�5��

6 �.:��MH M � �[��!
?A@
BDC 4 �[E � �8! ) �8�*����! �����T u �MH"! �.Uh/��  �/ ) ��4�,�����'���/�� ) ��/�� M H qRX�! � �VU0�5�P�NHR���.��� K

k �8/�� M � ���2���+'2�+X�! � �IH�' $ M 0OH�! ) M �P��/� ��  �� M 0I�.! ) / M '��.��� ��'*�  ��
120 V

< o�: K 4 � = KYX0OH�����4 M 4��JHZ���.��� ��4�'�/ M �NH"�9���T��'��A��'*���+! 45�nG ~
1 # 5 � 106 I r�s 2 K ( ) �2X�'O/�� S��2�&[ ��4�:��.! �

���%H"��'��P���8�+�2� $ M � ' u '���X�! � ��'���� M�M � '�/�� M H [Q��4�UV/�������� ) ��/0����� '���/ M � K Yi�  W4 ) �8'�� ��'��
 W�8��� �&>3���1��/�4�� �+! ! 4� �� HZ����! ���9� H ) ��X�' M 0J�+! ) / M '��.��� K

6 �.:��MH M � �[��!
?A@
BDC 4 �0E � �8! ) �8�*����! �����T u �MH"! �.Uh/��  �/ ) ��4�,�����'���/�� ) ��/�� M H 6 X�! � �VU0�5�P�NHR���.��� K

� ��'T�VU ) 4��2�+��������'T�8�9��S��.���  W4�! �������24 M 0I�2N �IH����\��4  �� M H  �4 ) ��'2�  u �MH"! �.Uh/�� �1�
M 0J� U0�.'*���������  10J/���� B H"����4 M 4��%HR���.��� ! �+���.! /�!  ��  W4 ) �8'��CB K Y H  �4 ) ��'2�  u �MH"! �.Uh/��
�5�8�������4S�/�� M H"��:8��! ����� G M 0J�&N �IH����P��4  �/ ! �f ��  �� ! H���� ) / M HZ���+�8� ) H"� H" �,�45'2�+�8� $) ����! �1�2�NH"�9�  10I/0��� M �+'2��� /�� ) �24�,����W'2��/��  �� ���2X�' [Q�8�*��� 4��W���2:��.�  �� '2/��^[�H���� ) �8/��
:CH��JH������.� M H 'JH��.'��+� $ '%H"�W' ) �8/W� H�/0��H����m��! ) s��^,���� M H  �4 ) �8'�� K
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� � � ��� ��� � % � � � � ��� �  "! # ��� �  �� ��� ����� �

� ��� ) H"�*���.��/ M H"���P��4 ����X�' �+����4��2��'�'JH������  �/ ! H"�W� ) / M HR����/�� H 41��4  �4�����/;:�������� H�/
���8/W�2'  �� ���5���NH"�+����' �VU ) 4����.! �����NHR���.����' K�� ��'  ��������.X�����' /0��� M �+'JH��.���9� /��  ���/-U0�.X5! �
) �245,�����'2�5/�� ) ��'2'�4� MH����A/���� ) �8�+����� ( � � ����/;:8���*���  10I/���� ! �.�����T����/��-,��  10J��� ) H��
���%H"�\���5! ���9� '2/��^[�H����.Uh/�� K`� � ���JH��P����! �5��� '���! S M � ) �2��:��[Uh/���� /����  W�.! �.�V/0���.��� �.! W
) �8�*��H������  �� M 0I4�������:8�+�  10OH� �,�4�'��.���  �/ ) ��4�,�����'���/�� Kv� �1����� ) H������+��/ M H��2�\��4 ��'�� ) �5/0�
s1�����  �/�� G M 0J�(U u  MHZ���+�8�  �� M H ����/��-,�� ! 41��H M4M �.UV/W� $ G '2��' �+! ) ���^[Q���1���.����'m 10J,���! ��W
:84��W4��P��4 �1� G '��8� 4S��HZ�  �� '�/��^[�H"�5� Kn� �1�2��� ) �8�+����� ��'*� ) ��4�'�������4�� '2/�� M H o�:�/��2� 4 � K

?A@
B C 4 �fE YEH ) �8�+����� ( ��� ����/;:��������  10J���
A M H  10H,S ���2 4S��4 �S�'2����:�4 Uh/�� M H 'JH��.'��.� ) H"� H" �,�45'2�+�8� �10I41��H��P� ) M /�' ��4IH M �.'%H�S M �UV/�� ) ��/��n ��5' ) H������.��/ M ��'T �� ) �8�+ �'n��� M HZ���?:���! ���9� ) M /�'�[�H"��S M �5'HUh/�� ����/�U  ���' ) H�� W

���+��/ M �5' /0��� M �+'24���'  MH"��' M ��' �VU ) 45�2�+��������' ) �245��4� ���������' KLk M /�'2�+��/���' ��'2'%H"�+' '2/W������'2'��][_'
HI:8���m ���'O! �.�����RW ' ) ,�X�����'N��� :������2�m ��  �� >34��2���9����'O ��+! �5��'2�+�8��']�����O! �8�9����4nUh/��  W��'
�?STp2�1��'  ��8�9� M �  �� H�! X1����� ��'*� �+�E[Q4����.��/�� G ~

20 HJI ) ��/;:�H��.�5��� s1����� '%H"�+'2�+' ) H��
H" �,W4�'2�+�8� K

k �8/W�H ���'D�S=p2�S��'DUV/���'2����� ) ���[�-,��5'n �� �5�1�2��� M �+! �\��� $ M H '2/ ) 4����.�����P��4  �� M 0OH� �,�4VW'2�+�8� ) ��4�,�����'���/���QZ�S=p��1�A���8! ) H"��4�� H"/ ) �8�+ �'7�1�OG M 0OH� �,�4�'��.��� '2/�S�'*���JHZ�VQZ�?STp2�1�O�10I��'*�
) H"'m' u '���4�! HR���.Uh/���! ���9� :�4��2� o�4�� KJ� �1����� �S�'����2: HZ���+�8� '�� :845�2� o�� H"/�'�'2� M ���2'T ���' ��' W'JH��.'] W�n �4 ) ��'2�T u �MH�! �.UV/�� E /���� ) �1���\��� H�����4 M 4��%HZ���+�8� $ ) ���[ �/��\��� ) H��N/�� '2�+:8�MH M  ��UV/�� M UV/���' :8� M ��' $ '2���P� /���� H�����4 M 4��%HZ���+�8�  �� M 0J���2 ����  ��

10 I r8s 2 $ '2/EN � G H"���%H"�-,W���
M 0I�?STp2�1�mG M H ) �8�+����� K

k �8/W� � U ) M ������� M ��' HI: H"�9��H�:���'  �� ���1����� '2�\��/ HR���.��� $ /���� �VU ) 4����.������� $ :f�.'%H"�9� G
���%HI: H"� M4M ��� HI:����O ���' ' ) ,�X�����'l ��  �� H�! X1���2�  ��

10
H

20 H�I $ ��'*� ) ��� ) ��'245� KR� ��'l�S=p��1��'�VU0�+'�������� �5�8! ! ������� H M �5! ���9� '2��/�' [Q����! �  10I/���� ) ��/� ��2� $  ��8�9� M ��' ) H"�*���+��/ M �5' �8�9�
41��4 �IH M �4S���4���' ) H"� o M ���%H":�� ) �8/W� ����' ) ���1����� M H :FH�! ! �  ��  W�.! ����'2�+�8��'  �4�'��.��4���' K
� �S�2��� ) �8/� ���� ��'*� :����2'�4��  ��+�2���1����! �5��� '�/�� M � '�/�S�'*���%HR� Kz� �8! ! � M � ! �8�9����� M Ho�:8/W�2� 4�� $ M H  ��+'����2��S�/0���+�8�  ���' S�� M4M ��' �?S0�����V/�� ��'*� ����X�' �����������9����4�� �1� ) M /�' ��/
! ���.��'e,���! ��:�X���� K
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?A@
BDC 4 �FE ( ! H�'D ���':S�� M4M ��'e'2/�� M � '2/�S�'*���%HZ�

( �IH"/�'��  �� M H  �����'2�\��4 �1�  �� M H ) ��� UF�.! �P��4  ���' �S=p2�S��' $ H��.��'��DUV/��  �� M 0J�+! W
) �����NH������  �� M H '2/��^[�H����  W� M H ) �8�+����� ) H"� �%H )�) ����� H"/�U  ��+! ����'��.����'  �� ����/�UTW ��� $� M ��'�� �.! ) �8'�'2��S M �  10J�+'2� M ��� /�� '���/ M �?STp2�1� ) �8/�� M � 'JH��.'��.� K Y H o;:8/���� 4 � ! �8�9�����
/W��� � ) 4��%HR���.��� '%H��.'��.� '��8/�'D����'T������ ��P���.����' KE� H"��'D��� �IH�' $  ���/�U �?STp2�1��'H'������m'JH��.'��.'
'��.! / M ��H���4�! ����� K

?A@
BDC 4 �FE 6 H��.'��.� '��NHR���.Uh/��  ���'T! �+���2��W ' ) ,�X��2�5'
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k /��.' $ M � ) �24�,����W'2��/��e��'*� ! ����4  MH"��'A/���� ) �8'��P���.��� ,MH�/0��� $ M 4�:�X��2�5! ���9� H�/  W��' W
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5 )$* \ $+" > " ���,��7� �@/*> &��8��� �9"%$:�; �

m = 10 ' 12 kg
� �0/<� ) � ����/ ���=���

10 ' 11 N
L = � �,� �>! "% ?" ! � &  �/ � �@/*GH) ��'� � � )@� �A�? � > �7� )� &�� �#"% B$+" �3��/ � � � 2 - . L#C & " � > ��/ �'�	\@!�� �� ,�0T�$ � > � � � )@� �D�? � &�� �6$�) �#"% D) � � } � � � > � ��� ��� )?, & G&)#"1�@/:� ��� L

t " �� � > / �  � �7� � ��& � �  �> / ��&�� ��� $:� � $)" > & � � � ��� & �E"(T�$�/ � � " ��� $ ��� �#"#9 ��� �� & R
!7&������ � ��� L - � ! � ��� / �'�  � ) � ��T # � � � "#/ � / � � � � > ��� )� � $)" AF & GH) ����!�� �� ,���� � � )� } � � � > � L � ��� & GH)#"G�@/:� � � ��� )?, / ��! � ��� ) ���

k
� �

m
\#��� � "%$:�; �-��& � �  �> / ��&�� 3

a1k + b1km + c1m = 0 H �H[�%
t " ��� )?,./ � > � �7� � ��& � �  �> / ��&�� ��� � )����3� � " � � G&) � $ � > " � /*��)�$+"G� � )� � "(/ � / ���,�

�I"� " ����&�� /:� � JKMLON PRQ=S�KUT�V ��� �,&  �W � H $ � ���7XMY W �7Z � �6[$# � � " �����  � " X �� ��Z W �  E\�]
� X W0^%" � � $)" Z � Z � ��&�Z "� !_�'� H "`^ ��! !7� ��� � a �;W � X'� �cbM� � ��Z � ��� ! �M�; � � ����&���� d;&�e
�'&  ?"%$:W ��&���� � f X "G�* � ^%"� ,W)"%[�$ �7� \ � � ��� " ��Z � �,�_" � � f X�� $ ��� �;[hg � � � � � � $ �7� Z � Z ���! "� *" ! � &  ,W � �?W2f X����7ijX���� ����XMY W ��Z � & f X "1�?W2� � � ����XMY W ��! � ���kX��7�l��� � "%$:�; ����& � �  Z W e�'&�� m

a2k + b2km + c2m = 0 HonUp \
� W-$ 0 � �  � �� ����� $ 0���Y@��Z ��$ � ��X !_� "(��W<�? � �� &�!�&������ � i $ ��� a  & f X����'!���� �� ,���� ����;[@� ���kX���� "q^ ��! $+" [�W:$2$ �4���  ?" b � � ��� �?W Z & �

5 )$* & �_"%W ��� � ���
32 kHz

� �4"q^ �7! ����XMY['W:$:$ �������
28 kHz

]sr � ! "%$ !�X $ ������� W0t &  ��� � �l! � �Du ! W ��� � �/� � ����� "%$2�6 � m
v a1 = 1  83

/  21$ i b1 = w 0 x 16 1012 y x{z=x � � c1 = 0 x 29 1011 y x|z=xv a2 = 1 x 87 y x{z=x i b2 = w 0 x 42 1012 y x{z=x � � c2 = 0 x 24 1011 y x|z=xr}" � �6$ X �?W2� � X�� W:f X�� � � � �? ,W0^~W)"%$ � ��� � "�$2�6 � m
Z " �,���

= 1 x 18 10 � 12 kg HonU� \ ?"%W �'��X  
= 2 x 0710 � 2 Nm � 1 H��%� \

r}" Z " ���,� ��� �?W Z &�� �7� � �10���� ^MW2 �� �
10 � 12 kg

!�� f X W �,��Z ['$ � g X'� �*W0� �  $ 0 "(���� �� !_���
�' ������ �,&�� ]
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r�QSRUTOVXW YOZ[R]\O^XRUY`_ba]W TOW a�QSc0deR]aUR]fe_gdeR]hi\ TOc f b fjdlkXm W TOW m RU^XZnh e m _o\ORUYOcOap_�dlRUhq\ Yr_oZ
_bTOs<VXf[R]hi\ YthqcOZ _oYOYOZ[VXs<WX\OTOWXZ ^XWXZjdu_bR]\OWXf ^Xhq\Ofjdu_b\MdeWXf YOs b f[R2fJcOWXf YvWXc0d _bY<Yr_bZl_�w]deZnW^Xhim m W c<\ YOZnhix<aUkXm W RU\ ^qWXZnf[W TOW ay_ m _o\ORUYOcOap_�dlRUhq\=]{z�\ WDtFW%d i a,Q|V%dlcOTOW TORUm WX\ ef[R]hi\O\<WXaUa]W _ m hq\}dlZ[V fJc<W ap_ fe_oR]f[R]W W%d ay_ TOV~Ythqf[W T�QScO\ hixhg[W%d \�QSV%du_bR�d _GtFWX^%dlVXW fJcOW
Yr_bZ�deZnhiR]fP^Xay_ofnf[WXf>TOW�Yr_oZe_om k%dlZnWXf i ap_ a hqZ[^XW�TOW�^Xhi\Md�_o^%d{hqxkg[W�d��gf[cOxOf"dlZe_gd{hic a hqZ[^XW�TOWYOcOaUa e h�t i a�Q�_bTOsOV~f[R]hi\ hqxkg[W�d��gYOZ[VXs<WX\Of[WXcOZ{W%d�^XWXZjdu_oRU\OWXf�^�_oZl_b^%dlVXZ[R]fjdlR:f�cOWXfPm VX^�_b\<R:fJc<WXf
TOW a�QShqxkgnW%dB^LRy_ ay_ m hNTOVXaUR]fe_gdlRUhq\ �q� � hqc � � � �

� R:a]WXf�^Xhi\OTOR�deR]hi\<f!f"d�_gdeR]�JcOW~f�\OVX^XW~f[fl_bR]Z[WXf�YvhicOZ�ay_ m _b\OR]YOcOap_�dlRUhq\ Yr_oZ�_bTOsOVXfnRUhq\f[hq\}d��qVXZnR0�rVXWXf~�J_oaUhqZ[f�a,Q|hqx��[W%d�WXf"d�dlhic��[hqcOZnf�fe_oRUfnR�� � WXYvWX\OT`_b\}d��}Yvhic<Z�Ythqc0�qhiR]Z�^�s<hiR]f[R]ZaUW>YOZnVXsOWX\OfnWXcOZ>_oTr_bYBdeV{W%d�_oRU\OfnRJ�M_oZe_o\}dlRUZ�ap_�m _o\ORUYOcOap_�dlRUhq\��Xay_��6hiZn^XW�TOW�YOcOaUa��&h%t TOhqR�d
� deZnW WXf"deR]m VXWo��  \ YOZ[hL^XWXf[fncOf W�¡BYvVXZ[R]m WX\Md�_oa�YvWXc0d _oa]hiZnf � dlZ[W m RUf W~\ _oYOYOa]RU^�_gdeR]hi\��
¢ a�f~Q£_o�iR�d TOW fl_bR]f[R]Z�a�QShix��[W%d�TOW �¤_o¥Xhi\ ��cr_bfnR¦�&f"d�_gdeR]�JcOWo�¨§ R]\Of[R©a�QSW%ªFhiZ"d�m WXfncOZ[V Y`_bZ�aUW
Yvhi\Md TOW « sOW�_gdef"dehq\OW WXf"d TORUZnWX^%dlWXm W~\}d ZnWXaUR]V ¬ ap_ m WXfncOZ[W TOW a,Q|W%ªFhqZjd TOW YOcOa]a¦�&hoª��
� kXf �JcOW a�QSRU\MdeWXZ"�¤_o^XW hqxJ�[W�d f[c<xOfjdlZe_gd ^XkXT<Wo�tap_ TOR�ªV~Z[WX\O^XW R]\Ofjdu_o\}du_b\OVXW ^XhqZ[ZnWXfnYthq\OT
¬ a,Q|W�ªhqZ"d�TOW YOc<aUa¦�®hbª¯�

° hic<Z hix0dlWX\OR]Z cO\OW m WXfncOZnW TOW ap_ �6hqZ[^~W TOW YOcOa]a¦�&hoª¯�Aay_ m _o\OR]YOcOay_gdeR]hi\ TOhqR�d
� deZnW �Jc`_bfnR¦�&f"d�_gdeR]�JcOW ±²§ �M_b^usOW ³ �{W%d ´�����µ �;� µ�¶·�¸z�\ W%ªFW%d��Aa,Q|R]\0¹rcOWX\O^XW T<WXf W%ªFW%dlf
^XRU\OV�deR]�JcOWXf WXfjd dlZ[kXf m _oa�^Xhi\<\JcOW fncOZ ap_ �6hiZn^XW TOW Y<cOaUa��&hbª ±º³{_oaUa]W%d W�d »�_bZn�Jc<RU\Of~�
µ �;� µ�¶·� � W%d[dlW�\OVX^XWXfnf[R�deV��Jcr_of[R��&fjdu_�dlRU��cOW�WXfjd�f[cOZnm hq\}dlVXW�_��iWX^�a�QSc0dlRUa]RUfl_�dlRUhq\ TOc \r_b\<h��
deZl_b\<f[ap_�dlWXcOZX�O^�_oYr_bx<aUW T�QSW%ªFWX^%dlcOWXZ TOWXf�TOVXYOap_b^XWXm WX\}dlf�TOW a�QShiZnTOZ[W TOW

10 ¼F½ ¾i¿ �� WXcN¡ W�¡0WXm YOaUWXf fnhi\}d YOZnhiYvhqf[VXf Yvhic<Z m RUWXcL¡ ^Xhqm Y<Z[WX\OTOZnW ^XW%dndeW YOZ[hL^XVXTOcOZnWo�´8WXf m WXf[cOZnWXf fnhq\}d W%ªW~^%decOVXWXf YvhicOZ TOWXcN¡ f[cOx<fjdlZe_gdef TOR�ªFVXZnWX\}dlfX�>aUW ° z>z>� W%d aUW
^XcOR��LZ[W ÀF�r�qcOZ[W �}Á �
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Â¸ÃÅÄ�Æ �BÇ � WXfncOZnW TOc YOcOaUa��&hbª YthqcOZ�cO\ ^Xhq\}d�_o^%d _��iWX^ a]W ^XcOR��NZnW W%d a]W YvWXWXÈ
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	 Ç � W~f[cOZnW TOc Y<cOaUa��&hbª YthqcOZ�TOWXf�^Xhi\Md�_o^%dlf!TOR�ªFVXZ[WX\Mdef{� � � � V
W%d{� �

V
_��qWX^ a]W^~cOR��LZ[W

� _b\Of�aUWXf�TOWXcN¡ ^�_bf~� ap_ � hiZn^XW TOW YOcOa]a¦�&hoª YvWXc0d _ba]hiZnf � dlZ[W WXfjdlRUm VXW ¬ Yr_bZ"deR]Z�TOc
� fl_bc0d � TQ£_oTOsOVXfnRUhq\ f[hqR�d Ç

� YvhqcOZ�a]W ^Xhq\}du_b^%d�hix��[W�dj�&^XcOR��NZnWo�
Fpull � off  4 x 45 10 � 6 N

� YvhqcOZ�a]W ^Xhq\}du_b^%d�hix��[W�dj�&^XcOR��NZnWo�
Fpull � off  1 x 43 10 � 6 N �\OW TOWXcN¡BRUkXm W TOR�� ^XcOa�dlV TOhiR�d � deZnW f[cOZnm hq\}dlVXW YvhqcOZ �o_ba]RUTOWXZ ay_ m WXf[c<Z[W Ç ay_� hiZn^XW _oYOYOaUR]�JcOVXW Yr_bZ a�QShix��[W%d fncOZ a]W YOZnVXsOWX\OfnWXcOZX��z�\ W%ªFW%d��>ap_ �6hqZn^XW TOW YOcOa]a¦�&hoª

W~fjd�TORUZnWX^%dlWXm WX\Md�Z[WXa]RUVXW ¬ ay_ sr_oc0deWXc<Z¸TQ|VX^XZl_bfnWXm WX\}d�W%d�RUa¨^Xhq\}�NR]WX\}d�TOW��iVXZnR0�rW~Z!��cOWap_ m WXfncOZ[W ZnWXfjdlW fjdu_bx<aUW YvhicOZ TOR�ªFVXZnWX\}dlWXf YOZnWXfnf[R]hi\Of TOc YOZ[VXs<WX\Of[WXcOZ À fnhiR�d TOWXf
m WXfncOZ[WXf TOW deW~\Of[R]hi\ TOc Yvhq\}d TOW « sOW�_�dlfjdlhq\OW \OVX�M_�dlR��qWXf Á � � cOZ aUW f[cOx<fjdlZe_gd WX\^~cOR��LZ[Wo�>TOWXcN¡ dlWXfjdlf fnhq\}d W�ªW~^%decOVXf YvhicOZ TOWXf dlWX\OfnRUhq\Of m WXfncOZ[VXW~f TOW w 0 x 5 V

W�d
w 1 V

WX\O�iWX\<TOZe_o\}d TOR�ªFVXZnWX\}dlf�W%ªFhqZjdlf�T<W YOZ[WXfnf[R]hq\��

´ WXf m WXfncOZnWXf f[hq\}d fnRUm RUap_bR]Z[W~f _bcL¡ m WXfncOZ[WXf Y<Z[VX^XVXT<WX\}dlWXf W%d �o_ba]RUTOWX\Md ^XW YOZ[hg�^~VXTOV TOW �Jc`_b\}dlR<�r^�_�dlRUhq\ TOW a,Q|W%ªFhqZjd��O»¸R]WX\ fncOZX�raUWXf�^Xhq\OTOR�dlRUhq\Of�WX\}�LRUZnhi\O\OW~m WX\Md�_oaUWXf
ZnWXYOZnVXf[W~\}deW~\}d TOWXf TOR�� ^XcOa�dlVXf m _ �nWXcOZ[WXf~�!´©_ ^Xhq\Of"deZncO^%deR]hi\ TQ|cO\OW \Ohqc0�qWXaUa]W fe_oaUa]Wx<ay_o\O^�sOW WXf"d WX\ ^XhqcOZnf Tr_o\Of \OhodeZnW ay_oxvhiZl_�dlhiR]Z[W _G�r\ TOW Yvhqc0�qhiR]Z�dlZe_��o_bR]aUa]WXZ�WX\ WX\N�
�LRUZnhi\<\OWXm WX\Md ^Xhq\}dlZ��qaUV��



��� µ � sr_bYOR�deZnW �����
	������������������������� ����! "�#$% &��'"#���(�������%�
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G�H�I�2. � 9O5�� 2 7 KN2 / 9
  \OW _oc0deZnW _bYOY<aURU^�_�dlRUhq\ YOZnh��LRUWX\Md TOR]Z[WX^�deWXm WX\}d TOW ay_ TOVXYvhifnW T	�N\r_om RU�Jc<Wo�tz�\

W%ªFW%d��raUW ^�_ba]^XcOa8TOW a�Q�_b^X^XVXa]VXZl_�dlRUhq\ \OVX^XWXfnfe_oR]Z[W YvhicOZ�^�_of[fnWXZ a,Q£_oTOsOVXfnRUhq\ WXf"d TOR]Z[WX^%dlW��m WX\Md Z[W~aURUV ¬ a�QSW%ªFhqZjd R]\OWXZjdlRUWXa>\<VX^XWXf[fl_bR]Z[W YvhicOZ �o_oRU\O^XZnW ap_ �6hqZ[^~W RU\MdeWXZnfncOZj�¤_o^XR]�JcOW
hix��[W%d �gYOZ[VXsOWX\<f[WXcOZ~�

° hic<Z a�QSW�¡0WXm YOaUW V%du_bxOa]R�_bc ^usr_bYOR�deZnW Y<Z[VX^XVXTOW~\}d YvhicOZ ap_ TOVXYvhqf[W T	�N\r_om RU�JcOW��
^XW%dndeW YOZnWXm RUkXZnW _b^~^XVXaUVXZl_�dlRUhq\ WXf"d VX�M_oaUW ¬ Ç


 = 106 ms � 2
À � ��Á

� W%dndeW _o^X^XVXaUVXZl_gdeR]hi\ WXfjd T<RUZnWX^%deWXm WX\}d Z[WXa]RUVXW ¬ ay_ �6hiZn^XW W�¡NdlVXZ[R]WXcOZnW \OVX^XW~f[fl_bR]Z[W
YvhicOZ�^�_of[fnWXZ a,Q£_oTOsOVXfnRUhq\�����hic<f�YvhicB�ihq\Of�T<hi\O^ WX\ T<VXTOcORUZnW Ç

F ������������ et = Fadh = mo

 À � µ Á

´�QShix��[W%d©^Xhi\OfnRUT<VXZ[V�V%du_oR�d TOW�Ze_��qhi\
5 �:½ W%d�TOW�m _of[fnW>_bY<YOZ[h�¡0R]m _gdlR��qW

1 x 18 10 � 13 kg
�

TOhi\<^ a�Q�_bTOsOV~f[R]hi\ hqx��[W%d�YOZ[VXsOW~\Of[WXcOZ YvWXc0d � dlZnW WXfjdlRUm VXW ¬ Ç

Fadh = 1 x 18 10 � 12 � 106 = 1 x 18 10 � 6 N
À � �MÁ

� _b\<f�dehqcOf�a]WXf
^�_ofX�gfe_o\OfPf~Q|R]\}dlVXZ[WXfnf[WXZ�_bc YOZnhN^XWXfnf[cOf�TOW!T<VXYthqfnW¸T<W¸a,Q|hqx��[W%d���^XW%dndeW
m V%dlsOhNT<W fnWXm x<aUW�^�_bYr_oxOaUW�TOW ^�_oaU^~cOaUWXZ{a,Q£_oTOsOVXfnRUhq\ WX\MdeZnW a�QShqxJ�[W�d�W%d!a]W�Y<Z[VXsOWX\<f[WXcOZ~�

)�* ) � 2:9OK 3?D .0G�9OKN=@G>7
� WXaUhq\ ay_ m � m W _o\r_oaUhq�iR]Wo�0RUa�f[WXm xOa]W Yvhifnf[R]xOaUW T�QSW�¡BYOaUhqR�dlWXZ�a]W m hNTOW YOZnhiYOZnW TOWdehqZ[fnRUhq\ YvhicOZ¯TOV%deW~Z[m RU\OWXZ¯ay_ ZnR]�iR]TOR�dlV{¬ ay_�dehqZ[fnRUhq\ hic YOa]cOf�fnRUm YOaUWXm WX\}d¯ay_�TORUf"d�_o\O^XW

TOc ^XWX\MdeZnW TOW �qZe_��NR�deV T<W a�QShix��[W%d�¬ a�Q�_�¡0W TOW f��Lm V%dlZnRUW TOW ap_ Ythqc0dlZ[Wo�
z�\ W%ªFW%d��Bap_ dehqZnf[R]hi\ WXfjd�R]\OTOcOR�dlW Yr_oZ{cO\OW TORUf"d�_o\O^XW \OhodlVXW

dt

TOW a�QShix��[W%d�¬ a,Q£_�¡0W
TOW f��Nm V%deZnRUW TOW ay_ Yvhic0dlZ[W Ç

Mtorsion = mo g dt

À � 	 Á
 \ YvWXc0d _oaUhqZ[f�W�¡0Y<aUhqR�dlWXZ�fnRUm YOaUWXm WX\Md�cO\OW m V%des<hNTOW \Jc<m VXZnRU��cOW YvhicOZ�TOV%dlWXZ?�

m R]\OWXZ{^XW%dndeW TORUf"d�_o\O^XW ¬ Yr_oZjdlRUZ{TOW ay_ �6ZnVX�JcOWX\<^XW YOZ[hqYOZnWo� � hqm m W ^XW%dndlW TOVXm _bZn^�sOWWXfjd Z[R]�ihqcOZnWXcOf[WXm WX\Md RUTOW~\}deR]�JcOW ¬ ^XWXaUa]W _oYOYOaUR]�JcOVXW YvhqcOZ ap_ ¹rW�¡BRUhq\��tWXa]aUW \�QSWXf"d Yr_ofTOV%�qWXaUhqYOYvVXW RU^XR,�



� ���v�%�g ?���g(¤���%� � �i�
� � � � �	��
 ���� �

´ W YOZ[hqYvhif�TOW ^XW TOWXZn\OR]WXZ�^usr_bYOR�deZnW V%du_bR�d�TOW ^usOWXZn^�sOWXZ ¬ ^�_oaUR]xOZ[WXZ�W%d ¬ ��cr_b\MdeR��
�`WXZ�ay_ m R]^XZ[hg�&m _o\ORUY<cOay_gdeR]hi\���z�\ W%ªFW%d��bfnROap_ m V%dlsOhNTOW�c0dlRUa]RUfnVXW{f[WXm xOa]W�m _oRU\}dlWX\r_o\}dT<hi\O\OWXZ�TOWXf�Z[VXfncOa�d�_gdef�fe_gdlRUf"�¤_bR]fe_o\}dlf�YthqcOZ�ay_ m _b\OR]YOcOay_gdeR]hi\�}cO\ YOZnhixOa]kXm W RUm YthqZ@�du_o\}d�YtWXcBd _oYOYr_bZl_�w]deZnW Ç ^Xhim m W~\}d ZnWX\OTOZnW aUW f��Nf"dlkXm W �¨_oxOaUW W%d ZnhixOcOf"deW �NRUf ¬ �LRUf
TQ|cO\ hqx��[W%d T<hi\O\OV��

° hicOZ Z[VXYvhq\OTOZ[W ¬ ^XW%dndeW �Jc<WXfjdlRUhq\��AR]a�f~Q£_��qkXZnW \<VX^XWXf[fl_bR]Z[W T<W T<V%deWXZnm R]\OWXZ aUWXf
^�_bZl_b^%dlVXZnRUf"deR]�JcOWXf�YOs �NfnRU�Jc<WXf>TOW�a,Q|hqx��[W%d�m _b\OR]YOcOa]V!_oRU\<f[RN��cOW�a,Q£_oTOsOVXfnRUhq\ f[cOZ"�¤_o^XRU��cOWhqx��[W%d ��YOZnVXsOWX\OfnWXcOZ>W%dPap_��6hqZn^XW!T<W¸YOc<aUa¦�®hbª¯� ¢ aNf~Q£_o�qR�dP_oaUhqZnf�TOW��iVXZnR0�`WXZ�a�Q�_bT`_bY0du_bxOR]aUR�deVT<W ��� ����� � � _bcN¡ d��o^�sOWXf TOW ^�_bZl_b^�deVXZnRUfl_�dlRUhq\ Yvhic<Z YvWXZ[m W%dndeZnW a�QSW�¡NdlZe_o^%dlRUhq\ TOW
^~WXf TOhq\O\OVXWXf~�� _b\Of cO\ YOZnWXm R]WXZ dlWXm YOfX��TOWXf Ze_oYOYvWXaUf hi\Md V%deV YOZnhiYvhqf[V~f fncOZ a,Q£_o\r_oa �NfnW TOR��m WX\OfnRUhq\O\OWXa]aUW YvhqcOZ a�QSW�¡NdlZl_b^%dlRUhq\ TOWXf Yr_oZl_bm k%deZnWXf ¬ m WXfncOZnWXZX��f[cOZ aUWXf m hNTOk~aUWXf
T<W TOV%� hiZnm _gdeR]hi\ W%d fncOZ aUWXf Yvhqc0deZnWXf WX\ ¹`W�¡0RUhq\�� � WXf V%decOT<WXf hi\}d YvWXZnm R]f TOW TOV��dlWXZnm R]\OWXZ TOW~f Z[W~ay_gdeR]hi\Of�WX\}dlZ[W a]WXf ^�_oZe_o^%deV~Z[R]fjdlRU�Jc<WXf YOs �Nf[R]�JcOW~f Z[WX^usOWXZ[^usOVXWXf W%d aUWXf
R]\0�6hqZ[m _gdeR]hi\Of��6hqcOZ[\OR]WXf Yr_oZ ��� ����� � � �z�\@�r\�TOR�ªFVXZnWX\}dlWXf m WXfncOZ[WXf hi\Md V%deV W%�p�
� WX^%dlcOVXWXf YvhicOZ m W�d[dlZ[W WX\ �o_ba]WXcOZ�^XW Y<Z[hN^~WXf[fncOf Tr_o\Of a]W ^�_bTOZnW TOW ay_ �¨_bxOR]aUR]fe_gdeR]hi\T<c f��LfjdlkXm W YOZnhqYthqfnVo�

¢ a�WXf"d ¬ \OhodlWXZ �JcOW ^~W ^�sr_oYOR�deZnW _ cO\OW _bYOYOZnhN^usOW W�¡BYOaUhqZe_gdehqRUZnW Ç R]a>\OW f~Q�_b�qR�d
Y`_bf T�Q|cO\ dlZe_��o_oRUa
_oxvhic0dlR�m _oRUf�YOaUc0d �bd�T�QScO\OW hic0�qWXZ"decOZnW TOW YvWXZ[fnYvWX^%deR��iWXf~�:_oc0dlhicOZ
T<c m _b\OR]YOcOay_gdeW~cOZ�Z[V�_oaUR]f[V��}�iWXZnf�aUW�TOhim _bR]\OW�TOW ay_ ^�_bZl_b^%dlVXZnRUfl_�dlRUhq\ W%d�TOW�ay_ m RU^XZnhg�
m V%dlZ[hqaUhq�iR]Wo�
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� _b\Of ^XW m VXm hiR]Z[W���cO\<W V%decOTOW TOW ap_ m R]^XZ[hg�&m _o\ORUY<cOay_gdeR]hi\ T	�N\r_om RU�JcOW Yr_bZ_oTOsOVXfnRUhq\ W%d�f[WXf�YOZnhiYOZnRUV%dlVXf�_ V%dlV YOZnhiYvhqf[VXWo�
´ W YOZnWXm RUWXZ ^usr_bYOR�deZnW YOZ[VXfnWX\}dlW c<\ V%du_�d TOW a,Q£_oZjd TOW ap_ m RU^XZnh��&m _b\OR]YOcOap_�dlRUhq\��

� hicBdeWXf aUWXf _oYOYOZnhN^�s<WXf fnhi\Md W�¡0YOa]hiZnVXWXf YthqcOZ m W%dndeZnW WX\ _��b_o\}d aUWXf f[YvVX^XR<�r^XR�deVXf TOc
f��Nf"dlkXm W YOZ[hqYvhifnV W%d f[W~f \OVX^XWXfnf[R�deVXf~�
z�\OfncOR�dlWo�:cO\OW _b\r_oa �Lf[W TOWXf W�ªW%dlf m RU^XZnhifn^Xhg�
Y<RU�Jc<WXf�RU\MdeWXZnf[c<Zj�¤_o^XR]�JcOWXf�WXf"dPW%ªFWX^%dlcOVXWo� � hi\ hqxJ�[W~^%deR��rYvWXc0d � dlZ[W�TOVX^Xa]RU\OV�¬�YOaUcOfnRUW~cOZ[f
\<R��qW�_bcN¡t� ¢ a�fXQ�_b�qR�d�T�Q�_bY<YOZ[VXsOW~\OTOWXZ a]W ^�s<hiR�¡ TOW a,Q£_oTOsOVXfnRUhq\ ^Xhqm m W a�QSVXa]VXm WX\Md�^XWX\N�
dlZl_ba TOW ap_ m _b\<RUYOcOap_�dlRUhq\��Pm _oRUf _bcOfnfnR TOW YOZ[hqYvhifnWXZ cO\<W _oYOYOZnhN^�sOW cO\<R0�rVXWo��cO\
�qhN^�_oxOcOap_bR]Z[W YOZnVX^XR]f W%d TOWXf � hiZnm cOay_gdeR]hi\Of _o\r_ba �JdlRU�Jc<WXf _of[fnhN^XR]VXf _ocN¡ TOR�ªFVXZ[WX\MdeWXf
� hiZn^XWXf�YOZ[VXfnWX\}dlWXf~�

´ W TOWXcN¡BRUkXm W ^usr_bYOR�deZnW�TOVX^XZ[R�d�cO\OW m hNTOVXa]RUfl_�dlRUhq\ T	�N\r_om R]�JcOW�T�QScO\OW d �b^usOW ^�_��
\<hi\OR]�JcOWo�JT�Q�_bxvhqZ[T f[hqcOf�a�QSs �LYthodlsOkXf[W TOW ^XhqZ[YOf�ZnRU�qRUTOW~f>YOcORUf{TOW ^XhiZnYOf�TOV%�6hqZ[m _bx<aUWXf
À6Yr_oZ VXaUVXm WX\}dlf �r\ORUf Á �P �\OW m hNTOVXa]RUfl_�dlRUhq\ Yvhqf[fnVXTr_o\}d TOWXcN¡ V%d�_gdlf À � _gdnd�_o^�sOV � hqc
� TOV%du_b^usOV � Á ��_bR]\Of[R���c�Q|cO\OW ^Xhi\OT<R�dlRUhq\ TOW dlZe_o\OfnR�dlRUhq\ WX\MdeZnW ^XWXf TOWXcN¡ V%d�_gdlfX�Pf[hq\}d
Y<Z[hqYvhifnVXWXfX��´©_ m hLTOVXaUR]fe_gdeR]hi\ R]\}dlkX�iZnW aUWXf Yr_oZjdlRU^Xc<ay_oZ[R�deVXf YOZnhqYOZ[WXf ¬ a,Q|VX^usOWXaUa]W m R��
^~Z[hqf[^XhqYORU��cOW W%d�a]WXf¸fnYvVX^XR0�`^XR�dlVXf�TOW ay_ m RU^XZnhg�&m _o\ORUYOcOap_�dlRUhq\ Yr_oZ�_oTOsOVXfnRUhq\��0� WXf�f[R��m cOap_�dlRUhq\Of©\JcOm VXZ[R]�JcOWXfPW�ªW~^%decOVXWXf _ �qWX^�^XWXfPm hNTOkXa]WXf�� hi\}d�_bYOY`_bZl_�w]deZnW>deZnhiR]f
m hNTOWXf
T<WA� hi\O^%dlRUhq\O\OWXm WX\}d¯TOR�ªFVXZnWX\}dlf Ç fl_bR]f[R]W{fjdu_gdeR]�JcOWo��T<VXYthqfnW!f"d�_gdeR]�JcOW{W%d�TOVXYvhifnW�T	�N\r_��m RU��cOWo� � W�TOWXZ[\OR]WXZ~�b�JcORr^Xhq\Of"deR�decOW�ay_ Yr_bZ"deR]^XcOap_bZnR�dlV{TOW�^XW�dlZe_��o_bR]a0Tr_o\OfPaUW�TOhqm _oRU\<WT<W ap_ m RU^~Z[hg�&m _o\ORUYOc<ay_gdeR]hi\��N\OVX^XWXfnfnR�dlW cO\<W T �N\r_om R]�JcOW TOc f��NfjdlkXm W V~aUW%�qVXWo�:_��qWX^
T<WXf�_b^X^XVXa]VXZl_�dlRUhq\Of{_ba]ay_o\}dv�ncOf[��c�Q£¬

106 ½ ¾i¿ 2
�Jz�\ �r\��NcO\OW�V%dlcOTOW Yr_bZ>VXa]VXm W~\}dlf8�r\ORUf^~him YOaUk%dlW ap_ m hNTOVXa]RUfl_�dlRUhq\ YtW~Z[m W%d[du_b\Md _oRU\<f[RFTOW TOR]f[Yvhqf[WXZ�T�QScO\ aUhq�iR]^XRUW~atT<W f[R]m cN�

ap_�dlRUhq\ W~\}deR]kXZnWXm WX\Md TOVXT<RUV ¬ ay_ m R]^XZnh��&m _b\OR]YOcOay_gdlRUhq\ Yr_oZ�_bTOsOVXfnRUhq\��
´ W dlZ[hqRUfnRUkXm W ^usr_bYOR�deZnW TOV~^XZ[R�d!ap_ ^Xhi\<^XWXY0deR]hi\ TOc f��Nf"dekXm W W�¡BYtVXZnRUm WX\Md�_oa��Jxr_oYN�dlRUfnV � � ����� � � ��ZnVXYvhi\OTr_o\}d _bcL¡ W�¡0R]�iW~\O^XWXf T	�L\r_bm RU��cOWXf TOW ay_ m _o\OR]YOcOay_gdeR]hi\

� � �
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Yr_bZ�_oTOsOVXf[R]hi\�t  \<W _gdndeWX\MdeR]hi\ Yr_oZjdlRU^~cOaUR]kXZ[W W~fjd YvhqZjdlVXW _oc YOZ[VXs<WX\Of[WXc<Z _b^%dlR��@� � WXf
m hLTOVXaUR]fe_gdeR]hi\<f YOZ[VX^XR]f[W~f fnhi\Md YOZnhiYvhqf[VXW~f YvhqcOZ W�¡LdeZl_oRUZnW aUWXf ^�_oZe_o^%dlVXZ[R]fjdlRU��cOWXf T<R¦�m WX\<f[R]hi\O\OWXa]aUWXf�W%d m _gdeVXZnRUWXa]aUWXf�TOW fnhi\ f��Nf"dekXm W T�Q£_o^%dlRUhq\O\OWXm WX\}d À·cO\OW ^XVXZl_om R]�JcOWYORUV��~hNVXaUW~^%deZnRU��cOW Á W�d TOW fnhi\ f��Nf"dlkXm W TOW Y<Z[VXsOWX\OfnRUhq\ À6cO\OW m RU^XZnh��&Yvhqc0deZnW YOR]V��XhiZnV��
f[R]fjdlR��qW Á �Jz�\@�r\��JaUW�xr_o\O^ W�¡BYtV~Z[R]m WX\Md�_oarTr_b\<fAfnhq\ WX\OfnWXm xOaUW�WXfjd�T<VX^XZ[R�d{WX\ � hi\O^%dlRUhq\TOWXf�W�¡0R]�iWX\O^XWXf�TOc m hNTOW TOW m _o\ORUYOcOap_�dlRUhq\��

´8W���cr_�dlZ[R]kXm W�^�sr_oYOR�dlZ[W�WXf"d dehod�_oaUWXm WX\}d ^Xhq\Ofe_o^XZnV>_bcN¡ W�¡0YvVXZnRUm WX\}du_�dlRUhq\OfX��� _o\Ofay_ YOZnWXm R]kXZ[W Yr_bZ"deR]Wo�OaUWXf�^�_bZl_b^�deVXZnRUfl_�dlRUhq\Of�TOW ay_ T	�L\r_bm RU��cOW TOW a,Q£_o^%deR]hi\O\OW~cOZ À6Yr_oZ
RU\MdeWXZ"�6VXZnhim V%dlZ[R]WAap_of[WXZ Á W%d>TOc YOZnVXsOWX\OfnWXcOZ À·WX\ c0dlRUa]RUfl_b\Md�aUW�fnRU�q\r_baLTOW�ap_ YvhicBdeZnW!Y<RUV��
�XhiZnVXfnRUf"deR��iW Á f[hq\}d>W%ªFWX^%dlcOVXWXf~�}�b_oaUR]Tr_o\}d>_oRU\OfnR0aUW~f�^�sOhqR¦¡ ZnV�_ba]RUfnVXfX�q� _b\<f>ay_ TOWXcL¡0RUk~m WYr_bZ"dlRUWo�}cO\OW�f[VXZnRUW�T�QSW�¡0YvVXZnRUm WX\}du_�dlRUhq\OfX�}W~\}deR]kXZnWXm WX\Md�xr_bfnVXWXf�f[cOZ{a,Q£_oTOsOVXfnRUhq\ W�d¸^�_��
Ze_o^%dlVXZ[R]fe_o\}d�dehqc0dlWXf�a]WXf�Y<sr_bfnWXf�T<W m _o\ORUYOc<ay_gdeR]hi\��JYvWXZnm W%d�TOW��[c<fjdlR0�rWXZ�a�Q�_bY<YOZ[hL^�sOWYOZ[hqYvhifnVXWo�0´�_ TOV~YthqfnW T	�N\r_om RU�JcOW�Yr_oZ¸W%ªFW%d�R]\OWXZjdlRUW~arW%d�ay_ TOVXYvhqf[W fnVXa]WX^%deR��iW _bYOY`_��
Ze_oRUfnf[W~\}d _ba]hiZnf!^Xhqm m W a]WXf�YthqRU\Mdef��6hqZjdlf�T<c f��LfjdlkXm W TOW m _o\ORUYOc<ay_gdeR]hi\��

´8W ^XRU\O��cORUkXm W ^�sr_oYOR�dlZ[W _ cO\OW �qhN^�_gdlRUhq\ W�¡BYOaUhqZe_gdlhiR]Z[Wo� ¢ a>hqc0�NZnW ap_ Z[V%¹`W�¡0R]hi\
f[cOZ ay_ m RUfnW WX\ Z[WXap_�dlRUhq\ TOWXf Yr_bZl_om k%dlZ[WXf TOc f��NfjdlkXm W À �6hqZn^XW TOW YOcOaUa��&hbª¯�PfncOZ?��¤_o^XW TOW ^Xhi\Md�_o^%d���W%dl^o� Á ��T�QScO\OW Yr_oZjd���¬ deZl_��iWXZnf cO\OW _o\r_ba �NfnW TOR]m WX\<f[R]hi\O\OWXa]aUW TOc
YOZ[hqxOa]kXm W YvhicOZ W~\ W�¡LdeZl_bR]Z[W aUWXf R]\}�o_oZ[Rp_b\Mdef W%d���T�Q£_oc0dlZ[W Yr_bZ"d���Y`_bZ cO\ Ze_oYOYvWXa>TOW
ay_ m hNTOVXa]RUfl_�dlRUhq\ TOWXf TOV%�6hqZ[m _�dlRUhq\Of~��§ Yr_oZjdlRUZ T<W ^XWXf Z[V~f[cOa�d�_gdef~��hi\ ^Xhi\Of"du_�dlW ay_
Yvhifnf[R]xORUa]R�dlV�TOW ^�_oZe_o^%dlVXZ[R]f[WXZ{a]WXf>m R]^XZnh��&hqxJ�nW%def�À6ay_ m _of[fnW W%d{ap_ Ze_oRUT<WXcOZ Á �LRy_ a,Q|V%dlcOTOW
TOWXf��LRUxOZl_gdeR]hi\Of�TOc f��Nf"dekXm Wo�t§ RU\OfnR��OaUW m hNTOW hiYvVXZl_�dlhiR]Z[W YthqcOZ�ay_ ^�_bZl_b^�deVXZnRUfl_�dlRUhq\
WXfjd�TOVX^Xa]RU\OV f[WXa]hi\ T<R�ªFVXZ[W~\}deW~f _oYOYOZ[hL^�sOWXf~�

� W \Ohim xOZnWXcOf[W~f YvWXZ[fnYvWX^%deR��iW~f _bYOYr_oZl_bR]f[fnWX\}d ¬ a�QSRUfnf[cOW TOW ^XW dlZe_��o_bR]a�� � WXa]cOR¦�&^~R_ WX\ W�ªW�d YtWXZnm RUf a]W Yr_of[fl_o�iW TOW ap_ �o_ba]RUTr_gdeR]hi\ TOW a�Q�_bT<sOVXf[R]hi\�� ^Xhim m W f[c<YOYvhiZ"d
TOW m RU^~Z[hg�&m _o\ORUYOc<ay_gdeR]hi\��g¬ c<\ f��Nf"dekXm W ZnhixOcOf"dlW RU\MdeVX�qZl_b\}d�^usr_b^~cO\ TOWXf�m hNTOWXf{TOW�6hq\O^%deR]hi\<\OWXm WX\Md��´8WXf YvWXZnf[YvWX^%dlR��qWXf fnhi\Md Zl_bfnf[WXm xOa]VXWXf Tr_o\Of cO\ YOZnh��[W%d �  »�z�§ TOc � � � � R]\N�
deR�decOa]V � �
W~^�sO\OR]�JcOWXf�W%d�m V%dlsOhNT<WXf{YthqcOZ{ay_ dlVXaUV�m R]^XZnh��&m _b\OR]YOcOay_gdlRUhq\ � � � WXa]cOR��&^XR¨f[WTOVX^Xhqm Yvhqf[W WX\ 	 dlsOkXm W~f Ç

� �����
	���������������	 ����� ������! "#�$�%�
�  �������&'�)(�*��+��,.-��
� / R]aJf~Q£_o�iR�d�TOW�^Xhq\}dlR¦�\JcOWXZ W%d T�Q£_oYOYOZnhb� hi\OTOR]Z a�QSW�¡0YOa]hiZl_�dlRUhq\ WX\}dlZ[WXYOZnRUfnW Tr_o\Of aUW ^~RU\O�Jc<RUkXm W ^usr_��
YOR�dlZ[Wo�0�qWXZ[f�ay_ ^�_oZe_o^%deV~Z[R]fe_gdeR]hi\ TOW ay_ m R]^XZnh��&m _b\OR]YOcOay_gdlRUhq\ W%d�TOWXf�hix��[W%dlfX�

� ����	0���1�������	 ���  �������&'�0�2�(���	0���
-�� �!�3���4 / ay_ f��N\MdesOk~f[W T�Q|cO\ YOZnVXsOWX\N�f[WXcOZ ¬ f[cOZ"�¤_o^XW �6hq\O^%deR]hi\O\<WXaUa]W _bTr_oY0du_�dlR��qW WXf"d WX\ ^XhqcOZnf T�QSVXay_oxvhiZl_�dlRUhq\�� ¢ afXQ�_b�qR�d�TOW fXQ�_bYOY<c	�iWXZ�fncOZ!ap_ m _gwUdlZ[R]fnW�W%d�a�QSc0dlRUa]RUfl_�dlRUhq\ T<W a�Q�_bT<sOVXf[R]hi\ Ç a]W YOZnV��sOWX\OfnWXcOZ�fnWXZl_ _oRU\OfnR^�_bYr_oxOaUW TOW m _�¡0R]m R]f[WXZ�a,Q£_oTOsOVXfnRUhq\ Yvhic<Z�ap_ fl_bR]f[R]W W%d�TOWay_ m RU\OR]m R]f[WXZ{YvhqcOZ�ap_ T<VXYvhifnWo� WX\ _o�qRUfnfe_o\}d�f[c<Z�ap_ fncOZj�·_b^XW TOW ^Xhi\Md�_o^%d _ �qWX^
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a,Q|hqx��[W%d��
� ����  �!	0��� �214 21��
	0��� �����+� ��	 � � ��� � �$�� / a,Q£_oc0dehqm _gdlRUfl_�dlRUhq\ T<W ap_ m _��\OR]YOcOap_�dlRUhq\ W%d ap_ ^Xhqm m _b\<TOW Yr_bZ aUW ^XhqcOYOay_o�iW �LRUfnRUhq\ � W�ªhqZjdlf fnhi\Md TOWXfhqx��[WX^%dlR��6f�¬ ^XhicOZ"d�dlWXZnm W TOc YOZ[h��nW%d��
� ��#�$��-��  �����%��& (��������,.-�� / aUW T<WXf[fnWXRU\ �`\r_baFWXf"d�ap_ deVXa]V m _b\OR]YOcOay_gdlRUhq\ TOWXfm RU^XZnhg�&hix��[W%dlfX� ¢ a�WXf"d TOhi\O^ YOZnRUm hqZ[TORp_ba�TOW dlZe_o\Ofnm W%dndeZnW ¬ a�QShiYvVXZl_�dlWXcOZ aUWXf� hiZn^XWXf�W%d�aUWXf{W%ªFW%dlf�YOs �Lf[R]�JcOWXf�YOZnVXf[WX\Mdef�Tr_o\Of�a�QSWX\}�NR]Z[hq\O\OWXm WX\}d�TOW m _o\ORUYOcL�

ap_�dlRUhq\��
� hicBdeWXf�^XWXf�Yr_oZ"deR]WXf�^Xhqm YthqfnWX\}d _bc0du_b\Md TOW YvWXZnf[YvWX^�deR��iWXf�\OhicB�iWXa]aUWXf�¬ ^~W deZl_��b_oRUa,�
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